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ABSTRACT

To obta in  nore  ins igh t  in to  the  complex  b lood f low pat te rns  in  the  caro t id

ar te ry  b i fu rca t ion .  f in i te  e lenent  ca lcu la t ions  have been car r iec l  ou t

conb ined w i th  f lo r  v isua l i . za t ion  s tud ies  and laser -Dopp ler  ve loc i ty  neasure-

nents .  As  curva ture  e f fec ts  a re  expec ted  to  be  inpor tan t  in  a  b i fu rca t ion '

f i r s t  the  s teac ly  f low deve loprnent  in  a  curved tube Í Ias  i -nves t iga ted .  Fron  a

deta i led  ana lys is  o f  s teady  f low in  a  th ree-d inens iona l  rnode l  o Í  the  caro t id

ar te ry  b i fu rcá t ion  i t  i s  conc luded tha t  curva ture  e f fec ts  indeec l  p lay  an

inpor ian t  ro le  in  the  daughter  b ranches  o f  th is  b i fu rca t ion ,  bu t  a lso  tha t

the  1oca l  geomet ry  o f  tbe  caro t id  s inus  h igh ly  a f fec ts  the  ax ia l  and

secondary  f lo i r  f ie lds .  Ïn  genera l  a  good agreenent  i s  found be t iveen the

nur rer ica l  and exper imenta l  resu l ts -

KEYI{ORDS

Bend,  caro t i i l  a r te ry  b i fu rca t ion ,  f in i te  e lenent  ana lys is ,  v isua l i za t ion

s t u d i e s .  l a s e r - D o p p l e r  m e a s u r e m e n t s -

INTRODUCTION

In  the  deve lopnent  o f  non- invas ive  de tec t i .on  rne thods  o f  a therosc le ro t i c

Ies j .ons  in  the  caro t id  a r te ry  b i fu rca t ion  a t  an  ear ly  s tage o f  the  d isease,

ins igh t  in to  the  conp l ica ted  f low f ie ld  i .n  th is  b i fu rca t ion  is  ind ispensab le '

The geonet ry  o f  th is  b i fu rca t ion  is  shown in  f igure  1-  I t  cons is ts  o f  a  na in

branch,  the  connon caro t i i l  a r te ry ,  wh ich  asynnet r i ca l l y  c l i v ides  in to  two

branches,  the  in te rna l  and ex ternaL caro t ic t  a r te r ies .  The in te rna l  caro t id

ar te ry  i s  charac ter ized  by  a  w iden ing  in  i t s  nos t  p rox ina l  par t ,  the  s j .nus  or

bu1b.  Deta i led  exper inenta l  in fo rna t ion  about  the  f low f ie ld  in  th is

b i fu rca t j .on  has  been ob ta inec l  fo r  the  s teady  case by  Bharac lva j  e t  a I ' (1982)

and fo r  the  uns teady  case by  Ku e t  a I -  (1983)  '

The a im o f  the  p iesent  s tuc ly  i s  to  deve lop  an  accura te  nuner ica l  rnode l  o f

f lu id  f low in  the  caro t id  a r te ry  b i fu rca t ion .  l { i th  such a  mode l  the

in f luences  o f  in te r ind iv idua l  var iab i l j . t ies  i .n  geomet ry  and the  presence o f

sna l1  s tenoses  on  the  f low f ie lc l  can  be  quant i f i .ed .  The geomet ry  used in  th is

s t u c l y  Í s  s i n i l a r  t o  t h a t  u s e d  b y  B h a r a d v a j  e t  a l - ( 1 9 8 2 ) ;  t h e  c h a r a c t e r i s t i c

d i rnens ions  are  shown in  f igure  1 .  Both  ca lcu la t ions  an i t  neasurenents  were

car r ied  ou t  enab l i .ng  an  exper imenta l  va l ida t ion  o f  the  numer ica l  node l '  In

e a r l i e r  s t u d i e s ,  t h e  n u m e r i c a l  ( C u v e l i e r  e t  a l ' , 1 9 8 6  a n t l  v a n  d e  V o s s e  e t

Biomechqnica! Transport Processes, Edited by F. Mosora e/ al

Plenum Press, New York, 1990
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Fi -gure  1 .  Schemat i .ca l  p resenta t ion  o f  the  hunan caro t i i l  a r te ry  b i fu rca t ion
( A d a p t e d  f r o n  B h a r a d v a j  e t  a I . ,  1 9 8 2 ) .

