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ABSTRACT 

Atherosclerotie plaques and platelet thrombi have been observed 

downstream of bifurcations in the cardiovaseular system of m8~ and' 

animala where flow deparation and vortex fo~tion can occur. Rence, 

atudies of particle flow behavior in dissected, fixed and mounted dog, '.' 

·mesentery ~~cations and small model Y- and T-bifureations were 

carried out. 

Using suspensfons of rigid apheres ~ 35 ijm diameter, no 
1 

separation of streamlines was found in,the mesentery1bifurcations, 

even at the highest Reynolds lÎumbe~s. In model Y-bifurcatigps, having 
1 

lower rad!! of curvature, a secondary crossflow and eventual flow 
J 

separation was observed. Particles moved laterally aeroes the stream

li~s of the primary flow, and ehtered spi,ral ,vortices at the outer 

wall of 'the hips of the bifurcation. 
, 1 

Flow in a aymmetric: ~ partially obatructed T-bifurcation was 
(" ! 

also studied and a spiral vortex observed at the entry of the 

obstructed daughter br~eh. 
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RESUME 

On a observé des plaques artériosc1érotiques et des 

thrombi p1aquettaires aux bifurcations du système cardiovascûlaire 

chez l' homme et che'z les animaux, où on trouve une sép8l'ation de 

l" écoulement et où une formation de tourbillons se produisent • .. 
Pour mieux comprendre les mécanismes en cause, on a étudié le 

comportement des p~ticules 

mésentériques diSséq~és, ~ 

• 
en écou1emewt dans les bifurcations 

sur des modèles r~duits des bifurcations 

de f~rmes "yI! et liT". Même au nombre, de Reynolds le plus èlevé, 

où nous avons utilisé des sphères rigides en suspension, aucune 

séparation d'écoulement-n'a été observé dans ces bifurcations 

mésentériques. Dans les modèles de bifurcations de forme "Y", 

démontrés comme ayant un rayon de courbure réduit et où un contre 

écoulement secondaire a lieu, une séparation de l'écoulement est 

observée. Dans ce cas, les particules se déplacent latéralement 

à travers les axes d'écoulement primaire et engendrent des 

mouve~ents de spirales vers les p~oies extérieures. 

L'écoulement dans une bifurcation symmetrique partial1e-

/ ment obstruée, fut e$a1ement étudié; on y observé un mouvement 

de tourbillon à l'entrée de l'embranchement obstruée. -
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, , FOREWORD 

. This thesis descrfbes the b~ha~or of model particles in 
, 

flow through bifurcations resembling those found in the vasculature 

of man. 
1 

The main portion of the thesis, Chapter Il, has been 

written as a self contained work in a manner suitable for public

ation in the scienti~ic literature with little further,modific-

ation. Thus, Chapter II contains its own Introduction, Li~t of 

Symbols, Experimental Part, Results, Discussion and B1bliography. 
< 

This, has necessitated the ommission of details of the experimental 

apparat us and calculations which are therefore given,in Appendices 
r-iJ 

A and B respectively. 

A review of the genera! background and the scope of the 
') 

thes!s is giv~' Chapter 1. 
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r 
This Thesis deals with the microscopie flow behavior 

of spherieal particles in di lute suspensions moving through bifurcations 

similar to those found in the vasculature of man and animaIs. 
,. 

Since cardiovascular diseases, amongst them atherosclerosis and 

thrombosis, are responsible for more deaths among North American 
Il 

men than any other, biomedical researchers are devoting considerable 

time and effort to understand the occurrence and development of 
... 
these diseases. The scien~fie literature abounds with papers 

dealing with the biochemical, physiologieal, and pathological aspects 

of thèse cardiovascular disorders, but certain aspects of these 

dieeases are still poorly understood. Here, we are concerned with 

\ 
the effects of blood flow on the development of arterial thrombos~. 

It has long be~n suspected that fluid mechanical factors are 

involved in the localization of site~f injury at vessel walls 

and the adhesion there of platelet tbrombi whicb can grow and 

eventually lead to the total oc~lusion of the vessel lumen. It is 

~ 

significant that these same sites in the arterial tree are regions 

\ " where flow separation and vortex formation are likely to occur. 

Here, one finds the deposition of lipide, mostly cholesterol, 

leading\ to the fo~tion of atheromatous plaques. 

Amang the above mentioned sites.are bifurcations and T-

joints in the vasculature. The experimental part of this thes'is 
, 

repr~~"an initial study' of flow through chan~els having such 

8e~try. T~~t part iQV~8tig.te8 the behavior of partiele. 

~lo~ng through'small bifurcatibDs, dissected O!t from the dog 

meskntery and subsequently fixed and mounted. These branching blood 

( 

\ 

) 
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\ 
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vessels are quite similar, with respect to shape and geometry, to 

those in the peripheral arteries o~ man. lt was shown that even 

at the highest Reynolds numbers used, flow separation and the 

formatio~ of vortices did not occur. However, as described in the 

second part, when tHe radius of curvature of the outer walls of the 

r~l . 
l' bifurcation was decreased and the area ratio inereased, flow 

separation and vortex formation was observed at higher Reynolds 

number, at the hips of the bifurcation. lt ia in thia region that 

other investigators have found histo1ogieal evidence of 

atherosclerotie les ions and the deposition of plate1et thrombi. 

The Iast section of the experimenta1 part investigates flow in a 

T-bifurcation and the effect of partially occluding one branch. 

lt waa found that such occlusion leads to flow separation and the 

formation of vortices at the entrance of the obstructed daughter 

branch. 

(1) Atherosclerosis: M hanisms and Localization 

Atherosclerosis i8~a degenerative disease that affects 

re1atively large arteries by progressive thickening and eventua1 

hardening of the vesse1 wall through the formation of atheromatous 

plaques, usually of hlgh lipid (Cholesterol) content. lt has long 

been known to be an underlying cause of death in persons over 50. 

Yet atherosclerotic lesions have been found in chi1dren, even infants, 

giving evidence that ather,osclerosis is not only' l1mited to old age. 

Various factors are ,believed to affect the progress of the 

disease, sueh as lack of exercfse and dietary fat content. Becau~e 

experimenta! animals have been foun~ to deve10p atherosc1erotic 

plaques high in lipid content ,after being placed on a diet containing 
\ 

~ L ... ". ~t.21Z;.,_g~.-S'E.-J.,.-t)._ .. _>(!. 
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a high cholesterol 1evel, many researchers be1ieve atherosc1erotic 
, 

les ions are derived fram the insudation of plasma into the 
.. 

arterial wall. (Virchow, 1862; Aschoff, 1924; Anitschkow, 1933; 

Caro ~!!., 1971; Wa1ton. 1975). This theory proposes that 

atherosc1erotic 1esions arise from altered endothelial permeability 

a110wing plasma proteins (lipoproteins and fibr~nogen) to 

permeate the endothelium and react with the constituents of the 

arterial wall. While this theory cannot account ~or the 1ocalization 

of atheroma at curved segments, expansions or constrictions, and 

branching blood vessels in~the arteria1 sys~em (Stehbens, 1960; 

Strong and McGill, 1962;\Schwartz ~ al.. 1967; Caro.!! al., 1971), 

some researchers have suggested that there 1s a causative relation-

ship between arterial b100d fluid mechanics and the development 

of the vessel injury (Dugu1d, ~926; Willis, 1954; Texon ~ al., 
, , 

1960; Wesolowski et al., 1965; Fry, 1969). Texon et al., (1960) 

have hypothesized that in regions of low pressure (1ocal1y increased 

b100d velocity) a s~etion force exerted on the endothelial lining 
" ~~ 

causes the layer to separate from the adjacent tissue, thickening 
1 

the intima and eventua11y leading to the/formation of atheroma. 
, \ 1 

Howeve~1 a suction force on the endothelium will only exist if the 
, 1 

local prellaure exceeds that of the intralumfnal pressure. This 

has been calculated to be neglfgibl~ under physiologiea! conditions. 

(Caro et al., 1971; Gessner, 1973). -- , 

A mode1 proposed by We~olowski ~ al., (1962, 1965~ sug8ests 
\ 

that atherosclerottc les ions are forme4 in regions of turbulen~e , . 
" 

.as a result of (i) induced vibration of the arterial wall wh1ch may 

1ead to the eventual 1njury of the int~, or (i1) local increases 

m 
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in lateral (stat1c) wall pressure which may injure the intima or 
l, 

lead ta local lipid accumulation within the intima, suppression 
.f! \ 

of lipid secretion fram w1thin the arterial wall or both. Whether 

this hypothesis is true depends upon the cagn1tude of the fluctuations 
\ 

in turbulent wall static pressure which has yet to be
1
determ1ned 

under physiological conditions (Gessner, 1963). 
1 

Another important factor is the local wall shear stress 

which· bas been impl1cated in bringing about damage to the 

endothelial wall and increasing tts perm~ability to lipids. On' 

the one hand, Fry '(1968) has shawn in~, that in a region of 

abnormal1y high wall 'shear stress (379 ± 85 dyn~cm-2) 'acute 

changes in endothe11aI histology can occur. In a Iater study, 

\Fry (1969) observed that, at shear stresses below'379 dyne cm-2, 

there 1s an apparent increase in wall permeabi11ty, thus imply1ng 

that arter1al wall damage 1s not necessary for an increase in the 
~ 

flux of lipoproteins. lt was first thought that such h1gh stresses 

do not exist in~. Thu~, Lin~, ~ al., (1968) measured peak wall 

shear stresses in thè thoracic aorta between 80 and 160 dynes cm-2-
1 

over a cardiac cycle. In a later study Ling et al., (1969), 

mea~ured peak wall shear stresses 1n a d1stens1ble model of the 

renal artery bran ch under simulated in vivo conditions. Here a 

value of)260 dynes cm-2 was found on the inner walls of the renal 

bifurcation, which is only just below the lower limit of the acute 

yieid stress measured by Fry (1968; 295 dynes cm-2). Tbererore, 

h18h shear stresses may·1ndeed contribute to the occurrence of 

lesions in channels of certain geometry. 

On the other hand, Caro .!! .!!. , (11~71l suggested that the 
1 

'1 

i \ 
Il & @ J Z L 

" 

.' 

, " 
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distribution or early atheroma in man is coincident with those 
. 

• regions 1n which arterial wall shear stress 1s relatively 1ow, 

such as the wa1ls of curved vessels and at,the hips of bifur~at1ons_ 

whi1e the development of les ions is inhibited in high shear stress 

regions. In contrast to the hypothesis that atheroma are associated 

with wall damage due to the motion of blood, it is proposed that 

their location ie determined by a shear-dependen~ mass transport 

of lipids or lipoproteins across the wall which would tend to , 

accumulate in areaa of low wall shear rate. However, subsequent 

experiments on the transport of Cl4-cholestero1 between serum and 

vessel wall in a perfused segment of the artery' failed to reveal 

any shear rate dependence of this process (Caro and Nerem_ 1973). 
\ 

(2) Hemostasis and Thrombosis 

..J 

(a) Thrombosis and atherosclerosls. 
• 

Hemostasis, a 
1 

natural defence mechansism, was first observed as the participatioTh' 

of blood p1ate1ets by Bizzozero (1882), and Eberth and Schimmelbusch 

(1886). When a vessel is cut_ platelets together with some 
1 

leukocytes are found to adhere tmmediately to the site of injury 
, 

,where they form aggregates. As the aggregates grow in size, a 

fibrous network begins to appear at the periphery of the platelet 

mass to strengthen its structure and entrap numqers of red cells. 

