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. of atherosclerotic leSionS in such vessels.

. u51ng high speed c1nephotography and a'neutrallf—buoyént

" tion of flow d1v151on between daughter vessels or- by an

ABSTRACT T

The poroose of this investigation is to determine
oxperimen€31iy the fluid dynamic field in mddels
of arterial brancﬁing.vessels apd»to‘identify the flow
features which might influence the predominant occurrence

Flow condltlons in four r1g1d walled models represent-
ing the aortlc blfurcatlon 111ac b1furcat10n mesentrlc '
artery branch and renal artery branch are investigated over’ a
Reynolds number range of 1000-4000 and a complete range of
flOW'd1v151m1between daughter vessels Qualatatlve flow
streamline patterns and quantltatlve deflnltlon of those flow
Condltlons leadlng to flow separatlon are determined
primarily at steady flow with a limited set of -pulsatile

experiments. The flow.patterns observed eredpﬁotographed

*

s

=

.tracer partlcle technlque The Flow streamllne patterns in
the four models are complicated and oharacterized by secondary

flow motion. This motion is accentuated with iqcreésing

Reynolds number. Flow separation is iﬁducible‘throuqh altera-

*

.increase in the flow Tate. Each of- the four moglels has

' ¥ N . .. -
distinct combinations of flow rate and flow division ratio

4

whlch give flow separatlon at the gutside wall of one or both

daughter tubes. The separated flows observed here dlsplay

»

iiv .. .
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streamlines forming an open vortex with flow entering and
leaving. The site of the separation point in the branching

plane is approximately constant with the reattachment points

‘occurring further-downstream as Reynolds number increases

and as the branch flow rate decreases.

Shear rate distributions at the walls of tﬂe four
models éfe méasured using an electrochemical technique. This
technique is baSed on an oxidation-reduction reaction at
electrodes 1mplanted in’ the wa11 Dlstrlbutlon of wall shear
rate of the branching site is very non- unlform with hlgh .
shear rate at the leadlng edge of the flow d1V1ders;,~Ibe
shape of the shear rate curves are functlons Of the .geometry,

="

total flow rate and most 1mportant1y the flow division

-

ratio. An unstable pattern of shear is found at the wall where

separatlon is expected to occur. For pulsatile flow,”theﬂ

-

tlme averaged rate of shear is not appreciably changed by
£

frequency and amplxtude of pulsation. The b1010g1ca1
<o

'1mp11catlon of the results is discussed with spec1f1c reference

‘geometries. . v

L4
to the sites of atherosclerotic lesions found in man for these

w
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: CHAPTER 1
INTRODUCTION

1.1 "The Problem

The work Eresented here on flow phenomena at branch—
ing 51tes was motivated by questions concernlng the role
Rlayed by blood flow dynamics in the ifiitiation and develop-
ment of érter}al diseases. »Thg‘diseasé‘of pafticular interest
here is atherosclerosis.

Atherosclerosis is a degenerative disease of the

~

_arteries in which lipid'depﬁsits called atheromatous plaques

.o . o :
form in the subintimal layer of the arteries. They are

usually dssociatéd with degenerative changes in the arterial

wall, In the early stages, these depoéits do not_interferé

Eo)

%,

significantly with the flow of blood supplied by the vessels’

a

. - o . ~—
affected. However, as time goes on, fibroblasts cause
sclerosis of.the arteries and calcium precipitates with the’

lipids to cause ca1c1f1ed plaques which can Iead to gradual
/

occlusion of these vesselb and to very detrlmental effects

in the organs. and tissues supplied

Over onc half of all human. dcaths are caused either

.3

d1rect1v ot 1nd1rect1), by atherosclerosis It is prcsent

to séme degree in almost all.adults. The conditions uqually

"becomes  worsé with age. Yet, atheroscterotic leslons.can be



&,

found in children, even infants [1]1. Thus atheroscl@rosis

is not only limited to old-age. " \

}
T .
~
-

1(” “Atherosclerosis and Flow w . )

Atherosclerotic lesions tend to form -near sites of

ohange ofrarterial configufﬁxion, such as branching sites
~and curveo segments. These areas of the arterial tree
experience different hemodynamic“forces than others [2], [3].
‘This has led many investigators to consider the relation
between hemodynamfé flow patterns and the developmont of
atherosclerosls. A variety .of mechanisms [2], [4], [5]
have been proposed to explaln this relatlon but no uniéied
theory which adequately reconc11es all of the known facts‘ Py
has yet. been developed. :
Caro et al. [2] have sho%n that'looal vessel shapes
are go important ‘factor %n the formation of”iqifial deposits?
and cléiméd.that the distribution of carly atheroma is.
goiﬁoidentswith thosehregioﬁs in which arterial wall shear
Strcss is relatively low Based on the1r theoretlcal analysis
of dlffus1on in a cheloplng boundary layef® adjacent- to a .
5011d wall, they p01nted out that diffusion is enhanced both
to arid froﬁ,the wall bv hth veloc1ty gradients and’ 1nh1b1ted
by low Veloc1ty qradlents. _Considering thib .in con;unct1on
with experlmental evidence that‘lesionS"occurred in low shear

regions in animals not receiving excess cholesterol in their

.- B . L]
a1 SHAn - .
"
-

1 Numbers in square brackets refer to references given at

the end of the thesis., 6




diet, these authors argued that the lesions were formed by
cholesterol originating in the_intima’and preférentiali% .
kept within the wall {hréugh adverse conditions”for mass
transfer to the. lumen. ‘This mechanism for the formation of
atheromatous lesions 'is based on a shear-dependent mass-trans-
fer process. However, subscqueﬂt“experiments [6] on the
transpor¥t of C14-cholcsterql between serum ghd vessel walls

in a peyfus®d segment of the artery have demonstréted that

the uptaké process is not a shegr-dependent mass-transfer
boundaryfiéyor process. -

"?ry [5] has shoﬁn.that vascular,gndothefial cells
in zixg undergo damagq upon application of high shear stress
(379 + 85 dynes/cmzjq However, this levél of shear rate is
prob;bly abqve*thethysiologically attainable range. Fry
[%] also suggested that the flux téafhe wall of Evans blue
dye bound to albumin.inqreasés»to significant levels at
wall shear stress well bclbw this critical level and thatgthe
flux of lipo-proteins to the:wall may be facilitated by )
modéerate stress level. 1In a later paper, ny jS] reported
that exposure of the normal endothelial surface to elevated
Ievqlé of shcaiingnstrcss {ncyeaged the wall p?rmeabiiity

. and with. concomitant inc}qase in serum cholesterol level, "~ -

Al

initial lipid deposition might occur.

Recqnt"experimenfal studies by Caro {9] and Siflinger'

et al. [10] with injured (endothelium removed) and normal
<L <4 N . ; \ .

canine carotid artery segments have demonstrated that

~



arterial endothelium is the principal barrier to the "passage -
of macromolecules (the sile of albumin and lo& density
11poprot ins) from the lumen into the arterial wapl and .
the rate of passage af these macromolecules is s%ftﬁgly
influenced by a variety of mechanical factors. These include
the fluid flow pattern and steadiness and amplitude of the
fluid pressuré and shearing stress. Furthermore, Weinbaunm (1
et al. [11] have proposed that the passage of these macro-
molecufes'aCross the endothelium is primarily %hrough a a
passive random motion of small pinocytotic vesiéies. Theoreti- -
cal, experimental and electronmicroscopic studies. have been
undertaken by this groupyin.order to untderstand the mechanisms

4

which might causec pinocytotic transport to be increased by

f,;l

mechanical factors. The preliminary r%sults'of this study
-suggest that pinoéytotic ‘transport rate is substantially
increased by ‘the appllcat1on of unsteady mechanlcal strgsse
However, ‘the detalled mechanism of this process is obscure
The work summarized and dlscussed above 1nd1cates
:that hydrodvnamlc flow factors may be’ verv‘lmportant in thé
formation of q%heromatOUs lesions dlrectly by causing
functlonal and structural changes in' th£ endothelial bUTf&CC
ar 1nd1fe;t1y through control” of mass-%ransfer rapes-to
and across the endothelium. Questions sfill femaiq,»howeyer3
as to how and in what sequencc‘sﬁooth,musqle cells, lipo-

prOtElnS cholesterol and thrombi accummulate at the.focal

>1tes eg., ~curved segments of the arteries, branching sites

. -
i ' . ’

-3



and bifurcations where lesions have been observed. The

evidence indicate ‘that local fluid dynamics may play a part
.in the seclection of these sites. However the fluid mechanical
data previously published does not give a satisfactory '
picture of the three, dimensional character of streamlines’,
boundary layer separation sites, velocity and velocity

gradients in arterial shapes prone to atheroma.

T

- -

- .
1.3 Fluid Dynamics of Branching Vessels

The problems which grise in studyfng flow in branch-
ing vesselg prone to athefosclerdsis are complicated by
several phenomena characteristic of the human cardiovascular
system. The vessel configuration is a three dimensional
complex geomectry, the hemodynamic‘field"is determined by
the complex rheoiogical properties éf blood and the vessel
wall ana blood flow through the circulatery system is pulsatile.
The combination of these phenomena is ‘not only complex to be
modelled experimentally but describiﬁg them mathemauicailn,
is a formidable task. In light of this, studies on the ‘
flgw of fluids in branching vessels have in the past eljm;natgd
onc or more of the complexities in order to simplify the
problemn. A - .3 - -

ﬂ Knox [12) has studied the pressure drop downstream
of side branches and the effect of brénch'ﬁnglo and area
ratio. on the devéloped flow recovery lengths,

> Motivated-by their interest in the mechanics of lung

\\{:iiijons, Schroter andxsudlbw [13] have studied the velocity
N - ‘ N .

Fdan)



profiles in three dimensional symmetric bifurcation models
using hot-wire anemometry. This study has shown that simple
Poiseuille flow does not exist in the regions of the lungs
exhibiting a Reynolds number of 300 to 700, a range alsol
found in some large arteries. However the hot-wire probe
used did not define the flow patterns within the vessel
junction. In a later study Pedley‘gﬁ_gl; [14] used this hot-
wire probe data to estimate viscous energy dissipation and
pressure drop in branched airways.

A study by Schreck and Mockros [15) of flow in three
dimensional model bifurcations has produced a series of
velocity plots depicting flow profiles, sfﬁilar to those of
Schroter “and Sudlow.

Brech qnd Bellhouse [16] employed a specially designed
thin film velocity probe to study the velocity profiles and
wall shear Tates in onc particular geometry of a symmetric

bifurcation. These authors have found contra-rotating oS
- "

helical vortices in the outéide section of cach daughter vessel
aléhg with a high shear stress rggion on the inside wall of
each dauéhter vessel and a low shecar stress region on the
outside wall.

E1 Masry [17] studied the velocity profiles and
surface shear rates in a séries of symmetric bifurcations.
Area ratio and parent tube flow ré}é were the two independent
variables evaluated. Local velocity measurements were made

using tracer particle techmique and high speed cine photography.

An analytical representation of the velgcity as a mathematical



function of radial and anguldr positions.was formulated for
a numbe} of locations downstream of the carina. Wall shear
rates were deduced from these functions and éound to be a

s¢aled and displaced cosine function at any axial position.

Roach et-al. [18] have photographed fluid stream-
lines in glass bifurcations by injecting Evans blue dye
upstream of the bifurcation. Boundary-layer separation was
seen and the critical Revnolds number for turbulence was
determined and ranged from 2500 for a long straight tube to
1000 for a 1307 bifurcation.

Fox and Hugh [4] have examined flow patterns in‘two
dimensional channel analogs of a right angle branch, a
bifurcation, a divergent channel and a curved'vessel. These
authors found a correlation between areas where atheroma
is known to occur and locations of boundary layer separatiomn.
It was suggested £hat high levels of cholesterol may initiate
boundary layer separation by increasing blood viscosity.

Rodkiewicz and Roussel [19] have studied the manner
in which the flow divides at an arterial junction where a
Single branch leaves the parent trunk. The ratio of the
flow rate in the side branch to’thé flow rate in the main
trunk was found to increase with the decrecase of the entrance
Reynolds number and the branching angle. Separation regions,
one in~e;ch branch ha?c-becn oﬁécrved together with the double
hélical flow in the side branch. Rodkiewicz [20] has
additionally shown the presence and importance of a number of

"flow separatidn and stagnation regions in a channel flow



&
model of the aortic arch.

Talukder [21] studied f}owxgatterns and wall shear stress
1n plexiglass and flexible PVC models. A flow visuali:za-
tion technique was used to obtain the streamline patterns
and a hot-film probe was used for the shear stress measureg
ments. Models with area ratio equal to 1.2 only were used
in this study. Observations provided evidence of secondary
flow in both branches and flow separation at the outer wall
of the branch of lower mean velocity. Wall shear measure-
ments showed oscillatory wall shearing stresses for pulsa-
tile, flow with peak values which are many Qimeslhigher than °
the steady flow values. o

Several workers have déne experiments under controlleg
fluid mechanical conditions using biological fluids. Gold-
smith [22] has shown-that in arecas of disturhed flow vortiges

. . )
are formed and that velocities and velocity gradients close -.
to the wall of the vessel are small. He suggeséed thét small’
particles such as platelets will prcferentially enter such .
vortices providing a mechanism for their accummulutiPn and |
collision with the wall. Yu and Goldsmith 523} in a later
paper, using 2u latex spheres suspended in a 4Sc§ercent
reconstituted red cell ghost suspcnsiov dem&nstr§teﬂ'the

.

formation of aggregates of spheres in & vortex downstream of

-

a restriction placed in a glass tube, the aggregates were

«

goﬁnd to deposit on the adjacent wall. Lo L
Murphy et al. [24] have carried out flow studies in
pfastic models of a number of arterial geometries wdsing blood

> -~

*
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from swine in an extracorporeal c¢jircuit. In bifurcation
models they found that deposits were formed on the walls at

the lips of the bifurcations and in. multiple right-angle
branches, proximal lips of the orifices are spared with the
heaviest deposits found on the lateral margins.

g Efforts to measure in vivo velocity profiles at the
junction of the aorta yith the'common iliac artery of the

dog have been made by Gutstein et al. [ZSju Using a hot-wire
anemometry for velocity.measurements, they have found extremely
&nstéble flqw'patterng near thi; junction and suggested that
these disturbances will generat® high shear stresses in the
fluid yhith may be transmitted.to the adjacent endotheliumg

l Schultz g}fgl. [26], using then hot-film probes,
have mgde velocity measurements in the ascending and descending
throacic aorta in dogs. Flat belocity profiles were found in
th ascending aorta and in the first part.of ihe descending
aarta. More developed profile;'were found in the lower
thoracic aorta and in the femoral artery.. However, the hot-
film anemometer method when used in vivo lacks sufficient
-resolution close tqythe wall for accurate measurements of
either the velocity gradient or the shear stress in these
critical fcgigns of theogrtbriil system.
Aﬁalytical approaches to the ﬁrobicm have been-recently

carried out by a number of investigators. Lew [27], (28]

has solved the‘Navier;Stokes‘equdfions.for the 'case of two-
dimensional flow with iow Revnolds numberﬂand zero bifurca-

tion angle, Lynn et al. [29] have computed stream functions
. ;
- <

-

’
ke



and vorticity profiles for'two—dimensional branching flow.
Zamir and Roach [30} have solved the Navier-Stokes eqpations
for high Reynold;‘numbcr in.a zero angle branch. -In general,
the velqcity profiles obta{néd from these analytical
solutions do not show the multiple peaks and inflection points
of the velocity profiles obtained experimentally by El1 Masry
(17}, Schroter and Sudlow [13], and Brech and Bellhouse [16].
This can be attrib@ted to the simplifications incorporated into
‘these analytical models.

A finite difference technique was employed by
Lhriich (31] and by Friedman et al. [32] to obtain*shear
stress distribution in a symmetric two-dimensional branch A -
for both steady ‘and pulsatile flow conditions. In the latter
work, compa;?;ons between pulsatile flow and steady flow
results.at the same mean flow rate showed that the severity
of the hemodynamic Vériables of interest was increased by
pulsatility.
‘ The finite element method was alséiused to calculate
shear stress and pressure profile by Ray and Davids [33].
in inlet scction,models with plugging and by Davids aﬁd Cheng

*

[34] in ducts of arbitrary cross section.

T

- -

_Both the finite difference technique and the finite
element method yield uscful information regarding flew
patterns in simple conduit geometries. However, the gcometries
- 1 ’ .

} g L . .
used yere only crude approximations to the rveal argcrlal
. ’ .- e ]

geometries, i o . , ..

red
¥
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From the«agove review and discussion, one must
concluﬁe that all previously published fluid dynamic data
do not give a satisfactory quantitative picture of the th;ee
dimensional character of streamlines, velocity and velocity

gradients in artcerial shapes ‘prone to atheroma.

%

1.4 Scope of the PresenthtudJk

In this work, detailed fluid dynamic evaluation was
carried out on four rigid-walled arterial models typical .
of blood vessels in man. The dimensional and geometyicai
characteristics of these models were based on typical measure-
ments from‘gng%ograms and data available from the literature
for a numbér of blood vessels préne to atheroma. Both
éteady and pulsatile flow were_studied over a wide range of
flow parameters. This included total flow rate (Reyndlds
number), daughter to parent tﬁbe flow rate ratio, and fre;
quency of pulsatlon under pulsatile flow conditions. .

A neutrally-buoyant tracer- part1c1e technlque was
‘used with high speced cine photography to study the flow
patterns and boundary layer separatibﬁ phenomenon'in the
experimental médels.e Streamline patterns and sécond&ry flow
motions were observéd.over”a wide range of flow parameter;.
Boundary layer_separatfqns‘were also observed, with separation.

.

in one or both of thgégaughter tubes occurring within the
éhysiologicaljrange of flow pdrameters. The sites of separa-
tions and. the size of the separation regions were also

obtained as a function of the total flow rate, the flow rate
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ratio and unsteadiness parameter.

The predictioq of the magnitude and direction of
shearing stress along the walls of arteries has been one
of the main goals of many theoretical and expcrimentél
studies, yet, very few direct measurements of this quantity
have been obtained. In this study, shear rate distribution
along the walls of the arterial mode}s were measured by F
means of an electrochemical technique. “This'technique is

~

based on an oxidation-reduction reaction at electrodes
implanted in the wéll. Measurements were made precisely over
an extremely small surface area (the area of the electrode
face). Distributions of wall shear rate along the outside

walls and flow dividers of the models were obtained under

steady and pulsatile flow conditians. Unstable patterns of

shear, at . the wall wheresseparation is expected to occur,

L]

were also- studied.
Finally, the physiological implications of the

results of this study are discussed with specific reference
~ - g :

to the sites of atherosclerotic lesions found in man for

these gecometries.



CHAPTER 2
ARTERIAL MODELS .