a l - ' 1 9 8 6 )  a n d  e x p e r i n e n t a l  n e t h o d s  ( C o r v e r  e t  a 1 . , 1 9 8 5  a n d  v a n  s t e e n h o v e n  e t
a 1 . , 1 9 8 8 )  w e r e  d e s c r i b e d .  B e s i d e s ,  i n  a n  e x p e r i n e n t a l  a n d  n u n e r i c a l  s t u d y  b y
v a n  d e  V o s s e  e t  a l . ( 1 9 8 5 )  s t e a d y  a n d  p u l s a t i l e  f l o w  o v e r  a  t w o - d i n e n s i o n á 1  

-

square  s tep  was ana lysed.  R ind t  e t  a l . (19g7)  per fo rmed s teady  and uns teady
ve loc i ty  neasureDents  and ca lcu la t i .ons  o f  f lu id  f lo r  i .n  a  two-d inens i .ona l
node l  o f  tbe  caro t id  a r te ry  b i fu rca t ion .  À  s tuc ly  by  van de  vosse e t  a I .  (1990)
ind ica ted  tha t  th ree-d inens iona l  ana lys is  o f  the  f low f ie ld  in  the  caro t id
ar te ry  b i fu rca t ion  is  necessary  to  be t te r  unders tand the  in  v ivo  f low
s i tua t ion-  To  ga in  nore  ins igh t  in to  the  secondary  f low pat te rns  and because
of  i t s  geornet r i ca l  s i .np l i c i t y ,  f i r s t  s teady  en t rance f tow in  a  9g-degree bend
was s tud ied .  Bovendeerd  e t  a l .  (19g?)  per fo rmed laser -Dopp ler  ve toc i ty
neasurenents  in  such a  bend,  wh i le  th ree-d imens iona l  ca lcu la t ion ,  * " i "
r e p o r t e d  b y  v a n  d e  v o s s e  e t  a l . ( 1 9 g 9 )  a n d  R i n d t  ( 1 9 s 9 ) .  N e x t ,  t h e  s t e a d y  f l o w
in  a  th ree-d j .nens i -ona1 rnode l  o f  the  caro t ic t  a r te ry  b i fu rca t ion  was ana lysed.
u s i n g  e x p e r i n e n t a l  ( R i n d t  e t  a l . , 1 9 8 9 )  a n c l  n u n e r i c a l  ( R i n d t  e t  a l . , 1 9 9 0 i
techn iques .  In  a l l  those s tud ies  a  reasonab le  agreenent  was found be tween the
nuner ica l  and exper inenta l  resu l ts -

In  th is  paper  the  nuner i "ca l  and exper i r ren ta l  ne thods  used w i l l  be  br i .e f l y
descr i -bed and some charac ter is t i c  resu l ts  fo r  s teady  f low in  a  90-degree be id
and ín  a  3D-moder  o f  the  caro t id  a r te ry  b i fu rca t ion  w i l l  be  presênted .  For
tbe  sake o f  c learness  the  to ta l  f low f ie ld  w i l l  be  d iv ided rn to  ax ia l  and
secondary  f low f ie lds ,  the  la t te r  de f ine i l  as  the  f low f ie lc l  in  a
cross-sec t ion  perpend icu la r  to  the  tube ax is .  The resu l ts  w i l l  be  shown a t  a
Reynolds nunber, based on the diarreter of the connon caroti .cl  artery, of about
700.  The f low d iv i .s ion  ra t io  be tween the  in te rna l  and ex terna l  caro t i "d
ar te r ies  i s  chosen to  be  about  5o l50 .  Both  numbers  cor respond to  the  peak
sys to l i c  va lues  o f  b lood f low i .n  the  caro t id  a r te ry  b i fu rca t ion  (Ku e t
a l .  ,  1 9 8 3  )

}IUMERICÀL METHOD

Flow o f  an  incompress ib le  and iso ther rna l  f lu id  i s  descr ibed by  the  nomentun
and cont inu i ty  equat ions .  Neg lec tJ -ng  grav i ty  e f fec ts ,  fo r  s teady  f low these
equat ions  read in  d inens ion less  fo rn :
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i

r i i th  u  the  ve loc i ty  vec tor ,  t
vec tor  opera tor .  In  th is  s tudY
which  the  Cauchy  s t ress  tensor

-  1 ' È l  * t i ' 1 1 " :a = - D L + F Ë t v u

F igure  2 .  The e lement  used (g )

curved tube (b )  and

the Cauchy st ress tensor  and V the gradient
only Newtonian f lu ids wi l l  be considered for
i s  coup led  to  t he  ve loc i t y  f i e l d  as :

and the  e lement  d iv j . s ions  fo r  the  90-degree
t h e  c a r o t i i l  a r t e r y  b i f u r c a t i o n  ( c ) .