In this wa)' a 'bemostatic plug is formed, the size and IHe span 
1 1 

of,which are regulated under normal conditions to èuit physiologiea1 

needs by delicate contror systems in t~e circulation. When this 
o 

meehanism f~i1s to work_ as in hemophilia, a\person b1eeds 
/ -
\ 

uncontrollably because a hemostatic plug cannot forme On the other 

band. if the hemostatic plug grows beyond physiologieal needs, it 

, 

\ 

.. ,~\ 
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will result in the vascu1a, di~éase thrombosis . 
"',' ~ .. 

, 

The role of thr~bosis, in initiating atherosclerosis 

was first proposed by Rokitansky (1884) and later revived by 
, , 

\ Duguid (1948, 1~55), Mitchell and Schwartz (1963), and Osborn, (1963). 

lt was suggested that since fiorin and platelets (Packham et al., 1967) have 

been found in atherosclerotic plaques, 1esioos may arise from 
1 

thrombi deposited on the intimaI surface and these wou1d Iater be 

incorporated into the arterial wall by an overgrowth of the 

endothelium. The lipid content of the plaque ~ould then be derived 

from the breakdown of, leukocytes and platelets in the thrombi. While 

the latter part of this theory has not gained universs1 support 

(Walton, 1975), it is true that there ia a striking similarity ... ' 
"'~. 

between the sites for deposition of plate1et aggregates and the 

deve10pment of atheromatous plaques, Thus, the fo~tion of platelet 

thrombi in vivo has been observed st sites downstream from 

bifurcations (Geisliinger et al., 1962; Kwaan et al.» 1967; 

fackham ~ al., 1967), sharp bends (Fox and Hugh, 1966), stenoses 

CMitchell and Schwartz, 1963) and implanted rings in the vena cava 

(Gott .!! .!!., 1967). The deposition of platelet aggregates at 
f 

similar locations in an in vitro system has been detected using 

extracorporeal shunts of collodion (Rown~rèe and Shionoya, 1927; , 
Shionoya, 1927), pbstic (Murphy !.E. !.!., 1962; Mustard et al., 1962) 

and glass (Fry ~!!., 1965). 

(b) 
\ 

Flow and thrombosis. From f1uid mechanica1 

, conBide~ationB, 'it éan be shown that bifurcations, T-joints, sharp 

bends, and constrietions, are places where f1~w is 'disturbed and 

where separation of the st~eamlines from the vessel wall and the 

formation of vortlces can Decur (Prandt1, 1952; Schlichting, 1960). 

.. 
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Therefore, many researchers cite fluid mechan~cal factorj as a 

cause of atheroma and t~rombus formation (Stehbens, 1959; 

Texon !! al., 1960; Murphy.!!. al., 1962; Mustard et al., 1962; 

Fox and Hugo, 1966; Gutstein and Schneck, 1967; Fry, 1968; 

Goldsmith, 1972; Rodkiewicz, 1975). Even in vitro studies of the ---
formation of p1atelet thrombi on prosthetic devices have been

c 

. '. 
1inked to JOfavorable vessel geometry causing fiow separation'~ith 

vhrtex forma~ion (Fry.!!!!., 1~65; Blackshear !!,' al., 1971; 

Smith et al., 1972; Stein and Sabbah, 1974; Benis et al., 1975~. 

This has led researchers in the fie,ld of Chemical, 

Biomedical and Mechanical ~ngineering to compute the flow patter~s 

and distributions of fluid shear rates in pure Newtonian liquids 

flowing through simple models of two dimensional cODstrictions 

(Lee and Fung, 1970,1971), bifurcations (Hung and Naff, 1969; 

Hunt, 1969; Lynn et al., 1970; Schreck, 1972; Z~ir and Roach, 
,-- 0 

1973; Friedman ~ al., 1975; 0' Brien .!! al., 1916) and, sudden 

expansions of lumen (Macagno and Hung, 1967; Hung, 1970). These 
/ ' 

studies, whi1e giving useful information on the influence of ~teady 
1 j 

and pulsatile flow on f10w patterns and distributions of f1uid 

shear stresses, still 1eave open the question of the effect of 

flow separation on the behavior of the suspended b100d corpuscles 

particularly with respect to their interaction with each other and 
\ 

the vessel wall. The answer to this question is of vital importance 
1 

since it is the blood cells which are the participants in thrombus 

formation. 

It has been shawn that the vortex is a region in which 

"-
partic1es undergo lar8~ variations in shear rate (Yu and Goldsmith, 

\ 

.•.. 1 
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1973; Karino and Goldsmith, 1977a). Perhaps of gieater slgnificance 

to the in vivo situation is the relatively long times that blood 
--r-

cells spend in the vortex. Recent experiments in which ~uspenaions 

- 1 of human platelets were subjected ta flow through a model expansion 

have shawn that their adhesion to the tube wall ~s greater in ~h~ 

annular vortex than elsewhere in the tubes (Karino and GOldsmith, 

1977b). Furthermore, at the relatively lower shear rates observed 

in the vortex, collisions between platelets resu1ted in small 

aggregates which did not separate after collision. lnstead, these 

remained within the rortex migrating into the center, while single 

red cells and platelets migrated outward into the mainstrèam 

(Gol~smith and Karino, 1977). In the presence of very sma11 

quantities of aggregating agents, \su~h as ADP or thrombln, the 

. p1ate1et aggregates continued to grow in size until one large 

partie'le occupied a large portion of the annu1ar vortex. 
\" l ' 

l" lt was also shawn that the region of separated f10w is 

one of low hematocrit,thus decreasing the availabi1ity of oxygen 

for the arterial wall which may also lead ta an increase in 

atherogenesis ÇBack, 1975a,b). 

(3) Bifurcations 

(a) Flow separation. There is considerable evidence 

that prtmary atherosclerotic 1esio~8 and p1ate1et'thrombi tend ta 
\ 

form at bifurcations (Stel:tbens, ~960;. Mitchell and Schwartz, 1'965; 

Fox and Hugh, 1966; Hugh and Fox, 1970; Caro ~!!., 1971) • 

Moreover, there ia evidence from in vitro studies that pronouttced 

secondary flow patterns, oftèn resulting in flow separation, can 

·i 
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occur in mode1s of in vivo bifurcations whose diameters exceed 

1 ~m (Caro ~ al., ,1971; Roach et al., 1972: Brech and Be1lhouse, 
1 ~\, ~ 

19.73; Rodkiewic~ an~ RP~~sel, 1973). These facts p~ovided the 

rationale for the present work, which is concerned with the 

behavior of partic1es in such flows, especially in the regions of 

flow separation. 

(b) Characteristics of bifurcations in the vasculature. 

The geometry of bifurcations ls generally described in terms of the 

bifurcation angle e, the. area ratio a, defined as the sum of 

the cross-sectional area of the daughter branches to the cross-

sectional area of the~8rent branch, and the radii of curvature 

of the outer walls, rI and r 2 (Figure 1). 

Examination of the larger arterial bifurcations in man 

have revealed that a for the aortic bifurcation lies b~tween 0.6 a~d 

1.11 (Hess, 1927; Bea1es and Steiner, 1972; Caro et al., 1971; 

Gosling et al., 1971; Arnot ~nd Louw, 1972; Lallemand ~!!., 1972). 

The range of area ratios found was due to the differences in age 

and health of each subjee~ as weIl as the location of the bifurcation 

used for each study (Stehbens, 1974; Gosling et al., 1971). 

Gosling!! al., (1971), from a study of 50 aortograms on humans with 

no radiologieal evidence of atherosc1erosis, showed that st birth 

the area ratio of the aortic bifurcation was 1.11 and that it 
\ 

progressively deereased until at 50 years of age t~e area ratio 

becomes about 0.75. Caro et al., (1971) using aortograms and resin -- . 

casts, and !ea1es and Steiner, (1972) using aortograms ,only on 
1 • 

normal Bubjeets of various ages 12-50, made measurements of the 

aortie bifurcation finding the ares ratio ta have a mean value of 
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Fi8u~e 1. Coo~dinate8 uaed to describe the geometry and 

dimensions of a Y-bifurcation. Th~ori8~n of the axial 

;' coordinates!xo' Xi and Xz is taken as the plane in which 

the projection of the parent and daughter tutie axes 

intersect. 
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, 
0.75 and-O.77 respeetively. They a1so founa that in the large 

proximal arteries in man, the area ratios ~ere between 0.8 and 1.2. 

Thoma ~l896), making measurements of the lower human aorta, stated 

the area ratio was 1.0. 

Gosling et al., (1971) a1so studied the area ratio of the 

aortie bifureàtion in a dog and coekere1 using aortograms. They 

found the area ratio of the dog r~nged from 1.16 to 1.35 (mean 

value 1.23) and in the cockerel 1.05 to 1.28 (mean value 1.16). With 

a dietary induced atherosc1erosis, Newman ~ al., (1971) found the 

area ratio in cockerels had decreased to a mean value of 0.86. Ther 

a1so showed that humans with radiographie evidence of atherose1erosis 

had a decrease in area ratios, 1arger than what would be expeeted , 

of1heaithY,hUmans at that age according to Gosling et al., (1971). 

Lallemand et al., (1972) suggested that beeause the area ratio in 

the abdominal aortie junetion W8S low in 5 of 6 women operated on 

due to an aorti~occlusion, thi~ abnormality was associated with 

thè initiation of atheroma of the lower aorta. 

lt shou1d be noted, however, that the various methods 
1 

'of calibration using angiograms (Caro ~ al., 1971; Gosling, et al., 

1971), the externa1 diameter (Lallemand et al., 1972), the internaI' o __, 

circumference (ArnDt and Louw, 1972) do not measure the same eross
.r 

\ seetional area and exeept for l the angiograms, do not dea! with the 
, 1 

art~rie8 in vivo, and· hence theit' validity has been questioned 

(Stehbens, 1974). Furthermore, unless measurements of vessel diameter 

were made at sites far fro~ the apex of the bifurcation, eons~;erab1e 

variations in a can be expèfted because of the rapidly changing 

cross-sectional areas at the entry of the daughter branches (Thoma, 

1897; Stehbens, 1974). 

_J.~~ _____ ---------------
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1 

lt ~S' been estimated that to m~fmize the pressure drop 

due to viscous dissipation of e~ergy, the area rat~o of a symmetric 

bifurcation with steady equal f10w in the daughter branches should 

be 1.26 (Caro !l al., 1971; Lighthi11. 1972). This value was 

experimentally determined to be 1.33 (Hamilton, 1949). 'Womersley, 

(1958) bas shown theoretically that in pulsatile flow ref1ection of 

the pressure pulse waves wil~ vary with the area ra~o. Gos1ing 
) 

et al., (1971) extended Womersley's work and ha~~bdwn that pressure -- , 

pulse ref1ectlon Is a minim~,when the area ~atio is 1.15. This \ 

value wou1d only be matched st birth when the area ratio of the 

'\ortic junction' is L 11 ± 0.02. 

(4) Scope of the Thesis 

The present work is limlted to an investigation of the 

behavior of neutral1y buoyant rigid spheres af diameter < 35 ~m 

in dilute suspensions f10wing 'through smaii ~-b~rcations of 

various a and radii of curvature, and thraugh T-bifurcations, both 

open and partial1y occluded. lt forms part of a continuing series 
... . 