2.1 Anatomical Background

Th'e abdominal aorta (abdominal part of the descending
aorta), (Figure 2.1), gives rise to a num@eﬁ of small paired
branches including ones to the abdominal wall (not shown i;
the illustrati&nj. The major branches in this part of the
aorta are to the digestive tract and to the kidneys. The :
branches to the digestive tract, unpaired and ihree»in number,
arise from the front of the aorta. The first is the coeliac
trunk,,which through.thrée major branches, supplies the ﬁpber
abdominal organs (Etomach, liver, duodenum and panc}eas spleen);
next is the superior mesenteric artery which partly“overléps
the distribution of coeliac trunk but supplies‘almost all
" the small intestine Ci:\;uch of the large intestine; 1astﬂis~
the inferior mesenteric artery, supﬁlyiné the more caudal part
o? the large intestine. ’l ‘ 8 ‘

The arteries to the kidngysﬂ(rcnal ariericé) arise from
the sides of the aorta and are therefore paireda typ}dally\one
to eaﬁh kidney. %he aorta ends in the lower part of the.
abdomen by'bifu?céting into paired common iliéc arteries.\

The two cémmon iliac arieries, the terminal branches of -
the aorta, aré iike other paired artgfies in bqiﬁg essentiélly

similar. ‘Each runs downward and laterally and ends by dividing

»
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into internal and external iliac arterles.

-

The internal iliac artery descends into the pelvis
and supplies the pelwvic viscera (bladder, uterhs and vagina
in the femaie and rectum), sends branches into the buttocks
to supply .the muscles thHere and one branch to the perincum
(space between the thighs) to supply the sgructure there.

The eXxternal iliac continues without diminuation in
size into the thigh. As this artery enters the thigh its name

becomes the femoral artery. - . .

2.2 Localization of Atherosclerotic Lesions

The selective localization of atheroscle}ofic lesions:
is one of the most str1k1ng features of this dlsease.
Different parts of the vascular tree, and indeed d1fferent
segments:of a given artery, shéw wide dlffenences in their
degree of involvement. This, in fact, 'Hasfled many investi-
gators to suggest that mechanlca; and haemodynamlc factors
might be important in the gene51$ of atherosclerosis.

Ih éxamiﬁing the aorta, one notices that arterial lesions
‘tend to spare the aortic wall around and immediately distal
to the ostia of the'pairca inte%éosfal arteriés“ Some Spar1ng
may ‘also be .noted 1mmed1ate1y below ithe ostla of the more

-

distal branches such as the coellac, superlor mesentefnc ‘renal

»

'and 1nfer10r mesenterlc arteries (Michell and Schwart:z [35])
.In sharp contrast to that, the_ mouths of the Lntercostal and

the more distal branches are common sites for raised fibrous

~



.

plaques. . ‘ .

All types of raised plaqg;s (fibrous, sudanophilic and

complicated plaques) are far more common in the abdominal aorta

than in the thoracic segment. * Also calcification and surface

-

v
,ethrombosis are very much more common in the abdominal part than

in the th&racic part of the deséendiﬁg aorta. This dis-
tribution pattern is in contrast_to the distribution of fatt;
streaks which are common in the descending arch and upper part
6f the thoracic aorta.

In comparing the carotid and iliac arterial systems,
it is dlear that the frequency eof severe disease in the iliac

-

arterles is con51derab1y higher than in the carotid arterles
except for the carotid sinus. ‘In the iliac system 1tse1f the
right commos iliac shows‘a greater prevelence of severe’
disease than the left.  Also the external iliac arteries show
a remarkably low prev%lcnce of severe disecase in comparison
with the ®ommon and internal iliac érterieg.

It has been shown [35] that the selective involvement
of some ﬁrteries;‘a;d the relative frcedom of others can not
be considered on’ the basis of arterialé;tructure. Arteries
with the same bgsicistrubtureimay have differing degrees of
‘disoase pre@eﬁance, while other arteries, with a very dissimilar‘
'strugture may show a similar disease'seVerity. One must |
conclude, therefofe that the selective locallaatlon of the
disease is a TCbUlt of the d1fferent flow condltlons and )

geometric characterlstlcs to be found in dlfferent segments of

.the arterial tree..
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2.3 Dimensional and Geometrical
Characteristics of the Models

In this ﬂbrk, the flow in four rigid-walled arterial
T 4

models typical of major branching vessels and bifurcations
of the abdominal part of the human aorta were studied in détail.

As a first step.in model preparation, angiograms of a
number of arteries were studied. These included: the
abdominal par% of the descending aorta and its ﬁajor branches
(superior mesenteric, coeliac and renal arteries), the aortic
and the common iliac bifurcations and their arteries. Measure-
ments of vessél Aiameter5 £ake~off angle ahd radius of curvature
of the transitions between parent and daughter tubes weré made.
Compapisons were made Qith'data from the literature {3, 36, 37].
Although a certéin‘degTee of variability was observed, éommon .
geométrical characteristics were foundlﬁhd these were incorporated
into the four models described in more detailkbelow. Figures
2.2 to 2.5 shoﬁ drawings for the models with dimensipﬁs given

in Table 2.1. The entrance tube for all the'models_was for

convenience made 2.2 tm, thus requiring scaling from anj}tomical

" information for fabrication. Since Reynolds number is
“reported for all observatiorns and experiments, direct compgrisons
are possible‘;}th other data at equal Reynolds numbers due

dynamic similarity. ) -

- Model 1 ~ ’ .
This is a model of a symmetrical branch typified by the

aortic. bifurcation. Anatomically, this bifurcation is
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Figure

1

2

~ .

2

-

MODEL 1 |
AORTIC BIFURCATION

Geometrical Characteristics,of Model 1
"(Dimensions are given in Table 2.1).
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symmetrical having an angle between the two branches in the”
range 500-900. It has been reported [38] that the descending
aorta undergoes a 40 percent reduction in area over its length.
Experimental measurements [39, 40] have led to an exponential

dependence for-the area as a function of distance measured

from the proximal site. The equation describing this taper is

= ‘BX/RO .
Al Ay C (2.1)

where x is the distance coordinate, AO and RO are the mean
arca and radius at the proximal site and B is the twtaper factor:
Such a taper was incorporated in the design of the parent
jtﬁbe of thi?/ﬁbdel over three diameters upstream of the neck
section (Do), (see Figure 2.2).

Thesparent and daughter tube diameters were chosen to
provide for an area ratio of 1.0 (total outflow area to
neck section inflow area). This area ratioc is in the
?hysiological range of the aortic bifurcation in man, Gosling
et al. [407.
Model 2

This is a model of the common iliac bifurcation in man.
Since the internal iiiac artery has a larger take-off angle
tﬁan that gf the external, an asymmetric branch results. In
some cases [35]}, the external iliac artery is a straight con-
tinuation of the common iliac. The take-off angles selected
were 20 aﬁé 45 degrees. ’The daughter tube diameter. ratio

was then selected with the aid of the mathematical relationship:



MODEL 2
ILIAC BIFURCATION

-~

Figure 2.3 Geometrical Characteristics of Model 2
(Dimensions are given in Table 2.1).
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dL Sin GR

* gTn Ch . (2.2)

=
dr
where the branch of smalle} diameter (QL) deviates from the
stem of the modeI by the larger angle (6L). This mathematical
form was Herived from the momentum cquatioﬁ {42] and has been
shown to be applicable in a number of physiological cases.

A total outflow to inflow area r;tio of 1.0 was selected
for this model to complete the geometrical definition of this

-

model (Figure 2.3}.

Model 3

. This model is representative of the major branches
emanating from the abdominal aorta to supply the digestive
svstem. The three branches (coeliac, superior mesentric and
inferior mesentric) take-off at a sharp angle (less than 909)
to the aortic trunk. They vary in size in the range (7-20 mm),

Gray [36]. 1In the model, a 45° take-off angle and a 12.7mm__
diameter were seleccted for the side branch. The other daughter
tube was modelled as a straight continuation of the parent tube.

this resulted in an area ratio of 1.33.

Model 4

This model is a simplifed version of a renal artery
emanating from the main aortic trunk. The renal arteries are
paired and branch from the two opposite sides of the aorta,
one to each kidney. Only on¢ renal artery'is modelled here. '’

v

They 'appear to be nearly perpendicular to the main aortic trunk



- MODEL 3
45°— BRANCH

Figure 2.4 Geometrical Characteristics of Model 3
(Dimensions are given.in Table 2.1).
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Figure 2.5 Geometrical Gharacteristics»of Model 4
(Dimensions are given in Table 2.1).



and this was secured inlthc-construction of the model by taking
the take-off anglé equals to 500. The diameter 6f this arfery
was chosen to comply with anatomical measurements made by Caro
et 'al, {3], and the author's own measurements from the
angiograms. The models,wére'machined from blocks of clqﬁr
acrylic plastic "Pérspex". Rowered driliing,operations were
used along with manual forming to shape the transition sections.
¢1ear transparent specimens resulted after polishﬁng. The
accuracy of -the machining operations was checked by comparing -
projected cross-sections of the models from cine films with

the design drawings. Deviations-of less than 0.05 cm were

found. Rigid plastic tubes of length 15-20 diameters having

diameters equal to those of the models were attached.

2.4 Experimental Apparatus

T«

In order to study the fluid dynamic aspects of flow
in the arterial models described in the provibussection, an
experimental apparatus was designed. to péoyide for both steady
and pulsatile flow of fluid within the required range of
Reyno}ds number Mater;als and partb used in the constructlon
of thls flow system were sclccted to bc able to handle two
different fluids. A fluld suspenglon of partlcles (tracer—

particle technique, section 3.2) and a chemical solution (electro-

chemicadl technique' section §.5) were both used in two different

appllcat1ons as C1rculat1ng fluids. ] N

The appargtus, shown diagramatically in Flgure 2.6,

"consists of the following.compoﬁentsr



Description of Symbols Used in Tigure 2.6

A Model

B Control Valve

C Rotameter

D Pulsation Damper

E Speed Control Unit -
F Motor %

G Pump ‘
H Rotameter

I Mixing Chamber

J

écotch-yoke Pﬁlsatil&
~. Flow Génerato
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1. Steady Flow Motor-Pump Unit

A positive displacement Moyno type pump (SSF pump),
G, was used to provide for a smooth centinuous steady flow -

through the system. The pump was driven by a 1/2 h.p.-D.C.

"
~a

motor, F, with a 110-V SCR speed control, E. £

2. Flow Measurement and Flow Control

Flow rates were monitored with two rotaméters (Brooks
0-Ring-Seal Rotameters model 1307-08C), H and C, calibrated

+ . .
to have an accuracy of - 2% of the maximum reading. They
£
were placed downstream from the pump and downstream from one

of the model s daughter tubes (the larger daughter tube usually).

Flow resistance in each daughter ‘tube was contro;led by screw-
clampé, B, on a section bf the plastic tubing, as recommended
By Knox ([12]. Smooth variations in flowrate were obtained with
thése Va;ves. ‘

-

3. Mixing Chamber

In order to provide homogeneous mixing of the particle
sﬁspension (in the case of the tracer qugiclé suspension) and

* P

remove any small scale fluctuations. which might be produced by
tﬁe steady fiow pump, h'?ﬁ%spmﬂ'c?linder, I, was used with
stalnless steel wire mesh (1/16" mesh s1ze) . The cyliﬁder 
_has a prov181on 1n the base for a long stalnless stcel tube
. (160 cm). .. The tube serveé as an e\tcn51on for ‘the model parent

tube w1th the same inner dlameter («.Z cm). The length of the

tube was suff1caent to allow the development quajpdiseuillean

-
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-

velocity distribution (in the case of 1amina% flow) just
o :

upstream aof the model.

4. Pulsation Damper

In order to remove the pressure fluctuation and damp
it downstream from the te'st section, tank (D) was used. The

air .cushion (nitrogen in the electrochemical application) on

the top of the liquid in the tank worked as a damper.

§. Pulsating Unit T ’ o

Pulsatile flow was obtained by means of a piston acting
on the fluid within the mixing chamber upstream of the test

section. The piston was powered by a variable speed D.C. motor
through a scotch—yokeamechaniSm. By varying the main pump total o

flowrate and frequency and amplitude of the piéton, a wide range

of mean flowrates, frequencies and amplitude ratios was obtain-

:J -

able.

*

2.5 Flow Parameters -

The dimensionless fluid-mechanical parameters that
b 4

govern the study of steady énd'pulsatile arterial flow-are:

L

1. Reynolds.number (Re) ..

-

It %s convenient to Qesignatc”tofél fltowrate in the
.inlet\secfién of the model parent tube in term§'of‘Reynolds
pumBer, a dimensionless qﬁantity which gives’ an indicétiOn”pf
fhe rélativgvcohtribution of fluid inertial forces and fluid

<



30

viscous forces upon the flow of the fluid.
Reynolds number is defined as
puD

Re = ==
u

where u is the average fluid velocity; D is the tube
d}ametér, o is the fluid dqgsity and u is the fluid viscosity.

For blood flow in the human aorta and its branches,
Reynolds num ef can be determined from the following physiologi-
cal data: '

Relative blood viscosity ' 3.5-4

lood density 1.05 gm/cm3
Diameter of the aorta ©1.9-2.4 cm

Mean blood velocity - . . 32 cm/sec

This results in a value for the aortic Reynolds number
+

in the range of Re = 1600-2300. , é

-

2. Branch Flow Ratio (o)

Var;ations in local blood;flowrate to ﬁeet‘variations
in local requiéementsnof different parts of the body have been
known to physiqlogi%ts for some time [43, 44]. YThg "borrowing
and lending" mechanism sugge§ted b;‘DeBakey et al. [45] explains
that these Variatibns-argxcausedfﬁx the control and regulation
of the v;scula} bed, which pe'm§t§ an increase in.the'blood
supply to ope pért of:the body wifh a simultaneous decreaég»in

R 3
the volume of blood in other parts. This variation in the local

blood flowrate dpes not, however, involve any'alte}a;ipn in the

P

" total blood voliume. ° - . ) . ’
" . o o o

/
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In the average normal individual} the factors which
may produce changes in the local biood supply to a.certain part
of the body are: (1) change with the physical and chemical
activities of the'part, (2) relation of the part to the heart
level, (3) interruption of the sympatbétic pathways to the
part, and (4) general psychic state of fhe individual,

Exercise and digestion ére two examples of conditions
under wﬁich'redistribution of blood flow occurs [44, 46].
Development of an infection in a part or ofgan of the body is

another situation under which blood 'is shifted into this part

e

at the expense of other parts of the body with less urgent
demand. ~

For-an arterial junction, the way 1in which the flow
divides between the branches dowﬁséfeam is Subjécted to the
local needs of the parts SUppiied through thesé branches andeﬂﬂzf

controlled by the resistance of the vascular bed of these parts.

The branch flow ratio is defined as

where Qi is the flo&ra;e in fhe brancp designated by i
"and Qt is the total flpqute'ip the pafent tube .- In'th§s
study, the range fot;the parameter ¢, was extended from iFs
physiological rangé,for aqbetter undcrstﬁnding of its effect.
- . N - .

3. Unsteadiness Parameter (a)

The .pulsatile blood flow in the human aorta ¢an be



e

approximated by a Fourier series [47, 48). The first harmonic,
a sine wave having the frequency of the heart beat, is tﬁe
largest in magnitude and the most imﬁortént among the
oscillatéry components. In this study, the pulsatile flow in
the models was approximated by the sum of a steady cbmponent(
and the first éinusoidal harmonic. This enabled the investiga-

tion of the effect of frequency and .amplitude of pulsation on

: L | .
.the flow patterns in a simple yet:, physiologically representative

&

way.

The unstgadiness parameter («) is defined as

X .
a:R/}i
vV

where R is the tube radius, w is the frequency of.:

oscillation and v is the fluid kinematic viscosity.

v

The experimental value for a was chosen to be in the

~

ph&siological range of « = 8-18. -

4. Veloc1ty Amplltude Ratio (1)

Th//amplltude of the osc1llat10n is another charactor-
istic parameter of the pulsatile flow. .The velocity

ampliiude ratio (i) is defined as

whe;j/ﬁ* is the peak to peak amplitude velocity and u is

.the mean velocity.

Kucﬁér and Scala [49] reported the physiological range
4 - 1
of X in large arteries to be 1 < ) <2,

=
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CHAPTER 3

FLOW VISUALIZATION °
STUDY: APPROACH

3.1 Theo;:>\ca1

A . ey

The purpose of flow visualization study in the
present work was to.give a4 clear picture of the nature of
both steady and unsteady flgw patterns in éhe artg}ial
..Shapes described in the previous chapter and to study the
variations in these patterns under different flow conditfons,
i.e., total-flow“rate and branchrflow ratio. It was also

desired to study the flow separation phenomenon in the models

and quantitatively. characterize its occurrence.

v B -

-
£l

3.1.1 Flow Patterns

Complete mathematical analysis of flow patterns and
velocity field in three-dimensional compT®x-geometries such
as those of the models undericonsidcfation, are currently

beyond the capébilities of modern computers and pathematical

3

-

know-how. ~dn1y"experimeﬁta1 tools such as the hot-wire.
anqmoﬁeter and laser doppler ancmometer and tochniqucs such
as flow visualization and electrochemicalimeasﬁrgments can

provide useful infdrmationaconcerning the flow f?eld.' Flow

-

o . . - . ..
visualization ‘techniques are widely usedr in defining flow

patterns 4in complex geometries in both steady and unsteady

33
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flows. <

In steady flow, 'since there is no change in the dir-
ection of velocity in the flow field, streémlines are
fixed in space. A particle always moves tangentially to the
streamljne. Hence, in étéady'flow the path of a particle
is a streamline.

In unsteady flow, since the direction of the velocity

.

vector at any point may change with time, streamlines may
-
shift in space from instant to instant. A particle then '

follows one streamline one instant, another one the next
instant, so that the path of the particle may have nd’?@gé;i\
blance to any given instaneous streamlinesQ The use of high
‘spccd cine photograph> enables taking, phg}égraphs of the v
streaks made by the particles in a short time -interval.

Tracing on the projected film continuous lines that have the
direction of the streaks at every point portrays tﬁc
instantaneous. strecamlines for any instance fof unsteady f1§w1

. In order to understand the complicated nature of flow

in the threce dimensional arterial models, it is essential to
start by defining the flow patterné in these¥geometries

“Flow through a branch gs characterized by dlffcrcnt unusual 4?
flow phenomcna resulting from its three- dlmenslonal nature.

Flow cross-over phenomenon [16, 50] and the tendency to form

pairs of helical counter-rotating vortices [13] are two of

the important fluid motions to be studied.

o

-
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3,1.2 Boundary Laver Separation: Steady Flow

When flow occurs over any surface, the fluid adjacent
to it is b%ought to rest because of the frictional stresses
exerted upoﬁ the fluid by the surface. Layers further
from the surface also have their velocity reduced by these

»~

tresses. The reduction being less the further the layer is .

0

situated from the boundary. Due to these variations 1n
velocity, the fluid near the boﬁndary has low momentum, but
the fluid momentum iQireases rapidly towards the core of the
flow apg away from the bpundaries.

For smali,viscositiES'(large Reynolds numbers), the
viscous effects are important only in the immediate vicinity
of the boundary of a solid. This immediate region is generally
referred té as a boundary layer. In that layer the velo&ity
of the fluid increases from zero at the wall (no §lip) to its
full value whiéh.corrcsponds to external frictionless ‘flow
[S17].

