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Abstract -

The flow patterns in a model of the aortic ar:ﬁ:a:e studied
bf visu%lizatioh under steady and pulsatile EEnéiti@ns_ Par-
ticular atteﬁﬁicn .is paid to secondary flow !patzeras,
separation zones within the arch and flow distributi@n as a
Eungtiéq of Reynolds number, ) ,

The flow is. Eh@raéferqua by secoridary flow wortices
"induced by centrifugal forces, a core of fluid which remains
potential through the length of the arch and backflow areas
along the inner curve wall and outer curve wall. The inner
cuEyE Separation zone can be detected when the Reynolds num-

ber exceeds one thousand during steady flow, but persists

throughout the period for pulsatile tests. N
The sites of backflow coincide with the localization of

atherogenesis and provide further evidence in establishing a
correlation between hemodynamics and disease development in

the aorta, ,

iv
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1. Introduction
Much of the Progress in medicine has come from exchanging

acute medical problems for chronic ones. The increasing abi-

lity to understand, diagnose and cure diseases and defects
has relegated many previously "incurable’ afflictians‘te the
realm of imprébabilityi The human cardiovascular System
however remains 8 major ¢ause of disability and death,

Engineering research in the field of hemodynamics (hy-
'draéyngmi:s of blood flow) provides information about the
characteristics of blood flow through ar%eries and veins_
Coupled with medical research, hemodynamics leads to a bet-
ter uﬁﬁerstanéipg and possible correction of Physiological
impairmgnts. ",

One such problem concerns the development of athero-
sclerogis in the arterial system. These lesions inhibit the
flow and can ultimately block an arteryjtc the point whéfe
the blood flowrate ig .Critically low, There are several
theories which have been Proposed to explain lesion forma-

tion. Most of them have a biochemical basis pyt none com-

The atherosclerotic lesions usually originate at Spe-
cific sites in the large arteries, particularly at bends and
branches, Therefore, hemodynamic theories have been advanced
to relate lesion formation to the dynamic behaviour of blead-

at these sites, The aorta, an inverted U-shaped artery ori-

ginating at the left ventricle (Fig.1.1) ig of particular

interest since it encompasses several pPotential lesion

el

M



sites. .
A complete picture of the flow patterns in large
arteries could provide clues to the cause and formation of

atherosclerotic lesions.
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2. History of the problem

The exact neture of the velocity distribution in the aorta
plays an important role in the study of atherosclerotic for-
mations. There are two major opposing theories which attempt
to correlate primary atherosclerotic lesions with the
dynamic behaviour of blood. Fry(1968) demonstrates a large
increase in endothelial damage at high shear rates and sub-
sequent deposition of blood elements at these locations.
Conversely, Caro et al.(1971) contends that incipient
atheroma (atherogenesis) coincides with low sanguinary shear
rates which fail to adeqguately scour the arterial walls azg
prevent excessive plaque build-up. Scarton et al.(1976)
'pestulates that one theory éées not necessarily preclude the
other, and that githerAe5522t may be the causal agent of
atherogenesis at various sites.

The distribution of atherosclerotic lesions during the
various stages of their development has been documented by
several researchers. Some studies have been conducted on
animals (ex. Rodkiewicz,1975), others on human cadavers
(Shah et al.,1976) and some information about severe condi-
tions has been gleaned by electrocardiographic and other
6iagggstic procedures (Rushmer,1970). Gresham(1976) presents
an excellent review ef;experimentally induced and sp@ntagfi
ous athefésélercsis, particularly in primates. g

Althauéh many of the observations conflict, the
affected areas in the aortic arch region generally include

the 1inner curve of the arch and less severe formations on



the outer portion of the curve while the side walls are
relatively unaffected. As well, there appears to be some
build-up at the entrances of the large branches and on the
proximal walls of these branches just beyond their inlet.

In ligha of these observation;, a fluid flow investiga-
tion has taken place on several fronts. One approach con-
sists of an analytical and/or numerical analysis making use
of the NavierrStokes equations with several simplifying
assumptions. In ifs most basic form, the aortic arch can be
modeled as a curved rigid tube. Dean(1927) considered this
problem for steady laminar f%ow and demonstrated the nature
of the secondary flow induced by centrifugal effects. The
nature of pulsatile flow in circular straigh; pipes was exa-
mined by Womersley(1955a) and Uchida(1956). Unfortunately,
the integration of these two analyses (Dean's and
Womersley's) has defied rigorous and complete treatment due
to its mathematical complexities. Smith(1975) has considered
pulsatile flow in curved tubes, Chandran et al.(1974) ana-
lysed flow in curved elastic tubes and Singh(1974) looked at
entry flow in a curved pipe. All of these mathematical
treatmbnts rely however on numerous simplifying assumptions
including constant diameter, large curvature ratio and
absence of branches. Curvature raiio is a non-dimensional
parameter defined as the rad?us of curvature of a curved
tube divided by the internal radius of the tube.

A second line of research involves direct measurement

of velocity fields in an actual aortic arch. Studies of
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blood flow in vivo have proven to be very difficult. The
slow development of non-invasive probes had pfecliﬁeé most
investigations on healthy humans, where the term healthy
here denotes any person without significant heart diseases
or defects. The time-varying contours of intravascular and
intracardiac pressures have been easily measured externally
and extensive investigations of these guantities have been
accomplished by non-invasive technigues. By approximating
arterial floy as pulsatile flow through infinite, . rigid,
circular tuéﬁs, Womersley(1955b) mazheﬁa@isally derived the
velocity curve from the pressure measurement. However, the
many simplifications inherent in applying such an analysis
to the aorta prompted further developmerrts in measuring the
time=§arying velocity more directly.

Several instruments vere developed and improved over
the years, 1initially focussing primarily on periarterial
coupling. The electromagnetic flowmeter (Kolin,1936,1937),

the pulsed ultrasonic flowmeter (Franklin,et al.,1959), the

Dcpg;'r‘flgvmeter (Franklin et al.,1961) and the hot-wire
anemometer (Machella,1936; Ling et al,,1968) have all been

considerably refined since their conception. These flowme-
ters have a common major drawback in that they require expo-
sure of the artery. Therefore, their application has been
limited to animals vand to humans undergoing surgery.
Although they provide an abundance of valuable information,

these‘\mstruments again do not produce the velocity trace of

a healthy human.



Miniature versions of thes@ flowmeters and advances in
surgical tethniques gave permitted the introduction of such
devices into arteries by means of a catheter (Mills,1966;
Mills and Shillingford,1967). The instantaneous velocity at
various sites in healthy humans has thus been recorded by
seviral researchers using _ intravascular probes (Gabe
et al.,1969; Mills et al.,1970; Nichols et al.,1977a).
Hdwever, these instruments initially could not measure spa-
tial variation of veiocity across the tube. Their applica-
tion assumes uniform velocity across the lumen
(McDonald, 1974) and gives no indication of secondary flow
patterns. This information is required for a complete map-
ping of the flow field.

Fortunately, further advances in instrumentation has
stimulated more studies which yielded some velocity profiles
in animal arteri.é. Seed and Wood(1970,1971) transversed the
aortae of dogs with a hot-wire anemometer by directly punc-
turing the vessel wall. Farthing and Peronneau(1979) applied
pulsed-Doppler ultrasonic transducers to the exterior of
canine aortae which yielded velocity profiles at various
sites énd at different times throughout the cycle. Although
the morphologies of the canine and human aortae are somewhat
different, these results provide invaluable insighés into
the flow behaviour. Neither of these technigues can detect
separation zones nor discern secondary fléw patterns,

A final way to study the flow patterns involves the use

of physical models. A drawback of this approach concerns the
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limited degree of simulation obtainable in }zhe laboratory,
whether it be morphological reproduction, dynamic similarity
or correspondence of various other characteristics. The
great advantage of this method lies in the ability to con-
trol parameters at will and study their individual effects,
A nﬁmber of feseafche:s have considered the aortic arch
flow from several points of view. For example, Rodkiewicz
et al.(1976a) examined separation zones in a plastic model
of the human aorta under steady and pulsatile flow condi-
tions wusing hydrogen-bubble visualization. Austin and Sead-
er(1973) experimentally studied the entry region of a curved
tube while Scarton et al.(1976) revealed flow details in a
curved glass tube. Since published results do not always
agree due to differing experimental :cnéiti@ns, parameters
and assumptions, this line of research continues until a

single clear pattern emé:ggsi



3. Background

A complete description of the aortic flow has not yet been

have been revealed

formulated but several individual aspect

L)

in various studies., Those characteristics which haV& been
reasonably well established are reviewed in this section,
Throughout this document, the terms mean and average are not

used synonymously. They are respectively defined as:

4
fmgn/sscst t, J’ﬂ f(sit)atn
(3.1)
5
faverage/tgcst ' g;’ . f(s,t)ds

where f is an arbitrary function of space(s) and time(t).
Modelling the aortic blood flow with a steady flowrate
can be Jjustified by several considerations. The pulsatile
flow component is of the same order of magnitude as the méaﬁ-
forward flow. However, spatial variations in the wall shear
stress depend primarily on the boundary layer growth due to
the steady flow component. The fluctuating shear stresses
éauseé by the oscillatory component are much less strongly

dependant on position. Therefore, the mean shear stress has

et

a spatia éistribuﬁicn similar to that of steady flow (Cé:g :
et al.,1971).