',of investigations using microrheo1ogica1 techniques to study the 

f10w of cor~usc1es through straight tubes (Go1dSQith, 1971,1972; 

Frojmovic ~!! .• 197~), obstruc~ions (Yu and Goldsmith, '1973; 

'Goldsmith ~ aL, 197-6), and sudden expansions (Karino and Goldsmith, , 

, 1977a), The aim of microrheo1ogy is to build up a knowledge of the 

overal1 or macroscopic flow properties of a suspension, piece by 

piece, from an investigation of the microscopie flow behavior of the 

individusl suspended ~art1cle8 and surroundlng elemen~s of f1uid 

(Gold~ith ~nd Masan, 1967), 

1 

1 
,1 

f 

, 
Rere in order to observe the motions 

/ 

, ' 
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of the microscopic spheres s small but realistic bifurcations 

had to be built and this was initially achieved by using the 
t 

vasculature of the dog mesentery. 

As described in Chapter II, ~he results ob'tained revealed 

the existence of flow conditions such that platelet concentrati~~ 

may increa~e at the hips of a bifurcation, conditions which may 

lead to the formation of thrombi and their deposition on the vessel 

walls. 

" \ 

1 
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1 

ABSTRAcr 

,f 
The effects of branching vessels on circulating blood ce Ils 

were modeled using dilute suspensions of rigid spheres ~35 ~m 
R 

j diameter floW!ng through dissected, fixed and mounted dog mesentery 
j 

'bifurcations, and through model Y- and T-bifurcations having tube 

diameters < 1 mm. particle paths were observed and photographed by 

taking 16 mm. , cine f::tlllS through a low power microscope. , , 

Oo1y a moderate secondary f1ow, and no separation of stream-
1 

1ines was found in the dog mesentery bifurcation (area ratio - 1.5), 

even at Reynolds numbers Re of 150. In the mode1 Y-bifurcations 

having much smal1er radii of curvature on the outer walls, and higher 

area ratios (~2.0), a pronounced secondary crossflow and flow 

separation at Re > 80 was observed at the entry of the daughter 
, ' 11 

branchis. Particles moved 1ateral1y across the streamlines of the 

primary flow and entered spiral, ~riangu1ar shaped vortices at the 

outer wall of the hips of the bifurcation. 

1 Flow in a symmetric T-bifurcation was also studied. No flow 

separation was observed. even at Re - ~05, unless one of the daughter 

branches was partiallj occ1uded when a spiral vortex formed at the 
" / 

entry of the obstructed branch. :t'he formation and growth of this 

/Vortex was determined as a functio~ of the ratio of flow rates in the 

daughter branches (degree of occlusion) and, at a given degree of 
- ' 

occlusion, as a function of the parent tube Re. 

The distribution of rigid spheres in the vQrtices of the 
1 

Y- and T-bifurcations were found to depend on particle diameter • 

· ____ -.J_~ __________ .~~ ____________ _ 

" ; 
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o The larger spherea vere absent' fram stre8llÙ1nea origil'latin very cl~se 

to the tube walls, due to the'ex~u8ion of particle centers'w1thin one 
,. ' 

• 1 

sphere radius of the wall, as,~ll as inward radial migration. 
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LIST OF SYMBOLS 

refractive index 

volume flow rates in the parent. right and 1eft branches 

of the bifurcation, reBpec~ively 

respective radii of curvature of right and 1eft outer 

walls of the bifurcation 
" • radial distance from the tube axb 

" tube radius of the parent, right and left branches of 

the bifuraction (' 
/ 

projection in the median plane of the width of vortex 

in the p'artially occluded branch of aT-bifurcation 
,~ 

tube Reynolds number - 2RoÜop/n 

âR/ÜO 

particle translational velocity at radial distance R 
f 

.i' 
in tube flow; 'value at the tube, axis 

mean linear fluid velocity in parent tube - ~/~Ro2 

1 

distances i~ tbe axial direction in the parent, right , 
o \ 

\ , 
and left bra~cbes of bifurcation. reàpect1vely 0 

·t ' 

maximum value of x2 at the outermost orbit of VQrte~ in 

the T-bifurcation 

, \; , 
value ,of x2 àt the separation point in the T-bifurcation 

< 
L. _________________________________ ~ 
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..... -
area ratio • W(R1

2 + 'R2
2)/,io2 

fluid viscosity ,. 

Ap fluid density; particle - fluid denaity difference 

measured residence tfme of particles in the vortex 

al' a.2 bifurcation angle; bisector angles of right and left 
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branches respectively 
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l ' 

INTRODUCTION 

This work is concerned with the behavior of particles 

·suspended in liquida f1owin~ through bifurcations resemb1ing those 

found in the mamma1ian vascu1ature. It forms part of a continuing 

series of investigations in this 1aboratory designed to discover the 
1 

effects of areas of disturbed f10w and vortiees on suspended ~lood 

ce11s (Yu and Goldsmith, 1973; Karino and Goldsmitb, 1977). The 
" , 

studies are motivated by the fact that there is ~onsiderable 

evidence that primary atherosclerotic·1esions and plate1et thrombi 

tend to form at precise1y ,those sites in the arte!ial tree where 

flow separation ia 1ikely to exiat, e.g., con~trictions or stenoses, 
L 

and bifurcations (Geissing~r et al., 1962; Mitchell and Schwartz, 

1965; Spain, 1966; Kwaan!! al., 1967; Fox and Hugh, 1970; Hugh and 

Fox, 1970; Caro ~ al., 1971). Indeed, ft has long been aU8pecte~ 

that f1uid mech~nical factora play an important role in the formation 
• 1 

of thrombi (Stehbens, 1959; Texon et al" 1960; Fox and Hugh, 1966; -......,. , 

Gutstein and Schneck, 1967; Fry, 1968; Gq1dsmith, 1972; Smith et ~., 

1972) • This has 1ed to a number of theoretica1 studies of the flo'W 
1 

patterns and fluid stresses in Newtonian liquida moving through two-

.r 
dimen8ion~1 constrictions (Lee and Fung, 1971), bifurcations (Hung 

\ 
\ and Naff, 1969; Lynn.!!..!l., l:Y?O; Schreck, 1972; Zamir and Roach, 

1973; Friedman'et al., 1975) and audden 'expansions of ,lumen -l-
I 1 

OKacagno and Hung, 1961; Hung; 1970). These h$ve shown ~nder what 

~ conditions of ateady or pulsatile flow, re~ion8 of flow se~arAtlon, .. 

l , 
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of high or low shear stress may occur. However, the effects of 

such f10w regimes pn the blood cells, the actual participants in 

thrombus formation, remained a matter of conjecture. Hence, as 

in the previous studies, the present work focusses on the movements 

of the individua1, s.uspended particles- ~ith particufar emphasis on 

their behsvior in regions of f10w separation. To this end, 

bifurcations of smal1 dimensions vith channels of ~ 1 mm diameter 

were· used and suspensions containing particles ~ 35 ~ diameter 

observed ùnder a microscope. This invoived the use of micro-

rheo1ogicsl techniques previous1y described in studies of flow 

through straight tubes, as weIl as paflt obstructions and at sudden 

expansions of lumen (Goldsmith and Masan, 1975). 

It was a1so desirab1e that certain features of the 

bifurcation such as the bifurcation angle e, the radii of curvature 
- \ 

rI and r 2 (Figure 1) and the, ares ratio a, defined as the ratio of 

the sum of the cross-sectiona1 area of daughter branches to that of 

the parent branch, be typica1 of those found in the mammalian 

v4sculature. Most published data on area ratios dea1 with messure

ments of the aortic and other proximal, major branches in the atterial 

tree (Hess, 1927; Caro et al., 1971; Arnot and Lauw, 1972; Beales and 
\" -- 1 

Steiner,1972), In man, the aortic bifurcation has a < 1, although, 

Gosling II al. (1971) report that at birth a - 1.11, thereafter 

decreasing with increasing age. In the'dog and the cockerel 
-, 

o (Gosling et al., 1971), as well as in the rabbit (Stehbens, 1974), 

a > 1 in the -aortie bifurcation. In man, for the more distal -

bifurcations, a increases ta a value close to 1.0. As might bé 
".. 

\ 
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Figure l'j Coordinates used to describe the geometry and 

dimensions of a Y-bifurcation, The origin of the axial l 
'" coordinates xo', Xl and x2 1e tak~n ,as the plane in wh~ch 

the pr~ject1ons of the parent and daughter tube axes 

intersect: 
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expected, in persons with atheroselerotic disease, a in the aortic 
1 

_bifurcation decrease.B' (Lallemand et ali. 1972) fram the ,values 

found in ~ealthy individuals. When one daughter branch becomes 

appreciably or totàlly oei1uded one would expect considerable 

disturbance to the normal flow patterns. perhaps resulting in an 
,/ 

ares of flow separation at the entry of the occluded branch (Kreid 

.!! al., 1974). 

As regards the bifurcation angles, these appear to vary 

1 
widely, perhap-s cove,ring a ',range fram 300 ta 1200

, and the radit 

oof curvature are generally appreciably larger than the diameters o~ 
\ 

\ 

the parent vessel ~e.g. ~ollow vascular repliea of rabbit ear; 

Meiselman and Cokelet, 1975). The bends, in the bifurcation are 
( 

therefore gentle, and this is of some importance sincé the appearance 

of a seco~dary cPQsatlow eventually result1ng in flow separation 
<.. 0 \ \ 

" -
1s more likely tO occur distal_to sharp bends, other factors being 

equal. Here, due to a transverse pressure gradient, the elements 

of fluid with the highest kinetie energy move outside the bend while 

fluid with low kinetic energy near the walls will move to the inside 

~ 
giving rise to a secondary crossflow. Such flows have been observed 

in models of lung airwat bifurcations (Schroter and Sudlow, 1969; 

" Schreck, -1972) where the effects of differences in the radii of 

curvature on flow separation have been noted, as weIl as in models 

of lar8~ arterial bifurcations (Caro et ~., 1971; ROàCh ~ al., 1972; 

Brech and Bellhouse, 1973; Rodkiew1cz and Roussel, 1973; Feuerstein 

.!! al., 1976). 

The present work,represents an initial study of partic1e 

behavibr in a bifurcation in which the paths of small dgid spheres 
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in dilute suspensions were analysed in detail over a range of 

Reynolds numbers. 
!' 

Initia1~y, dog mesentery was chosen to obt~in 

bifurcations typical of the va~culature. However, because of the 
/ 

high radii of curvature, flow separation was not observed'even 

at the highest Reynolds numbers~ Recourse w~s therefore had jO 

models in which a combination of amaller radii of curvature and 

\'greater area \ ratios led ta the appearsnce of regions of flow 
• 

separation and spiral vortices at the hi~8 of the bifurcation. 

Finally, particle behavlor in flow through a 1800 (T-) 

bifurcation and the effects of partially occluding one branch are 

described. 

EXPERIMENTAL PART 

(1) Dog Mesentery Bifurcations 

After experimenting with several tissues in various animaIs, 
\ 

the vessels of the dog mesen~ery were considered the most suitable 

with respect to size, mounting and embedding. The arteries were 

approx. 1 mm. in diameter" initially quite translucent and after fix-
1 

ation with aldehyde became transparent and durable. The bifurcation 

\ \ -angles e varied between 300 and 800 with mean area ratios a '* 1. 22 

(Gosling ~ al., 1971). Dy comparison the vessels of the.rabbit 

meBentery were subject to tesr and co11apse during dissection and 

the apex of one bifurcation was very close to that of the next. In 

the pig mesentery, there were very few bifurcations Binee most of 

the vessels exhibited triple ~nd higher order branching. 