The phohomcnon of boundary layer‘separation 1s intimately
connected with the pressure distribution in the boundary
'1ayer. For flow against a positive pressure gradient, the
fluid ncar a Eoundapy, haviqg low momentum, may rapidly be .
brought to rest under the action of such a gradient. Beyond
éhis stagnatién point (scpnraFiOnlpoint) its flow will be
reversed. Boundary layer scparation is always associated

. i H
with the formation of vortices and with la;ge energy losses in
‘the wake behind the ,separation point. iFor internal flows,

such a positive pressure gradient can oeccur in divergent
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channels, in a bend and at branching sites. These geometries
are present in the arterial system in the human body and
there 1; a distinct possibility that flow separation can occur
within this system where local adverse pressure gradients may
éxisf.

-~

3.1.3 Boundary Layer® Separation: Unsteady Flow

In oscillating flows, the steady flow description of
separation is no longer meaningful. In such flows the

character of the boundary layer at any spatial location

v ¢

varies as a function of time-with the cyclic component of the
flow. Hence, no single velocity profile can be associated with
a given point on the surface. Despard and Miller {52] have made
exttensive measurements of instantaneous velocity profiles in
oscillating boundary layers subject to adverse pressure
graaicnts. The results of their study have shown that flow
separation in an oscillating stream is characterized by the
existence of an axiai location (separation poiﬁt), immediately
downstrecam of which therce is reverse flow necar the wall surface
over the entire pulse cycle. The same study and other
theoretical work by Schneck and Ostrach [53] have shown that,
iJ‘a pulsatile flow situation, the flow separates upstrecam

of where it would in 5 corresponding stcady flow situation
and.that the separation point in the uqséeady case moves
down§trcam, towards its steady flow 1ocatién, a; the freduency

‘of oscillation is progressively increased.’

These factors also influence flow separation in the

! -

-
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arterial system where local adverse pressure gradients may

- v i ant
exist over the cardiac cvcle. The present knowledge on the
Y ! .
separation in the major céntral arteries under pulsatile

flow conditions:-is by no means well developed, and further

o . . = .
research 1s necessary to determine the extent of this local

N

flow phenomenon in the arteries of man.

:
.
‘ lﬁ?

3.2 Experimental

- 3.2.1 Neutrally-Buoyant Tracer-Particle Technique

Techniques for defining fluid motions are numerous.
» ) .
They.may be used for both quantitative evaluation of velocities

and &ualitqtive determination of streamlines.l In fhe latter
category, dye injgction, smoke tracers, hydrogen bubbles and
polymer tracer particles have proven useful for a variety of
“applications. 1In 2his study, a neutrally—bdoyaﬁt tracer
pa;ticle system similar to others used by Feuerstein and
WObdé [S4], Pike [55] and C1 Masry [17] was utilized with
\ciné\photpéréphf to stﬁdy the flow patterns and boundary
layén\sepa:ation plHenomenon iﬁﬁthe experimentél models. In
this‘teéhnique a fluid suspension of partitles having the
same den§1ty of that of the carrier fluid }5 used. -These
‘?artlcles when photographcd give the suspending fluid path-

s

}1nes,*brOV1ded that: B
L . . 3\ .
a) the particle size'is small relative to tho‘vessel size
b) there is no or at most a. small d1f£erence in denblty

.betneen the suspendlng fluid and partlcle and



2

c¢) the particle concentration is low.
In order to use neytrally-buoyant parficles as tracers

in complex flows, one must determine if thesegparticles can
be considered to be replacements for the fluid particles
and that. the presencé of these particles does né?\alter the
homogeneity of the carrier fluid. There exisés both
experimental data and thgoreti;al solutigons for the motion of
sugpended sphere’s {E“well defined flows which prdvide )
criteria for judging when this alternative becomes significant
(Appendix B). In fact, the ratio of p;rticle radius to tube
radius and the ratio of pérticle radius to distance from the
wall are important dimensionless groups for describing the
deviatign between particle velocities and fluid velocities.
Feuerstein and Woods [S4] have shown that results which do
not Qary with particle size do not confain errors due to
the presence of partidies, assuming a particlé;size
ratio of aé least 2. Using particle sizes (100-300u) in tube
radius of 1 to 2 cm, both E1l Masry [17) and Pike {55] have
shown that pafticle,inertia effect was negligible for the

.

range of Reynoldsﬂnumﬁer (200-1200).
. ' ) - . 7

-

3.2.2. Particle Suspension

i The cpmposition aﬁd physical properties of thc,sus-
pen&ing:medium are detailéd in Table 3.1. Polystyrene
particles of sizg range‘100;300u were present. at a_cpncéqfra-
tionvof 10 partitlcs/mi'and,were‘neptraiiy'bubyant in the -
suspending fluid; The;e waé,a'difference ip fgfracfive
indices between tﬁé perspex of tﬂé‘modelq m»5§12),and the :

.
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suspending fluid (1.3552)., This resulted in some optical
distortion which was not considered important for .the

qualitative observation of the particle paths (Appendix C).

3.2.3 Optical.Equipment

(1) Cine Camera
- (2) Il1lumination System . .

(3) Photo-Optical Data Analyser
' .
(1) Cine Camera

Photographic information was obtained with the aid of
a high speed motion picture camera (Lo Cam 51-0003, Red Lake
Laboratories; Red Lake, Calif.). Tﬁe hodel used was a 16 mm
intermittent, pin-registered camera controlled by solid-state”
eléctrénics for an accuracy of T o1y or.l frame, whichever
+1s greater. The camera has é fréme rate range of‘16-50Q
frames/sec. . .

A 55 mm £-2 Asahi Pentax lens with exténsioh tubes
" was used to p;ovfde an image for Eontinuous recording'oﬁ
particle movement within the models. The region of the flow
field that was of experimental interest extended from a few

: ] , \ - , ..

diameters upstream of thé quel carina to about 5§ diamcters

‘into the daughter tubes \

The f11m used was Eastman Kodak Double X Negatlve 7222

~

on. 100 fget reels.

MY

= e *

(2) Illumlnatlon Sjstem

Two dlfferent systems of- 111um1nat10n were used for two,

- e,
4
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different applicutions; the streamline observation and the
study of ggow separation. In the fi;st system, diffuse
Sack illumination was providea by directing two Westinghouse
1§oow, zosv; tungsten halogen lamps equipped with paraboiié
polished-aluminum reflectors, through translpcent photographic
papers 1n;o the back of the test sectlon. Precautions were

taken to avoid unwanted reflect1ons by appropriate direction

of the lamps and placement of the photographic papers.
i : ,
| Due to the fact that rays of light issuing as a cohe

from the above menfioned lamps are twice refracted at curved
surfaces which may result in light distortion especially for
these particles close to the wall, a second system.of lighting
was useduro studf’thg bounda%y layer separation and the particle
movement élose to the wall.- In this system, a strong point
source of light was provided.ﬁy a 100W carlson laﬁp which was
"placed at pbe focal point of a‘15 cm focal length, plane convex
lens to produce a paralielkbe;m S c¢m in diameter. The object

was illuminated py two such beams, one from the side and one

from the rear, intefsecting at right angles.

(3) Photo-Optical Data Analyser

Fllm analy51s was carried ‘out wlth the a1d of an L.W.
Photo an- Photoioptlcal Data Analyser (model 2247A), which
was éet up in a*specially consérutted rig%to allow b?ck- ~
projection onto\a transparent screen. Tﬁe frame raté céuld
%@_set to any of several dlfferent settlngs (2-24 f pP.S); or‘

. the fllms could be pro;ected frame by frame.



3.2.4 Photography . ' . . -

For strcamline obscrvation, high speed photography
was used to provide an image for ééntinuous recording of
particle movémcnt within the models. Particles were
followed from a position within the parent tube where Poiseu}y{é
flow (parabolic velocity profile) existed to bositions
approximately 5 diameters into the daughter tubes. Since the
fluid entering the daughter tubes‘divided aﬁd since secaondary
flows (flows not parallel to the centre line of the conduit)

existed, it was of interest to select streamlines emanating from

a number of positions within the parent tube and follow them

/

into the daughter tubes. These streamlines and their respective
positions within the parent tube were labelled with numbers

from 1 to 8. Figure 3.1 shows the approximate positions of the

selccted streamlines within the parent tube cross-section.

Figure 3.1 Approximate Positions of the Selected Stream-
lines within the Parent Tube Cross-séction.

' L A
- .
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Within the parent tubge, particles.ﬁear the median
plane were located by focussing_on this planc using a lens
configuration of small depth of field. Particles from other
‘parent-tube p051t10ns were located, after fllmlng with a large
depth of field, through their linear vélocity since they were
in a qymmetrlcal parabolic volocity profile having a defined
relatlonsth betwee; radial position and local velocity.

Photographic data were obtained for flows in both
laminar and -turbulent regimes (Re = 900-3000). Although it
is‘strictly speaking improper to speak of a ''streamline'" in
connection with turbuleﬂt flows, the particle motions observed
at high flow Reynolds numbers did not display porturbations'
perpendicular to the particle's main path which yould bF
characteristic of iurbulencel This may be due»to'either the
absence of logai turoulonce af these values of Roynolds number *
or to a scale of turbulence which was small with respect to the
Nparticles' size, 100-300 wum. Thusl partlcle paths were
referred to as streamlines throughout the presentation of the
results (Chapter 4).

Data concerning flow separation and the size of separa-
tion vortex (Section 4. é) Weré‘obtainea from'cine films taken
by focu551ng the lens on the medlan plane at a reglon close
to the wall. Downstream of the sepa ation peint, partlcles
near rhe‘wali moved.slowiy in a reversed flow direction. They
were broughf to a‘standstill af the separation point'before'

they moved 1atera11y away from the wall and then rapldly resumed

forward motlon.




CHAPTER 4

FLOW VISUALIZATION STUDY:
- RESULTS AND DISCUSSION

4.1 Steady Flow Patterns

" The results of the steady flow pafﬁern dbsefvatioqs

are presented i& this section in the form of drawings of

streamlines to iﬁdica;e the relative importance of vessel ,
~geometry, flow rate'(Re&nolds'ndmber) and branch flow division

ratio upon row\pathéland formation .of eepar ted flows. '

Individual vessel flows are designated as QL, Qp and/Qt

with L and R réferring to the left and right branohes (from

the‘viewpoint of the observer) "and t total flow)in the parent
’ tube. -

Tﬁe streamline patterns for the four models are shown
at a_common pare&} tube Beynolds nuﬁber of 1800, see Figures
4.1 to 4.4. Flow division in each case was made‘pfoportional
to the respectlve flow areds of the daughter tubes. .No flow
separatlon Was observed at these condltlons althouéh some

‘reverse flow was observed on the near and far walls of. p
Model 3, '

There ex15ted a number of 51m11ar1t1es in the flow
'patterns for the four models. Streamllnes emanatlng from the |
medlan plane (plane of symmetry of the model) of the pa?ent
tube (labelled 1, 2, 3, 4 and 5 for Models 1 and 2 and 1 and . 2

for Models 3 and 4) dld not follow the outsxde boundarles of

e 44
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Figure 4.1
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Streamline Pattern in_MbdeL 1
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' Figure 4.2 ,Streamline Pattern in Model 2
Re =~ 1800, Q, /Q, =

0.33
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the models but, rather moved radiallf from the outside wall
towards the.flow divider whileuthe distance between them‘wa;
reduced upon entering their respective daughter tubes ~ This v
resulted in a flow of fluid from the daughter tube outside
wall te the 1n51de Wall w1th1n the medlan plane and was in
part respon51b1e for the palred,ceunter rotatlng vortices
observed by the author [50] and others [13 15; 16] in- the
daughter tubes of symmetric blfurcatlons. Complementary to
thlS motion, a group of streamlines traced from particles’
located on either side of the median plane (1abe11ed 6, 7 aud
8 for all models) moved from their respectlve posrt1ons w1thln
the parent tube to the autside of the daughter tubes. This

secondary.flow motion is believed toAbe a result of the trans-

verse pressure gradient (ihward) induced in the median plane_ .

to Balance the centri£u§e1 force caused by the outside bend

at the’ tran51t1on section of the model [16].. Model 3 (Figure

4.3) d1splayed an addltlonal characterlst1c in whlch stream-

3

llnes 7vand 8 first entered the r1ght branch (conthuatlon of
the aorta) before rever51ng dlrectlon and enterlng the daughter
tube An explanatlon for thlS phenomenon can be provided by
the: fact Qhat thls model (Model 3) had. a large‘area ratio’

(outfow to inflow cross sectlonal area) of L. 33 whlch could be .

+ A%

expected to set a hlgh adVGrse pressure gradlent on the %ell

~

of the" daverglng,sectlnn of the quels. Flow near the wall .

with Iew'momentum Was likely{?éfEEpardte and’ reverse its dir- o

IR N R

cection.at. moderate flowrates.,:

LI

. 1 *
There was a change in the streamllne patterns in the
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‘Re = 900, Q, /Q, = 0.5
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“

~ . "

Effect of Varyihg the Total Flow Raﬁe
on Streamline Pattern of Model 1

!
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" Likewise, streamlines 6, 7 and 8, which cross from their start-

52

four pgdels with an increase in flowrate (Reynolds numbeT).

This is shown in Figure 4.5 (a, b) with Wodel 1 as 1n example.
At t%b higher flowrate! (Figure 4. Sb), Reynolds number is )
equal to 3600),: streamlines 1, 2, 5, 4 and § were more dis-

i
]

tinctly displaced towards the flow d1v1der than at the lower

flowrate (Figure A.S(a), Reynolds number equal to 900).

]

j

|

|

3

1

- L . - . . . ‘ "
ing positions on bothf§1des of the median plane in the parent |
A - ]

}

tube to the outsideé of the daughter tubes, did so furhter

upstream,®i.e., closer to the daughter tube entrance, and with .

an apparent increas® in radial velocity component. Fibw & :
separation Qés not-obserued at either flowrate.‘ X
Of particular intefest;in this étqdy is the formation
of separated ;lggkregions. A major shift toagéparated flow
was observed for the four. models when the flow division ratlo
was\QBtered from those spec1f1ed in F1gures 4.1 to &, 4 without
changing the paxent tube Reynolds number. Two examples for .
this’ separatlon-phenomenon~are given in Figures 4.6 and 4.7 |
for:Models 1 ahd 2. When the left branch flowréfés werf v

decreased to-levels of 30 percent (QL/QE 5 0.30) and 15 percent

'(QL/Qt) = 0.,15) of the pgrenf-tube flowrates for Moﬁels 1 and,

2, respectivc&&, flow separation fdistuibed flow) resulted im

r’s

“the daugﬁter tube with less flowrate (left branch). Separéféd.

fléw of this tyﬁe could be similarl&'induced in Models'S'and,

4 by 1ncr0351ng the parent tube Reynolds number wh11e malntalnlng

'S

the flow division-ratio of the baé case (Flgures 4“~ and 4, 4.

An example for these condltlons is deplctéd in Flgure 4. 8 for

®

S

e
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Model 4. Here the parent tube Reynolds number was increased.

, from 1800 in Flgure 4.4 to 2800 ‘in Frgure 4.8 wh11e the flow.

division ratio was kept the same at 0.14. Separation flow
was observed in the parent tube near the Junctlon and in 1ts

stralght continuation (rIght branch) as a result of 1ncrea51ng

*
Pl
1

Reynolds number.
' Unlike simpler two-dimensional floys‘which have a

single separation”point with a. downstream set of closed }‘

* M N - - N 9 - -

streamlines forming recirculating vortex [56], three-dimensional,

.flows, such as those described'abbve,‘display a locus of A
',separation points/creating a‘more complex pattern resulting in

. streamllnes Wthh do not form a closed vortex Here flows

-~

enter and 1eave the vortex reglon havimr a reS1dence t1me
dependent on flowrate angd vessel shape. A: detalled study of

these variables was' not'made An addltlonal type of . flow

separatlon was - found to ex1st near. the .carina (flow d1v1der

01nt) wrth Model 3. A number of vascular flow studles have

“characterlzed th1s reg;en as a high shear rate area [16 17 32] -

in wh;ch locally separated flows have ‘not’ been preV1ously

‘reponted in th:s case, an open and small vortex was observed

to form on the 1n51de Wall of the 51de branch (left branch) T

’
1

ef Model 3 for*hlgh Reynolds number (> 3000) and hlgh fiow

~d1v151on ratlo (QL/Qt 0. 6) Thls vortex is shown 1n Flgure

4.9 and marked by the letter 'S The left branch of Modeb Z

whlch has the same dLameter and take off angle of that of
Model 3 5d1d not show thls type of. separatlon vortex fgr flow

cond1t1ons slmllar to those of Nodel 3 uhere the VOrtex was

fan
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. Figure 4.9 "Fﬁlow\ Separdation on the Flow Divider -
~ . Wall (Marked S) Along.with Separation
' on the Quvside of the Opposite Limb- -
Re -= 3600, ~QL/Qt = 0.6 "o .
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observed. (See Fiéure 4,10) This. dlfference in the patterns
may be attributed to the dlfference in.the area ratlo of the

two mode}s (o = 1.0 ﬁor Model 2 and a = 1. 33 for Model 3)

?
Al

~

4.2 Qualitative Study of Flow Separation

The separation phenomena described-in the pre&ious='
section are presented only for certaln deflned comblgatlons
of Reynolds number and flow d1v1310n-rat10 -They may occur

¢

singly or in comblnatzon._ Separatlon as a fynction of
geometry, Reynolds ﬁumber‘and<£loy divi;iOn raeio was studied
by filming the flow pattefn'heaf the wa}ls:of the medeis‘over‘
a wide range’ of- flow parame;eré. For a specific fotal
flowrate (Reynolds nﬁmber),?the‘flow rates'in both branches -

were slowly and progre531ve1y changed by means of screw °

clamps unt11 a flow separatlon (flow reversal near the wall)

‘was Just seen to form Flow lelslqn rates and Reynoldsl C \;ﬂ\\\u/
.Jnumber were then calculated from f10Wrate measurem;nts |

The 1nformat1on Tesulted from thevabove experlmente is
presented on a separate dlagram for cach model geometry studled
and is given. by Flgureq 4 11 to 4.14. In Figure 4.13.and 4.14,
experlmental data is plotted 1n a much more ‘expanded ecale
'than ls used in the other two flgures.” The solid 11nes on each
dlagram are the be§t stralght Ilnes drawn through the experl-
mental points. These 11nes separate areas in whlch dlfferent
flow condltlons ex1st.~ Fdr example zone ‘A of. Flgure 4-11 ) Lo
is a reglon 1n wh1¢h flow separat1on occurs on the out51de wall

,of the 1eft branch 1n the model under con51deratlon (Model 1).

ThlS"means that 311 of the comblnatlons of Reynolds number and

,~“, N - o7 -
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Jglow d1v1510n ratio to the 1eft of the llnes through the experl-

separation was observed on the outside walls of large radius

64

mental pOlnte, marked with c105ed c1rq1es (s), give separated
tlow.“ ’ f , - A
. > ;

‘4A11 of the models displayed regiohs where no flow
separation oecurred ‘ Flow _separation was absent in Wodels 1
(Figure 4. 11) and 2 (Figure 4. 12) for a narrow range of Elow.
division for all the Reynolds number range. studied here
(up to a Reéynolds number of 4000). A ehange in the slope of
the demarcation lines for Model 1 at’a Reynolds number of
ZOOOw(Figure 4.11) 'could be associated with trans%tion from
laminar to turbulent conditians where a change in the slope of
wall ﬁressure distribution is expected. However, this was not
observed for ﬁodelé 2, 3 and 4. Studies of Models 3 and 4
(Figures 4. 13 and 4. 14) indicated reglons in Wthh 51mu1taneous
flow qeparatlon was- observed at the outside of both daughter tubes.