Likewise, Rodkiewicz et al.(1976a) has demonstrated
that the locations of the separation regions can be similar

for steady and pulsatile flow, notwithstanding their size
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variation under fluctuating conditions. The similarity
between the flattened yelocity profile in the core of oscil-
latory flow (Atabek et al.,1964) and the flattened inlet
velocity profile of steady flow further admits constant flow
Simulation. For these reasons, a steady flow model can
demonstrate many characteristics of pulsatile flow.

Since the left ventricle acts as a reservoir and the
aortic valve opens and closes very quickly, the velgsitg
profile at the inlet to the ascending aorta is reasonably
flat. This uﬁ§fcfmity is further insured by the presence of
the sinus a% Vasalva, a deep narrow éxpansi@ﬁ of the aorta
at the level of the coronary arteries which tends to absorb
any jet effects during systole and also damps some vgéticity
originating at the valve (McDonald,1974) (Fig.3.1). This
description has been supported by measurements in dogs by
Seed and Wood(1971) and Farthing and Peronneau(1979) which
show a remarkably flat profile in the ascending aorta.

As mentioned previously, flow in the aortic arch is
similar in séme respects to flow through a curved tube, In
potential flow through a curved tube with a uniform vela:;ty
profile at téf entranﬁe, the total head p++pv’® remains con-
stant along anj streamlihe assuming the centreline lies in
the horizontal plane. The static(pressure increases with
radius from the centre of curvature to balance the centri-
fugal force as the flow passes into the bend. Consequently
the velocity increases at the inside of the bend while at

the outer curve some velocity head 4pv? is converted to
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pressure head 'p' (Miller,1971). Coming out of the bend, th;
converse occurs to regain a uniform profile (Fig.3.2).

For fully developed flow of a real fluid entering a
pipe bend, the slower moving fluid near the walls is acted
on by a lower centrifugal force than faster moving fluid in
the core. This central fluid is displaced outwards and the
slow-moving boundary fluid moves inwards around the walls
towards the inside of fhe bend describing a double helix
(Fig.3.3). Dean(1927) theoretically analysed this problem
for laminar flow while White(1929) experimentally investi-
gated the flow'behaviour as reviewed by Schlichting(1968).

Although the flow is much more complex for a real
fluid, pressure differentials between the inside and outside
walls differ little from those cél:ulateé assuming an ideal
fluid.. At the outlet fror a bend, the flow on the inside
experiences a pressure gradient of the same magnitude as
that predicted for an ideal fluid. If sufficient velocity
head is available to be converted to pressure head, the flow
can negotiate the rise in pressure, otherwise it separates
from the inner wall. ,

Since the fluid entering the aorta hasva reasonably
dniform velocity profile, the influence of curvature is less
than in fully developed flow. This flow therefore does not
fall into either of the above categories but rather exhibiﬁs
characteristics of both. Theéfgticgllyi a potential core
flow should persist through the length .of the arch. The

entry arc required for the flow to fully develop in a curved
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tube as guoted by Scarton et al.,(1976) is given by:

12 .. :
¢ = 49 (g) Re'/3 (3.2)

where ¢ is degrees of arc measured from the entrance. For
Re=1000 and (R/c)=3/4, fully developed flow would not be
established until ¢=424°, Since the aorta des:fibes an arc
of only 180° approximately, the flow is always developing.
Since the core remains potential, one would expect that
the velocity at a cross-section varies inversely with the
radius of curvature, which is 5uppgfte§ by Farthing and
Peronneau's(1979) measurements in dogs. Havev%f, the gradu-
ally developing flow will assume some :haréctgg}gzi:s of
real fluid in curves and helices can thus form along the

boundaries (Rodkiewicz et al.,1976a; Timm, 1942),

m\

odkiewicz(1976b) also gives evidence of separation and
stagnation regions. Shear stresses act away from a stagna-
tion arc (Fig.3.4a) which can deform the wall thus initia-
ting a separation zone (Fig.3.4b). Conversely, shear
stgesses compress the wall lining towards a separation arec
(Fié.Bgsa) and as the wall léées resiliency a bulge may form

thereby enlarging the separation region (Fig.3.5b). The

e
ktwa effects could intensify atherogenesis by particle circu-
lation and deposition rather than removal and by damaging
the protective biochemical defences of the wall cells

(Fry, 1968).
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4. Experimental Parameters

From one individual to the neg@m there is evidently a great
variation of the parametedh are related to flow in the
aorta. However, a good starting” point when dealing with
experimental models is to set each parameter at the average
value found in nature, and then in subsequent studies exa-
mine thg’ effects of varying each parameter within its full
physiological range. Unfortunately, large discrepancies in
these parametric values are found in literature, therefore a
comprehensive review is presented here. A summary of the
average values used in this experiment as well as the normal

physiological range is given in Table 4.1.

4.1 Geometric Parameters

4.1.1 Morphology

The aorta ariseé from the left ventricle of the ﬁegr{ia
passes upwards (a!cending'aorta), bends over (aortic afchi
then passes down through the thorax and abdomen (descending
aorta), (Grant,1951) (Fig.4.1). The model 1in this Study
represents the aorta from the root to the proximal part of
the descending aorta. The arch is characterized by continu-
Ous convergence and by three large branches originating at
the top of the curve. There are two carotid arteries vhich
supply most of the blood to the head and brain. The left and

right subclavian each lead to an arm (or foreleg in the case

17 -



Parameter

Radius

Density

Dyn. visc.

Kin. visc.

Flowrate
Velocity

Reynolds
number

Frequency
parameter

18

Table 4.1 Experimental Parameters

'Symbol

Re

Average
value

1.45cm.
1.058g/cm?
¢.59cP.
4.34cSt.

6 lit/min

15.1cm/sec

1000

18.8

Normal
range

0.8-1.9cm.
1.052-1.064g/cm?
4.11-5,07cP.
3.88-4,79c¢St¢t.
3.5-7.5 lit/min
5.1-25cm/sec

500-5000

10-30
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of animals). The first branch from the aorta is the brachio-
cephalic artery which bifurcates inte the right carotid and
right subclavian arteries. For convenience, these bfan:hes-
and the descené}ng aorta have been labelled 1A,1,2,3;§ and S
respectively (Fig.4.2)3 The arch centerline does not lie
completely in one plane but 'twists' backwards by approxim-
ately a 15° angle (Fig.4.3).

For this project, the coronary arteries are omitted
since they are difficult to replicate faithfully and do not
significantly affect the ﬁlow patterns in the arch. The
ratio of their combined areas to that of the aortic inlet is
less than 4% and together th.‘ consume only 3-4X% of the
blood flowing from the left ventricle. They originate at the
sinus of Vasalva which almost completely damps any disturb-
ing effects they might have on the downstream flow patterns.
The twist is also neglected, hence the model centreline lies
in one plane. The effect of twist on the flow pattern is

left as another study.

4.1.2 MAortic Dimensions

The -inside diameter at the base of the human aorta is
largely underestimated in literature. An avgrége value of
2.0-2.5cm. is often guoted and although this certainly falls
‘within normal physiological range it is not representative
of the mean. This discrepancy could arise from taking mea-
surements from cadavers where the tissue has inevitably

contracted or by estimations from X-ray photographs where
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the boundaries are quite indistinct and magnification errors
may occur,

Dotter and Steinberg(1949) angiocardiographically mea-
sured one hundred normal aortae and obtained a mean of
28.6mm. with a range of 16-38mm. for the inside diameter at
the mid-ascending aorta. Furukawa et al.(1976) found similar
values from echocardiograms of 194 normal aortae. Their mea-
surements yielded a mean internal diameter of - the aortic

root at the end of diastole of 28mm. with a range of

Since the present model originates between the aortic
root and the mid-ascending aorta, and since the diameter is
2-3% larger during systole, a value of 29mm. has been
adopted as a suitable average.

The dimensions of the aortic arch and its derivative
branches are shown in Figure 4.4. The data have been culled

from several sources (Reich, 1949; Meschan, 1975; Reul

m

et al.,1974; Rodkiewicz et al,1979) due to a lack of agree-
ment on average values and absence of a single comprehensive

review,

4.2 Flow Distribution

The volumetric distribution of the flow in each branch
is an important factor in the replication of the actual flow
patterns. According to Ragl et al.(1974), about 4% of the

inlet flow to the ascending aorta flows through each
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subclavian artery, while approximately 7% is diverted
through each carotid artery leaving 78% to continue its
course through the descending aorta. This agrees with values
cited in Guyton(1956) and Ruch and Patton(1973) alﬁhauéh
these sources do not provide a :ampleterlistg The model in
this experiment has therefore been calibrated to the appro-

priate dist:ibuticn(?ig_4_2).
|

4.3 Fluid Properties )

he dynamic viscosity of blood has been one of the most

]

critically and comprehensively studied blood flow parameters
(ex.Chien,1979). Blood is essentially a viscoelastic fluid
and at a given temperature the fundamental factors affectt g
its viscosity are cell concentration, plasma visccsity.g
deformation and cell aggfégatigﬁi Hovever, for a given hema-
tocrit (%X cells in plasma), at shear rates between 10*-10°
sec‘:, in tubes with internal diameter gqgreater than mm. ,
the viscosity becomes virtually constant (McDonald, 1974;
Haynes, 1961; Bayliss,1962). The lower limit on tube size is
required since tests have shown that as the ratio of blood
cell diameter to tube diameter becomes small the viscosity
tends towards a constant value, all other things being
equal. Since the aorta satisfies. the stipulated criteria and
hematocrit varies little between healthy individuals, it is
possible to assume a constant viscosity thereby allowing the

use of any Newtonian fluid (such as water) as the working
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medium,
Rosenblatt(1965) quotes a mean viscosity § =4.59cP. at

body temperature (37°C) with a standard deviation of o =.,485
for 117 normal male adults studied. The average value for
females is about 14% lower but since the occurence of severe
atherosclerosis predominantly affects men, this study will
adopt values representative of adult males, ergo U =4.6cP,

In comparison, blood density has a much smaller physio-

logical range and is much more amenable to accurate measure-

oM

ment. Most sources (Muirhead et al.,1946; Gray and
Elliot,1943) concur on an average blood density of
5¥1.0589/cm’ with a limited range 1.052%5p%1.064 g/cm®.