(a) Preparation of the vessels. ~ongrd dogs weighing 

betwee'n 20 and 30 kg were heparinized and sa.crificed by intravenous 

1 

------~------------........ ~i2.L .. ~ •• L~.,~~L.~.E~,~~.~,;~AL~;1J~~.1"-,~_I\I~;2"""""IIII"1I1I :.~~,~. h_ 



, . ; 

.. - 37-

administration of an overdose~f nembutal. The mesen~éric lartery 

Iwas immediately cannulated and the mesentery exci~ed while perfusing 
\ . 

with an 0.9% saline solution st a pressure of 100 mm Hg. After 

flushing out the remaining blood, the vessels were fixed by washing 

with 200 ml of a solution of 4% formaldehyde and 1% gluteraldehyde 

in 200 mOsm phosphate buffer (McDowell and Trump, 1975). 

A section of ,cannulated mesentery including the desired' 

bifurcation was then mounted on a silicone rubber board and the 

tissue dehydrated by perfusing first with ethanol for one hour, 

followed by 15 min perfusions with ethanol-acetone mixtutes of 

pro~ressively increasing acetone content. The bifurcation was now 

laid on a glass microscope slide and the surrounding tissue and 

membranes dissected out to expose the arteries. 

(b) Embedding of the bifurcation. To c~rar the tissue, 

the vessels were perfused with, and covered by, a so~ution of equal 

parts of acetone and Epon Resin 812 followed by pure epon resin 
\ 

after one hour. While still filled with epon.--the bifurcation and 

polythene cannulating tubes were embedded on the glass slide in 

a 2 to 3 mm thick layer of epon medium consisting of 46% epon resin 

812, 28% Dodecenyl-succinic Anhydride and 26% Nadic Methyl Anhydride 

containing 2% 2, 4, 6 Tridimethyl amino Methyl Phenol to catalyse 

the polymerization which proceeded in a 65,iC oven ~or 8 hours. The 

resulting mounts were translucent and the motion of suspended 

particles in the vessel could be 'clearly seen under the microscope. 

(2) Model Bifurcations 

,C 1 Flow channels having Y- and T-geometry were constructed by 

carefully drilling through polished blocks of epon, polymerized by 
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the above described method. The T-bifurcations were of un:t.form 

bore, with an internaI diameter of 0.717 mm. The Y-bifur~ations 

were s:ymmetric with e - 60°, parent and daughtér branches having' 

apprpximately the same diameter. Channels of .. 0.83, and 1.19 mm 
! 

were constructed, The walls of the Y-bifurcations exhibited some 

roughness: variations as high as ± 15 ~m in the diameter over axial 
\ l 

distances of 50 ~m were observed. 

The bifurcations were connected to the infusi~n syringe 

and the outflow reservoirs by 0.86 mm (1. D.) polythene tubing at 

distances of 20 mm, i.e. from 16 to 21 tube diameters, from the apex. 

This ensured the-existence of fully developed velocity distributions - , 

at distances > 15 mm from the apex, even at the highest tube Reynolds 

• 
numbers which prevailed in the experimenta. 

(3) Apparatus 

Particle patha and velocities in flow through the 
, 
bifurcationS were ~btain~d by analysis of 16 mm cine films taken 

through a horizontally positioned Reichert Re microscope with the 

microscope slide or epon block clamped on a ve~tica11y mounted, , 

mechanica11y moveable p1atform, previous1y described (Goldsmith and , 

Marlo~, 1972). Details are given in Appendix A. Volume flow rates 
1 

Qo < 0.1 ml sec-l were achieved with an infusion~ithdrawal pump 

attached to the platform which drove the ,plunger of a 5 or 10 ml 
\ 

syringe. A Harvard 90~ syringe infusion pump was used for higher Qo, 

The platform could be driven in the vertical direction at speeds up 

to 10 mm sec-1 by means of a variable d.c. motor drive, and manually 
\ 

moved in the Horizontal direction. This permitted tracking of the 

----------------------------~~----~.~- -~ 

/ 
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particies only at very low Qo (Re <~ 1); in the experfments described 

below, the fihns were taken with the platform and f~ow chamber 

stationary. 

The suspensions were photographed at nominal magnif~cations 

from 15 to 60x with tungsten or Mercury arc illumination provided 

by a Reichert Binolux twin lamp assembly. At Mean linear flow 

rates Uo < 40 mm sec-l, a Locam pin registered camera with a 1:9 

rot~ting shutter (Red Lake'Labs, Santa Clara, CA) was operated at 

speeds of 200.to 500 frames sec-la At higher Üo ' a Hycam camera 

(Red Lake Labs) with a- 1:10 shutter was employed at framing speeds 

, of 1,000 to 6,000 sec-le Plux X or Double X negative film was used, 

depending' on the available illumination. A timing light generator 

produced electrical pulses at known intervals and triggered a ne on 
1 

glow lamp which put a timing mark onto the film. 

The develped cine film~ were pro'j ected onto a drafting 

table and analysed frame by frame with the aid of a Kodak Analyst 

Stop-motion projector (LW Inte~national, Wood land Bills, CA). 
J 1 

(4) Suspensions 

Dilute suspensions containing < 1% by volume of 15 and, 

32 '~m diameter polystyrene spheres (Particle 'Infonuation Services, 

Grants Pass, OR) in benzy1 alcoho1 wère used in MOSt of the experi-
1 -

ments. This system had the advantage of being a1most ne~tral1y 
1 

buoyant (âp • 0.007 gm m1-l)~and, more important, of having the 

refractive indices of the a1cohol (~ - 1.540) very close to that 
1 

of th~ polymerized epon (~. 1.536). This eliminated optical distortion 

due to refraction of light rays at the solid-liquid interface 
') , 1 

(Goldsmith and Mason, 1975) and the necessity of applying corrections 
1 
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to the measured radial pos~ti~ of the particles. The disadvantage 
1 

of th~ syste. lay in the ~e1at1ve1y poor contrast between the 

spheres (no - 1.510) and the benzyl alcohol. This neéèssitated 

, the use of suspensions of high contrast 15 and 35 ~m carbon micro-

spheres (Ap - 0.29, lM Co., St. Paul, MN) in benzyl alcohol at the 

higher flow rates when th~ resolution on the cine films taken at 

> 3,000 framéS sec~l w~s poorer. The sedimentation rate of the 
" 

35 ~m spheres, 35 vm sec-l, although appreciable, was still < 1% 

of the mean 11near fluid velocities .in these runs. 

The density of the benzYl alcohol~(1.043 sm ml-l ) was 

determined using a pycnometer; its viscosity (O.057P at 23°C) was 

measured in a Cannon-Ubbelohde capillary viscometer. 

AlI expe~iments were carried out in'a room thermostated at 

RESULTS 

(1) II ~Og Mesentery Bifurcations 

(a) Morphology. A number -cf bifurcations from dog mesentery 

were mounted and studies made of the vessel dimensions and their 

geometry. Measurements of the tube diameters in the median plane 
1 

were made under a low power microscope using a micrometer. eyepiece. 

The tubes were filled with benzyl alcohol to avoid optical distortion. 

The radii of curvature rI and r 2 of the outer walls and the bisector 

a~gles el and 92 (Figure 1) were obtained by tttking 35 mm photographs 

of the 'bifurcations through the microscope and ,project1ng the 

negativè8 onto a drafting tab~e. The results of the measurements 
t 

! 
1 
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TABLE 1 

DIMENSIONS ABD GEOMETRY QF BIFURCATIO~S FROM DOG.MESENTEllya) 

f-

Mean 
Values 1 

28.
0 

1.09 ) 
0.86c 

0.94 
0.84 -
0.95 
1 .• 18 
1.06 
1.12 
1.29 
1.50 
L32 
1.06 
0.96 
0.99 
0.88 
1.17 
O~ ) 
0.98e 

1.06 ± 0.18 

. 
D1.ametersb) . 

.~ 

2R:i ~ > 

DDIl. 

-
0.89 0.75 , 

0.71 .0.63 
0.83 0.69 
0.51 0 .. 71 
0.83 0.62 

,0.89 0.72 
\0.81 0.89 

----'1.13 ~ 1.0-2 
0.71 0.95 
1.00 1.02 
1.04 1.01 
0.70 0.84 
0-.16 0.69 
0.73 

. 
0.93 

0.81 ·0.78 
0.95 0.81 
.0.43 0.83 
0.89 0.83 

0.80·± 0.17 0.82 ± 0.13 
/ 

~-----~----

a) Coordinates Are defined in Figure 1 . 

Area Ratio ~ Angle 

a ~1 e2 el + e2 
degrees 

1.13 30 34 . 64 
1.24 22 18 40 
1.32 17 20 37 
1.09 33 21 ·54 
1.19 31 33 64 
0.95 33 30 63 
1.27 36 41 71 
1.83 30 31 61 
0.84 .35 33 68 .. 

22~49 0.92 27 
1.20 28 27 ~5 
1.06 30 31 J 6"1 
1.13 36 . 35 <71 

1.43 32 34 66 
1.62 28 27 55 
1.13 ~ 40 40 , ,80 
1.02 22 ·-18 4Q 
1.55 33 30 63 

r- I 

1.22 ± 0.26 - - 59 ± 12 

b) Mean of 5 measurements made at 2 mm intervals from the junction 

c) Bifurcations used in\flov experlments. 

... 

f .j.~ 

~ 

-~- .... -~ --.. -~,...,.. ~ .... - ,. .. ~..- "'-

-

1 

Radius of Curvature 
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are given in Table 1 for 18 bifurcations of which two were used for 
1 

flow studies. 

The values of the area ratio a - ~(R12 + R22)/~Ro2 sho~ 

in the Table were calculated from mean values of 5 measurements of - , 

Ithe radii made at equal lntervals over 10 tube diameters upstream 

and downstream of "the junction in eaeh of the tubes. It s~ould be 

noted that these are not necessarily the true area ratios sinee 

the ealculatipn assumes e!rcular eross~ection. In fact, examinat!on 

of th!n seriaI sections eut in a plane normal ta that of the 
\ 

bifurcation under the miero~cope revealed that, at distances > 2 

diameters from the apex, the eross~section was often ellipsoidal 

although the major and minor diameters differed by no more than 

10%. C10ser to ~he apex~ the cross-section became ovoid, then 

dumb-be1~ shaped just before the division of the channel (Stehbens, 

1914). lmmediately distal ta the apex, the diameters of the daughter 
, 

tubes decreased slightly, thereafter remaining approximately c,onstalilt. 
, 1 

The ca1culated a varied from 0.84 to 1.83, with most values in 

the range 1.Q to 1.3. The mean a • 1.22 ls close to the value 

given by Gosling !!.!!., (1971) for the JIluch larger aortie 

o bi~urcation in the dog. 

,Host striking was the asymmetry of mast of the bifurcations 

and the large rad!! of curvature of the outer walls,. the latter being 
\) -

at least 30% greater and often 2 1 to 51< greater than the mean parent , 

tube diaœeter. There were significant differences between the 
,~ .. ~ 

diameters of the daughter branches~' usually >10% and in some cases 
\ 

>2.5%. The bifurcation angle varied from 37° to 80° wlth ~ mean 
• 1 

~a1ue of 59Q
• 'The bisector 'angles were equa1, or nearly equat in 

6 cases, the other 12 exhiblted 4ifferences from 2° to 12°. 

--

:' , , 
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/ 
""- (b) Flow in dog mesentery bifurcations. The t~ow of dilute 

1 

suspensions ao~sisting of mixtures of 15 and 32 um diameter polystyrene 

spheres or of 15 ~hd,35 um carbon microspheres in benzyl aicohol, was 

observed in two of the ~nted animal bifurcations whose geometry and 
.... ", 1 ~ rJj ~ 

dimensions are given in Table Particle paths were traced from 

cine films over a range of f10w rat 

l~ynoldà numbers 

Re • 

corresp6nding to pa~ent tube 

from <1 to 150 (üo and Ra are the mean velocity in, and radiùs"of the 

parent tube. p and n be:l,ng the -respective density and viscosity of'''the 
~~ 

benzyl alcohol). It was'. found that even at the highest Re obtained 
'\ 

uaing 50 ml infusion syr{nges, when centerline particie velocities 
1 

were of the arder of 1.7 m sec-l. no flow separation was observed in 

tbe bifurcations. 