Flgures 4.11 to 4. 14 1nd1cated clearly that boundarv

r

layer bcparatlon in three dlmen51onal branching vessels is a

gparv of the complicated flow phenomenon in these geometries

which is characterized by the sccondary flow motion. This

motion results from a change in the cross-sectional geometry

and is strongly influenced by flow paramcters., The fact that

*

of curvatures (Modeis 2, 3 and 4) and differcnt branching angles
fa, 20, 45 and 90 i 1ead> to the conclusion that thc dCtallbjﬁ

of the geometry (1nc1ud1ng branchxng angle shape of the.flow

“divider and 6utvature of the walls are second factors leading

-

to separataon. These parameters ma} slightly modlf) the critical
fiow conditions leading to separation but not ‘to alter the

general ‘trend and_functionallty of separation as reported here.

. - . RS B o e et e semiien - -
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A complete study of the position and size of the.
separation vortex wae made in Models 1 and Zr The separetion'
vortices in Models_S and 4 are similar to those of 1 and 2 and

. .

only a limited number of observations were made to determine the
separation point and the extent of the separation regions'inl
Models 3 and 4.

Although the separation vortices formed on the walls
of the models are three-dimensional and display a locus of

separation points, these vortices were studied in a two-

dimensional plane‘(plane‘of symmetry of the model). Separatlon

"and reattachment po1nts referred to in thls section are those

-

.furthest from the zones of no separatlon. gIt is of 1nteresf

.

of the vortex in~this plane.

‘The size of the separation vortioee oefe found to be
dependent upon Reynolds number in the pa;eno tube and flow
division ratio. 'Figures‘d.ls.and 4.i6-(a, b)'ereiplots'of ..
projected séparotion vortex length neasored on a scale ‘
parallel to the model centrellne.k Length meosufements were
taken at the 1nter$ectlon of the median plane w1th the daughter
tubes of Models 1 and 2. The sizes shown in Figure 4.15.

correspond té zones A and c of Flgure 4.11 while Figure
4. 16(a) corresponds to zone C of. FLgure 4. 12 and Figure 4. 16(b)

&
to zone A of that flgure. The largest vortex sizes were for~

thdge flow condltlons of Reynolds number and flow lelSlQn

to note that the slte of the scparatlon point was approx1mate1y .

£,

constant and lndependent of the flow lelSlon ratlo., Upon
%
1ncreas1ng the Reynolds number the separatlon polnt was observed
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to hove slightly upstream ThlS is best shown with the larger
branch of Model 2° (Flgure 4.16(a) and suggests that branch

curvature magnifies this effect.

4.3 Pulsatile Flow._.

A limited investigation aimed at. defining the difference
between pulsatile and steady flows was undertaken. Physiologi-
cal pulsatlon was approx1mated here by a sine wave flow
component added torthe steady flow component. Mean flow
Reynolds.number.range was (}200-1900). Frequencies'fromro.z
to 0.6 sec! were chosen corresponding to &« values from 10't0j
18. In order to create a base condition (in the parent_tube)
in whxch no reverse flow was present an additional constraint
" upon the flow fluctuatlon ratio was necessary This aided

the eXperlmental recognltlon of separated flow‘and resulted in

a flow fluctuatlon ratio range of 0.8 to 1. 2

The flrst set of observatlons were madeat flow d1v151on

’

ratios which would not have led to,flow separatlon for steady

¢

flow within the Reynolds number range chosen fjr pulsatlle
nvestlgatlon (1200 1900) -*These operatlng p01nts come from
zone B for Models 1, 2, 3 and 4 (Flgures 4 11 to 4. 19) Atf
frequenc1es .less than 0 3, sec 1 [q 1ess than 12), the 1nstant-
aneous flow patterns were 51m11ar to- those observed 1n steady
;~flow (see Flgures 4 1 to 4. 4) and 1nc1uded a shlft 1n pattern ‘
from the maximum toemlnlmum of the flow mﬂse akln to that-&‘
observed in. steady flow between Re?nolds numbers of 900 and

PO ‘

360Q (see Plgure 4 5) The lnstantaneous patterns closest f‘

- .
AT . 4_4-h,

[
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in form to the comparable éteédy flow patterns at the same |
.fldw conditions occurfed at the maximum and minimum points
in the fid@ pulse where the fluid was neither accelerating
orT déceler;ting No flow reversal was observed near the wall
at -these frequenC1es, less than 0.3 sec 1., For frequenc1es
above 0.3 Sec' (o greqter than 12), there was reverse flow
‘on one or both of the outside walls of Models 3 and.4. These
reverse flows occurred only ovér a portien of the decelerating
part of the flow pulse. No back flow was obser&ed on the walls
of the fléw di%ider' the inner wall of the.branéh '

Since ‘reverse flow may be an 1ntegra1 part of pulsatlle
flow, for some fractlon of. the pulse cycle, dependlng on the
value of « ahd the flow fluctuation ratio [47], it is ne;eséary
to diétingui;h this from sepafation whicH'aISQ displays ;gyerse
'fiow, Deépafd and Millér [52] have, based on éxpérimentai
eV1dence established a crlterlon for. flow separatlon durlng
: pulsatlle flow which requ1res reverse flow during the ent1re
pulse cycle (seidsectlon 3.1. 3) Accordlng to this criterion,

- *

flow separation was not present during the experlments o

12
} .

descrlbed above.
| A second set of observatlons were made at flov d1v131on o
ratlos whxch would have led to flow separatlon for steady
flow W1th1n the Reynolds numbe{%range chosen for pulsatlle
flow 1nvest1gat10n (1200 1900) These experlments dealt oniy
with MoSels 1 and 2 Wlth opefat1ng p01nts taken from. zones A
N

'and C Qf F1gures 4 11 and 4. 12 . Us;ng the cr1ter1on of

Despard and Mlller, flow Separatlon was observed at condltlons .
"‘;" ’ h("’j"‘.)y'- “:’:“.‘,t 1._ :

Lo T
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anproximately'equal to those for floe separation in‘Steady
flow. The location of the separation points for these
experiments were indistinguishable from the comparable Steadf
"flow separaiion points (same mean flow Reynolds number and , %?
flow division ratio). 'Both flow conditions for separation

and location of separation point were found to be'independent'

" of pulse frequenc? in the range of this study (0.2-0.6 secfl).

4.4 Diséussidn'

The complex nature of three diménsional flows w1th1n
models of arterlal branches has been clearly demonstrated
here and in a number of other stydles [13-19, 21 25, 29-34].
In 'part this arises from the geemetrical shapes of the transi-
tion sections atlthe junctions of branching tubes. This
_results in -a potentlal exten51ve expan51on and contraction of
effective tube cross sectional flow area. As has been demonstrated
heré, asymmetry is a second factor 1ead1ng to cqmplex flows'.
Flow patterns, which are character1zed by secondary flow'
motlons are present in a11 tne four models ‘ Flow parameters
such as Reynolds number and flow leISlon ratlos are 1mportant
factors in determlnlng the’ dctual flow patterns. :
It has been prev1ous1y ‘shown that vortex motlon 1s_
developed downstream of an asymmetrlcally placed obstructlon
in a c1rcu1ar tubes and that .the rec1rculat1ng streamllne in
.such a flow completes ; glnlte ﬁumber of cyCIes before leaving
the rec1rculat10n reglon [23]}.. Thls 15 1n contrast ta flows

<

i
ddwnstreamgof a symmetrlcal expan51on whlch dlsplaxs cont1nuously
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flow separatlon in Symmetrzc bxfurcataons W1th equalgflow

72

circulatiﬁg vortex streamlines {56, §7]. The flow separatioho

—

.Oobserved in the. current study aje analogous to-those of the

asymmetrical case. [This means{ that they all have open
l A

recirculating vortex regions Fresh upstream fluid enters

b

and leaves the separation vortex simultaneously. .

i

+  Although twe—dimensieﬁdl channel flows (in contrast to
three—dimensional flows within branching circular tubes) may
demonstrate flow separation and disturbed flows. [4, 32], the’

occurrence of these would necessarlly be at flow cond1t10ns

(Reynoids numher and flow d1v151on ratlo) qulte different from\'

those for the comparable three- d1men51ona1 cases.. " The lack
of any flow separation for Model 1(aort1c blfurcatlon) and
Model 2 (111ac,b1fuTCat1on) for a range of flow d1v1510n ratio

and up t(\e Reynolds number of approximetely 4000 is an

crosggVer pﬁenomena [16, 50} wherein high velocity fluid -from
p051t10ns close to the central core reglon of the parent tube
crosses over to thp°ou§51de of the daughter ‘tubes thus’ helplng

_in the preventlon of bJQgsizy rayer separatlon - th1§le

‘con51stent W1th ‘the streﬂmllne patterns demonstrated here . The

e

forces necessary to, develop such flows are not poss1ble 1n a

" two-dimensional channel conflguratlon.

The results of the flow separatxon study presented here ®

-

. are 1n good agreemegt thh other studies in 51mllar mode13v[16

,and further extend the range of those studles and characterlze

”

;he separatlon condxtlons in. a 5ystemat1c wayﬁ The absence of

6
_.r et e e ., <,
* LA . % R r %
CL “ ¢ ke X
s - .

This has been ﬁreviously.exﬁigined in tetrms of a flow’
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division (QL/Qt = 0.5) has Been Teported by Feuersteia'et al.:
[SO]Iand‘Brech.and Bellhouse [16] to be true for symmetric
three-dimensional models up to. Reynolds numbers of 1700
in [50] and 1500 in [16]. 1In a side branch model (31mllar to
Moaél 35, Rodkiewicz and Roussel {19] have shown that separated
flows may occur in both branches at the same time under flow
conditions akin to those presented‘here by,ione\AC in
Figure 4.17. , .
In vitro pulsatile flow studies with whole blood -
have shown ehat boundary laye; separation occurs’'at a threshold
flowrate (Reynoids nQ;EFr) and that locallhed veloc1ty pertunba—
tlons within the separation reglon are present [58, 59]}.
The model used by these workers is similar to Mbdel 3 of this
'study. Turbulence and locallzed ve10c1ty fluctuatlons akin to
-those found ia vitro [58, 59] occur in XLKQ at the Junctlon‘of
the abdominal and iliac artery in'dogs [25]. Slmllar flow'
distrubances were found 1n vivo at the 1110aort1c Junctlon in
pigs [601‘ Although flow separation 15 implied 1nﬁtheSe in V;VQ'
"studies as the main cause of flow disturbances,- they do not

.

contradict the findings of this work Qﬁere .o flowysaparation“
wasaobSerVed for & w1de range of flow dlv1szoﬁ ratios in a’
model of an abdbmlnal aortlc blfurcatlon They may be etplalned
by the~ fact that the dog and pig have aortlc trlfurcatlons in.
" which the area ratlo c¢hanges w1t51n the- Junctxon mgy be

v

suff1C1ent1y large to. 1nduce flow separation nat found +in

"bifurcation. R . :



CHAPTER 5

ELECTROCHEMICAL TECHNIQUE

S.1 Introduction L |

The diffusion-controlled eléctrochemicél'téchniqde
“is one of the most usefol techniques for quaiitatife measure-
ments of, transpoft phenomena in liqoids. However,-it should
be noted that there are 11m1@at10ns in the use of this method.
First, it is 11m1ted to &1QU1ds accofﬁingly, the data of
mass- transfer are llmlted for high Schmldt numbers (S¢).
Second, only.certaln kinds of liquids can be usod, i.e., those

in which a diffusion-contrcolled electrolytic reaction occurs

[617.
In- this technique an electrochémical reaction is

carried out.at the surface of an electrode which is mounted

flush with a solid wall. This test elcegtrode works as the cathode
. v . .

-of « the electrochemlcal cell The anode is located déwnstream

*+

“ of the cathode and has a much targer, aLea than the cathoﬁe so

- -

Uthat the’ electrlc current flowxng 1n the clrcu1t is controlled

+
-

Ry mass transfcr at the cathode surface. A

]

» (.

S, 2 Eleotrochemlcal React1on Under the: ; ) " (\ R
’ Diffu51on Controlllng Condition . "

-

' *>;" The electrochemlcal technlque is analqgouswtg_the

(’-constant ;emperature hot wxre anemometer in that the concentratlon ‘

e
\ B EN
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. . ' -4
of the diffusing ‘species is made constant (and equal to zero)

at' the cathode surface and the current is proportional to the
rate of mass-transfer to the electrode. This current is c¢alled
the limiting current. From the limiting current density values,
the transfer rate of mass or momentum can be calculated.

The technique is based on a diffusion controlled reaction
of ferricyanide ion to ferrocyanide ion at the cathode. At
the anode, ferrocyanide is regoﬁeerted to ferricyanide, thereby

~ maintaining a constant concentration of both chemical species.

This reaction can be  written as:

¥

Cathode Fe (CN);® + e » Fe (CN);*

Anode Fe (CN)54-+Fe (CN)éS ‘e

-

The test solutiqe used in this work consisted of 0.1
M each of potassium -ferricyanide (K3 Ee (CN)6jand pofassium
ferroﬁyaﬂide (K4,Fe(CN)6]in a strong (ZM) aqueous:solution
of sodium hydroxide (NaOH). .The NaOH provided for an |
excess of electrolyte, which méde it pessible'to neglect ion
nugratnxx due “to potentlal gradlents near the cathode, and to

L ]

prolong the life of the ferricyanlde solutlons, which are

less stahle at ‘low pH. g - . L .
The ‘rate of transfer of‘fe;ricyanide ion is given by:
3C

N i__‘_ - ('D“_’_ eD) "3"-?-’ ‘ . : ) . ' ‘(§.1)

¥

O where y 15 the direction perpendlcular to the surface'

0 of the electrode. = ~f'

¥ s
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Integration of Equation (5.1) in the general cdse [61] gives:

>

N = K (C,-C) ’ (5.2)

where Cﬁ and Cw are the concentration in the bulk and at the

wall respectively.
The ion flux (N) can be determined by measoring the current

flowing in the circuit and using Faraday's equation:
N = & ! (s )
= T (5.3)

where 1 is the measured current, .o B
A is the.c¢ross-section area of the electrode surface, .

.and F is the Faraday's'constant ’ ,

‘Equations (5.2) and (5.3) can be combined to give:

s ’ . ) .
L

-

s kK (¢,-C,) | Lo . . ©(5.4) .- ‘

3 -
»

—_
AT

The concenttation n@/??fticyandxde ion at wall C, ~

depends on the rate of ionic reaction at the 'cathode. At a.largé .

’enough voltage across~thé two electrodes the reactioh‘rate is R

¢

fast enough that C “is essentlally zero ‘at the test electrode

.and the current is controlled by the magnltude of the mass

' -
transfer coef£1c1ant. The experxmontn-consmst of controlllng ¥

-2

the voltage at a value SO that C 0 and meaqurlng the‘current g ';
. At the llmltxng current Lquatlon (5 &) bedomes ' ‘ ¢

ki
-

. . - . . .
- N i L] *
] . . .
E - . '1 < - P N . L (5 5) .
nd ] . =

. ~ - . , . £ At [N L
" _2{ i Cb. . P . ERTS . - , . . \ .
T " . . £ .

: e S e .
‘x » ;- - N ~ 'vk‘k ! - ’ 'T. ' . n:
. The. limiting. current.can be.seen ¢asiiy from the potégfx&l
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current curve given in Figure S.1. As the applied voltage

is increased the current increases exponentially due. to

‘the accummulation of the ions at the surface of the catho&g

which is equivalent to the chérging current. As the potential
. . o
is made higher the current increases further and approacﬂ%s
a constant value, i.e., a limiting ourrent, asymptotically. .
Under the condition of limiting current, the ions transferred
to the eleotrode surface react very soon and the inc;oasing 2
potential does not result in an increase in the rate of the
desired reaptidg [61}]. A further iocrease of the potential
over the limiting current region causes a steep increase in
the current due to the dlscharge by a secondary reaction such
as hydrogen evolution on the cathode surface. ﬂ

The electrochemical technique can be used also to

‘measure the velocity gradient at a liquid-solid interface.

The theory which relates mass transfer measurements to -the

velocity gradient at the surface is outlined in the next

L]

‘section (Section 5.3)..

‘

5.3 Theorz

‘Diffusion of the ferrlcyanlde ion to the cathode occurs
at the surface of the electrode through a shear rate’ dependent
boundary layer (See Flgure 5.2). For a rectangular electrode

with 1ts short 51de (L) parallel to‘the flow gpd//ong 51de

’

'perpendlcular ‘to, the flow dlrectlon, the concentratlon boundary

r

layer is con51dered two dlmen51ona1 Hence,the general boundary

layer equation for mass transfer qf the ions may be written’ as:
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f\
3C L Wil 4y ié =D }32C + 3ZC) (5.6)
3t ) 3y axZ 2yl " :

o
S

where x and y are the coordinates in the direction

of the flow and perpendibufﬁr to the surface,

¢

respectively.

2
The term é—%-representing the diffusion in the flow

direction can be neglected for large values of velocity
gradient [62]. This assumption is true except in the flow
very close to the separation point. Hence Equation (5.6)

is reduced to

&8
o

) .
aC _p 3°C .
2 + v s ; J§ (5.7)

aC

+
3 u

|

-Q2
Q
%

[+

The bOUKAary conditions are

C=20 ?t y =0 for 0 < x <L
C =-Cb at y = = (5.8)
C = Cb at x =0

}
where Cb is the_bulk concentration of ferricyanide ions.
.The \elocity and concentration are expressed as the sum of

time Bmoothed and fluctuating components
S ™ -
N _ _
u=u+u, va=v+v',6 C ﬂ c + ¢!
: ) : —_—

-

The ratio of the concentration boundary layer thickness

ks

to the momentum boundary - lafgr thickness is proportzonal to -
(Sc) 1/3 o1 to { ) 1/3. Slnce Schmldt number (Sc) fcr this

system 1s hlgh (>3200), the ratio of.the two boundary layer °

v
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thicknesses will be small and the velocity gradient (s) can
be assumed to be linear in the very thin concentration boundary

layer so that
u=5y , - (5.9)

From the continuity equation, Vv is calculated

ve-z Gy (5.10)

where 3 is the time-smoothed velocity gradient at .

the wall and ig a function of x.

The fluctuating velocity near the wall can also be represented by

U' = S' y « . _ 5(‘5'11) .

vi= L @2 P - | . (5.12)

where s' is the fluctuation in the velocity gradient

at the wall and is-a function of t and x.

.For the time-smoothed concentration field, substituting

the expressions.for U and ¥V into Equation (5.7) gives

‘ 3¢ _ 1 3s, 23cC. 3,°¢c _ '
s/y —; 7 G v 5y AP - : (5.13)
The b06 h ary conditions' are: .
!*‘} at y = 0 0'<x <L o
’: E: Cb at Yy = o . , . (5.14)
c = Cb . at x =0

For a‘ fluctuating concentratlon, substituting the

expressions for u' and v’ into Equation (5.7) and neglectlng B
. S . » R
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the second order terms gives:
“ - 2
dc' | = oc' ac 1 as Zac s' 23c' 3¢’
Yo T s oS- 38D VRS- SasY SR RN
The boundary condition® are:
c[ =0 at y = =
c'=0 aty=0 (5.16)
c' =0 at x = 0

These equations can he simplified in each case and
solved to relate the mass transfer coefficient to the velocity

gradient at the wall.