A proper evaluation of these fluid properties is crit-
ical to ensure dynamic similarity of the actual aorta and

*

the model (Section 4.8).

4.4 Flovrate

The variability of the average flowrate in normal phy-
siological situations exceeds that of all the other relevant
parameters. Eclipsing the normal variation from one indivi-
dual to another, the large range is primarily a function of
activity level as well as sex, physical size, age and other
minor factors (Detweiler,1972). Although the range extends
from 3.5 litres/min. for a small adult woman at rest to
45 litres/min, for a well-conditioned athlete engaged in

vigorous exercise, one may assume that only a small range is



23

applicable to the study of atherosclerosis. Since
middle-aged men and elderly people are most susceptible to
the debilitating effects induced by advanced atheroma, and
many have a low level of physical activity, a value of
6 litres/min. is deemed representative of resting, sitting
and light walking conditions (Guyton,1956; Bergel,1972) and
a range from 4-8 litres/min. would encompass a large percen-

ssumption is

W

tage of normal subjects., The accuracy of this
not critical however since the overall flow field should not

be affected significantly by this parameter.

4.5 Velocity

Values of velocity in the aorta found in literature are
difficult to compare since they are alterngtelyﬁgggen as
peak value, mean systolic or mean velocity. They are also

estimated at various cross-sections in the aorta and a uni-

form velocity profile is usually assume® at the site in
question. The most consistent and expedient approach is to

aorta dimensions: ;;f

vada8OLMN gy e (4.1)

n(1.45)em®

This estimate falls somewhat below commonly gquoted

values (Detweiler,1972 ; Prec,1949). The discrepancy can be

attributed to measurements at sites other than the aortic

i



root and/or higher flowrates than the sedentary

"6 litres/min.

N
4.6 Frequency and Waveform 4

The frequency of the pulsations depends on the same
parameters as the flowrate (sec.4.4). The resting rate can
be as ldv as 50 beats/min. for a vell-conditioned person
(McDonald, 1974) and peak at 270 beats/min. during short
exhaustive work (Guyton, 1956). An average value for an adult
refraining from strenuous activities can be assumed at about
70 beats/min. (Best and Taylor,1952; Altman and Ditt-
mer,1971). The velocity waveform in the arterial system has
been extensively analysed. aAs mentioned in Se:tign 2., reli-
able velocity waveforms can now be measured in the aortae of
healthy people. Several 'publicati@ﬂs compare graphs of
normal and deviant velocity waveforms. For simulation, a-
waveform whicl appears representative of the norm has been
selected from a paper by Nichols et al.(1977b) (Fig.4.5).

The pulsation is characterized by a sharp peak during
systole followed by a small backflow period and then minor
oscillations during diastole; In the ascending aorta, the
flow reversal does not occur to any significant extent
(McDonald, 1974) and the minor oscillations are largely due
to the elastic properties of the vessel wall rather than
backflow through the valve. Therefore, for experimental

simplicity, zero flow is assumed for the complete diastole



period (Fig.4.6). The effects of this approximation would

require further study.

4.7 Dimensionless Parametars

The model need not be identical to the actual aortic
arch to yield a correct flow analysis. Provided that certain
rélatiénshipg of the relevant parameters are maintained, the
flow behﬁviéur in the model corresponds to the physiological
situation. These relationships between certain dynamic and
kinematic flow characteristics are represented by dimension-

]
less parameters,

4.7.1 Reynolds Number o

For flow through a geometrically similar model of the
aortic arch, dynamic 5iﬁilafity is aﬁhieved only when the
Reynolds number, Re, (Appendix II) is the same at every
point in the flow at every instant in time. In other words,
if the inlet conditions are identical in the model and
actual aorta, setting the Re the same at two geometrically
corresponding points ensures dynamic similarity of the flow
everywhere in th; prototype (within the previous constraints
of inelasticity, no twist, etc). Since this experiment
assumes uniform velocity profile at the entrance (Section
3.), it ts sufficient to assume the appropriate Re based én
thg instantaneous average vei?gity at the inlet of the aer!!

ta.



In the case of steady flow, dynamic similarity is
therefore achieved by adjusting the, flowrate to yield a
Reynolds number within physiological range. A Re of 1000
corresponds to the net positive flow in the aortic arch
(ie.cardiac output)(Appendix 1II). At peak systole, Re
attains a value circa 5000, which }ould be reflected in the

model by a higher flowrate.

4.7.2 Parameters Qf Periodicity

For pulsating flow, it is not sufficient to use a Re:
based on time-averaged flowrate since the frequency, ampli-
tude and shape of the velocity waveform play an important
role in the fluid behaviour.

The unsteadiness parameter a is a non-dimensional guan-
tity which characterizes. kinematic similgfities in ;the
liquid motion. A ‘typical value based on the experimental
parameters selected earlier is a=19 (Appendix I11),
McDonald(1974) gquotes a range of 13.55as16.7 at the aortic
root based on a pulse of 55-72 beats/min. and a radius of
1.08-1.11cm. As 'discussed earlier, this fadiu' estimate is
low. Recalculatxng these limits wusing R=1, QSEQ y;elds
17, 65a$22 4 which concurs with the value chosen above,

Having specified a parameter accounting for frequency
similarity, it remains to define the amplitude of the wave-
form. Decomposing the periodic flow in the cardiovascular
system by,a Fourier series, it has been shown that the Eirst

harmonic predominates (McDonald,1974). Therefore one form
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previously adopted has been to approximate the fluctuations
by a sinusoid of a certain amplitude superimposed on a mean

forward flow (ex. Rodkiewicz et al.,1976a). This type of

vaveform is formulated by:

v " Vi
A = MRX__ min . (4.2)
v
where ) , the amplitude parameter, has previously been stu-

died in the range 0S A <2 with the lower value representing‘

steady flow and the higher value approaching an actual wave-
form (Fig.4.7). This method does not take into account the
fact that the systole's duration is only 1/3 of the total
period, and tBat a8 zero flow stage is required to simulate
diastole. However, the great advantage of this approach lies
in its generality and ease of reproducibility.

The experiments reported here use either steady or
sinusoidal flow. However, the design of a more advanéed
model (Section 5.3) adopts a characteristic velocity curve
(Fig.4.6) and the corresponding isam profile produces‘the
same waveform with minor modifications (Appendix II11). This
method allon comparisons with sinusoidal pulsations and
should. the différences be insignificant, the latter could be

adopted without reservations.

[P SR
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5. Apparatus and Instrumentation

As discussed in Section 4, several simplifying assumptions
were required to produce a feasible model. All of the tests
carried out in this experiment make use of one model, A4,
wvhich includes some characteristics of an actual aortic
arch. Concurrently, a second model, B, was designed. to
incorporate several improvements over model 4 and serve for
future experiments., These models are described in detail in

the following sections.

5.1 Flow Circuit

The flow circuit for each of the two madel; is funda-

mentally the same. A schematic and picture of the flow cir-
cuit are shown in Figqures 5.1 & 5.2, The working fluid must

be replaced periodically as the dye used for visualization
eventually darkens the water. To replace the fluid, fresh
tap water is settled in an auxiliary reservoir for a period
of several hours to prevent air bubbles from settling out in
the model.

A rotameter is used to roughly set the total flowrate
in the model. The distribution of the flow to the branches
varies with the total flowrate thréugh the 'model
(Section 6.). Po maintain a distribution within the physio-
logical range, a flow restrictor on each branch must be

used on model A while conic valves are installed on model B.

33
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To monitor the flowrate in each branch, individual collec-
tion tanks labelled T! to TS are used in conjunction with a
Sstopwatch. These tanks in turn dfain into a common reservoir
vhich feeds the pump to complete the circuit.

The surge tank, partially filled with water, acts as a
buffer for pump fluctuations and traps air bubbles generated
upstream. The piston apparatus is an optional attachment to

uperimpose regular pulsations on the steady pump flow. Fin-

o

ally, a 20 foot 1long straight section, exceeding the
entrance length required to attain fully developed flow at
maximum physiological Reynolds number, ensures that the flow

conditions upstream of the model are known and consistent.