(i) Flow patterns. Particle paths measured in the median plane of 

tbe more symmetric bifurcation (2Ro • 0.98 mm. a • 1.55) are 

illustrated in Figure 2. At relatively 10w flow rates. Re • 2.15 

and Ûo • 12.0 mm sec-l (Figure 2a). the streamlines wEre paralle1 

to the parent tube walls, but due to the asymmetry of the bifurcation 

(the rlght band branch having a somewhat larger diameter than the 

, 1eft and receiving 52% of the total flo~) they divided asymmetricaliy 
n 

about the~arent tube axis. Thus, particles on paths just to the 
, 

right of the axis flbwed into the smaller 1eft. band daughter branch. 
\ , 

On entering the daughter tubes, the streamlines again became paral1el
Q 

• 

to the velsel walls. 
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( 

• Figure 2. The paths of 15 and 35 llm diameter carbon microspheres 

in benzyl a1cohol f10wing through a bifurcation from the dog 
'/ 

mesentery; R.o - 0.49 lIDD, RI - 0.45 mm, ~2> - 0.41 mm. (a): Uo -

12.0 mm sec-1 • Re • 2.15; particle paths divide to the right of 

the parent tube axis. (b) : - -1 U • 750 mm sec ,Re· 133; particle o 

paths now divide aymmetrically about the tube axia.and, secondary 

fl..ow appear8. as shawn by the dashed Unes. The n~~ in the 

-1 dia gram refer to particle velocities, in mm sec ., at the positions 

indicated • 

.. 

.. 

o , 
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At higher Re, there ~as a noticeable shift in the stream-
1 

• Hnes towards the left branch. This is illU8trated in Figure ,2b 

at Re • 133 (Ua • 750 mm sec-l ) where the streamlines are seen to 

divide symmetrical1y about the parent tube axis. More significant 

is the appearance of secondary flow patterns at these Reynolds 

num~èrs, as shown by the dashed streamlines in the Figure. Particles 
1 

~ravelling on such paths were~located above or below the Median 

plane normal to the viewing axis, but were visible because of the 

appreciable depth of focus (from ±70 to ±lOO llm) exi&t~ at the 
) 

low magnifications used in these "experiments (from 15 ta SOx). Such 

'particles were recognized by their velocities, which were lower 

than those o~ spheres in the mainstream at the same apparent radial 

distance but flowing in the Median plane (é.g •• the spheres entering 

the bifurcation on the 9th and lOth streamlines drawn in Figure 2b 

have velocities of 1,510 and 585 mm sec-l respectively). 
\ 

The seco~dary flow patterns were such that spheres at 

apparent radial positions close to the parent t~be axis travel1ed 

along streamlines which crossed the prfmary flow in the junction 

near the apex and moved, out towards the outer walls of the daughter 

'tubes before resuming flow in 'the axial direction. No differences 

in flow behavior between 15 and 35 ~m spheres could be detected. 

As will becomJ evident lat,r, in bifurcations having ama1ler 

radii,of curvature, at sufficiently high Re theàe secondary flow 

patterns develop into vortices at the outer walls of the daughter 

branches (Schreck, 1972; Brech and Bellhouse, 1973). 

(ii) Velocity distributions and shear rates. Ali spheres, both in 

the primary and 'secondary f~ow. vere decelerated aa th~y\,entered the 

&u.,al ________ ... -------------"""'-------

~ 
-/' 

,,~ . 
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junction and fl~wed into the daughter branches. Some values of the 

1inear velocities at vari~us points on the streamlines are given in 

Figure 2. 

Velocit~ distributions at Re • 2.15 in the median plan~ 

of the bifurcation were computed from the measured distances «0.3 mm) 

moved by the spheres in a given time across,arbitrari1y drawn 1ines 
1 

in th~ parent ~nd daughter tubes, and are shown in Figure 3. Wall 

'shear rates were determined from the slope of the best-fit curves 

drawn through the experimenta1 points of the ve10city profiles. 

It is evident that, as the f10w approached the apex, the 

velo city profiles became blunted. At the entry and fo~ 2 diameters 

downstream in the daughter tubes, the profiles were skewed towards 

the inner wall, where the shear rates (given in Figure 3) were 

markedly higher than those on the outer wall (Schroter and Sudlow, 

1969; Schreck, 1972; Feuerstein et al., 1975; Talukder, 1976). Even 

g~eater differences in wall shear rates were observed at the higher 
1 

Re where the respective values at the first position (xl,· x2 • 1.'24 mm) 

in the daughter tubes were 3,000 and 16,700 sec-l in the left'branch, 

and 1,800 and 15,500 sec~l in the right branch. 
\ 

(2) Flow in Mode1 Y-Bifurcations ~ ~~~~~~~~~~~~=~~~ 

~\ 
~ , 

~ 
~~e tnve~~ave reported flow separation and/or 

large secondary flow patterns on the outer walls of b1fùrcaHons of 

much greater dlameters than those used in the present atudy (Hung and 

Naff, 1969; Fox and Hugh, 1970; Roach, Scott and Ferguaon, 1972; 

Rodkiewic"Z and Roussel, 1973). In arder to induce flow separation in 
, 

the sma11er bifurcations it was decided to extend the expertment8 to 

\ 
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/ 

,/ 

Figure 3. Velocity distributfons and wall shéar rates (indicated 
-', 1",\ ' ...... / 

by the numbers adjacent to the walls) in the same bifurcation as 
\ 

in Figure 2, at Re - 2.15. The distributions in the parent tube 1 

were meaeured at x - 0.52 mm and - 0.14 ~, and in the daughter o 

tubes Xl • x2 - 1.24 mm ~d 1.91 mm. 
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models having Ra and e in the range of the dog mesentery bifurcations, 
" 

but with smaller radii of curvature an~ a > 2. Although branching 

vessels having such high a are not found in the vasculature 

(Caro et al.\ 1971; Gosling ~ al., 1971), it still seemed worthwh11e
t 

/ 

to discover the manner in which flow separation deve~o~ed as the , 

flow rate was increased. 

Experiments were carried out using carbon microspheres in 

benzyl alcohol flowing through a drilled bifurcation having 2Ro • 0.83 mm, 
, 

a • 2.3 (2Rl • 0.86 mm, 2R2 • 0.93 mm), 61 • 62 • 30°, with the 
\ 

radii of curvature 0.38 and 0.20 mm respectively (c.f. ~.72 and 2.11 mm 

in the dog mesentery bifurcatiop shown in Figures 2 and 3). Flow 

s~parat1on first occurred at Re ~ 89 (Üo ~ 530 mm sec-l ), and at some

what h1gher Re spheres were 8@eR, in spiral vortices at the hips of 

the bifurcation upstream from the entry of the daughter branches. r 
The general flow patterns are illustrated in Figure 4, where it can 

be seen'that the vortex on the left ls appreclably larger than that on 

the rlght~ presumably because of the sma~ler radius of curvature of 

the left hand tube wall. lt is also evident that spheres entering the 

vortex did so on streamlines (shown as the dashed lines in the Figure) 

which were part of the secondary flow, 'and some of which resembled 

those previ'ously shown in Figure 2b. 

Detailed studies of the development of the vortex were made 

by taking cine films at higher magn1fication, focussing on thé flow 

patterns in the right half of the bifurcation. Figure 5 1llustrates 

the sppere paths'at Re'· 83.7 and 154 (Üo • 555 and 1,030 mm sec-l 

respectively). At the lower Re, secondary flow streamlines similar 

to those in Figure 2b were traced by spheres locatedcabove and below, 
f. 



. . 

, ! 

51 

\ . 
,. 

,. 

/ 
i Figure 4. General flow patterns, as indicated by the paths of 

carbon m1croapherès in benzyl alcohol in a model Y-bifurcation 

consisting of channels dri11ed into a polished epon resin 

b1ock; Ro - 0.41 mm, Rl • 0.43 mm, ~ - 0.46 mm, Re • 116; 

U - 2.35 m aec-1 The so11d lines represent particle paths o 

in the median plane of ',the bifurcation, and the dashed lines 

the secondary f10w patterns, and spiral vortices in the region 
~ , . 

of flow separation on the hips of the bifurcation. The 

reattachment points are indicated by the large arrows and ,he 
. -1 

numbers give the partic1e ve10citiea in mm sec measured at 

the positions given by the thicker 1ines. , 
/ 
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Figure 5. Detailed flbw patterns in the right half of the model 
~ 

bifurcation shawn in Figure 4, proximal to the entry of the 
\ 

daughter branch; Re ~ 83.7, U - 555 mm sec-l (a): paths of o 1 

35 .llm ~arbon miërospheres in ben~yl alcohol; (b): 1 5 llm spheree. 

the solid lines are particle paths in the primary flow in the . 

median plane of thè bifurcation, the dashed lines are paths in 
/ ~ 
the .econdary crossflow. No particles are seen in an area at 

the wall where, it is presumed, flow sepatation has occurred. 

-1 Partièle velocities are given in mm sec at the positions 

indicated by tbe thicker linea. 
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the median plane which moved with velocities lower than others 
1 

in the mainstream at ~omparable radial positions (Figures Sa and b). 

It is possible that flow separation had occurred in an area close 

to the tube wall Just past the corner of the bifu:cation, although 

no particles entered this region and no vortices were seen. In the 

animal bifurcation, by contrast, no flow separation was seen even 

at much higher Re (Figure 2b, Re • 133). Also striking were the 

differences' in, the paths of 15 and 35 pm spheres in the secondary 

flow. The former were able to move along streamlines which, judging, 

by their velocities, came from positions closer t~the parent tube 

wall and which crossed the primary flow further upstream fram the 

entry of the daugnter branch and approached closer to the outer wall 
1 

than the 35 pm spheres. 

As the flow rate was increased, the region of flow separation 

expanded, the secondary crossflow moved upstream a~d both 15 and 35 pm 

,'spheres were seen to flow through a series of triangular-shaped spiral 

vortices on streamlines located above and below the median plane 

having their origin in the middle of the parent tube (Figures Sc and d). 

,_As at the lower Re, sa at Re • l54~ the 15 pm spheres were able ta 

approach the outer wall on streamii~es appar~ntly closer ta the upper 

or lower tube wall than the' 35 pm spheres (e.g. the lowest velocities 
l ' 

were 210 and 295 mm sec-l for 15 and 35 )lm spheres, respectively). This 

resulted ln the presence of the ~ller spheres in orbits or varying 

size throughout the vortex region of separated flow, whereas the larger . , , \ .. 

spheres were only seen in orbits closer ta the reattachment point 

(indicated by the large arrow). 

-------=-_ .... _-------------------,._-'-_. 
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- -1 
Re - 154, U - 1.03 m sec ; (c): o 35 ~m 

spheres, Cd): 15 ~m spheres. Partic1es in the secon4ary cross

f10w enter spira~ vortices in the region of f10w separation. 