( 2 );  R " = #

r

artery b i furcat ion

wi th  p  the  pressure ,  r  the  un i t  tensor  ana t i i l c  the  con iugate  o f  the

ve loc i ty  g rad ien t  tensor .  Re denotes  the  Reyno lds  nunber  and i t s  va lue  is

ca lcu la ted  f rour  the  d ianeter  (D)  and mean veroc i ty  (u )  a t  the  in le t  and the

k i n e m a t i c  v i s c o c i t y  z  o f  t h e  f I u i d .
The nuner ica l  method used is  based on  a  Ga lerk in  f in i te  e lenent

approx i . rna t ion  o f  equat ions  1  and 2 ,  wh ich  leads  to  the  fo l low ing  se t  o f

n o n - l i n e a r  e q u a t i o n s  ( C u v e l i e r  e t  a l . , 1 9 8 5 ) :

T
[ N ( U )  + S ] U + L ' P = B  ;  L U = 0  ( 3 )

H e r e  N ( [ ) U  r e p r e s e n t s  t h e  c o n v e c t i v e  a c c e l e r a t i o n  t e r m ,  S U  t h e  v i s c o u s  t e r n ,
T

L 'P  the  pressure  grad ien t  te rn  and LU the  ve loc i ty  d ivergence te rn-  B

represents  the  boundary  fo rces  and U conta ins  the  ve loc i ty  and P the  pressure

unknowns in  the  noc ta l  po in ts .  To  avo id  par t ia l  p ivo t ing  th i .s  se t  o f  equat ions

is  uncoup led  w i th  the  pena l ty  func t ion  method-  The non- l inear  convec t ive  te rm

N(U)U is  l inear ised  by  a  Newton-Raphson i te ra t ion  methot l .  The cons t ruc t ion  o f

the  sys tem o f  equat ions ,  i t s  so lu t j .on  and the  pos t -p rocess ing  o f  the  ve loc i ty

c l a t a  i s  c a r r i e d  o u t  w i t h  t h e  f i n i t e  e l e n e n t  p a c k a g e  S E P R À N  ( S e g a l , 1 9 8 4 ) .

The d isc re te  po j .n ts ,  in  wh ich  ve loc i t ies  and pressures  are  ca lcu la ted ,  a re
detern ined by  par t i t ion  o f  the  3D-geornet ry  in to  e lements .  The 3D e lement  used
j .s  the  so-ca1Ied  Crouze ix -Rav ia r t  e lenent ,  shown in  f igure  2a-  I t  has  27
nodes fo r  the  ve loc i ty  ( t r iquadra t ic ,  8L  ve loc i ty  unknowns)  and 1  node fo r

c0mm0n
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t h e  p r e s s u r e  ( 1 i n e a r ,  4  p r e s s u r e  u n k n o w n s ) .  D u e  t o  t h e  t r i q u a d r a t i c
approx i rna t ion  w i th in  the  e lement  the  ve loc i ty  has  a  th j . rd  o rc le r  accuracy-
F igure  2b  shows the  e lement  d iv is ion  used fo r  the  ana lys is  o f  the  s teady
ent rance f low in  a  bend.  I t  cons is ts  o f  20  e lements  in  ax ia l -  d i rec t ion  and 30
e lements  per  c ross-sec t ion .  F igure  2c  shows a  p lo t  o f  the  e lement  d iv i . s ion  o f
the  caro t id  a r te ry  b i fu rca t j .on ,  where  1474 e lements  were  used.

For  bo th  geomet r ies  s imi la r  boundary  cond i t ions  were  used.  F low a t  the
in le t  was  supposed to  be  fu l l y  deve loped,  wh ich  neans a  parabo l ic  ax ia l
v ê l o c i t y  p r o f i l e  a n d  z e r o  s e c o n d a r y  v e l o c i . t i e s .  T h e  v e l o c i t i e s  a t  t h e  w a l 1
were  presuned to  be  zero ,  accord ing  to  the  no-s l ip  cond i t ion .  A t  the  ou t le t
the  norna l  and bo th  tangent ia l  s t resses  were
of  symmet ry  bo th  tangent ia l  s t resses  and the
h r r i  l . ^  t ê r ^
! s e  

w v  - v - v .