5.2 Model A

This model is scaled to three times actual size and its
centreline lies in one plane (Fig.5.3). It was fabricated by
machining two slabs of acrylic and then gluing the two sym-
metrical halves together (Fig.5.4). The outlet sections are
all positioned at the sémg level, about two inches above the
model centreline. The flow distribution is controlled by a
removable orifice plate in each outlet section.

The inlet section (Fig.5.5) consists of an enlarged
section with a transverse screen to flatten the velocity
profile. The slightly flared model inlet then captures the
core flcu» thﬁs producing a uniform velocity profile with a

very thin boundary layer at the entrance to the arch.
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5.3 Model B

This model was built to incorporate several improve-
ments over mole A. The principal alteration was to allow
for the 15° twist of the arch (Fig.5.6). This was achieved
by splitting the model into five separate sections each of
which can be rotated about the modegl centreline at the
interfaces of sections (Fig.5.7). Hence the model can assume
any angle of twist in the range of about -10° to 30°. To
achieve this capability however, visualization had to be
compromised.

Several design modifications were made to the inlet
section of this model as well (Fig.5.8). To better assure a
uniform velocity profile at the entrance to the arch, the

following design factors were considered:

a. four successive screens will cause a th@fgugh
transfer of momentum across the inlet section to
produce a uniform velocity profile (Appendix V).

'b. a bell-shaped entrance is provided at the arch inlet
to inhibit flow disturbances.

c. fluid is bled from the inlet section behind the
bell-shaped gntfan:e to streamline the Elawﬁpnd pre-

vent vortices from forming.
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5.4 Piston

The piston is cam-driven by a 2-Hp DC variable speed
motor (Fig.5.9). The piston superposes fluctuations on the
steady flow supplied by the pump. Since the oscillation
apparatus was appropriated from a previous experimental
-Set=up, the cam 'design required retrofitting to the‘gxisting
apparatus. In other words, the fixed bore and limited stroke
of the cylinder impose constraints on the cam design.

a

5.5 Cam

The vela%ity profile shown in Figure 4.6 is a simplifi-
cation of an actudl human pulsation. The backflow period and
minor diastolic oscillations are neglected to simplify the
cam design. It is postulated that this change would not
significantly affect most aspects of the flow in the model.

Initial attempts to design a cam based on the approxi-
mate profile yielded a pressure angle in the order of
50°-60°. Since it was found that a feasible cam profile
could not be easily produced, a computer subroutine was
vritten to produce the appropriate cam outline from input
data containing the desired displacement curve, base circle
radius, amount of offset and follower radius (Appendix I1I),.
This 5ubpf5§fam would calculate the maximum pressure angle
for a given profile and plot the fesultiné contour.

A sinusoidal puingian was applied to model 4 to exa-

o, . , . ~—/
mine its effects on the separation zones. The cam was



designed using ) =1.9 and an average Re of 1000.

For eﬁentual use on model B, a cam was designed whic¢h
would produce the waveform shown in Figure 4.6. This could
lead to studies on the effect of waveform -@n various flow
phenemgnarin the arch. The computer program would facilitate

the production of various other waveforms as well.

5.6 Pulsatile Flow Monitoring
An  Annubar flowmeter was installed in the pulsatile

flow circuit to monitor the fluctuating flow and ensure that
the imposed oscillations are producing the desired result.
The Annubar, a device using a calibrated Pitot tube arrange-
ment which yiflés an output proportional to the flowrate, is
connected tS a DP45 Validyne pressure transducer. This
signal is picked up by carrier-demodulator and transmitted
to a oscilloscope. A low-pass filter suppresses unwanted
’Erequencies from the signal,

The Annubar is specifically désigned for steady flow
but was deemed sufficiently accurate for the extremely low
frequencies of fluctuations used in this test. However, for
a better response, particularly at the higher frequency
required for model B, an electromagnetic flowmeter is recom-
mended. Some of the instruments discussed in Section 2. ;an
be adapted to detect flow direction, whieh is ;dvantQQEﬂu;

for actual waveform simulation,
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5.7 Flow Visualization

The flow patterns are visualized by injecting a fine
stream of dye through 0.5mm I.D.tubing. The dye was alterna-
tively introduced at various positions at the entrance to
the arch or points along the aortic,walls. At the inlet, the
dye pipe is fixed in a ring which permits angular position-
ing for 180° range and transverse adjustment completely
across the l;méﬁ (Fig.5.10). Figure 5.11 indicates some
peripheral injection points along the inner curve wall and
on the top of the model. The exact ncn;dimensianali;ed loca-
tions of these wall taps are given in Appendix 1IV.

It is very important to maintain the densities of the
dye and working fluid as close as possible to each other.
Since the pump causes a temperature rise of about 6°C over a
two-hour period of continuous operation, the water density
continuously decreases. To compensate for this effect, the
dye reservoir is‘submgfseé in a water bath which is fed from
the working fluid (Fig.5.12). It is advantageous to maintain
a constant dye velocity to provide stable conditions duriﬁg
visualization. By using a reservoir with a large diameter
relative to that of the dye pipe, the loss of head in time-
becomes negligible. At the entrance to the model, the dye is
injected ;with about the same momentum as the inlet flow. At
the wall taps the dye is injected with the lowest possible
momentum which still allows adequate visualization,

The photographs were taken with a Canon F-1 camera

using a- 55mm lens, and optional 240mm and 450mm close-up
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lenses, either individually or superimposed. Lighting was
provided by one or two 200 watt tungsten lamps placed under
the model. A single sheet of mylar was also placed between
the lamps and the model to further diffuse the light and
provide more uniform illumination. The black and vhite pho-
tographs of the flow were taken with 400 ASA tungsten
Tri-PanX and the colour pictures using 400 ASA Ektachrome.
Although perhaps not intuitively obvious, the visual distor-
tion inherent in the model due to the curved inner walls and
flat outer surface is less than if the ;QutEf surface were
also curved (Roussel,1971),.

= -
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Figure 5.3 Model A



Figure 5.5 Model A inlet section



Figure

D!

5.6 Model B with and without twist
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5.9 Pulsation apparatus

Figure



46

3atut 3e adrid 84g o) -g

aanbr g




Pigure 5.12 Dye reservoir bath

“

47



6. Shear Stresses in Derivative Branches

One of the important considerations in the study of blood
flow involves the effects of wall shear stress. Several
investigators have demonstrated some possible correlations
between shear stresses and physiological phenomena such as
hardening of the arteries (Fry,1968) and sites of incipient
atheroma (Rédkiewi:z,1975). However, there is no definitive
proof of these relationships since the biaéhemistfy of these 7
preble¥§ is not yet completely understood.

Although shear stresses are not a major issue in this
thesis, certain results have led to speculation about them
which would require further substantiation. Therefore, part

of the ensuing discussion attempts simply to provide leading

questions for future research in this area.

6.1 Flow Partitioning

The flow distribution in each branch as a percentage of
total flowrate is a strong function of Re as shown in Figure
6.1. This data was collected by choosing an orifice plate
for each outlet which would produce the appropriate distri-
bution at Re=1000 and then setting the flowrate to several
Re values. These results concur with earlier data obtained
in a single branch model (Rodkiewicz et al.,1976c) which
demonstrated that the percent flowing through the branch

decreases with increasing Re ‘for steady or pulsatile flow.

‘f
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In actual elasti:‘ arteries, the average differential
partiéianing of blood among organs is controlled by neural
+and hormonal stimulation hence the functional relationship
is much more complex than in a rigid model. However, for a
given physiological state, say at rest, the average resis-
tance in each branch should remain more or less constant,
vith the instantaneous resistance primarily a function of
flowrate, as in the plastic model. Consequently, if the
flowrate in an actual arch were steady, the trend indicated
in Figure 6.1 should apply.

Given the pulsatile flow nature, one can speculate that
the same effect would occur based on the instantaneous Re,
Hence at peak systole, a larger percentage of the total
instantaneous flowrate would pass through the descending
aorta (branch 5) than at other instants during systole. A
schematic of this effect is shown in Figure 6.2.

Farthing and Peronneau (1979), having monitored the
velocity profile in dogs' aortae, derived, average flow ver-
sus time curves for each branch. By comparing flowrates in
the branches at various instants, it was hoped that those
results would concur with thé above assumption. However, on.
closer inspection it would appear that their plots are faul-
ty. The peak flows in a single upper branch exeeds the peak
flow at the inlet and the sum of the net forward flawsi in
the branches exceeds by far the net flow through the inlet,

Another study by Rodkiewicz et al.(1976a) considers the

effect of the frequency parameter a on the flow distribution



50

with a constant net forward flow. Unfortunately there is a
large data scatter and the results are not clear. Suffice it

to say that these issues have not fully been clarified.

6.2 Factdrs Affecting Shear Stress

For steady flow in straight circular tubes, the wall
shear stress T, 1s proportional to the velocity gradient
dv/dr. As the flowrate in a given tube increases, Ty
increases also.

Relating this to the aorta, as peak systole is
approached, the instantaneous flowrate in all five branches
is increasing as is the wall shear stress. However, since
the percentage flowing through each upper branch is decreas-
ing, the shear ftress 18 increased less than if the percen-
tage had remained fixed. Therefore the varying percentage
distribution tends to damp the wall shear stresses in the
upper branches and increase them in the descending aorta.