The arrows show the position of the reattachment point. 
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Particle velocities, given on severàl of the streamlines 

in the Figures, decreased ss the spheres approsched the vortex on paths 

/ which were visually observed to be far Out of the m~dian plane. The 
1 

\ 
velocit1es were a minimum as the part1cles,~ntered the reverse'flow 

region, when they were judged to be doser ta the Median plane. The 

velocities ~ow increased again, at first slowly durfng reverse flow 

parallel,t~ the tube wall, then more rapidly as forward mo~on 
- \ 

was resumed, at which point they appeared again ta be far out of the 

Median plane', 

As a consequence of the low velocities within the vortex, the 

"-
residence times of spheres in ,orbit (from 't5 to 60 m sec) were long . 
compared ta the~ime taken by a partic1e near the vortex boundary, 

or that of one trav~ling with the Mean tube velocity, to traverse 

its length (4 m sec and ~.3 m sec respectively), 

(3) Open T-B!furcations 

The flow patt~rns in dilute benzyl alcohol suspensions of 

15 and 32 ~ polystyrene spheres were observed in a s~etric ~80° 

;(T-) bi~urcati~n having Ra - Ri - R2 • 0.358 mm at tube ReY,Dolds 

numbers Re from 1 to > 200, The radi! of curvature,of the outer walls, 

'as in the model Y-bifurcations, were amall, being < 0.15 Ra. As 
. 

, illustrated in Figure 6a for Re - 2.9, at the lower flow rates, the 

particle paths traceïrom cine films were paral~èl. to the tube walla, 

the ~treamlines in tne junction diviping symmetrically about the 

parent tube axis. The mea~red particle velocity diatributiqn in the 
\ 

Median plàn~ of ~h~ paren~'tube~ fO~d to be.~arabOli~ to within· 

0.2 tubé;diameters of the junction. 

r1 
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Figure 6. The paths of, 15 and 32 llm diameter po1ystyrene 

spheres in benzy1 alcohol flowing through a symmetric 

T"bifurcati~n; Ro • RI .. R2 • 0.358 DDII. (a): Uo - 18.3 

-1 
11111 sec • Re ... 2.9; paniele paths in the junction ldivide 

SYDDlletrically about the parent tube axis. Ch): Ü • 119 
, 0 

-1 
mm sec , Re • 15.5; secondary f10w patterns appear, as 

shawn by the dashed 1ines which represent the paths of 

spheres travef!ing above or be~ow the common median plane 

of parent and daughter tubes. The numbers in the diagram 

-1 refer to partic1e velocities t in IIID sec • measurèd at 

...... 
t!te P0;àtions given by the thicker 110e8. 
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'When the Uow rate was increased, secondary flow patterns 

appeared, as shown by the dashed "streamlinJs in Figure 6b at 

Re - 15.5 (Üo • 119 mm sec-l).The spheres travelling on such , 
streamlines were not in the median plane normal to the viewing axis, 

but, as in the Y-bifurcations, were visible because of the 

appreci~ble depth ,of fécus (± 70 ~m) existing at the relative1y low 
-

magnificltions used (~50x). Aga in , they were recognized by thair 
• 
velocities, which were lowel' than those cbf spheres at the same 

\ 

\ apparent radial distance but flowing in the median plane. At fint 
\ 

\ ',1 the secondary flow patterns were only seen vith spheres whose apparent 

"/radial position in the Median plane was close to the tube axis. The 

velocities of these particles decreased as they entered the junction 

and were seen to go out of focus and thus fu~ther out of the median 

plane until they moved parallel ta the view1ng axis and appeared 

to be at a standst:Ul. They then reversed direction while at the 

same time flowing into tbe daughter branch, the p~ojection of the il' 
1 

path crossing that of spheres in the Median plane, and their velocity 

in1the axial, X-direction, increasing vith time. 
, ) 

A \further increase in flow rate led to larger and more 

pronounced' secondary flow patterns, stmi1ar to those shawn in Figure 6b, 

which involved spheres whose apparent radial position in the median 

p~ane was ,further fr_Dm the tube axis and whose ~lofl into the branch,es 

took them much closer ta the corner of the bifurcation. 
1 

Observations of f10w in the T-b1furcation were made at Re 

up ta 205, corresponding to Üo~ IÎ 1.58 m S&C,-l; but no re8~~n' of flow . , 

laeparation and no vortex was seen. At such Re, even the maximum 1 , 

attainable camera framing apeed of 6,000 sec-l W8S ittsufficient to 

__ hA AM"'" , 

l, 
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capture the faster travelling spheres on the cine fi~·. At this 

tilDe, it was noted that by partially occluding one daughter braneh 

of the T, a vortex developed at its entry and, depending on the 

degree of elosure, flow separation occurred at much~lower Re. A 

study of such flows was therefore undettaken; they are known'to oceur 

in the circulation as'à résult of the growth of atherosclerotic 

;plaques in the daughter branch of a bifurcation (Lallemand ~ al., 

1912.; Najkfi .!! a1.\, 1975). 

(4) Partially Occluded T-~ifurcations 

(a) Degree of occlusion and Re. By using -à variable 

closure clamp on the ou~flow polythene tub1ng attached to one of the 
J 

daughter branches, the f10w was slowly and progressive1y occluded 

unti1 a vortex was just seen to, form. The degree of occlusion, 

d~ined as (1 - ~2/Ql)' was obtained by measuring the volume rate of 

fl~ out of the two 'daughter branches and p10tted against parent 

tube Re at which a vortex just !ormed, as shawn in Figure 7. It is 

evident that, at low Re, alinoat; tot~l closure of the branch was_/ 

neces~ary for a vortex to form (>99% of the volume flow passed through 

the open branch) .-, With incretaing flow lnto the patent branch,' the 

v~rtex formed at rapidly decreasing degrees of occlusion: thus, at 

Re • 32, a quarter of the total flow passed through the partially 

\ obstructed branch. 

(b) Vortex size, flow patterns and Re. The formation and 

growth of spiral vortices at the entry of a partia1ly 9c~uded branch, 

at a constattt degre~ of occlusion • O.99S'was observed by tracing 

particle paths in a mixed, ~ilute suspension of 15 and 32 ~m spheres 

,1-

• 
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lPisute 1. The desree of occlusion, dèfined as (1 - Q2!Ql)' 

where Ql and Q2 are the volume ~~ow .. ~ates through open and 

partially occluded daughter branches, plotted against the 

parent tube Reynolds number at wbich a vortex first forma. . . 
At ~ow Re, almost total closure of daughter branch 12 was 

necessary beforè flow separation occurred; at Re • 32, a 
1 

quarter, of the total flow pasaed through the partially 

occluded branch. 
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at progresslvely' tncreaslng ~. In contrast. to flow through the 

open T~bifurcation, the streamlines in the partia11y occluded system 

no longer divlded s~etrica11y about the parent t~be axis but were 
1 

deflected towards the obstructed branch. ,A vortex was first seen at 

a parent tube Re ~ 3.3 (Üo • 25.2 mm sec-1), and as shown by the sphere 
, 

paths p10tted in Figure 8a, lt was situated at the entry of the 

obstructed branch with lts center lylng close to the tube axis. ~ly 

15 ~m spheres were seen to enter the vortex frOm streamlines (!lose to 

the wall of the parent tube, after' circu1ating through one or two 

orbits the partlcles rejoined the mainstream in the open br~nch. The 

32 \lm spheres aIl flowed directly into the open branch. a8 shown 

by the da shed lines in the Figure. lt was evident a1so that the particle 

paths traced near the parent tube wall followed streamlines which were 

often out of the median plane normal t() the 'viewing axis. Thus, in 

Figure 8a, the sphere on the 5th streamline from the wall at an 
'" 

apparent R • O.84Ro flowed into the partlally occluded branch vith a 

veloclty of Il.8 mm sec-l, whereas the faster moving particle on the 
\ ..,. 

4th streamline at R • 0.86Ra flowed ~nto the open branch wi.th a 
\ 

velocity of 13.0 mm sec-l, Since the particle velocity distribution 
i 

uo(R) was known ~o b~ parabolic close to the junction, the sphere radial 
\ , 

positions could be calculated from the relation 

uo(R) • 
Uo(O) 

1 
using the ;easured partlcle center~ine veloclty uo (0) • THe results 

showe4 that, as was vis~l1y evident fram the cine film, those spheres 

Which entered the vortex and some of those continuing into'the obstructed 

1 
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Ir1gure 8. Particle paths as in Figure 6 in a t'-bifurcation 

in which the left band branch is almost total1y occluded, 

" 

(1 - Q2/Q1) ~O.99~, showing the formation and growth of 
~ 1 -1 
spiral vortices vith increasing Re. (a): Uô • 25.2 mm sec t 

, 1 

Re • 3.3; a vortex just forma and only 15 lIm spheres entering 
\ ' ' 

the junction a10ng streamlines close to the tube wall (solid 

Hnes) flow ioto the vortex. The 32 lIm spheres (~8hed_ 

!ines) all f,low directly ioto th~ right hand, open branch. 

Thè numbers refer to particle veloeities at the positions 

indicated and the thick arrow gives the separation point of 
1 

the flow. 
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/ 
Figure 8 (continued). (b) and (c): respective paths of 15 

- , -1 and 32 l!1D spheres at Uo • 75.5 1IID sec_ , Re .. 9.8. Rere, 

the stream1ine dividin8 flow into the wo branches has moved 

1 away frOll the parent tube wall and 32 pm apherea enter, the . 

vortex. The d.4Ibed lines in (c) represent spheres wh1ch 
1 

flowed iDto the junction far above or be10w the median plane , -

(c.f. Fisure 10). The nUmbers refer to particle velocities 
o " -

at the positionS indic~ted and the thick arrowa give the 

'separation point of the flow. 
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branch, travellet! on streaa11nes lyiDg out of the aedian plane. 

The tiret and second streamlines from the wall in 'Figure 8a were 

estimated to be 0.1710. or 58 ~m abave or below the median plane, 

and while the 4th streamliae lay in the median plane, the 5th stream
w. 

110e was 0.26Ra, or 9~ ~m out ot the median plane. Those sphere 

patha shawn enteriag the open branch in Figure 8a were situated in 

the median plane ~ both parent tube and junction. The streamline 

dividing particles entering the vortex fram those flowing through 

the obstrueted braneh was located at R - O.94Ra, and that whieh 

divided flow iato the two branches.at R • O.88Ra. No 32 pm spheres J. 
vere traced at positions close to the parent tube wall. ~ 

Although flowing into the junetion while out of the median 
t 

plane. the spheres which entered t~e vortex moved into foeus as they 

reaehed the partially occluded branch vith their ve1oe1ty markedly 

reduced. They now appeared to be in, or close to the median plane 

as they moved into the reverse and ridial flow portions of the orbits 

of the vortex. Then, as they resumed forward motion with increasing 

veloe!ty, they again maved out of foeus, crosslng above or beneath 

the mainstre8lll "tn the junetion and flowing in@o the open branch. 