A) Time-smgothed velecity gradient in
a fully developed flow

For a fully developed flow, the velocity gradient s

is’ no longer a function of x and the velocity, v = 0. Hence

Equation (5.13) is reduced to ' p ®
- _3c 3 2C oo waﬁ
S ya—= D 7 . (5.17)
3y

The solution of Equation (5.17)§i2gether with the
boundary condition given by Equation (5.14) gives/the concentra-

tion profile, Mizushina [61], as

n . " -
b T (y) 0 . . .
where ns oy e L (5a19)

] . ¥
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The length average mass transfer coefficient over the

‘electrode surface is

- '«‘“ 2— - 4
1/3 L | .
r( ) -
Therefore Ly
_ XL . c S '
s = 1.9 5.21
A - 20
B) Time-smoothed velocity gradient’ r -

in the boundary layer
T 7 . ¢
Using a similarity transformafion, Mizushina\[6l],
Equation (5.13) together, with the boundary conditions (5.14)

P

can be solved to give the concentration gradiermt at a position
: . “

at the electrode surface as

173 s1/2

[fxgl/z dx].i‘/s

0.

In the boundary layer, the variation of 5 over the
smal% length of the electrede is négligible except in the :

region close to the front stagnation point in the case of cross

A S

lwall (5”')

flow. Assuming the velocity gradient s is constant over the
electrode length,.one can obtain a solution similar to the

solution given by equation (5.21), Dimopoulos and Hanfatty [63].

o

KI:._ 0.807 (SL y1/3 o (5.23)
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Two simplifying assumpéions were .made in the derivation
of the mass balance equation (Equation (5.13); neglect of
diffusion in the x-direction, and neglec¢t of naturalq
convection by density diff;rence in tﬁe concentration béundary )
layer. Dimopoulos and Hanratty [63] have studied flow

crossing a cylinder and obtained correction terms for these

- assumptions. These are added to Equation (5.23) as follows.

(Sc 0)1/3 sin o

' Gry

.%_=0807( )1/3+019( )-1/6+0253 -
(s. 24)

where (+) applles to aiding flows and /rl\gpplles to |
oppdsing flows. These two corréction terms;’hqwever Yere —\
found to be important only at very low ngﬁolds num er§ and .
near the ;Fparat1on point. For examplei the correct1oﬂ\was i
not greater than 2.7%‘0n1y where on the surface of a cylzﬁqer/

f63] at Re h 339. “ s

C) Fluctuating velocity gradient

Pseudo-steady state solutjon

. Assuming the boundary "layer to be thin enOUgh that

velocities normal to the surface can be neglected Equation

(5.7) can be reduced to ' .
3C 3.C afc - - R -
§-€.+ [ Yé-)-('= D--—_z.ay - - . : (5.25)

If a pseudo-steady state approximation is made whereby
i thégterm ;%‘lis neglected, the relation between.,the iﬁsténtaneous
. mass transfer coefficient and the instantaneous veglocity




is given by

* vt 2 o7 .
(Kkly _ 9,807 [_@_5_0_)_1;_]1/} (5.26)

D

S
the relation

PO t 4
If %: << I'the above expression can be simplified to yield

k' ls'
k' _1s' (5.27)
k 33
and the mean-squared value of k' is given as
k- -1z (5.28) ™~ |
ET“ 97 .

"The validity of the 1ineariZatiOnﬂassumption can be\cﬁecked
by a methda'similar to- that outlined by Hinz [69] for the hot-
wirg anemometer. It was ﬁound'[62] that for

(s' )1/2 “f

s

L]

-léssbthan O,S‘gﬁé‘érror.iﬁ using the liﬁear model..1is lesi:than
R o N

: The pseqﬂo-steady state’approximation is valid for
smail frequencies. Fluctuations of small frequencies (less
than Zé/sec) were observed in the masé»trangfer'qoefficient

measurements of thlS study Therefore the*use of the pseudo-

" steady state apprOX1mat10n was approprlate. ‘

For high: frequency fluctuations, the mass transfer
fluctuations are smaller than predicted- by Equat;qn (5.28). A
solution of Equétion (5.25) for“the general time depenaent case
. can be optained by treating the concentration boundary layer

P
. 4 wy
g J "

3 N - . - » . * x
» - “ W -

. .

A -~ -
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like a linear element which responds to fluctuations introduced
by the shear stress. Details of such a solution can be found

in [65].

—

4

5.4 Description of the Egperiﬁents

The electrochemical technique as described above was
ﬁsed in this study to obtain the wall shear rate (veldcity
gradient) distribution along the walls of the arterial models
uhder both steady and.unsteédy flow conditiohs. Time-aieraged
wall shear rétes were calculated by means of"Equations (5.5)
and (5.21) from the experimentally measured current (i)f.‘<{\

Combining Equations (5.5) and (5.21) yields the horking equation-

s 22 E 053 | : (5.29)

(A F Cb)3 >}

[

When circular electrodes are used instead of .rectangular
ones, the effective length in the direction of the flow is

calculated by [68]:

L, = 0.8136 d (5.30)

elec.

Fluctuation in the shear rate field was calculated
from the corresponding mass-transfer &oeffidient fluctuation,

Equation {5.28).

&

o

-5. 5§ Experimental Apparatus and Equipment

.

S.E.yr Flow System ,

. The same flow system used in the visualization study

(déscribed'iﬁ\&etail in Section 2.4) was subsequently usgd

-~

-
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for the electrochemical measurements. Materials used in

the construcfion of this system were ihert in the presence of
the electrolyte. Tank D (Figure 2.6) was used in this applica-
tion to maintain a positive nitrogen pressure ;n the surface
of the electrolyte solution so that the effect of the-presence
of oxygen on the measurements was minimized.

-

5.5.2 Electrodes

The electrochemical reaction was carried out on
small circular nickel electrodes made from wire of diameter
1 mm. These wires were inserted through the walls of the models.
Undersize hole; were drilled in the plastic walls and the.
wires'were pushed through from the outside until :they were
solidly lodged in the holes then they were glued in place with +
epoxy cement. The wires were then made flush with)the wall by
hang sanding usipg progressively fiqgr grades of emery paper
and finally buffing with a powered spindle covered with goft
cloth, s

In order to attain good reproducibility of the measure-
ments,(the electrodes were cleaned before each run with carbon
tetrachloride and buffed with rouge paper. They were also -
cathadically cleaned .in 5% sodium hydroxide solution at a
current density of 20 ma fér approximately 15 minﬁtes to h
ensure elimination of chemicai polérization for this redox
system. After the model was rinsed with distiile& water it-was

instdlled in the flow system. Fallowing each run the model

was immediately disconnected from the.flow system, rinsed with

- [N

PR

o g
\
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distilled water and wiped dry with a élean Touge paper.
When the above procedure was followed the reproducibility of
the measurements ranged from 2 to 6%.

‘The anodz was made of a large stainless steelkring
whose inner diameter was equal to the daughter tube inner
diameter. Placed downstream of the wire electrodes, the anode
ring was made flush with the wall of the daughter tube. The
5 cm long anode was lagge enough, compared to the size of the
wire electrode, so that the ‘current is controlled by the
mass transfer at the cathode sugface.

A

5.5.3 Electrolyte Solution

In all the experiments, the redox system used was
approximately-0.1 equimolar sglution of ﬁotassium ferricyanide
(KS[Fe(CN)ﬁl)-and potassium ferrocyanide (K4[Fe(CN)6]) in‘
aqueous solution (2 molar) of sodium hydroxide (Na OH). The
sodiup hydroxide acted as an indifferent electrolyte to eliﬁinate
any ﬁigration due to ionic transference effects. The solutions
were prepared immediatgly prior to the runs using distilled
water. Nitrogen was previously bubbled.through the distilled
water and the prepared solution to eliminate any dissolved
oxygen. The adverse effect_of air-saturated solutions on the
electTochemical .data is reflected by a ;hange in the slope and
actual value of the L;miting current curve. Howgver, the
technique can be applied at up to 70Q% O2 satur#ﬁion with an

operating time of 275 minutes and still obtain results within

5% of the correct values '[66]. Furthermore, precautions were

A
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taken to keep the system away from exposhre to light for =
long period. Potassium ferrocyanide is photosénsitive and
slowly décomposes to fdrm hydrogen cyanide which would poison
the electrodes [66]. However, degomposition of the ferro-
cyanide complex can be practiéally eliminated in alkaline
solutions in the absence of light.

The electrolytic reaction at the cathode electrode
was Ehe reduction of ferricyanide ion to ferrocyanide ion. At
the anode ferrocyanide was reconverted to ferricyanide. This -
redéx couple was suitable in the present study, since in
alkaline solutions it was relatively stable, its reaction was
rapid, and the critical flow rate (where no diffusion controlled
region“is’present) [61] was not reached in these experiments.
‘The system has been extensively studied by other investigators
[67, 68 and 69] and as a result methods to determine its
physical properties are available in the literature.

*

b The density of the solution Qas msasured by means of
a 50 cc pycnometer equipped with a capillary and calibrated

with distilled water. Viscosity was measured by a Ubbelohde
type viscometer with an estimated error of less than L 0.5%.

The diffusion coefficient of ferricyanide ion was calculated

by means of the following‘equption, Eisenberg ct al. [67]: N
Ou _ ;.50 x 10710 €0’ Poise (5.31) :
T ’ sec oy - ' ’ i

The electrolyte composition was maintained nearly

constant for all the experimental run$. Slight variations in
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the properties were due to the amount of water used to make
up different electrolytes and the difference. in temperature from
run to run. The electrolyte properties varied within the

limits shown in Table (5.1).

§.5.4 Electrical Circuit

The electrical circuit used in this work is similar 5
to that used by Mitchell and Hanratty [63} and is shown in ‘
Figure 5.3.

A 6-V battery supplied a constant D.C. voltage which
was attenuated across a 200 2 potentiometer. The potentiometer
slide-wire was connected to the positive input_and to the
chasis ground of a wide band D.C, amplifier (Hewlett Packard
467A Amplifier) which was operated in the open loop mode. The
cathode (test electrode) was connected to the negative input
and a feedback resistor (10K 9) was connect?d between the P
negative input and the output of the amplifier. This arrange-
ment was used in order to keep/the cathode voltage constant
and equal to that at the positive input of th¢ amplifier, even

though the current flowing through the electrochemical cell

might fluctuate. The current in the electrochemical cell was

L4

'

measured as an iR drop across the feedback resistor at the output
terminal. Average 1R drops between .5 to 4V (corresponding
to‘average cell current between 50 to 400 uA) Qére-obtaiﬁed
from this system without additional ampltification.

The iR voltage measurements were obtained by usigg‘a :

(Fluke 8300A) djigital voltmeter and the fluctuations in the

.
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voltage were seen and recorded using an oscilloscope

< . ‘ .
(Tektronix Type 564B) and a recorder ‘(Hewlett Packard Type
7702A) . " '

v

T é

5.6 Accuracy of the Electrochemical Technidue

*

The use of average mass-transfer measurements to obtain
wall shear rate can’be checked by cbmparing the measured
value§ of K with ghose calculated from Equaiion (5.21). This
has been done previously by others [62, 63, 68-7]. Tests in
a 2.54 cm (1 in) piﬁe [62, 69, 70] have showp that the electro-
chemical technique @ives accurate values of the wallivelocity
gradient over a Reynolds number ra;ge of 300-70,000. Also
measurements on the flow around a 2.54 cm (1 in.) cylinder
for Reynoids'number ranges of §0-360 [63], and 5 x 10° - 10%.
[71]‘have shown good agreement with the boundary-layer solution
given by\Schlichting‘[Sl]. Results of these studies are given'
in Appendix b.: )

In this study, fully developed laminar flow in a

cifcular tube was used to check the accuracy of the technique ¢

by comparing the measured mass-transfer coefficients with those

calculated by Equation (5.21).<;/‘ i . o -
Equation (5.21) can be written in the form
. DZE.]./S . ) " .
k= 0.807 (2 . _ (5.32)
A ' Le .

»

+ A

For fully developed lamhun'ééfw the Qeloéity gradient
at the wall can be calculated from the“measured volumetric flow .
‘rate (Q) and the tube diameter'(D)'using the HageﬁTPéiseuillé

% »
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equation

5= =22 Q " : (5.33)

n D _ ' J

Measurements of mass transfer coefficients were carried
* ®
out in two test  sections made of round tubes of plastic.

(See Figure 5.4). Two sizes of entry section and test section
< .
were used (D = 1.07 and 2.2 cm) to provide for a wide rangé

~

of sheaE)fate (20-250 secﬂl) under laminar flow conditions.
Test electrodes were made of 3 sizes of nibkel wires

(de = TS, 1 and 1.6 mm). The electreolyte propert;es are given

if Table (5.2). ‘

s

) (N ‘
Sodium hydroxide concentration 2.4 molar |
Ferricyanide concentration .106 . molar
Ferrocyanide concentration .098 molar |
Density ' 1.0923 g./cc.
Viscosity “1.5991 Centipoise
Diffusion coefficient . ‘4-.55x10'6 sq. cm./sec.

" Table-5.2 Electrolyte Properties (18°C)

An electrical potential was applied between the test

-electrode and the downstream anode, and the current in the
circuit was measured. Plots of the cell current vs. the applied
voltage (Figure 5.5) showed that after a certain voltage a

limiting current was obtained. The limiting current value was

)"-f“‘ . ) ‘n !

dependent on Reynolds number. Mass transfer coefficient values

- 3
-
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weré calculated from their respective limiting current values
by means of Equation (5.5) and plotted as.a function of the
wall shear rate (Figure 5.6). Experimental values were within
N 2% of the mass transfer coefficient values predicted by

TBquation (5:32).

"
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%f”‘«f . CHAPTER 6
k) WALL SHEAR RATE STUDY

[}

6.1 Wall Shear Rate Distribution

Sinte several theories on the formation of early
atherosclerotic lesions [2, 5-11] are deﬁend;nt on the magni-
tude and direction of wall shearhétrESS, it was iﬁportant to
optain’accuratexvalues of shear rate afogg the walls of the‘

" arterial models used in this tudy. The use of the electro-
chemical technique déscribedtin the previoﬁs chapter provi&ed
for precise_meaSuremen}s of this quantity at the fluid wall
int;r£ace over an extremely small surface area (the area of 'Z
the electrbde sqrface).' These measurements were used and

are afplicable only for the magnitude of tﬁe velocity gradient
(shear rate) and not for it; direction. Wall . shear rate
patterns studied here were expected to go through a change in
direction as thg-flow-néar ihe wall separated. Since khe flow
visualizatipn study prévided compyetemidentification of reversal
flow sites, therefore the assignment of eitherwpositi;e or
negative éigﬁ fo the local shear rate values was possible.

Thg steady-flqw sheér-;;te“pétteth presented in this
section were obtq@pe& by measuring and fecorﬁing the electro-

*

chemical-reaction limiting current from a number of test

electrodes (size 1 mm wif@é)_implan{ed.into the walls of the

P

-
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arterial models. In all the runs reported here, the current
signals were reasonably steady for locations on the flow ‘
divider and prior to the separation sites on the outside walls.
However, within the seﬁaration:site, the signals showed
irregular fluctuations of low frequency. These fluctuating

signals were time-averaged by integration from recorder samples

over a period of up to 1 minute.

6.1l1 Wall Shear Rate Distribution in Model 1 ‘

- !

A schematic presentation of Model 1 is given in Figure

6.1 in which the pgsitions of various_tes{ electrodes are shown.
Only the right side.branch was studied in detail since the.
model was consiﬁered'to be symmetrical about the parent tube
axis. Measurements from. three electrodes inserted in the
wall of the other branch'yieléed the same results as their
' counterparts from the right side branch.

| Figures 6.2 to 6.4 show the shear rate patterns at three
different. values of Qi/Qt (0.33, 0.5 and 0.84). Rcynolds number
(based on parent tube larger diameter D) was approximately
the same in the three diagrams (Re - 1885 * 59). Shear rate
distributions along the inside wall of the daughter tube *
(Wall D) showed simila; patterns for the threé different flow
division ratios.’ Sheag raté was relativély high at the leading
edge of the flow divider, electrode.Bl, and dropped to a
relatively low value in a short distance. It reached-its
minimum value near electrode D2 before it inéreased aga%n. The

magnitude of the sﬂéarﬂrate at D4 (4.5 daughter tube diameters
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< Figure 6.1 - Positions of .Test Electrodes Imbedded.
in the Walls of Model 1. ’
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downstream from the carina) wds slightly higher than that of
the developed flow value expected dowgigream of the gdaughter
tube (marked by S_ in the figures). Thig‘indicated that the
flow near electrode D4 was developing. with distance aowﬁ‘
stream, the shear rate was expected to dec¢rease once again and
approached the developed flow value (S_) asymptotically.
Altﬁough the shear rate dis;ribution over the leading edge of
the flow divider (2-3 diametefs from the carina) was independent
of the flow division ratio, it was influenced by the value of
the branch flow rate further downstreéam. _
On the other hand, shear rate distribution along the
outside wall of the model (wall A) was influenced primarily
by the flow division ratio (Qi/Qt}. While a similar increase
in the shear rate due to tﬂe taper of the parent tube was ‘
observed over electrodes Al.and A2, for d;ffereﬁt Qi/Qt values,
variations in the flow divisioﬁ ratio resulte& in distinct
changes iﬂ the pattern over electrodes A3 to A8. The initial
gradual increase in the shear rate ?aiues over'their upstream
developed-flow value (Sa) can be related to the taper of the
péreﬁt tube in this section which wds }esponsiblg for a
reduction in the flow area and henpe, local increase in shear
rate. Further downstream, the iﬁflugnce of the branch flow
rate was significant. At low branch flow rate (Figure 6. 2 -
Q. /Qt =.0,33), flow separation assoc1ated with fRow reversal
was predlcted (frOm the flow V1suallzat10n results, see

3F1gures 4.11 and 4,15), to .occur on the outside wall of the

branch. The shear rate pattern showed a gradual decrease till

Al . . -

e

b v tt— e
>
-

H
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»
it reached the point of vanishing shear (separation point,

seé Figure 4.15), then the shear rate changed its direction
over electrodes AS-and A6. Downstream of the reattachmént
point the sﬁear rate increased onc¢e again and approacﬂed its
developed value in the daughter tube. At high branch flow ,
rate (Figure 6.4, Qi/Qt = 0.84), the pattern §howed a
considerable deviation from that of low Qi/Qt' ‘Downstream
from electrode A2, shear rate cohtinued to increase till it
reached its peak value near electrode A4 then dropped to a
minimum value near electrode A6. The appearance of a\peak in
the shear rate distribution was probably due to the strong
secondary flow resulting from switching‘more than 80 percent
of the total flow rate into the branch. The intermediate flow'ég
division ratio (Qi/Qt = 0.5) shown in Figure 6.3, showed<;
gradual transition between the two patterns described
above with'a moderate level of shear rate and a minimum value
near electrode AG.

Distribution of shear rate on the front wall (Electrodes

>

F1-F4) showed a peak value at the intersection between the

two daughter tubes and thg pare;t tube followed by a decrease

in the shear rate as the floy entered the daught;r tube.