To get an idea of the relative magnitudes of the wall
shear stresses in the various branches due to the net éor—

ward flow, consider the case of Poiseuille flow through a

circular tube where:

= - r
v _292 [1 v

m™ R

.erc:g-}

C(e.n)
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wvhere r is the radial distance measured from the central
axis and R is the tube radius. Taéle 6.1 shows the magnitude
of the ;all shear stresses due to net forward flow in the
branches, estimated by the above equation and given as a
‘percentage of the inlet wall shear stress.

Unfortunately, the effects of the instantaneous forward
flow interact non-linearly with the pulsatile shear
stresses. Given a ceriain sinusoidal forcing function g%
exerted on the fluid in a circular pipe, the wall shear
stress decreases as a increases (Fig.6.3). The relative
magnitudes of the velocities at one point in the cycle for
‘several a's are shown in Figure 6.4.

In section 4.8.2 it was shown that a value of a=19 is a
representative value at the aortic arch inlet. However,
since a is proportional to the pipe radius R, one can define
a different alpha for each branch as:

R _
branch i (6.2)
a = =20 a, 6.2)
branch ~Rinlet inlet

The values corresponding to each branch are shown in
Table 6.1. The lower values of a found in the upper branches
would tend to raise the maximum wall shear stress due to
fluctuations.

To summarize, the wall shear stress in the upper
branches are somewhat damped by the change in flow distribu-
tion but it would appear that this effect is completely

overwhelmed by two other effects: the smaller e« in the
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Table 6.1 Pulsatile Shear

Mean T, (bfanch)

Radius (mm) Ty {inTet)
\

6.1 1.48

3.7 2.40

3.8 3.89

3.8 3.89

4.5 1.34

11.748 1.48

Stress -

5.9

15.3

o
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branches tends to increase T, (compared to the aféh),vgand
the shear stresses due to the net forward flow are much
higher in the smaller branches.

The above Speculations are oversimplified having
neglected wave reflections, secondary flows, elasticity and
other factors, but the gross effects are probably a good
assumption and could lead to a better understanding of the
flow phenomena. The relative influences of these factors
cannot be predicted and would require a further experimental

research.
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7. Separation Zones
For the case of steady laminar flow, a separation zone can
be considered as a region which cannot be reached by any
streamline originating at the model inlet, unless flow
instabilities are present. For pulsatile flow, this defini-
tion no longer rigorously applies due to the shifting of
streamlines with time. However the basic concept that the
separation zone constitutes a 'bubble' or captured vortex
distinct from the main flow remains intact, Once the loca-
tion of a suspected separation zone has been established,
dye is injected directly into the area. Indication of

reversed flow and persistance of dye presence in this region

is accepted as further evidence of the existence of a

w
L]

paration region..
The existence and location of separation zones in the
aortic arch and its derivative branchgs has long been a con-

tested issue. As discussed earlier, present instrumentation

separation zones. Also, since mathe-

not refined enough to predict flow
details at this level tMe only recourse lies in experimental
mﬂ!g}s.

'This report deals exclusively with two separation zones
in the arch proper, although earlier studies have indicated
the presence of zones in the major daughter branches as
well. Figure 7.1 shows a dye stream in the main flow
skirting a separation region in the brachiocephalic artery

x
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on the proximal wall just distal to the entrance. The great
v
majority of the tests were performed with steady fiow since
flow visualization with dye can be difficult under pulsatile
conditions. Initial observations did not provide concrete
evidence of reverse flow but were tantalizing nonetheless.
In suspected separation locales, the flow would occasionally
reverse only for an instant, leaving doubt whether the cause
was some aberration rather than a feature of the flow., It
was surmised, correctly, that Re=1000 was an approximate
lower bound at which separation was initiated. As the
Reynolds number was ﬁncreased to 1400, the separation zones
became more pronounced and regular. Raising the Re in the
model to study separation can be justified on the basis that
Re peaks near 5000 during pulsatile flow. Also the oscilla-
tions alter the mechanism behind separation such that flow
reversal in these zones persists even throughout diastole
‘(Re-O) so that the limiting value of Re at which separation

occurs is primarily of academic interest.

7.1 Inner-Wall Separation

The first separation zone occurs along the inner curve
of the arch, near the plane of symmetry and approximately
opposite . the left carotid artery (Fig.7.2). The presence of
this region is clearly indicated in Pigures 7.3(a to f) by
sequential photographs of flow reversal near the point of

maximum curvature. The main flow proceeds from left to right
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in the pictures and the dye is injected through wall tap
number 37 (Appendix 1IV). The photographs are taken at 5
second intervals which, combined with the scale drawn ;n
Figure 7.3a, indicates the slow progression of the reversed
fluid. The velocity of the reversed flow is typically about
4% of the axial core velocity. This low velocity causes some
dye to accumulate near the injection point and as the con-
centration increases the dye tends to diffuse slightly in
every direction, fhis high concentration zone appears of the
photographs as a small dark area around the, injection point.

The dye stream in Figure 7.3 can be easily misinter-
preged without the benefit of a side view. However, due to
the constrained area at the inner curve of the model, the
camera could not be adequately positioned for a feasible
picture of the vertical plane, Therefaré, a description and
sketches are used to complement the photographs to provide a
complete flow picture.
inner wall is partly illusory. In effect, during the back-
flow period the dye is rising and following the arch wall
quite closely. The thickness of the zone is actually about
3-4mm.

When the dye reaches the apex of the separation region
-most of it 1is entrained by the main flow and becomes
entrapped in the inner wall vortices generated as a result
of secondary flows (Section B8). Hence the forward flow

depicted in Figure 7.3 takes place away from the wall.
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Depending on which streamline the dye enters, some dye may
" follow the separation bubble to its point of reattachment.

Note that no recirculation is evident in the photo-
graphs. The dye is injected into the fluid layer nearest the
wall which, when reaching the separation line, forms the
interface between the main flow and the separation bubble.
Due to minor instabilities in the flow, this layer continu-
ously shifts slightly with the tendency to diffuse and mix
the dye with the main flow. Injecting the dye with a higher
momentum to reach the inner layers of the separation bubble
is not practicable since the dye stream completely disrupts
the flow in the area and observations become invalid.

It is very difficult to ascertain the location of the
reattachment point since the clearance between the dy; and
the wall cannot be properly visualized. However the results
of two other tests provide a good indication of the reat-
tachment point location. Dye introduced at the next injec-
tion point downstream (tap #43) does not exhibit reversed
flow so the separation does not extend that far. Dye
injected upstream skirts the separation region and deflects
back towards the inner wall about 0.5 centimeters past tap
#37 (Fig.7.4). So, although the separation zone is not dis-
tinctly deleanated, an approximate range for this Re(1400)
is from 1,5cm. upstream of the injection point to 0.5cm.
downstream. In dimensionless coordinates this range extends
from S/D=3.40 to 3.64 (Appendix 1IV). A schematic of the

inner wall separation zone is given in Figure 7.5. The
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videning of the zone as flow reversal progresses is probably
accompanied by a thinning of the region although this could
not be detected in the tests.

Normally, flow separation is caused by an adverse pres-
sure gradient. If the low momentum fluid in the boundary
layer encounters a pressure increase that it cannot over-
come, it separates from the wall. The continuous convergence
cf the aortic arch would tend to suppress separation as a
decreasing cross-sectional area causes the velocity to
increase and the pressure to lower. The mechanism behind the
flow separation at the inner wall is therefore not immedi-
ately evident. One hypothesis which conforms with earlier
observations attributes the inner curve separation to the
presence of branches. Rodkiewicz and Kalita (1978) showed
that for a constant diameter curved tube with no branches:
and 400<Re<1800, separation occurs only if the Reynolds num-
ber is large enough and the radius of curvature small
enough. They also considered curved tubes with a side branch
for both the cases of constant diameter and convergence of
the main branch. In both cases separation on the inner curve
was observed but it was not indicated at what Reynolds num-
ber. They state however that, as expected, convergence
decreases the size of the separation region and prevents its
appearance for small Re. Scarton et al.(1976) also tested a
model geometrically similar to the arch but without side
branches. He did not find any'ggpnratign on the inner wall

for the full physiological range of Reynolds number up to
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Re=5700. Rodkiewicz(1975) also found a separation along the
inner wall of an open channel model of the arch under pulsa-
tile conditions. It was suggested by other researchers that

the results were not definitive due to the difference of

secondary flows between a chanhel and a closed tube.

The results of the present experiment in conjunction
with the earlier works provides substantial evidence that
the inner wall separation is caused by the existence of the
large bfanghesxafiginaﬁing at the top of the arch. The
separation is not due to the curvature of the arch aléns nor
to the influence of secondary flows, and the convergence of
the aorta is obviously not enough to grgil't it.

The presence of the branches increases the dffective
area of the arch thus increasing the_pressure and giving
rise to an adverse pressure gradient suffiéiEﬁtly large to
cause separaticn_af the slow moving fluid on the inner wall.
The average velocity near the inner curve is laief than that
on the side walls due to !5; influx of low momentum fluid by
the secondary flow vortices. This explains why the side wall

fluid does not separate.

7.2 Separation on the Outer Wall

The second separation zone occurs on the outer curve
upstream of the !first branch (Fig.7.2). This separation
region is also initiated at a Reynolds number of about 1000.