Partic1e velocities varied widely; for instance. the sphere which 

entered the junction on the second streamlin~ with a ve10etty of 

6.8 mm sec-1 W8S moving at on1y 0.14 mm sec-1 at it~urthest point 
~ 

into th~ branch on the outermost orbit, acceler~ting and decel~ating .. (' 

as it c1rculated in the second, smaller orb1t before rej01ning the 

main.trema at a progressive1y inerea~ ve1oeity. The,residence 

time ~in the vortex was 12.7 sec - very large compared to the 

t:l:ae t, tabn by a partic~e having a 'llean 1r,near ~l.oclty Uo to travel 

- , 
'f 

\' , 
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past the vortex, ln fact such a sphere would by then have moved 

a distance 330 mm dowostream into the opert\ branch. 
\ 

r The dimensions of the vortex (Figure 9) and the residenc~ 

ttmes for spheres c~rculating on the outermost orbits are listed ln 

Table 2. ,The vortex si2e la glven in terme of the axial distance 

x2M of the outermos~ orbit and the distance x2S of the separation 
~ 

point dividing the streamlinea, both measured from the midpolnt of the 

T, as weIl a' the apparent width ~R of the outermost orbit in terms 
; 

of the radial coordinate of the branch. 1 

Th~ size of the vortex increased with increasing flow rate, 

both in l~ngth, approximately given by (xIM - X2S) , as weIl as in 

width, ~R. At the same time the whole vortex region moved upstream 

towards the open ~ranch with the streamline divididl Tip-w into the 

two branches, and that dividing flow into the vortex from that through 

the obstructed branch, ~oving closer to the parent tube axis. 'This, 

resulted in larger orbits and in the presence of 32 ~m spheres in 
~ ~ 

~e vortex, although as iI1ustrated in separate tracings for the two 
a , 

sizes of spheres in Figures 8b and c and Figures 1 a - d, onlylthe 

15 ~m spheres cou1d enbJr the vortex on streamlines c ose to the tube 

wall and circulate in ~he smaller as weIl as in the la ger orbits. 
\) 

Upon , incr~asing Re from 3.3 to 9.8 (Üo • 7~.5 mm sec-I ), the ~, 

dividing stream!ines moved from 0.88 ta 0,7710, and fram 0.94 to 0.84Ro, 

respectively. As illustrated in Figures 8b and ç, there were again 
1 

large changes in particle velocities, and the residence. times although 
• 

shorter were still very large compared to the calcutated t (Table 2)A 

When Re W8S increased to 16.2 (Üo • 125 mm sec-1)." the vortex size 

lincres.ed fu~ther, vith the stre~ne d~viding fl~w i~to the vortex ' 
" .' 

~rom tbat through the bbstructed branch mo\,iog aw~y from the wall to . , 1 

J .. 
1 
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Figure 9. Coordinates used to describe flow and the " 
, . 

dimensions Q of the vortex i~ a partial~ occluded T-bifurcation. 
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TARl.E 2 

~ 

VORrEX DIMEHSIO!tS AND PARTICLE RESIDENCE TIMES 
/ 

". 

1. 
.. 

~ .. , 
Vprtex d1~1onsa) ,U . ·Be - Spbere , 

10 / diameter (x2H - X 2S) 1 -l. 
x2H x2S _<.,.ec· pm / 

1IIIl mm lIIIIl' 

\ .15 or / 0.92 '0.5~ 0.36 
~s.2 3.3 -~ 

32b) 
~ 

1 - - -
~ • 

! "\ 

15 0.98 0.34 0.64 

ir' s 9.8 • 
32 0.92 0.42 . 0.50 -

1 

1 

12~ 
15 1.02 0.28 0.75 

16.2' 

1 
32 1.03 0.29 0.15 

. , 

17~ 
, 

15 1.00 0.14 0.87 
22.9 

, 32 0.82 0.15 0.67 
1 

J 
a) : 4. 

Defined in figure 9; they refer to the 1argeat orbita observed 
h) . No: 32 1.l1R apheres seen in the vortex 
c) 1 

MaximuDI value of the residence tilDe, 

d) t .. IB./fi 
o 

. .( 

A 

# 

lit 

mm 
\ 

Or. 55 
-/ 

-
0.61 ' 

'" 0.53 

0.61 

0.60 

0 .. 63 

0.60 

•• 

T 
c) ~) ~ 

t 
sec 

12·1' 0.022 

-' ) -
<00 0.008 

2.08' 0.007 

2.73 0.005 

2.62 0.005 

1.63 0.004 

0.65 0.003 

, 
/ 

" 

-
1 

1 

1 

/ 

-..J 
~ 
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R '. 0.82Ro. At this higher flow rate there appeared smaller spiral 

1 orbits situated close to or in the junction which are shown by the 

dashed llnes in Figureé 10a - d. Particles which circulated in such 
1 

orbits left the parent tube on streamlin~s close to the median plane 

(i.e. at higher velocitiès than those spheres which entered the 
\ 

other orbits Qf the vortex). Once in the junction they went out of 

locus, their velocity decreasing rapidly until they'reversed direction~_ 

and moved into an orbit of small diameter",after which they rejoined 

the mainstream in ~~en branch. At 

studied, Re'· 22.9 (Üo'~ l~ ec-l ) 

into the jurlction area (x2S - 0.14 mm 

the h~ghest Reynolds number 

the vortex had now moved weIl 
-----../ 

nd the above mentioned smaller 
1 

spiraf orbits had grown in size and were loca above or below 
''--

the ~ther orbits of the vortex (Figures lQc and d). ast to 

the results obtained at lower Re, the largest orbite 0lf the 3 

spheres were appreciably shorter than those of the 15 ~m spheres. 

(c) Vortex size, flow patterns and degree of occlusion .. 
" , 

A study was also made of the development and growth of the vortex at 

a given flow rate as the degree of occlusion was increased. Typical 
, , 

flow patterns observed at Re • 37.6 with Q2/Ql - 0.40 and 0.0032 
-

respectively, are shawn iu Figures lIa and' b. It is apparent that it 
- "l"' 

-- 1 

is the secondary flow patterns first described abovè in the case of , 

the open T-bifurcat~on (Figures 6a and b) that develop into a small 

spiral vortex situated not f~r from-the corner of the p~tially 

occluded branch. Polystyrene spheres entering the vortex~rejoined-- - -

the mainstream flowing out of t~is branch, unlike the low illushrated 

in Figures 8 and 10 a~ higher Q2!Ql' Upon increasing the degree of\ 

occlusion, however, tbe spheres entering the vortex n streamlines out 

, < 

,', 
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liaure 10. Grovtn of apira1 vorticea in the a~ system as in 
1 

Figura 8, at higher Re. The patha of the 15 ~m aphares (a) 
1 

- -1 
and 32 ~m apheres (b) are ~rawn aeparate1y Uo • l~S.mm aec J 

Be • 16.2. 1 r' 
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Figure 10 (continUe,d). (c), 15 ).lm spheres and (d), 32 lJm 
.\ _ t ~-1 

spheres; U • 116 mm sec , Re • 22.9. The dashèd 1ines o 
~ 

represent the paths of spheres which circulated in smal1 

spiral orbits lying far out of the Median plane, in 
, ' '\ 

contrast to the other, 1arger orbits, po~t1ons of which 

lie close to the median plane of the daughter branch 12. 
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Figure 11. Growth of a vortex, as shawn by the paths of 32 um 

spheres at Re • 37.61 in the T-bifurcation of Pigures 6-8 and 9 

, as the degree of occlusion ,of the 1ef.t ha~ daughter branch ~as 
, \ 

,increased from 1 - Q2/Ql • 0.60 in (a) ta 0.996 1n (b). In 

(a) it 18 the sPhères' on streamlinea 1y1ng out o~ the median 

plane (sh~ dashed, c.f. Pigure 6)'which enter a sma11 vortex 

And flow out of the par~~ally occ1~ded branch. In (b) the 

vortex Is simi1ar ta that in Figures 8 and 10 and spheres, . . 
o 

enterlng it flow back toto the open branch. 

1 \ 

, 1 

; 

r., 

, . 



t 1 

l 
- 81 

/ 
() 

\.> 

1 / 
• ( , 
l 
1 

, . 
"f 

o 

" 

\ 

----~----------------------------~~~~ 



l' 
1 

~ 

i 
ï' 1 .'. 
r-, 

J 

(/ of the median plane of the parent tube, flowed out of the open 

pranch, and the streamlines dividing flow into the two branches were 

shifted toward the partially occluded vessel (Figure lIb). 
, ( 

.' 
Whén Q2/Ql was increased further, the dividing streamline 

. moved even closer to the partia1ly occ1uded branch, and fewer and 

fewer spheres were seen to enter the vortex. Finally, when the branch 

was totally oc~luded, particles we~e no longer seen orbiting within 

a vortex. Instead, they trave11ed on streamlines which just entered 

the occ1uded branch, tten reversed direction and moved into the open 

branch. 

DISCUSSION 

The above described experiments represent the initial phase 

1 

\ r~ 
of an investigation of'the flow properties of suspensions in bifurcations, 

J being restricted,to a study of the behavior of sma1l rigid spheres. 

Uitimately, the work is aimed a~ ~nderstanding the effects of branch

ing flows on individual corpuséles in human blood. For this reasan, 

bifurcations with tube diamete~s Iess than 1 mm were use~_so that' the 

movements of suspended particles cauld pe observed and photographed 

through a microscope. This, in turn limited the maximum Reynolds ~ 

numbers which could be'reached, given the suspending ~luid viscosity 

and the flow syste~1employed, and consequently the degree to which-
;> 

! 

. 'se~ondarY flowa and, in the limit,' flow separation were present. 
-- - --.." -~----- ---~-- ----- () ---.-'-- --- - --., - ~- ~ --; --- - --- ~ ---- -- ~-,-- -----------~I----

lt was not surprising, therefore, ta find that in the dog 
J, 

mesentery bifurcations having outer walls with high radii of curvature, 

only a moderate secondary flow de~eloped even at the hlghes~ Re (- 150). 

! . 
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"i " 
There was no separation of, the streamllnes from the walls distal to 

, 
the bends of the bifurcation. Clearly, in these, the larger arterial 

b 

bifurcations of the mesentery (Table 1) where, in vivo, Re is 

unlikely to exceed 80 (McDonald, 1974) there will be no large effects 

due t~o secondary flow. Even in models of the major human arter!al 

bifurcations, it has be~\noted that secondary flows, while appreci~ble 

at Re"· 800, do ~ot result in flow separation (Feuerstein et al., 1976). 
~ 4 

At the entry of the daughter branches, the wall shear rates 
~ 

were found to be significantly higher at the inner than at the outer 
f ' 

walls, in acc~rd with the results of others in fluid (Talukder, 1975~, 

Feuerstein ~ a1.,1976) and in ai~y systems (Schroter and Sudlow, 

1969; Schreck, 1972). 

When, however, the radii of curvature became much amaller 

than the parent tube diameter, and the area ratios increase~ to 

abnormally high values (a • 2), a pronQunced secondary crossflow was 

observed. At Re > 80, flow separation occurred, with a region of 

backflow at the outside wall in which particles wer~ see~ to move in 

spiral vortices. The suspension which'flowed through>this region, 

vacated by the mainstreâm, came from~areas close to the upper and 
. . 

lower walls at the center of the parént branch, slowly crossing the 

·streamlines of the primary flow and moving laterally tdward the outer 
1 • 

tube wall (Brech and Be11house, 1973). 

.. In the T-bifurcations, despite the small radii of curvature ' , 

~-- "and: the~90o angle of -the~~end, no flow--separation was obseried unlesB 

one of the daughter branches was 'partially occluded. A secondary 

croeeflow, which moved fram the center of the junction region acroes' 
1 

the m,instream into the daughte;r branches (Figure 6b), was det_ected 

in tbe UDoccluded bifurcation a1ready at Re • 15. This J ,it ws found, 

;\.,. ...... 111111--... ~ 
:'!' ..... ~ , .. ",'1,...., , /~~ l'i Jo 

t l : .. :!;.-: 
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developed into a spiral vortex when one daughter branch was 

moderateiy occluded (Q2!Ql • 0.4). When, howev~r, the degree of 
~ 

occlusion was substantially increased, the streamlines entering the 

vortex origi~ted from fluid close to the parent tube wallon the side 

of Fhe obstructed branch (Figure lIb). 