Withimr the daughter tube, shear raté values on the front wall

were less than those on the inside wall an& cxpected to follow a

similar downstrecam development as reported in references [16] and [17].
There was an increase in the wall shea? rate values

upon increasing the éotal fléw rate (Reynolds number).‘ This

is'shown.in Figures 6.5 and 6.6. Wall shear rate distributions

-
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on both the inside and outside walls of the model were found

to be functions of the total flow rate (Reynolds number)

-and prqportional directly to its value except near the branch

carina‘'and the separation region. Near the carina (electrodes
D1 and D2) wall shear  rate distribution was approximately

proportional to the square root of the Reynolds number.

6.1.2 Wall Shear Rate Distribution in.Model 2

Figure 6.7 shows the position of various electrodes

along the walls of Model 2. Since the model geometry is

asymmetric, measurements of shear rate were made along the

walls of both the right and left branches under the same flow
conditions. * In Figures 6.8 to 6.11 the shear distribution
for the right branch is given by solid-line curves and is given
by dotted-line curves for the left branck. The shear rate\ '
values SO, SR’ and SL represent those of the fully- developed
flow‘ehear values corresponding to the parent tube, the right
branch and the left branch respectively.

Flgures 6.8 to 6.10 show the shear rate distribution
along the walls of the modeI at approximately the same Reynolds

number (Re = 1779 : 40). Shear rate patterns correspondlng

‘to three different flow division ratios are presented in these

fighres\n These flow division ratios were expressed as functions
of the flow rate in” the left branch (QL/Qt = 0.156, 0.39 and

0.67). They represent different flow conditionﬁ for flow
separation which were shown in Figure 4.12 aqﬁ/given by zones

-

A, B and .C in the figure.

-
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The general shape of the shear rate patterns on both

sides of the flow divider (walls C and D) were similar to

-
v

each other‘izf to that on!the.flow divider of Model 1. The
shear rate was always highest at the leading edge of the flow
divider and fell off abruptly with distance downstream,
analogous to flow over a flat plate. Variations in the flow
%}vision ratio did not haye an effect on the general pattern
nof shear along the walls of the flow divider.. However, they'
influénc¢d its magnitude at some locations. An increase in

the left branch flow rate caused a rise in the shear rate value

_at electrode Cl from 285 sec™!

to 435 s'ec:'1 upon increésing

the flow ratio (Qi/Qt) from 0.156‘to 0.67. However, the same
change in the flow conditions caused almost no change in the
shear rate measured at‘electrode D1 on the opposite 51de of the
flow divider. This was probably due to the dlffereﬁge

betw;eﬁ the- take-off angles of the two branches. The right
branch with a small take-off aﬁgle (200) can be considered as a
contiﬂuatioﬁ of the parent tqbe. Secondary flows formed on

the outside of~£his pranch were not expected to be strong
eﬁough éo influence the value of thé velocity approaching the
branch inside wall (wall D) which was a function of the upstream
flow rate only. Unlike\Zhe right branch, the left branch

had a large take-off angle (4501 and strbng secondary :Elm‘qs~
were expected,to help the flow maneuveriﬁg its way into the
branch. These secondary ‘flows were a functlon of the flow
division ratio and they were expected to inf nce che veloc1ty

-

approachlng the branch 1n51de wall (wall C)
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A significant change caﬂﬂéé observed in the shear
rate pattern on the outside walls upon varying the ratio
of the flow division. At low ratio (Figures 6.8,.Q /Q,=0.156)
the shear rate on wall B dropped significantly to its zero
" level upon the formation of the separated flow vortex, whereas
shear rate on the other wall (wall A) rose gradually to
its maximum level near electrode A4. At high flow ratio
(Figure 6.10 QL/Qth.67) a completelfégifferent shear rate
pattern resulted. The shear beak was formed on wall B near
electrode B4 instead whereas it dropped to its zero level and
changed its direction on wall A. The intermediate flow
ratio in Figure 6.9 showed a transition pattern between those
of the low and high flow ratios.

An increase in thg'total flow rate (Figure 6.11, Ré =
2918) resulted in an increase in shear values at the enfrance'
section and over the flow divider, however, the increase over
electrodes ‘61 and D1 was less than expected. This may be
due to the fact that the appfoaching velocity for turbulent
flow (Re = 2918) is less than that for laminar flo& at the

same {low rate (more flatter profile).

Y4

6.1.3 Wall Shear Rate DPistribution in Model 3

Figure 6.12 shows Model.3 and the locations of various
electrodes implanted into the walls of this model. This model
represents a 45° side branch emanating from the main tube.
fhe straight continuation of the main tube d;wnstream of the
carina is referred te as the right branch and the side.branch

is referred to as the left branch. The straight walj of the’
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main tube is wall A whereas the opposite outside wall of
the model is wall B. Walls C and D are the flow divider
walls in the left and right branch respectively.

The wall shear patterns for three different values of
flow ratio are shown at a common parent tube Reynolds number
of 1672, in Figures‘é.13-6.15. The low flow ratio QL/Qt’= 0.11
resulted in flow separation on the outside wall of the side
branch, wall B, while the other two flow ratios (QL/Qt = 0.34
and 0.48) resulted in flow separation on the main tube outside
wall (wall A), see the results of the visualization study
(Figure 4.13). The shear rate pattern on wall B was greatly
influenced by the flow rate in the side branch. If the branch
flow rate was decreased below the critical separation value
(given by Figure 4.13), then the shear rate decreased pro-
gressively towards its zero level (separation point) near
electrode B4 and changed its direction within the separation
region. Conversely, if the side branch flow rate was increased,
then the shear rate increased progressively and a shear peak
was observed near electrodes B4 and B5. Compared with the
outside wall of the side branch, the shear rate pattern on the
outside wall of the main tube was uniform and its magnitude
was low. Also the change in the shear magnitude upon varying
the flow division ratio was smail even when it changed its
direction as a result of the formation of separated flow.

On both walls of the flow divider, the shapes of the
shear patterns were similar, but the magnitudes varied. An

interesting result was that of the effect of flow ratio varia-



SHEAR RATE § (sec™)

£

119

600
MODEL 3

400}~
300§
200

100}~

Re = 1672
500} Q;/7Qy =0.11 -

=

-100\ -

Figure 6.13

o
1 1 | L1 1 i | ‘NJ
B4 A4 B7 A7 V oo

ELECTRODE POSITION

' Shear Rate Distribution in Model 3.

Electrode Positions from Figure 6.12.




¢
/ -

700 ,
MODEL. 3 —\5
Re = 1672 ol
cool- . Q/Q, =0.34 7
500} \
Q\
v 4001
2
w
|l
< 300 \
m N Lol
< h -
tJ
I
» 200t
’/./,,e’.““
-IOO“ /’/— SL
’ SO Bl '/. ' -
f : a7 SR
;\M\‘\ . | ——
<«
' Z
o
; <
/ ! lul | | 1 | 1A
- | ]
OOV / B4 A4 B AT Voo
J - . ELECTRODE POSITION
figure 6.14 Shear Rate Distribution“in Model 3.

9120

Electrode Positions from Figure 6.12,

<



¥

400
TO
7
.1 300
Ll
T
o .
& 200
uJ
o
w

121

600
MODEL 3
Re = {672
S00

Q. /Q =0.48

100

< ES
= .

0 4 o -
< K % -

Ol ’ :'%

! 2 1 !

-100%/ 1 " ] |
B J\IAI ' B4 A4 .-
ELECTRODE POSITEON

Figure 6.15 Shear Rate Dlstrlbutlon in Mbdel 3.

Electrode Positions from Figure 6.12.

B7 A7

A\P,

o



T 122
tion on the shear rate vilues at electrodes D1 and Cl near
the flow divider 1lip. An increase.in the side branch flow
rate oauSed an increase in shear value at electrode C1 and
a drop 'in the shear value at D1, This drop at D1 is in

*

contrast to the almost constant shear values measured at

celeotrode D1 of Model 2 upon variation of flow division. Unlike

Model lehere Wall D was located at the centre of the parent
tube, Wall D in Model 3 is an extension of the parent tube
side wald and the.approachlng velocity is expected to be a
function of the forces directing the flow to this wall. These
forcgs are responsible for the secondary flow motion and are
a fqnct1on of t?e flow raQ1o." The rise in the shear value at
eleotrode Cl upon increasing the side branch flow rate was
observed only up to a flow division ratioﬁof QL/Qt = 0.34.

~In Figures 6.16 to 6.18; the flow ratio was kkpt constant
atjapproximately 0.25 while Reynolds number was varieo. No
change in the shapes of the shear patterns on walls é°and D
were observed. Although the shear magnitudes, especially
those at C1 and D1 were greatly influenced by changes in the
total flow rate An increase in the total flow rate of about

75 percent (from Re = 948 to Re = 1672) caused more than a

four fold increcase in the shear rate measured at electrodes

C1 and-D1. However, when the high flow rate was almost

doubled (from Re = 1672 to Re = 3412), the percentage increase

in shear rate was 50% at electrode D1 ‘and only 22% at electrode
N,

Cl. Th;s.1rregular increase in the shear rate upon increasing

-

the total floﬁ'tatg is probably due to the transition of the

1}
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. |

flow from a laminar to turbulemnt regimd. The ‘ghear

rate at th& leading edge of the flow divider is ; function
of the approaching velocity profile in the upsfream inlet
tube. Since the velocity proﬁile for fully developed turbu-
- lent flow in a circular pipe has a flatter velocity profile
than that for laminar flow, the approaching velocity for
turbulént flow (Re > 2360) is expected to be less than that
fqr laminar flow at the same flow rate.

Variatioﬁs of the total flow rate were responsible for
major changes in the shear patterns along the outside walls,
A 16w Reynolds numﬂer (Re“= 948) the sheaf pattern was
unidirectional on both walls [Figure 6.16]. At a higher

Reynolds number (Re = 1672) flow sepération occurred at wall

- * !
A and shear rate declined to its zero level then -Feversed

its direction uéon entering the separation region. At the
| highest'Réynolds number (Re = 3412) flow separation occurred
1 at both wails of the model (see Figure 4.13).

| It is of iﬁterest to study the wall shear pattern
in the model at high Reynolds numbers'(Re > 3000) and high
flow division ratios'(QL/Qt i .6). Under these flow conditions,
a region of separqﬁedﬂf}ow was ohserved in the flow visualiza-
tion study on the insiae wall of the side branch (near
electrode Caj, see sectjon 4.1. Shear'rate mgasurements’at
Re = 3412 -and a flow ratio of .58 (Figure 6.19 did not show
any distinctive change i& the shear,p;ttern near electrgdé CZ2.
However,‘an_incréase in the flow ratio to a value equal to 0.64

{Figure 6.20)'showed an abrupt drop in the»shear value at
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electrode C2. This indicates:that the critical flow division
ratio for separation flow on this wall is in the range of
QL/Qt = 0.58 - 9:64. A critical value of approximately

QL/Qt = 0.6 was bredicted from the visualization study for

this phenbméﬁdn (Figure 4.{§).

6.1.4 Wall Shear Rate Distribution in Maqdel 4

Figure 6.21 shows the locations of the test electrodes
inserted through the walls of Model 4. ‘fhiQ model i§ similar
to Model 3 in that they both have a'§i5é branch emanating
‘from a straight-walled mai® tube. However, the take-off angle
and dimensions of 'the side branch are different. The side
branéh in Mode1‘4 is representative éf a single renal artery
whigh takes off at a right angle to the aortic trunk. Compari-
son of wall shear rate patterns in both models provides for ‘
éValuation of the effect of take-off angle and side branch
- dimensions on shear rate pattern.

Shear rate distribution along the walls of Model 4 is
given in Figure-6.22\at a Reynolds numbe§ﬁequa1 to i632 and
‘a flow divisiop ratio of 0.11. These flow conditions.are within
the physjologicél-range bf”fenal flow under rest conditions.
The most striking feature of this shear pattern was the .
unexpécted’high gpear values ﬁeasufed at electrodes B4 and BS
on the outside wall of thehside branch. ‘Thié site "has been
;hQWn to experien neéaiive apdsrelatiﬁely small shear rates
_undér the same_f{ij conditions in”ModeIHS (Figure 6.13)]. Th}s

indicate& fhat the higher take-off angle (90° compared-to 459)

'
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and the smaller branch diameter (1.27 cm compared to 1.8 cm).
resulted in a stronger secondary flow motion that prevented
flow separation and caused a rise in the shear rate values at
electrodes B4 and B5. These parameters were also responsible
for steeper shear patterns compared to those in Model 3 on the
walls of the flow dividér (walls C and D).

Exercise is known to cause changes in blood flow dis-
tribution in the cardiovascular system. The increase i?/ e
cardiac output and the drop in the renal flow rate is a .:z:%glg
{44]. Wall shear distribution along the walls of Model 4
under representative conditions of light exercise is give;\\\
in Figure 6.23. The distinctive difference in the shear \
pattern from that under rest conditions (Figure 6.22) was
observed in the shear distribution along the outside wall of
the side branch. Flow separation occurred on this wall near
electrode B3 and B4 a5 observed in the visualization study.
This caused the shear rate to decline to its zero level. After
reattachment it increased abruptly and reached a peak (210 secdl)
within 1 cm distance downstream. This dramatic variation
in the shear patterns, where both negative and positive low
shear and high shear were found on the same wall in close
proximity, is one of the interesting features of this model
when compared with other models.

On the other hand, an increase in the side branch flow
rate (QL/Qt = 0.31) caused the shear peak on the side branch
outer wall to increase to a high shear level (320 spc'l) while

\

the shear rate measured at electrode Cl was dropped to a value
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less than that measured at C2. An expected drop in shear

rate values along the walls of the main tube downstream of °

the carina was also observed. This was due to the reduction

in this branch flow rate. (See Figure 6.24)

o

6.2 Shear Rate Fluctuations

Disturbed flow patterns near the vessel wall have

been implicated as key factofs in atherogenesis [72]. Direct
evidence from electronmicroscopic studies of vaécular epdo—
thelium in swine have shown that endothelial cell injury and .
loss occur at positions adjacent to disturbed flow }egions
[60]. In recent in vitro studies [73, 74], fluctuations in
both pressure and shear‘stresstwere implicated as indications
of flow disturbances. | - 1?- }

\ Values df wéll shear rates repqrted.in this study , ;?i

were obtained through measurements of the current flowing in

the electrode circuit. This current is directly proportional
to the~rate of ‘mass transfer to the electrode surface and the
fluctﬁations in the current are also directly proport10nal to
fluctuations in the rate of mass‘trans}er (see Section 5 2)
Since the thickness of the concentration boundary layer

for the system.ésed here is much smaller than that of the
momen tum boundéry ;ayer,lfypcguations in the mass transfer
rate reflect flpttﬁatibns in the velocity field close to the

wall.

P

In order to qualltatlve1y<§tudy the shear rate

fluctuatlons, experlmental output from the dlfferent electrodes

b

was d1sp1ayed on the osc1lloscope screen and was also Vdforded
s .

g
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This output was the voltage drop across a standard resistance

and was proportional directly to the %Tectrode current.

-Examples of the output signals from electrodes of Model 1

are presented in this section.

Figufgs 6.25 and 6.26 show signals from electrodes
A2-A7 on the outside wall of Modei 1 (positions of these
electrodes are given in Figure 6.1) at approximately the same
ﬁeynolds number (Re_= 1943 and 1964 for Figures 6.25 and 6.26‘
respecti§e;y) while flow 'division ratios are different

(Qi/Qt = 0.5 and 0.33). For the ‘higher f}ow ratio (Qi/Qt =_0.5,.

E Figufe 6.26), fluétuations of small and constant frequency

(2-3 ¢/sec) and small amplitude were present on e;ectrodes
A4-Aﬁ,thou§h flow separation was not expected to occur unde¥
these flow conditions (see Figure 4.11).. When the flow 'division
ratio was. reduced (Q;/Q; = 0.33; Figure 6.26) to inq&ce

separation in this branch, fluctuations on electrodes A5 and A6

became more 1rreéular with a noticeable increase in their

amplitude. This phenpmenon was observed in all the models
under separated flow conditions.
There existed a local area on the outside wall which

showed wide rgnges of shear rate magnitude and fluctuation

~ depending oy’ the flow conditions in the branch vessel. The

region néar electrode AS coul@ represeﬁt either low (positi;é
or negatiVe)?bf high shear stress, and possibly zéro shear
§tress-(reétiachmént point). This’can be seen from Figure 6.2&_
where the absolute shedr rate values were normalized by

d1V1d1ng by the upstream fully- developed shear rate, (proportlonal

y o> ;

)

o~
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to Reynolds number). Prior to separation CQi/Qt > 0.4) the
‘plotted data showed that the normalized shear rate was
dependent and directly ﬁroportional to the flow division
ratio Qi/Qt‘. However this relationship was not present ngj
flow-separation conditionsg\(Qi/Qt < 0,4). Fluctuations in
the shear rate pattern weré also dependent on the flow division
"ratio. - Figure 6.28 shows these fluctuations presented by
samples of the current signals for different Qi/Qt values. At
low flow ratio (Qi/Qt < 0.4) the current signals were unstable
and showed irregular fluctuations of relatively high amplitude.
As the flow ratio increased (Qi/Qt > 0.4), the current signals
became reasonably steady and stable. .
Fluctuations in the shgar pattern over the flow
divider VTll.can be seen from the current signals of electrodes
inseﬁte&'élpng this wall (ElACtrodes D1-D4). Figure 6.29
shows these signals at-two different Reynolds numbers )
(Re =‘1§26 and 3342). At the lower Réynolds number the signals
were reasonably~fteadxuyhile at the highe£ Reynol@s ngmber
fluctuations were pregént. These fluctuations had relatively
higher frequencies when compared with fluctuations observed
on the ouiside wall. This difference suggests a difference
in the cause of}fluctﬁation. Fﬂuctuations obserfed on the flow
diviqer wéli at high.ﬁeynolds number (Re =23342) may be due .to
the %lpw being in the'tprbp}ent régime while flpctuatiyné
obéerved‘on.the‘out§iée wall at much'lower’Reynbids AUmber are

the result of local insgﬁgiiities associated with flow

‘sepératioﬂf[S;]. o : c N

e e
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Depending on the magnitude and stability of the shear

6.3 Pulsatile Flow

stress pattern as well as the duration of exposure to the
stress, certain intimal structural and functional changes
have been shown to occur [8].- Endothelial cell erosiogﬁmay
occur in regions exposed to high levels of shear stress
(400‘dynes/cm2),‘[8]. One of the flow parameters which haf
been known to elevate the shear stress level is puiéatility
[32].

In this work,.a limited investigation aimed at defining
differences 1n the tlme averaged shear patterns between
pulsatile and steady flows was undertaken. -Phy51olog1ca1
pulsatile flow was approx1mated by the sum of a sinusoidal afid a
steady flow‘componepts. Modeltluwas selected for this limited
investigation. Frequencaes in'the }angebof .34 to .61 eec'l
were chosen corresponding to a.values from 12 to 15 and velocity
amplitude fafio.(x) in the range 0.8 to 1.2 was used. &Two
mean flow rates corresponding to Reynolds numbers 1315 and 1977
were studled. These flow condltlons represented a wide range |
”;14;/““\ of phy51olog1ca1 flow conditions found in the abdomlnal aorta

. in man. Time-averaged current values were obtained from the

ecorded fcurrent signals by numerical integration after

itizing the signals over a period of 1 minute with a step

3

-

Wi th' of 0 2 sec.
' Table 6.1 summarlzes the calculated time- averaged
current from‘dlfferent‘electrcdes on the walls of Model 1 at a

Reyndldzfﬁnmﬁér—fqual to 1315. 1In ﬁhis set of experiments, ) ¢

,flow di 151on ratlo was kept constant Q. /Qt = 0. S) whlle both

- .
o ———m, - e — 1 i S YT — ws=——— @ = e N Sl
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. TABLE 6,1 Time-averaged current values for steady and pulsétile flow.