Its existence was suspected and searched for as a result of

5
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earlier work by Rodkiewicz(1975) which demonstrated that
this was also a site for atherogenesis, albeit a minor one.

This separation region was also evident in the open channel
flow model of the arch.

Figures 7.6a,b show a side view of the backflow indi-
cated by dye alternatively injected through taps #! and #3.
Since the taps lie on the plane of symmetry of the model,
the flow should divide evenly és in Figure 7.6a. However,
small flow inconsistencies sometimes forced the dye to fol-
low either the upper or lower vortex (Fig.7.7)

There is some speculation that this area is in fact not
a sepa:aic;m zone but simply the site of a complex backflow
pattern, " The arqguments in favor of a separatibn zone are
that no external streamline was found to enter the region;
the location corresponds to the separation found in the open
channel model; there is no other plausible reason for back-
flov to occur in his area. The reasons for doubting separa-
tion are that no vortices are evident in the region (other
than the large secondary flow vortices); the dye does not
reattach but is svept avay (perhaps due to the fact that it
is in the outer streamline); there is no obvious mechanism
to induce separation at this location. With the data avail-

able it is not possible to gain further insight into this



7.3 Separation in Periodic Flow

The observations made for the steady flow case do not
explicitly confirm the existence of the separation zones
under pulsatile conditions. Preliminary pulsatile tests were
performed with a minor backflow period as in the physiolog-
ical situation. The flow near the walls tends to reverse
more easily than the core‘flow under pulsatile conditioﬁs
since the momentum in the boundary layer is lower. This
effect is shown in Figure 7.8. So although backflow was
still present in the previously defined separation regions,
it also occurréd at almost every other wall tap examined. To
compensate for this, the input waveform was somewhat modi-
fied so that the average flowrate remained positive through-
out the cycle. The amplitude varied from a minimum of Re=50
to a maximum of Re=4000. The flow in the separation areas
was then compared to that at several other wall positions.

Due to the many components in the flow circuit, it was
deemed wise to monitdr the pulsations to ensure that the
proper waveform existed at the model inlet. The output from
the Annubar flowmeter recorded on an oscilloscope is pre-
sented in Figures 7.9a,b. The first picture indicates the
fundamental sinusoidai input from the cam using a low-pass
filée;. The second figure represents the actual unfiltered
waveform. The origin of the high frequency noise is not
known but it is not equal to the blade passing frequency of
the pump. Two plausible explanations are the noise from the

Annubar due to the pulsatile input or wave reflections from
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the model which is just downstream from the flawﬁeﬁerg
It was found that the flow everywhere in the arch
except in the separation regions either continued forward or
virtually stopped as the inlet flow reached a minimum, In
the separation zones the converse occurred. As the inlet
flow attained its maximum the flow reversal at the wall
became almost non-existent and as the flowrate decreased the
fluid in the separation zone surged upstream forming a large
backflow area. This effect was also observed in the open

channel model by Rodkiewicz(1975). One possible explanation

[

of this phenomenon is the wvariation in flow distribution

= %

w0 7
with Re (Section 6.1). As the inlet Re is decreasing, a

larger percentage of the flow is diverted through the
branches thus effectively lowering the pressure in the arch
in that region and causing the low momentum flﬁié at ghe
inner wall to surge backwards.

The effect of these cyclic variations is that the blood
exerts a fluctuating stress on the arch walls, particularly
in the separation zones. The elastic walls deform
accordingly but eventually may lose their resiliency due to
the large alternating sheé} stresses. This phenomenon may
contribute to the development of arteriosclerosis and subse-
quent atherogenesis as the wall metabolism is disturbed and

fatty lesions begin to develop.

b
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Figure 7.1 Separation ir the brach:ccephalic artery

Figure 7.2 Location of arch separation zones
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Figure 7.3 (continued)



Figure 7.3 (continued)
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degrees of cycle

Figure 7.8 Velocity profiles at several times(after

' McDonald, 1974) \



Pigure 7.9b Actual

filter
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8. Flow Patterns

The flow characteristics of the aortic arch include some
well-studied patterns such as the large scale vortices asso-
ciated with secondary flows and several finer points which
even detailed observations yield grudgingly. Most of the
testing was performed under steady flow conditions but the
effects of pulsations were considered when possible.

The flow patterns are examined from two points of view,
The approximate paths of the fluid particles from the inlet
are determined and then more éeﬁailed aspects of the flow
are studied by injecting dye thfaugh-the wall taps. The
major characteristics Pf the flow are the potential core,
the boundary layer vortices and the branch flows.

Since the branches affect the flow a great deal, a map-

ping of the source of the fluid destined to pass through an
upper branch is useful in determining their effect on the
main arch flow. A record of the positions of the inlet dye
pipe corresponding to a branch streamline produced the map-
ping shown in Figure 8.1. The three areas labelled 1A, 3 and
4 represent the fluid which flows respectively through each
of the three upper branches. The flows through the fiéht
subclavian and right carotid are conveniently lumped into
one region (ie.1A, brachiocephalic artery) for two reasons.
The dye has often become quite diffuse once it has attained
the bifurcation in the brachiocephalic artery, particularly
if it is in the boundary layer making it difficult to

ascertain its ultimate destination. Also, the bifurcation
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occurs quite far from the arch where the actual artery has
already twisted gquite a bit (Fig.4.1), hence the geometric
similarity of the model is poor in this location. Knowledge
of the destination of various inlet streamlines could also
prove useful for injecting substances into the aorta to
enter a particular branch. Branch flow is shown in Figure
8.2. .

Although the boundaries between the regions are dis-
tinct in Pigure 8.1, this 1s not representative of the
experimental results. When the dye is injected in the inte-
rior of any of 'the regions the results are consistent.
However, dye injected near the boundaries of these areas
often fluctuates between the two adjacent branches and occa-
sionally three. 1In theory, the distinction should be clear
" and the boundaries separating the areas would correspond to
stagnation lines between the branches (Fig.8.3). However
minor fluctuations in the flow cause these limiting stream--
lines to vacillate. A quick check on the data is performed
by noting that the branch area 1in Figure 8.1 represents
about 22% of the total area which corresponds to the distri-
bution set for the branches.

As predicted, the boundary layer has not completely
developed by the outlet of the model and therefgre a core of
fl10id remains inviscid dufing its passage through the arch
(Fig.8.4). The slowing of the fluid in the boundary layer is
accompgzaed by a velocity component inward towards the axis

walf
and under this influence the core fluid accelerates. By
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injecting two dye streams side by side, it is seen that in
this potential flow fegian the velocity is lower the farther
one gets from the center of curvature althcgéﬁ no gquantita-
tive data was collected in this respect. The potential core
region shrinks as the boundary layer thickens and occupies
about 20% of the outlet area compared to 100% at the inlet.

The area in Figure 8.1 labelled 'core' represents the
fluid which remains in the potential core during its passage
through the arch. Note that the whole area is potential at
the inlet and that a much larger area than that marked
':afe‘ remains inviscid for at least part of its course.

¢ The remaining wunlabelled region in the figure repre-
sents the fluid which becomes part of the boundary- layer or
becomes part of a secondary flow vortex. The large gap
between area 1A and the outer wall indicates the amount .éf
fluid which is displaced peripherally towards the inner wall
before the first bramch is reached since ncng‘af this fluid
enters the Erachiecephali: artery.

As the boundary layer begins to grow and the fluid
passes into the bend, the centrifugal force is higher on the
€aster core flow which is forced outwards. Consequently the
outer ~boundary layer thins as fluid is forced peripherally
to the inner wall. This effwct ;g';learly shown in Figure
8.5 by dye injected iﬂtgv tgzbﬁcundary layer. Figure 8.6
sha;;iglreamlines-yhi:h remgin‘iﬁ the potential core for

%Léﬁfsfpi?ij of their trajectory and are then entrained by the

. , VD .
secondary flow vortices. When observing along the arch
-t
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)
centerline facing downstream the upper vortex rotates clock-

wise and the lower vortex counter-clockwise. This behaviour
is similar to fully developed flow through a curved tube
eéxcept that the vortices do not return to the outer wall
along the centerline. Rather they cannot penetrate the rela-
tively high momentum potential core fluid so they remain as
two trapped vortices along the inner wall (Fig.8.7).

The fluid which begins along the inner wall remains
along the inner wall as the bohndary layer thickens and when
it is joined at the inner curve by the secondary flow from
the outer wall, most of it becomes entrained in the trapped
inner wall vortices. It is quite easy to visualize the outer
wall vortices but when the inner wall vortices first form
they are quite small scale and difficult to observe. Initial
observations in this area appeared only as lateral fluctua-
tions in the dye stream, whether viewed from above or from
the side, which was originally attributed to irregularities
in the inlet flow. However, lateral fluctuations which
appear in both the horizontal and vertical planes can be
caused either by fluctuations in an oblique plane or by a
small scale vortex. :

A mirror was mounted to attempt tb photograph both
views at the instant and resolve thevissue. The results of
this method :ere inconclusive. A second dye pipe at the
inlet was used to inject another dye stream very close‘ to
the first one. These streams remained parallel for a certain

distance and then began twisting around each other



indicating the presence of an inner wall vortex (Fig.8.8).
The appearance of these vortices first occurs approximately
opposite to the left carotid artery which is about the léeait
tion of the inner wall separation zone. The inner wall vor-
tices continue to grow as they proceed downstream and fill
about half of the tube at the outlet.