In both T- and Y-bifurcations, the streamlinestraced by 

the suspended spheres depended on sphere diameter. For instance, in 

the Y-bifyreation only the 15 pm sphe~es were seen on those stream

lines which filled the upper, proximal area of the vortex ~Figure 5) 
L ' 

and whose velocities were lower than any fol10wed by the 35 pm 

sphères. In the t-bifurcation, only 15 ~m spheres were seen in the 

vortex at the lowest Re: the 32 ~m spheres a11 flowed into the 

junction at radial distances < O.94Ro ' that of the dividing Btream-

line. At higher Re, while there were 32 ~m spheres in the vortex, 
~ 

on1y the 15 ~ spheres circulated in the inner orbits,~hich origina~ed 

in streamlines close ta the parent tub~ wall. 

This effect presumably, is in large part due to the ~ 

mechanical exclusion o~.f,rticle centers at radial distances greater '7 

than one aphere radius from the tube wall. In the parent tube of the 

T-bi~urcation, this would have rest~icted the 32 ~~ spheres to radial 

distances R < 0.95510 and the 15 ~m spheres ta R < 0.97910. ln 

addition, the effect of fluid .inert!a, known tOlresult id the inward 

radial .il~ation of rigid spheres in Poiseuille flow (Brenner, 1966; , 

~ Kamis.!! .!!., 1966; Cox and Hau, 1976), should be cons1de!,~~~. ~1he~~_ 
measured ratel of migration have,been found to be proportional to 

tube Reynolds number, the third power of particle to tube radius and 

ta the radial distance from the equllibrium p'od~ion at R " 0.6Ro 
, 
Il 
Il 
i 

\ 
1 
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(Segrê and Silberberg, 1962). Calculations based on the empirically 

der1ved equat1an for radia~ migration (Yu and Goldsmith, 1~3, see also 
~ , 

Append1x B) show that, in the 20 mm entrance length of the pres~nt 

system, a 32 ~m sphere would, at the lowest Re - 3.3 migrate inward 
( 

2 vm from 0.955Ro to O.9SORa, whereas a 15 ~ sphere would only drift 
• l 

0.4 ~ tnward from O.979Ro to 0.978Ra. 
~ .. 

At the highest Re • 22.9, 

however, the 35 ~ particle would be expected t9 migrate'inward by 
~ 

20 ~. ~eaching R • 0.89610, still within the region where ~treamlines 
.... 

entered the vortex. 

A similar exclusion of larger particles from streamlines close 

to a boundary was pre~iously noted in the vortex distal to a spherical .... 
obstruction in a tube (Yu and Go l'dsmitQ', 1973).----There, tt was pointed 
/ 1 

out.that in blood one would expect the concentration of the platelets 

in the vortex to increase relative to that of the red c.ell~ This 
/ l " 

argument may weIl apply to flow in the Y-bifurcations and to that in the 

partially occluded T-biturcation. 

Finally, it should be noted, that in some regions of the spiral 

vortices (notably d,uring reverse flow) the particles travelled with much 

" reduced velocities (Figures 5, 8 and 10) a~d were proba~ su~ject ta 

if' much lower shear stresses. Durlng this tfme, COll1Sifhs bet~een 

" particles may resul~ in~he "fo~t1on of, aggregatel\, as was found in 

the case of platelets and po1rs,t~enè Bpperes' in tha ann'ljlar vortex at 

à sudden expansion of vessel'diameter (Karino and Goldsmith, 1977). In . ..--/ . , .. 
--·~tœ---case-of-'a part1ally o15structed 'b'-rancn~-C'OUlà"eventualIY lead- ta' 

'\. , '. 

a total occlusion of the ~umen. The fact that aggregates of spheres 

• 

were not observed in the bifurcat~ns ls p~obably due to the use of a ~ 

\~, 
non-àqueous suspendtng .edi~ in whtch t~ interacflon forces are very ~ 

"'. "l, P 
.,-

\ 
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. " 
low. It remains to be seen whether the above considerations apply 

when expertments with red cell and'platelet suspensions, as well as 
~ 

whole bfoOd~ are carried out. 
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(1) CWMS TO ORIGINAL RESBARaI 

1) A mièroscopic flow system, conatructed by dis8ecting, f1x1hg and 

" . mounting dog mensetery blood vessel. was u8ed to study the flow 

of rigid apheres ~35 ~m diameter in small bifurcations reaembling 

those found in man. No flo.w separation was observed at Reynolds 

nombers up to 150. 

2) MBaBurements of the vessel dimensions, bifurcation angles and 
'. 

r 
radii of curvature in a number of dog me.entery bifurcations were 

carr1ed out. 

3) The flow behavior of the rig1d spheres was a180 studied in model 

Y-bifurcations of sim1lar s1ze as those fram dog mesentary.t but 

having much smaller radii of curvature on the outer walls and 

higher area ratios. In these, a pronounced secondary flow, and 

flow separation at Reynolds numbers > 80 vas observed at the 

entry of the daughter branches. 

4) The formation, growth, and flow patterns of the ~ortex in a 

partially occluded T-bifurcation vas observed as a function of 

the ratio of flow rates in the daughter branches (degree of 

occlusion), and as a function of the parent tube Reynolds number. 

5) The distribution of rigld BphereB in the vorticea of the Y- and 

T-bifurcatione were found to depend on particle diallêter, the. 

larger apherea being excluded from atreamlinea originating very 

close to the tUbe waill. 
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(2) RECOHMENDATIONS FOR FUTURE WOU 

The present work was but a firat step in underatanding 

particle behavior in flow through bifurcationa. ln or der to relate 

these reau1ts further to b100d f10w in branching vessels of the 

vaaculature, it ia felt that the following areaa ahould be 

inve.tlgated in the future: 

(1) Further experiments in model Y-bifurcations using suspens'ions 

of rigid apherea in which the area ratio la varied betweeo 

1.0 and 2.0, at a given bifurcation angle, to determine the 

effect on aecondary flow and the formation of vortices. 

(2) The construction of model bifurcation channels set io a 

(3) 

mate ria! of lower refractive index than Epon, 80 that the 

motions of blood cells in their aqueous media can be 

observed without major optical distortion. 

The construction of model bifurcation channels mounted such 

that it is possible to photo~raph particle motions not ooly 

in the cOIIIIlOn median plane of parent and daughter branches, 

al deacribed in thia thesis, but also in ~ direction along 

the median plane, SO\ as t~ better characterize motions in 

the aecondary crossflow (e.g. Yu and Goldsmith, 1973; 

Feuerstein et al. 1976). 
)-- , 

(4) Flow experiments using dilute suspensions of human red cells 

, and plateleta vith the aim of characterizing the behavlor and 

distribution of single cells aa we1~ as sggregatea (rouleaux • 

and platelet thrombi) in the vortex region. The work shou1d 

then be extended to examine ,lood flov At hiaher hematocrita 
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, in the bifurcation. 
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Figure A-I. Photograph of the overal1 view of the apparatu8 

, mounted on a vertically positioned metal base plate. The 

optical assembly, shown vith the microscope tube removed, 

consista of the higb inteneity mercury arc ! and low 

inteneity tUDllten ! illuminators, the microscope base C 

and microacope 8tand D. Light is conducted along a tube via 

li'. condeuer, the ed:e of which 18 jus t visible. to the 

object - the flow tube - whieh la mounted on the moveable 

platform ! which a180 8upports the infusion syringe who se 

plunger ia driven along a screw thread by the d.c. motor 

shawn at the top via the gear box !. 

, 

, , 
1 , 



- 99 -

( 

1 

I~ 1 

l' 

c 



, 

.. 

- 100 -

.. 
Pigure A-2. Detalied view of the flow system. AB in Figure 

A-l ~ denote. the mi~ro8cope baae plate and the microscope 

tube haa been removed in order to show a flow tube which i8 

mounted on a glasa slide H held in position by the clamp J. - -
The picture shows the infusion pump plunger Q wh1ch ia 

llOVed by the driveshaft P along a screw thread. The syringe < - , 
i. held in position by the plexiglas. clamp ! and connected 

to the flow tube via a syringe 1jLeedle embedded in epoxy 

resin. The whole 88sembly 1a attached to the moveable plat-

form ! which i8 driven up or down by a continuous1y variable 

speed d. c. mot or • In the preaent experiment. the 'doS 

bifurcations vere a180 mounted on glus 811de.; the moclel 

bifurcations, drilled within an epon block vere cut to fit 

within the clamp l,., and vere connecte4 to the infusion 

8f1'1nge 1»Y means of polythene catheter tubes. 
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APPENDIX B 

Calculatian of radial, maration iD 

the entrance tube of a bifurcation 
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The radial' migration of rigid 8phere8 nay frOll the tube wall 

has been observed at t~be Reynolds aumbers lower than thoae used in 

the preaent work (Segrê and Silberb:erg. 1962; Kamis ~.!! .• 1966) and 

ia due to inertia of the fluid and 1nte~aetion of the partielea with 

the wall (Cox and Brenner,~1968; Vaaaeur, 1973; Cox and Bau, 1976). 

The rate of migration in Po:ts~ul11e flow was found to increase with the 

partiele Reynold8 number Re (SeSd and Silbel'berg. 
p 

2 
Re • .! beL) .! u 

p 3 10 n 0'_ 

1961; 1962) 

• •• (1) 

where b il the sphere radius, beeOll1ng appreciable at Re > 10-4 • The 
p 

ratel were thus very sensitive ta the ratio of particle to tube radius. 
, . 

In the experiments carried out uiing a T-bifurcation. for 35 pm apheres, 

-4 -3 ' 
Ba varied from 1.2 )( 10 to 1.8 )( 10 and.oma radial migration 

p 

wou1d be expeeted. Meaaureplent8 vith d,id apheres have shawn (Segd 

and Silberberg, 1962) that migration occura away from the tube center 

aa well as from the wall and that the equllibrium radial poe1tion Il* 

at whieh; movement aeroaa the lines of flow ceues, ia a litt!e more 

than half vay from the tube axis, The ratea of migration in th1a, .0 
called, tubuIar_pinch effect vere found to he given by: 

dl - b 3 R' R. dt· 0.2 Uo Re (r) . r [1 - Rtl, ,0, (2) 
o 0 

" 9 

i.e., elItldt > 0 when R < R* (outward migr_tion) and dl/dt >( 0 when 

a > a* (iDvard migration). 

In order to calculate the inward radial 'Mgr.tion of a sphere 

after travelling an axial distance lJJLo of 20 .. {the entrance length 
" 

of the T-bifurcation vith a radius l • 0.358 .>. equatton (2) is 
> 0 0 

\ 
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divided into the equation of motion for Poiseuille flow: 

clx - 1.2 
U(a) • dt - 2Uo [1 .... RT ] , 

Q 

••• (3) 

and then integrated between given limits of-radial distance Ri and R2' 
1 
In terme of the dimensionless radial distance S- aIRa, one'obtains: 

~a ~3 [B 2' 8 ]"B - B2 _ ln......2. • tn - _ L + B8* + B* tn (1 - B.) 

pUo b 1 B* B - BI 
" 

••• (4) 

. 
where 8* - 1.*/1.. It can be shawn usins equation (4) that a 15 pm sphare o 

enterinS the flow channel at 81 • 0.979 (the closest stream1ine to the tube 
" ~ 

wall due to the mechanical exclusion of p~rtic1e centers at radial 

distances greater than one sphere radius from the tube wall) would 

migrate 0.4 and 6.8 ,PDl mward to B2 - 0.978 ad 0.960 at Uo • 12 and 

176 mm sec-1 respectively. By contrast, a 32 pm sphere entering the 

flow channel at~B1 - 0.955, the closest streamline, would mig~ate tnward 

2 pm to 82 - 0.950 and 20 pm,ta B2 - 0.896 at the aboYa two flow tates. 
'". 
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