MODEL1 ~ Re = 1315
Qy/Q, = 0.5
‘ Time-gveraged—o;rmnt values i (upA) B
Electrode Steady { Pulsatile Flow ,
Flow ™ » = 0.8 X = L2
£=00 | 34 .4z - 61| .34 .4z .6l

Al 130.4 [131.3  130.8 132.2 | 131.7 132.6 132.1 |
A2 135.2 |134.8 133.9 135.1,|135.2 135.7 136.3 -
A3 138.6 |138.1 138:7 138.6 |137.2 136.1 137.4
A4 | 146.5 |146.2 143.2 147.; ’iso.é . 148.53 146.8

‘ AS 8.3 | 84.3 83.6 87.2 | 83.3 84.8  88.1
A6 '¢.i 84.1 | 83.2 79.3 84.4 | 81.3° gs.d 84.1
A7 - | 126.6 |124.3 126.6 126.4 |125.2 127.6 127.8
A8 . 139.4 {140.0 142.0 1426 |143.2 138.6° 139.1 _
mfz ( 293.0 }295.6 296.1 290.0 |297.7 296.1 -292.2
D2 . '55;.q 218.3 220.3 224.2 |220.2 223.8 .221.2
D3 1§s;sﬁ 186.1 187.2 188.4 188.3 191.1 i<¥§6-2 X
n4"i. | 196.1 (1983 1198.2  196.6 |202.5  199.2 195.1 x

- | - + . ‘l
'
.//\M'.;. | \ )

. . . . - - - - - . . F -
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frequency and amplitude of the pulsation were variable. _These. g

i
[V
-

data showed that the time~averaged rate of mass transfer, and
hence rate of shear, were not appreciably changed by pulsatlle
flow. This also held true for a higher Reynolds number -
(Re = 1977) and dlfferent va;ues of flow d1v151on ratio
(see Table 6.2). The small changes in the tlme averaged
current values (maximum o£ I 5¢) given in Tables 6.1 and 6.2
did not show a cqnsisfent functional trend with the pulsatile
flow parameters. They were.probably due to experimental error
- regulfing from adjusting the flow rates. /§§mblee of the current
signals are shown in Figures 6,30 and 6.31. q
o« Iﬁ Figure 6.30, the,eignals showed near sinusoidal
“oscillations of constant fréquenc? which are identical te those
of the applieé flonoeeillations. Non-linhear response of the
maés'transfer rete‘fe the appiied sinusoidal flowxrgté wave
appeared as a minor dlstortlon in the 51gnals at high frequencies

| (£= 0.42 and 0.61 sec™),

Disturbed flow patterns were observed'in pulsatile ;
. {

Lo

flow to be similar to those in'steady flow, This can be seen

~in Figure 6. 31 where current 51gnals from Electrode AS are

)
a
see Flgure '4.11) 1rregular 61uc,tuat1ons superimposed upon the

presented. Under separated flow condltlons (Q&/Qt < 0.4,

sinuso1da1 51gnals were observed for all the Tange ofefrequenc&es

l

studied (0.3 to 0.6 sec™1). S ; , 3

: 'Q’

v

6.4 D1scussxon ‘ \

“
- s S b e

“ - In the fOregOLng sections of thls chaptegg data was
LS . <

presented fcr shear” rate dlstr1but10ﬁ’along the walis§f four

« . Y N « 8
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&

rigid—waileﬁmmodels; These models represented three-diﬁensional'
realistic geémétfies oé prediseased ?rteri;l vessels in man |
that have gben shown to be prone to atherosclerosis. Values
of shear rate were obtained through the use of a diffusion-
controlled electrochemical technique. The cdrren; in the . = .
electrochemical cell was measured precisely at’ the fluid-wall
interface over a very small surface area (test’electrode
su{face). Thus, these measu;ements represent the most detailed
set of data'oﬁ‘wall shear rate in threé-dimensional ‘
branching véssels that is currently dvailable. ‘
\ Previous work in this fegard has been limited to the
'A symmetrical branch I16,50,75]. Brech and ﬁellhouse [16] ha\’re
meaéured\the wall shear stress. in a symmetrical ﬁranch\( g= 1_12,
a = 459 using a hotafilm anemometer. The symmetrical model
used in this st;zy (Model 1) had the closest geometrlcal feature
of that of Brech and Bellhouse and the shear rate measurement
in both models were in the same ordgr of magnltude. *However, -
these authors foﬁnd that the gﬁear‘rate everywhere along the ~
walls of the model to vary’ dlrectly and 11near1y with the' ‘2
mean input velocity, a result not found in this wotk-where no
such 31mp1e relatlonshlp was obtainable. >
The other published work in thls regard was by EL Masry
{50] where he - calculated the wall shear rate from veloc1ty
proflles obta1ned°vxa a tracer'partlcle teqhnlque. A series -
< of symmetrlc blfurcatlons were used' in thlS study with the ‘ -
area ratlo ‘as a varlable (u = 0. 75 I“ﬂz and 1.29). In order ‘

-

t0°fac111tate a comparlson between that study and the present'

-

&
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werk; one must.extraporate the data given for tﬁe smallesg}
area ratio quei (a = 0.75) tO‘a‘cqmparable Reyﬂélds number
_of that of Model 1l.- At Reynolds nuhber equalﬂto 1315 the ‘
shear rate values calculated from rhe velocity profilee were
approximately (40% and 15%) hiéher than that measured here at
positions 2 and 4 diameters dowﬁstrﬁam of the carina respect-
iyely,'though the general characteristics of the shear.patterns
were similar. yThese differences in the® shedr values may be

-

, . _

attributed to differences in the geome%ries, i.e., area ratio,’
. 7 '

taper of the parent tube and sharpness of the flow divider.

The shear measurements presented in this work have -N

shown a number of 51mmlar1ties in the shear rate patterns of

-u

the four models. _The general featu}e of these patterns was

I

‘thatxthe shear rate dlStrlbut10n§15 hlghly non- unlfqrm. Regions

of high and Iow shear were found in close proxlmlty The

highest shear rate‘was fQund'on the 1eading edge 6f the flow

<

dividers. Shear rate approx1mate1y 6 10 tlmes as hlgh as it was

vy

in the parent tube were. measured at a dlstance -4~.7 cm

hdownstream of. the -carina.* Shear rate distribution over the f£low.

fdivider wés in general sfdble ahd‘uhidirectiona%. Shear rate
+ Was aIso relat1vely hlgh at the'out31de wall (near the’ corner)
under extreme flow condltlons (hlgh total flow rate and hlgh
branch flow ratao)w Shear&Values near Blectrodes B4 and BS
in Models 3 and 4 were typlcally 3 to S txmes as hlgh as the
).shear value 1n the parent tube. However, these areas on the
Dut51de wail experlenced 1ow 1evels of shear rate at @1fferent
S Flaw condutrbns, SQf":‘U'f’iﬂf{>a \ Eﬂxfl'fé i'} .
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Low shear ratetlevels (less than the ﬁafent tube
developed'flow value) weré found on the oﬁtside walls of the
models under certain flow conditions (low branch flow ratio).
Negative shear rate can also exist oyerhthesé areas under
separated flow conditions (see Figurés 4.11 to 4.14).

Unstable shear patterns were foun' at local discrete
regions (flow separation regions) on the outside walls of the
models under separated flow conditions. .Fluctﬁations in
these'shear patterns were observed to increase as the branch
flow ratio decreases.

For pulsatile flow, time-averaged shear rate‘yalues
were found appreciably unchanéed by variations in the
osqillation parameters. Instability in the shear patterns
“ﬁilar to that observed in steady flow and under similar‘

1

conditions was found in pulsatile flow.




‘was also undertaken.

CHAPTER 7
BIOLOGICAL IMPLICATIONS

The quality of flow in the vascular system has been
related to the sites of predilection of atherosclerosis. \‘
Level and stability of pressure and shearing étresses [8, 727,
as well as flow separation [4] and vortex formation [23], have
been implicated. Consequently, while realizing that other
physiological and biochemicgl factors plgy an important role
in ;he development of the disease, the preseﬁt’study‘was
focussed on the experimental determlnatlon of the hemodynamlc
field in a number of arterial models~and the possible influence
of this field on atherogenesis. Detalled fluid dynamlc
evalution of flow patterns and flow'separatlon phenomenon were’
carried out. Subsequently, wall shear rate patterns were
measured along the walls of the models, %xpeximents were Qesigned
to examine the quality of steady flow over a wide range of
physiological flow parameters. ' A limited .investigation aimed
at defining differences between puisatile and steady flows

* . The results of this study, when 1nterpreted within
the framework of current hypotheses on atherogene51s, 1nd1cate

that some of the. required flow conditions for lesion initiation

do exist at branching sites. Some of these conditions are,

i——— e~ e
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discussed here in the light of the present work.

Flow Separation

Flow separation phenoﬁenon known also as boundary-
layer separation is characterized by reverse fluid movement
adjacent to the vessel's surface and a retirculating vortex
region. It may occur as a result of cross-sectional area

changes along a conduit [56]. A transition to fluid motions

T

within the recirculating region (vortex) which are more random,

‘displaying fluctuating bursts, are alsq possible at higher flow

rates [57]. These flow conditions are referred to as disturbed

flows. Sites of branching display such cross-sectional area

variation where both in vitro and in vivo vortex motion and

_random fluctuation in local velocity have been reported [58-60].

The preseﬁt work has ciearly demonstrated the complex

nature of three-dimensional flows within models of arterial
branches. It has further indicated that arterial shapes are
prone to generate flow separation regions at‘cert%iﬂ focal
locations. The detailed flow visuaiization study has shown

that disturbed flows associa;éd with flow separation are not

apt to occur within a range of physiological flow conditions

(Zone B in Figures 4.11 to 4.14). However, exercise is a-re-

situation under which cardiac output is increased and flow

distribution occurs, thus, pgotentially creating conditions

suitable for; fiow.separation. ‘During moderate exercise,

cardiac output may increase. 300 percent 6L/min to 18 L/min.
) . . , )

v
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while renal flow decreases by 50 to 80 perceﬁt (1.2 L/min
norhally) and flow to the mesentery decreases substantially
{44, 76]. Digestion is another condition resulting in
redistribution of blood fiow; here flow to the euperior
mesenteric artery may increase by as much as 132 percent [46],
At rest, the mean flow to a single renal artery is at least

11 percent of flow in fhe‘abdominal aorta, corfesponding to

conditions of no flow separation for most of the cardiac cycfe,

~i.e., Zone B of Figures 4.13 and 4.14 for Models 3 and 4.

With exercise, Reynolds number increases and flow division
ratio (QL/Qt) decreases, thus creati;é conditions more suiteble
for flow separatioﬁ, i.ef; Zones A or AC of Figures 4.13 and
4.14 for Models 3 aﬂd 4. It is unlikely, from the present
results, that digestion would create flow sepafatien but

more likeiy a shift from the left to the right portion of Zone
B of Figure 4.3. A

The separated flows observed in all the fou# models

"studied here had open recirculating vortex regions. This means

that freshiqpsfream £luid entered and left the separation

region simultaneously.. This is in contrast to flows downstream

of a3 symmetrical expansion which diéplays continuously

-

‘circulating vortex etreamlines [57]." In ex V1V0 stagnation
flow, platelet aggregates have been generated both for vortices
_w;th\closed (symmetrlcal) and open (asymmetrlcal) streamlines
[77]. UndeT cbndlilons of higher degrees of asymmetry and
greater flow, aggregates were not formed thls was explained
in terms of decreased platelet COlllSlon frequency -and

re51dence‘t1me within the voxtex., It is possible then that
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the separation regions demonstrated here could be areas where
platelet aggregates form, possibly dependent on the degree of
vortex asymmetry and other flow parameters. It is also known
that platelgt aggregate formation occures concurrently with

the platelet release reaction which liberates such substances
as adenine nucleotides (AMP, ADP, ATP), serotonin {[38], and

a factor necessary for smooth muscle cell proliferation in
culture [79]. One may then speculate that over long time
periods, months to years, vessel wells_adjacent to continueusly
or discontinuously separated fldwléguld be injured biochemically
by such substances.

Mechanical stress fluctuations associated with flow
separation have . been observed in this work and other in vitro
studies [58, ~59]L Random Velocity fluctuations and localized
turbulent bursts akln ‘to those found in vitro models occur
in vivo.at the junction of the abdom1na1 aorta and iliac artery
in dogs [25] ‘and also at the 111oaort1c junction in plgs [60].
These flow disturbances were related to the loss of endothe11a1
KCell viability leading to defects of the surface. These defects
permit free access of plasma to the arterial yail. In the
event of a lipoprotein~rich,p}asma content,. atherogenesis is
conceived to ge«mo}e,favofable in‘such‘iocations [60].

Ih this“study, measuremen%s of wall sheaf rate have .
shOWn that areas prone to flow separation exhibit - -fluctuating
shearing stress. These fluetuat1ng patterns were observed to

'remaln locallzed to relatlvely dlscreqe regions which were

#eflned v1sua11y as separated flow reglons. Although the tlme-
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averaged shear level for these fluctuations was not high
enough to cause direct endothellal cell injury [7], shear
rate amp11tude was high. Exposure of the adjacent areas of
endothelium to these repeated fluctuating components of sheat
overxa iong period of time could possibly cause structure and

functional chenges in the endothelium [8] and set the stage

‘

for atherosclerotic plaque formation.

Wall Shear Rate

Several studies. have shown that the transport of
macromolecﬁles into the eddothelial surface of arteries !
depends upon the. level of wall shear rate [9, 10, 11]. Such
dependence has been implicated as a Key factor in the develop-
ment‘of athe;oma [z, 72j. In an attempt to elucidate the
fundamental mechanlsms by whlch the- tranqurt of macromolecules
actoss ‘the arterial endothelium is enhanted by mechanical .
factor# such as pressure and shearlng stresses and/or fluctua~
tions in these stresses, both theoretical and experimental
models have been advanced in this regard [9 11] .Although
' these studles have shown that the uptake process is strongly
'dependent on mechanlcal stresg exerted on the vessel 11nlng

_ by the adjacent blood flow, the detailed mechanism of this

process is Stlll obscure.

»

Dependlng on the magn1tude and stab111ty o£ thf stress
pattern, as. well as the duratzon of-pxposure, certaln intimal
structural and funct10na1 changes have been observed to occur

'{8] These proipsses have w1de1y differlng t1me constants

' T b——
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(T.C., the approximate'amount of time from the'ons?t of the
stress stimulus until a response becomes apparent). The
most salient of these ?stress-fesponse" processes and their
approximate time constant have been summarized by #ry {8] as
follows: .

(1) Acute’exposure of the endothelial surface to -an
increased mechanical stress is associated with an increased
transendotheliéi flux of protein into the arterial intima
(T.C. ~ minutes).

(2) A steady unidirectional shear stress orients the
endothelial cell'énd‘subjacent connectiye]tissue in the
direction of the applied streés (T.C. ~ wgeks to months).

(3) Intinal regions chromically exposed to moderately.

. ‘ .
elevated values of unidirectional stress developed intimal fib-

-

rous characterized By'a densé, highly oriented, subendothelial
collagenous sheetrtﬂat is sparsely populated Qith smooth muscle
and connective tissue cells .(T.C. ~ months fo years).

(4 Intimal regions that appear to be éxposed to an
unstable stgesé pattern tend to manifest a more exaggerated
intimal thickening characterized by én'increased bopulation

of smaoth muscle and connective tissue cells, and a predilec-

hd i
i

tion fpr'{ipid depésitidn (T.C. unknown). ‘ ; s
, . (5) EndtheliaL céli erosion occurs in regions exposed .
to streéseé in excess of "absut 400 dyn/cm2 (T.C. minutes to hours).
(6) Endothelial,erosion ishfollowed'by énfexaggerated
’repetiliﬁe ?esbonse,cﬁaraqterized by\gktraordinary*intimal. '
ﬁémooth'ﬁuscle and conﬁectivé‘tisSuQ\qeii\Prdliferéfion (T.C. ~

~ ( % \

.weeks to months). - - . ‘ ' N\

,
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The relat;oﬁship of these processés to the shear
patterns prgsented in this work is discussed below.
; Inlordqr to estimate in yivo shear rate values in
a
similarJarterial geometries at comparable Reynolds numbers,
one mhs;'use a scaling scheme. -Sinée both geometrical and
dynamical similarity were maintained’'in modeling the branching
vessels, solution of the non-dihengional Navier-Stokeg
equation [80] suggested that the non-dimgnsion;% velocity

_gradient at any local position will be. the same for the model

-(M) and the physical system (P). Non-dimensional velocity

or

. F . .
gradient is defined as S*'= %Er, where u* = 2 and r* = %,‘thus
PN ) o . '~’l,—i
Cop = G0y | R C IS
T*’P M . Mk
N ' , _ .
)p & )p (= )M Q< )M _ (7.2)

For geometr1ca11y 51m11ar condults RP is equal to RM

and Bquatlon (7 2) can be wrltten as

5 - _ N .
C SpeSyg - . _ (7.3)

Equat@on C7 3) means that local 1n vivo shear rate 15
‘equal to that measured from the” model multlplled by the ratlo
between the mean'velOCLtles . Thée v15c051ty«of the test solu-

tion used in the present work was approx1mate1¥‘one thlrd of

that of‘blood therefore, the mean veloc1ty used in the model -

“was scaled down by'the same ratio, 3 Jte mazntaln the same

. . - g -, N
. *, . s ' . . . b




159
Reynolds number as that at in-vivo situation.

This study demonstrates clearly the nature and
characteristics of the shear stress patterns on the walls of
four models of arterial vessels which“afe prone to athersclerotic
plaque formation. Although it was not specifically stated
ggrlie;, these models represent pre-disease arterial vessels.