The branches have some direct effect on the potential
core by causing a more pronounced outwards displacement than
that which would occur in the absence of branches. Thi in
turn increases the magnitude of the outer wall vortices to
replace the outward moving inner wall fluid. *
tions although the dye diffuses more easily. The vortices
remain intact throughout a period of oscillation but the
pitch lengthens and shortens accordingly, much as a coil
spring would. Unfortunately, it is not possible to determine
from the observations how the strength of the vortices is
affected by the frequency or amplitude of the oscillations.

The outer wall vortices downstream from the branches
are less pronounced than those upstream of the branches.
There are two effects which contribute to this. The arch is
starting to come out of its curve after the last branch and
as the radius of curvature increases, the centrifugal

v )
effects lessen. The boundary layer is also quite thin on the

outer wall having started over after the 1left subclavian
stagnatiafy zone. This means that the high momentum fluid is

already near the outer wall and a significant secondary flow
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is only induced once the boundary layer becomes thick

enough,

sists of a thi;i

=

Summarizing, the inner wall flow co

]

boundary layer and trapped inner wall vartices which begin
near the location of maximum curvaturgl An  inner wall
separation zone is also located opposite the upper branches.
The inner vall is therefore subjected to a relatively low
shear stress and also to localized opposing stresses at the |
"separation line. The inner wall is a prime éandiéate for
atherogenesis, which ééﬂt be attributed to depositions
enhanced by the slow maviné blood flow as well as wall
damage incurred by Separation zahg stresses. Conversely, the
outer wall upstream of the first branch is also subject to
atherogenesis but there the flow is characterized by a local
flow reversal and a thinner boundary layer hence a higher
shear stress, \
Two hypotheses could explain the above observations.
Atherogenesis could be attributed either to shear streses
that are too high (Fry,1968) or too low (Caro et al, 1971)
as suggested by Scarton et al (1976). These conditions could
be aggravated by the presence of flow reversal which could
hamper the walls' ,defences. The second hypothesis S?sumes
that atherogenesis sites coincide with the flow reversal
regions and do not depend directly on the main flow shear
stresses. This hypothesis is partly substantiated by the
coincidence of atherogenesis sites and separation zones in

the branches demonstrated by Rodkiewicz(1975),

L

b
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There was no evidence of turbulence at any time, either
for steady or pulsatile conditions. The transition Reynolds
number in a curved Pipe is normally higher than in a
straight pipe, in the order of Re=5000 to 10,000. This
depends a great deal on the curvature ratio of the tube.
Nerem et al(1972) performing in vivo studies on dogs, made a
rough estimate of the critical Reynolds number as a function
of the frequency parameter a by inducing higher frequency
pulsations with drugs. They found that Re=150a in the
ascending aorta and Re2250a in the descending aorta. The
value for the ascending aorta was measured very close to the
aéftic valve where disturbances from the heart may still be
present. In the arch itself, which is the main area of con-
cern in this study, Re =200a can be used as a reasonable
estimate. For a=20, the critical Reynolds number is in ‘the
order of 4000, so although no disturbances were observed in
this test, the fluid may have been on the verge of transi-
tion during the pulsatile tests. ]

There is another important consideration in ther study
of flow patterns in the aortic arch. In.certain circum-
stances when the carotid arteries become almost completely
occluded and neither cleaning nor medications can cleaztixe
lesions am™i restore the flow, a bypass may be .installed to
circumvent the blockage. The bypass, normally a segment of
vein, is usually attached to the aorta at a :cnvenieét

nearby location, Often the bypass itself becomes occluded,

sometimes with dire consequences. This could be caused by
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the biochemi:al state of the individual's blood system, From
the fluid dynamicists p@iﬁt of view however, there could
conceivably be some advantages in selecting an optimum size,
location anéjghglé at which to install the bypass. The sizé
of the vein used (if available) would préeferably be suffi-
cient to supply an adquate.améunz of blood to the deficient
branch. The angle of attachment between the bypass and the
aorta can affect the flow patterns and induce unwanted
separation zoneas as shown by Rodkiewicz'(1973) stﬁdies of
bifutcaticns. Optimizing the location of a bypass could also
favourably affect theiperzentage of ®blood flowing through it
as well as minimize flow disturbances.

+ ®™As an initial guess, it was ﬁhaughﬁ that locations of
maxiﬁuq‘ pressure in the arch would be conducive to smoother
flow into a bypaség Atéempts to monitor the prESSuEé dif-
ferences between varicus! wall points in the same plane
resulted in the discovery that the. differences were too
small to measure with the equipment available. The taps were
then bled in turn and the outflow collected over a long per-
iod of time to deterpine the maximum pressure locations. The
differences .in hydrostatic pressure from ané' point to
another were compensated for by adjusting the heights of the
bleed tube outlets. Although there vere differences in
volume collected after long time periods, it turns out that
the diffefences were not significant and smaller than the
errors induced by the experimental method. This test was

therefore inconclusive.



To test the effectiveness of bypasses of verious sizes
and at various locations, a research program isgg{esently
underway to occlude some branches in the model !aﬁé install
bypasses. Thé study of flow patterfis in and around the
bypasses should indicate‘wthth these parameters critically

affect their function. ;
. R
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Figure 8.1 Destination of inlet flow



Figure 8.2 Flow into the branches



Figure 8.3 Stagnation zones at branch inlets
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Figure 8.5 Dye injected into secéﬁéa:y flow vortex
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Figure 8.6 Core
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" Figure 8.8 Dye streams twisting in inner wall vortex
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~ 9. Conclusions B . o
= ‘7' . L] : i # @ i = & * A
- npe major objective of this experiment,. to determthe whether

Or not a separation zone exists at the location of maximum
& .

curvature of the aortic arch, has been resolved. The separa-

tion zone can definitely be detected in'steady flow when the

L

Reynolds number exceeds 1000 and in pulsafile flow it per-

b L j . .

sists throughout the cycle. The effect of the separation
}) .

zone on aﬁease develcpment can be at‘rlbuted to any one ‘of

the following: cempressidg stresses on the wall towards the

Separation line; fluctuating wall stress due to continuous

movemént of the separation line: ,and fEEerulatlQﬁ within

the sepafat1cn bubble inhibiting aﬁequate: scouring of the

walls and transpsrt of harmful elements away from the area,

Earlier results (Rodkiewicz, 1975)

[lemonstrating the

correlation between separation locations and atherosclerosis

predilection sites in the branches and along the outer curve
. : S A

wall, left the inner curve separation as the main point -of

contention, Although this-separatign was present ir the cpen

channel model (Radkiewi:z,19§5}r and was seen in a
three-dimensional mééelg’ no concrete evidence ih the form
*of rphotographs was obtainable. Therefore a debate ensued,
since Scarton et al.(1976) demonstrated that né separation
occurred in a curved converging tube. His claim that the
EEaﬁ:hes do ﬁéz significantly affect the flow .in therarch is
unfounded, as borne cut by the results of this experiment.
The bran:hes are in effect the sole factor determining the

'Dr.C.M, Radkzeulcz Univ, of Alberta; personal communication
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existence of .the inner curve separation zone, The branches

act as a diffuser, lowering the velocity in the arch in that
area, thereby increasing the pressure and causing ' the
adverse pressure gradient required for ‘flow separation.

Without the branches, a converging tube with-the same curva-

ture ratio as the arch does not show separation for the full
- - el J
physiological range of Reynoldé number.

- B

This study provides the final lipk in the hypothesis
that each aghéfcgenesis .site in the arch corresponds to a
separation or stagnation zone in the flow. The overwhelming

~
evidence of this correlation should now provide & basdis for

further biochemical studies to determine the pathological
. -

mechanism of .atherogenesis as it relates to stresses induced

bysthe hlood flow patterns.
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Appendix I : Glossary

atheroma: a condition marked by the depositing cf small
fatty nodules on the inner walls of the arteries, and by
degeneration of the affected areas; also such a nodule
arteriasclegcsisz a thickening and loss of elasticity of the
.walls of the arteries

atherogenesis: the primary stage of atherosclerosis

atherosclerosis: a thickening of and loss of elasticity in

the inner walls of arteries, accompanied by the forma-

tion of atheromas

atrium: a chamber of. the heart which receives blood from the

veins and pumps it into the corresponding ventricle
average: a weighing with respect to spatial coordinates

brachiocephalic: a main artery originating at the aortic

arch, which splits irfto the right subclavian and right

common carotid artery
f

carotid: the principal artery of the neck, leading to the

brain C
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coronary artery: artery feeding blood to the heart muscle

5

diastole: the stage of dilation of the ventricles

¢
=

‘hematocrit: a ratio of volume of packed red blood cells t

+0

volume of whole blood
intracardiac: existing or occurring within the heart

intravascular: situated or occurring within a blood vessel

in vivo: in the living body of ‘an animal (including humans)

-

lumen: the cavity of a tubular organ

mean: a weighing_with respect to time

&

-

plasma: the fluid part of Ltlood as distinguished from

‘suspended material ’
proximal: next to or nearest the point of attachment or ori-