If this is the case, then the results.of this study predict

in vivo maximum shear stresses of thé.order of 70-100 dynes/cm2
to occur near the lip of the. flow divider in all the four
models. These levels of shear stress are well below the level
of stress known to cause endotﬁzlial cell erosion (ca 400 dynes/
cmz) and mentioned ?bove iﬁ shear response processes 5 and 6.
Although the maximum shear stress values were measured at ’
distances .3-.7 cm from the flow.diyider point, extrapolation

‘ ¥
of the shear rate values to this point showed that shear

stresses of magnitudes of the order of 400 dynes/cm2 are not

;likeiy to occur anywhere in all models even under extreme ‘
“physiological conditions (high flow rate and high‘flow division
ratio). -éiﬁée the minimug time constant.for any of the above
‘shear response processes is in the order of a few minutes,
instantaneous high shear levels occurring at the peék flow rate
during the cardiac cycle and last for a fraction of a second |
are probably not as significant as the‘time-éveraged values.
In this work, me%surements of time-averaged shear rate under
‘bﬁlsatilé flow conditi&nsashOWed that pulsatidn has no effect‘on
thisfquantity. However, it should‘ﬁe noted that the pulsation

wave was reprqsented here by a sum of a.'sinusoidal and a steady



- Further downstream from this region\phe shear stress was observeﬂ

on the d1vismon “of the flow between the hranches. The regions 3

'shear patterns charaéter;zed qualltat1ve1y by high. shear ’
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flow component.
Flaherty et al. [81] studied ‘the detailed topo-

graphic distribution of atherosclerotic lesions in colonies of
swine and dogs that were on an atherogenic regimen. In that
&erk, the local region of the apex of the flow divider was
shown tg be free of 1ipid deposition in most branch orifices
in both atherosclerotic dogs a SWine. A thin but dense
sheet of oriented collagen fillers was pf;minent beneath a single
layer of endothelial celis in 'this apical region., The results
of the preseﬁt study showed that although this region exper-
ienced highlshear stress, this stress was stable and unidirectional
(Section 6.2). Even under pulsatile fiow condifionsaflow

reversal was not observed over this region (Section 4.3).

_to drop abruptly. There, 1ipid<dep05ition was shown to

J »

localzze in the adgacent 1nt1ma1 pads [81]. ’

-
-

In contrast to the ‘above, the intimal areas of
curvature of the wall ofbdrfferent-brgnch yessels-(branch
outside wall) were shown to experience severe atheromatous

involvemenﬁ [81] : The pfesen? sxudy'showed these areas to

experlence a w1de range of shear stress magnxtude depending

3/./

near electrodes A3- A6 in Mogdels 1 and 2 and near electrodes B3-

BS in- Models zZ, 3 and 4 (see Section _ 6. 1) could nepresent elther

P

low or high shear, and 90351b1y negative shear upon occurrence of

flow separatlon. In addltlon, these reg1ons experlenced unstable

2.
.

e . PR

VU et ey T



161

<

-

Mhmplitudes, though the frequency of its fluctuatiens is small.
A

These dramatic variations in shear patterns were 'the results of

variations in flow conditions (total flow rate and flow
division ratio) in the conduit. Some physiological c;ndiiions
(exercise and digestion are two examples) could attribute to
these variations.

The forgoing discussion of the shear patterns observed
in this study shows that some of the necessary flow conditions
for lesion initiation as suggested bZ Fry [8] can exist withdn
the arterial system. . A correlation -appears to be valiﬂ
between the sites of variable and unstable stress patterns
and those at which 1ipid deposition has been shown to develop
and between'the sites of high, stable and unidirectional shear
stress and those which have been shown to be free of lipid
deposition? Hoﬁevef, it should be mentioned that the relation-
ship between shear stress exposure and’ the subsequent develop-
ment of atherosclerosis is nof likely to be a(simplé direct
one,-but‘other physiological and biochemical factors must

be taken into account Thus the suggested correlation will

renain pure speculation untll the critical studles are done

to establish more. firmly the detalled 1nterre1at10nsh1ps among
the shear-reSpons¢ mechanism, macromolecules transport,

vascular tissue lipid metabollsm and connective tissue

phy51ology [81.




: ' . CHAPTER 8
SUMMARY AND CONCLUDING REMARKS

>

A -~

, Definition of flows "in the arterial tree has been
> »

recognized-as an important‘step in the understahding of the
problem of déveloprng\atheroscler051s in man's large arterles.

4

" Although phy51ca1 engihaerlng science has for some time, known
of the mathematlcal structure and has had tools. for méasurlng
‘time varlant locai flows, a complete detailed plcture of in '
vive f1u1d mechanaps has not emerged .Computation of time and
p081t10n variant flows,'1n complex three- dlmen51ona1 shapes

through Whlch non Newtonlan flulds flow is currently beyond

the capabilltles oT mpdern computers and math
how. Experlmental téols such as the' hot- -wideaddinometer, the
laser doppler anemometer and the electroc y5€;” current

measurement probes as well as technzques such as the visualisa-

-

*
txon téchnlques are yxeldang good but 1ncomplete lnfcrmatlona

LY

It remazns‘to plecé together 1nfbrmat10n ‘From varlous
computatlonal ﬂfd experlmental techh1ques to yleld the results
fbr a plcture‘of current underStandang.,.x . ,TL’ 1‘:{a:’\
. In ‘the’ present work, fl&w patterns in four'models

&' representtng&major arterlaf Vessels 1n man~were stu&ied us;ng

- RS
r‘,

) two experlmental techniques., Neutrally bunyant tracer partlcle

te¢hnxque was utlliZed W1th hlgh speed photography/ibr quallta-
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tive study of flow streamline pattefns and quantitative defini-
tion of those flow conditignsyleading to flow separﬁtion, '
The other technique was a diffusion-controlled eleEtro-
chemical teehnique; ~This technique was used to ﬁeasure the
shear rate distribution patterns along the walls of the models.
' This ig_xitgé investigdtion‘Vas carried out in four
three-dimensional rigid;we;led models représenting the
aortic bifurcatioh, iliac bifurcation,’superior'and,inferior
mesenteic braeehes anﬁ renal artety branéh The study was

done primarily .under steady flow condltlons with a 11m1ted

set.of_pulsatxle flow experiments aimed at deflnlng d;fferences;

between pulsétil and Steady flews. Total volumetric flow
rate in the parent tube (Reynolds number) and flow d1v1slon
ratio between daughter vessels were Selected as the key experl-
mental varlables, since substantlal variation. in’ theSe is
possible under . normal physiological cond;tlons.‘ The pulsatile
£low was represenfed by a sum of sinusoidal flow aﬁe‘ steady

A

fﬂuids. I H~7 o .

flow components. \Fluids.used in this study were fewtohian

The v1suallzat10n stud1es have dealt with qualltlatlve

,observatlons of flaw streamllnes and qbantltatave definition of

=
flow conditlgns leadlng to flow separatlon over a w1de range of

steady flow Reynolds numbers (1030 4000) and a cemplete range _
: pf flqw dzvlslons between';aughter vessels.~ The folloW;ng o

r .

conc1u51ons Can be drawn for thls part of™ the work L



Y

_.;pulse frequency zn the range Qf th;s work (0 2 0 .6 sec
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1. The flow patterns. in the fbur models are complicated
and characterlzed by secondary flow motlons. Vessel geometry,

Reynolds number and flow dlvaslon ratio are all important in

‘determining the actual flow patterns.

2. Flow separation is iqddEible through alteration of.
\ |

flow division between daughter vessels or by an increase in

.flow rate,.

3. Each of the four models has distinct combi&atlons of
flow rate and flow dlylslon xatlo which give: (1) no flow
separation,. or (Zafflow seﬁaration.at ﬂhe outside wall of one

¢

of :the daughter tubes.  Models 3 and 4 also have Tegions of

" simultanpeoys separation on the outside walls. of both daughter

:tubes at high flbw-rates. H\

Y

constant w1th phe reattachment p01nts occurr1ng further down-

The smte .0f the separation p01nt is approx1mate1y

stream as Reynoldsgnumber 1ncreases and as the flow rate in the

fseparatlon branch decreases.

N

S.  .The separated flows observed here d1sp1ay streamlines

formlng an open vortex W1th flo $ entering and leavlpg. L.

6. For pulsatlle flow, flow separatlon occurs atuvalues‘
of mean. £low rat%s and flow lelSlon ratlo equa1 to those for

£low separatlon 1n steady flow. Both flow, cond:tlons for

separatlon and separatlon poxni 1Pcat10n are j dependent of

1)~

. ’.

‘*.r

"5“ s '-‘"-.,‘

dxffuszon controlllng electroéhemlcal technﬂﬁhe was.

o used tq measur the shear rate d1str1hut10n alon the walls off_"

the models.l Thxs technique 13 based oq an.andatlon reductxon ..

e
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o

‘reaction carried out at electrodes iﬁofented 15 the walis(
A very high Sbatial resolu;ion was achiered{bx precisely_measur-
fing the shear rate over an ertremely Small surface area of

test'electfodes at'the'fluid wall inrerface.' It is believed

that the shear data presented in this work represents the f1rst

accurate measurements of this quantlty 1n reallst1c three-

dlmen51ona1 geometrles that is currently available. The major
conc1u51ons‘based on thls data cap be summarized. as foiiows:

1. _Distributiom of wall sheer rate of the branching site
.in ‘the four models is found/to be non unlform. The actual'
dls;rlbgtlon pattern is a functlon of the geometry, total flow-

rate and most importantry the flow lelSOH ratlo. ,‘; . :

2, A steady and nnldlrectlonal hlg? shear stress (70—

100 dynes/cm ) is assoclated WIth _the 1ead1ng edge of the flow
e A .
,d1v1ders.’ o

-

~ 3. Unstable shear stress patterns exlst at 51tes where'
£low separatlon is expected to occur. These unftable patterns
are chéracterLZed by small frequenczes and‘hlgh shear amplltudss.--

4'~ Branch entrance reglons (out51de wall of the branch)

exper;ence a wrde range of shear stress dependlng on the branch

.‘/

5f1ow de151on ratro.‘ These reglons c0uld represent elther

'hlgh or 1ow shear, an&=§0551b1y negatxve shear at the~onset

"}‘ofgseparatlon.-?J£7371?,5” ﬁn“:':i{". < . ej,,'f, 3%”

Ak a “'. ,,"., < ." . g T 1‘ Nk < “ G’ v F.

x
< -

o8

5, - The' tihevavefagé&.rate oﬁ shear»as no§ appregmably
;changed by osczllatzonsf htroduced’bx;pulsatrle flow. »

.n-.-”

o 6 A correlaﬁ;on 15 feund,betweenr51tes o£ unstable £low

3
, b

7an& extremes of shear‘rate exposure wzth sates at whxch . ,
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athefoeclerosis has been showp.to:&éveiopﬂ c°.

7. The study poines Out\eﬁet flow-wariébles are as
important'asvvessel geometry in defining the local shear -
stress éonditions. Thus -it becomes partiéularly impoftant ,
that in vivo stud1es which purport to llnk pathologlcal

cond1t10ns such\es atheroscler051$ Wlth hemodynamlc phenomena

carefully deflne flow’ varlables‘,

In c1051ng it should-be mentloned that 1t is unlikely
_that the level of resolutlon achleved in the pre?ent measure-
ments can even: be ach1eved in the in V1Vo 51tuat10n, therefore,

"future progress towards a solutlon for this problem will

'contlnue to depend on careful 1n‘V1tro~mode11ng with parallel

iB v1Vo~studle§.

- ..
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APPENDIX A
ASSUMPTIONS USED IN THE STUDY

1. Assumption Regarding the Arterial Vessel Wall

The local rheological properties of the arterial vessel
wall are determined by the relative amounts of the basic
wall constituents: elastin, collagen and smooth muscle fibers. «
The single-cell layer lining the inner wall of the vessel, the
endothelium, does not contribute to the mechanical response of .
the wall [82]. The contribution of elastin, collagen and
muscle to the structure of the vessel wall varies as a function
of vessel size, space and time. Since these components deter-
mine the mechanical properties of the vessel wall their relative
importance would be different in models which represent-arteries
of different size or at different locations [82].

The fact that the wall displacement associated with
the pressure pulse is small has been confirmed by a number of
.+ investigators [82, 83). The corresponding changes in cross
sectioh'are usually less than 2% for vessels with a radius in
the range around 0.5 cm., less ‘than 5% for the aoérta and 10-15%
for the pulmonary artery, both in man and in dogs [84] Except
for‘the pulmonary artery (12%) and the ascendlng aorta (5%) the

longitudinal‘strain is of the-order of 1% for arteries.

The assumption used in “this study that the wall is r1g1d ;

for models of the large branches and b1fﬁrcat10ns of the

Q
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abdominal aorta is justified for steady flow, where only a mean

. [

static pressure acts on «the wall and causes no wall motion.

For pulsatile flow Lighthill [90] argued that in addition to the
fact that the variation of the cr%if section as a pulse passes

is small, also the pulse propagation speed is much higher than

the maximum blood velocity so that pressure changes are felt

over short distances (such as those involved in this study)

in times which are much shorter than the characteristic flow time.

*
J

2. Assumption Regarding the Newtonian Behaviour of ﬁlood

Blood is a suspension of some forﬁed elements [40-50% of
its volume) mainly the red blood _cells, which are highly flexible®
disk-shaped bodies, white blood cells and platelets, in a
transparent fluid, the blood plasma. Althéugh plasma has flow
properties close to a Newtonian fluid the presence of elements
complicates the rheological behaviour of whole blood. Values
of effective viscosity of blood show a substanti2l increase
with decreasing rate of shear. This is due to increased formation
of various aggregations of IEd blood cells at the lower shear
rates [8S5]. As the shear ratelis increased the aggregates-
break up and separate into ifidividual cells which results in a
linearization of the shear stress vs. shear rate curve. With
shear rates in the range (IOO-FOOO_sec'l) the'measﬁred apparent
viscosity of blood varies iittle with shear rate and errors
from treating blood as a Newtonian fluid with constant viscosity

are not significant [85}. In large arteries such as the aorta



and its major branches,

in the range from 100 to 1000 sec-1
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the maximum and mean shear rates are

and the error introduced

by considering blood as a Newtonian fluid are probably very

small.
AN
. i
} b ‘/f N
\\ ..\‘\ [
‘ »

kel



APPENDIX.B
USE OF TRACER PARTICLES AS A
REPLACEMENT FOR FLUID PARTICLES
It is necessary to consider the accuracy with which a
small element of the fluid continuum may be represented by a
solid, spherical particle of finite size. Deviations of the
path and velocity of tracer pgrticles from the path and

velocity of the fluid may be attributed to the following

(a) Deviations Caused by Boundaries or Walls

It is known that the shear stress distribution at the
solid/liquid interface, together with the particle's own inertia,
results in a radially directed force causing the particle to
migrate, in a fully developed Poiseuille flow, to an equilibrium
position at about 0.6 R and that this occurs even under neutrally
buoyant conditions. Segre and Silberberg [86] and Jeffery and
Pearson [87]  have shown that both Reynolds number (Re) and
particle to tube diameter ratio (P) age most.important in
correlating thei?uradial velocity data. Radial velocities were

A )
gound to decréase and approach zero as both parameters approach

3
b}

” / . . o
zero. Brenner [88] points out that these two parameters aiso

arise from theoretical analysis.

(b) Deviations Caused by a Particle Slip Velocity
Brenner aﬂd Bungay [89j have shown that the particle to

tube diameter ratio (P) is important in definiqg the difference

-
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between the actual parficle translational velocity and the
Poiseuille flow velocity. As P approaches zero, the difference
approaches zero.

&

c¢) Deviations Caused by Accelerating Flows

Newton's second law indicates that the tracer particle
will accelerate with the flpid as its mass approaches zero
leading to small values of P to assure the proper acceleration
of particles,.

The above conditions were found true in Poiseuille
flow in a straight tube implying steady state conditions and no
secondary flows. However, similar parameters would be expected
to be important in describing the motion of particles 1in
geometries more complicated than a straight tube. In addition,
the above analysis indicates that neutrally buoyant particles
tend to imitate the flnid particles they replace’ as the particle
diameter approaches zero. *

A criterion for determining whether the deviation from
fluid behaviour is significant many be deveioped on the basis
of the relationship between the particle migration and slip
velocities and the parameter P.%;géuerstein.and Woods [ 54]
have argued that the first derivatives of the migration and slip
velocities with respect to particle size are small if‘particie§
with a ;ize ratio of two or more give equivalent results. Since
the deviation velocities increase monotonically from zero
with particle size, a small first derivative indicates a small
deviation velocity and, therefore, a situation in which particles

give accurate streamline traces and velocities.



APPENDIX C '
ESTIMATION OF DISPEACEMENT OF PAﬁTICLE IMAGE
DUE TO DIFFERENCE IN REFRACTIVE INDICES

The difference in refractive ingices between perspex
of the model (1.4812) and the suSpendiﬁg fiuid (1.3542) would
result in some error in locating the real particle position
due to thé refraction.bf bounding rays at the liquid/perspex
interface. The maximum error is incurred for the case of a
particle situated cf%se to the. tube wall and the bouding ray
which is at right apgles to the line joining the tube axis
andnthe particie centre. This ray strikes the tube wall at the
largest angle of incidente. For a particle of diameter 300 u
situated at a distance of 2 mm from the wall (where the closest
particle to the wall was traced)}, this angle may be found by
a geometrical construction to be 58°.

The angle of refraction at the inner wall is given by:

Sin i _ )
Sin r L p
. ) '

where i is the angle of incidence at the inner wall
T is the angle of refraction

2np‘ is the index of refraction for a ray travelling
from the liquid to the perspex

For a compound wall

n

2

ny

=
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)
Hence I ' -
: osinio_ O M 13842 oo .
Sin r —-;‘—ﬁ-l;-—- = Sin i x EI—)- = m Sin 1

For an anéle of incidgnce of 58°, r = 51° and the
angle through which the ray is~def1ected is 7°. The path length
is equal to the thickness of the perspex at this position and
is approximately equal to“4 mm. Assuming that the incident
and emergent rays are parallel, hence the image of the particle
centre is shifted through about 0.5 mm, or less than 2% of the

tube diameter, for the worst case.
Y



APPENDIX D
THE USE OF THE ELECTROCHEMICAL TECHNIQUE
IN SHEAR RATE MEASUREMENTS: APPLICATIONS
The electrochemical measurements of wall velocity

gradient {shear rate) is the mass transfer analog of the
thermal wall anemometer. The technique is based on measur-
ifg a limiting diffusion current at an electrode mounted
flush with the wall. It has been used successfully by the
group of Hanratty and his coworkers [63, 69, 70, 71] for
measurements of wall shear stress in a pipe and around a cylinder.

>

The purpose of this appendix is to review these applications
and to point out the accuracy of this method in predicting the-
wall she;r fate under a wide range of flow parameters.

One of the simplest systems in which to check the
accuracy of the equation relating the mass.transfer measure -
ments to the velocity gradient (Equation (5.21) 151fui1y.
developed flow in a circular pipe. For laminar flow the
velocity gradient at'the‘wall can bé calculated from the
measured volumetric flow rate using the Hagen-Poiseuille
equation {80].. For turbulent flow it can be calculated from
the measured pressure drop. using a force balance [80]. Tests
in a 2.54 cm (1 in.) pipe have shown that the electrochemical
technique predicts accurate values of ghe wall velocity
gradient over a Reynolds number range éf 300-70,000 {69], [70].
The results of these tests afe shown in Figure D.1.
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The electrochemical technique has also’been used
to study the flow around solid objects. A study by
Dimopoulos and Hanratty [63] of the distribution of the wall
velocity gradient around a cylinder of 2.54 cm (1 in.)
diameter indicates that the boundary-layer theory correctly
predicts the measurements between the front stagnation point
and the separation for Reynolds number, Re greater than 150.
This result is shown in Figure D.1(a).

A companion study to that mentioned above was carried
out by Son and Hanratty [71] over a Reynolds number range from

3 to 105. This study showed that the measured velocity

5 x 10
gradients prior to separation are described satisfactorily

by boundary-layer theory. The agreement between the boundary-
layer calculations based on pressure measurements and the

electrochemical measurements is shown in Figure D.2(b).
A A N
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