—

gin or point of view

sclerosis: an abnormal hardgning'af'gge-?g;}srgf arteries .

sinus of Vasalva: a dilation of the aoita at the level of

the coronary arteries.
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subclavian: the pfaiiﬁi?’part of the main artery of the arm

or forelimb

systole: the contraction of the heart by which the blood is
forced onward
F
ventricle: a chamber of the heart which receives blood from
a' corresponding atrium and from which blood is forced

into the arteries , A



Appendix Il : Non-dimensional parameters

The purpose of this section is to derive the parameters
describing flow in a tube under pulsatile conditions. The
constraints are that the tube is straight, rigid and circu-"

lar. Under these conditions, the flow governing equation is

given by:
H 2 .
v _ -1 3p LB_V (11.1)
t o az*“(? rar) (D)

wvhere 2z is the axial coordinate, The coordinates, velac1ty
components and pressure term are non- dimensionalized by use

of the following transformations:

F;_RF* Zng*
o+ 1 o .
Vo= vy t = %-t* , (I1.2)
p = hﬁe)p*
where the supefs:ript plus denotes' non-dimensional quantii

ties and L is some arbitrary axial length,
Introducing these quantities into equation 11,1 pro- -

duces the following expression after rearranging:
\(11,3)'

From equation I1.3 it is possible to deduce the following

'1'_‘

ww
| <
».._,

set of non-dimensional parameters:
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a. Length ratio: Le = %
b. Reynolds num?er: Re = :—D = }:\);R (11.4)
c. Frequency parameter: a = R,r’%
. >
Substituting II.4 into II.3 yields:
El;za_v__LiE*Z‘[azy*Tav | T c
Re 3t " Ledz Re', 77 r 3 (11.5)

ft is customary ¢o adopt the definition of a« given in equa-

(]

tion 1.4 (even though it produces the parameter 5quargd in
I1.5) since a shows up again in the solution to eguation’
IT.1. i

Equation II.5 can be applied to the case of pulsatile floy
with zero net flowrate where the amplitude of the velocity
wave is gavérned by the ampli;ude and frequency of the forc-
ing function %% . In a more realistic application for blood
flov studies the forcing function consists of a constant
pressure gradient term sgpefimpesed by a fluctuating com-
ponent. This produces a net flowrate component and an éscilii
lating fleq component. The relative amplitudes of these com-
ponents can be fepresented by a non-dimensional amplitude

parameter (Kuchar and Scala, 1968):

v_ - V_
' A A = Max__ min (11.6)
v

where )\ represents the ratio of peak to pesk velocity to



the steady velocity component., Of course if VYmin =0 then

-
&

becomes:

=
[}

o | I} <

-

L

o]

~J

v

i

Heretofore, ) has primarily been used in applying a

=

sinusoidal pulsation but is equally wvalid in scaling an
actual puldhtion €o model proportions. In other words, to
simulate an actual pulsation with a cam and piston arfaﬁééi
ment requires input of the waveform to the design program
but scaling can still be performed with the aid of the
amplitude parameter, .

The dimensionless lendth parameter is satisfied by
reproducing the actual geometric ratios in the model. The
Reynolds number is based on the mean inlet velocity which of
course depends on the cardiac output so a representative
value has been selected, Finally the frequency parameter
=19 as an experimental choice is based on a heart rate of

70 beats/minute.
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Appendix II1 : Cam Design

It is difficult to produce a feasible cam which would ade-
quately simulate the heart pulsations. Therefore, the cams

used in this experiment were designed through a versatile

computer program. The program actually consists of two dis
tinct subprograms. One subroutine was specifically designed
for this experiment to generate a displacement curve- from a
representative vélacity waveform of flow in the aorta. This
displacement curve is then inputted to the cam design sub-
routine. The second subroutine produces the ;rafilgfcf a
'disk cam with reciprocating follower from input data of the
corresponding displacement curve. This routine is very gen-
eral and accepts a wide range of input pafameters}

The input to the displacement subroutine is a series of

data points from an average velocity vs time trace of flow

in an actual aorta. To reproduce a similar waveform in th

model, the scaling of the velocity curve must be modified so

that the non-dimensional parameters a and Re are both satis
fied.

The vertical scale is determined by the Reynolds num-

ber: P
MR
2 v,
(Ii1.1)
v D. v,
1o 2y 4
Yt ) o N
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where subscripts ! and 2 refer to model and aorta respec-

tively. Since the cam superimposes a fluctuation over the

steady flow from the pump, this must be accounted for by

L

subtracting the steady velocity component from thje instan-

taneous velocity:

\ T
Ve - %! j; v1(t)dt (111.2)

Finally, the vertical scale of the velocity curve is

adjusted to allow for the difference between the piston bore’

and the diameter of the model inlet.

The horizontal or time scale must be determined from

the period of the fluctuation wvhich is ‘inversely

proportional to the frequency. The frequency of the flow in

the model must be set to satisfy a:

W, ©
Ry [~ =R, |2
1 2 2.0V
2 (I11.3)
w R v
.8 1
wy Ry v,

dﬁ%; the scaling is completed, the subprogram inte-

grates the velocity curve by Simpson's rule to yield the

corresponding displacement profile. It can be noted that the

vertical scale is proportional to the viscosity ratio and

the horizontal scale is
ratio. Therefore, when integrating, the viscosity ratio term

drops out of the equation. In other words, the

inversely proportional to this -

cam profile

e
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does not depend ;n any way on the working flupd bein% used
in the model’. The displacement curve corresponding to the
veléc{ty profile from Figure 4.6 is shown in Figure III.1,
The cam subroutine then reads in data points from the
displacement curve, askg for a base circle radius and con-
verts the horizontal scale to degrees of rotation, bringing
the design to a Sstage where the pitsh_’pfafile can be
- plotted. Due to the sudden increase in_’velccity at tﬁe
beginning of systole, the pressure angle on a centered cam
is much too high for the cam to be practicable. Therefore,
‘the Spf@gram was expandéd to allow for offsetting the cam to
féduce the pressure angle when required,. Finék}y, «using
simple calculus, the pragram determines the inward normal to
the pitch profile at each data paiﬁf, marks off a distance
along the normal equal to the follower radius (as spesified-
by the programmer) and is thus in a position to plot Ehe
complete cam profile and quote the maximum pressure angle

for the given design. The pitch and cam profiles correspond-

I11.2. 24

ing to the waveform in an actual aojta are shown in Figure
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Appendix IV : Injection Points

The locations of the dye injection points must be accurately
specified so that flow characteristics displayed at various
locations can be integrated into a single complete flow pat-
tern. Since the model is three times actual size, it is
advantageous to use a non-dimensionalized coordinate system
to denote the infusion sites. Two coordinates S and &, are
used where:

S = distance along the centreline of the aortic arch

from the inlet plane

©® = angle (in'radians) between a line OP normal to the

centreline and passing through the injection peint,’ané

line OH which is the outward normal to § along the hori-

zontal plane of symmetry (Fig.IV,1)
The downstream pasitiog? is then non-dimensionalized by
dividing by 'the inlet diameter of the arch D. Figure 1IV.2
indicates the numbering scheme for the wall taps and Table
%V.1 presents the coordinates of each wall injection point.
The tip of the inlet dye pipe i§ located at S=0.5cm. or

S/D=0.06.

: 2
L AL
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Figure IV.2 Dye pipe numbering
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Appendix V : Inlet Section Design

As the velocity profile at the entrance to the aortic arch
pPlays such a dominant role in the development of downstream
flow patterns, it is imperative that the inlet section pro-
vide a means for complete m§%entum transfer across the chan-
nel. This is achieved by.a series of polyester screens
spaced evenly along the entrance pipe. The polyester
material is precision woven and inef; in water, therefore
ideal for this application. The relevant criteria used  to
determine the appropriate mesh size and screen placement
are:,

a. the porosity of the screen should be about 5Q% and a .

range of 40-60% is acceptable, where porosity is

defined as:
2 '
d . ]
8 =(1 -ﬁ) : (,V!”

wvhere d and W are the wire diameter and spacing
respectively; _

b. the screens should be placed at least 200.wire dia-
meters Apart, with about 1000 wire diameters after
the final screen;

¢. four screens should provide adequate transfer of

K momentum.

These rulésvof thumb are commonly used in experimentsl -
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practice’ and have pfavén suitable in a wide range of appli-
cations. The first stipulation follows from the fact that a
large porosity will not effectively transfer momentum, and a
lpw pbtosity will cause a large pressure drop and unaccept-
able jetting effects, The second empirical condition allows
enough space for the small scale eddies to damp somewhat
beforé the following screen and the final spacing is recom-
mended to completely dissipate any turbulence caused by the
mesh. However, since it\is also desirable to inhibit boun-
dary layer growth uﬁst:eam of the arch inlet, a compromise
of 400 wire diameters after the last screen was settled
upon. Finally, the additicnal mixing'achieved by using more
than four screens is usually not justified for the extra
space and pressure drop required. b
. To satisfy these fequiremEﬁtsi a screen with a thread
diémgter §£ 0.018 inches and mesh count/inch=21x21 was
selegzéd. This gives a porosity of =56% and an axial spacing
of *2.4 inches. between screens. ’

!

- e - - - —— - = = =

'Dr.D.Wilsdbn, Univ. of Alberta: personal communication