EXPERIMENTS

s e t  t o  z e r o ,  w h i l e  i n  t h e  p l a n e
norna l  ve loc i ty  conponent  were

I

ll
I,

,i

5

In  f igure  3a  the  exper inenta l  se t -up  is  shown fo r  the  v isua l i za t ion
exper i Í ren ts  and ve loc i ty  measurements  under  s teady  f low cond i t ions .  By  neans
of  a  vo l tage cont ro l le i l  gear  pump P the  f lu id  was pumped f ro r r  the  reservo i r  R
in to  the  neasurenent  sec t ion .  À  long c i rcu la r  p ipe  ups t ream o f  the  mode l  was
used to  ensure  a  fu l l y  deve loped p ipe  f low a t  i t s  en t rance.  The 3D-node ls
cons is ted  o f  tno  ha lves  o f  perspex ,  sp l i t  a t  the  p lane o f  synmet ry ,  in  wh ich
the  90-degree curved tube and the  caro t id  a r te ry  b j . fu rca t ion  were  nach ined
out .  In  f j .gure  3b  the  node ls  used fo r  the  laser -Dopp ler  experJ .nents  a re
presented ;  fo r  the  v isua l i za t ion  exper iments  5  t imes en la rged node ls  were
used.  The ra t io  o f  tube rad ius  and curva ture  rad ius  fo r  the  bend was chosen
to  be  L /5 ,  resembl ing  more  or  less  the  geomet ry  o f  the  en t rance reg ion  o f  the
i n t e r n a l  c a r o t i d  a r t e r v .

b

Fj.gure 3 F lu id  c i rcu i t  as  used
perspex  mode ls  o f  the
b i f u r c a t i o n  ( ! )  .

in  the  exper i rnents  (a )
9O-degree curved tube

together  w i . th  the
and the  caro t i -d  a r te rv

t \
,ii-\
]-\ \-à<-'' \ \+ ) r ' I  I

|  ! -  +^J-
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t r iquadra t ic
i rd  o r t le r  accuracy .
y s i s  o f  t h e  s t e a d y

ax i .a l  d i rec t ion  and 30
the  e lement  d i .v is ion  o f
r e  u s e d -
e  usec l .  F Iow a t  the
a parabo l ic  ax ia l
l o c i t i e s  a t  t h e  w a l l
i i t i o n .  À t  t h e  o u t l e t
ro ,  wh i le  in  the  p lane
Ioc j . t y  conponent  were

v isua l  i za t  ion
iv  cond i t ions .  By  means
:d  f rom the  reservo i r  R
t rean o f  the  node l  was
rnce.  The 3D-node ls
o f  synnet ry ,  in  wh ich

la t ion  were  nach ined
I  exper ] .ments  a re
r la rged node ls  were
:  the  bend was chosen
ent rance rêg i .on  o f  the

together  w i th  the
n d  t h e  c a r o t i d  a r t e r v

I
J-

Tbe f lu id  f low was v i .sua l i zed  w i th  the  usê  o f  the  hydrogen bubb le

techn ique,  as  dêscr ibed by  l ' l e rzk i rch  (1974) .  The ca thode is  a  th in  (20  pm)
p la t inun w i re  pos i t ioned in  the  f lo r  f ie ld  to  be  s tud ied .  The anode is  a

s ta in less-s teeJ .  p la te  loca ted  in  such a  p lace  tha t  i s  a loes  no t  d is tu rb  the

f1ow.  The f lu id  used i {as  den inera l i zed  water  to  i rh ich  a  s Í Ia l l  anount  o f  an

e lec t ro ly te  (0 .5 t  ace t ic  ac id )  r Ías  added.  Hyc l rogen bubb les  are  produced
per iod ica l l y  a t  the  ca thode by  a  sguare  wavê genera tor .  The ax ia l  f low f ie lc l

in  the  synnet ry  p lane o f  the  9O-degree curved tube was v isua l i zed
s imu l taneous ly  a t  two loca t ions  (0  and 38  d .egrees)  a long the  bend.  To
v i .sua l i ze  the  secondary  f low pat te rns  a lso  sheets  o f  hydrogen bubb les  were
produced app ly ing  a  dc  vo l tage be tween the  e lec t rodes .  In  tha t  case the

ca lhode w i re  was p laced ou t  o f  the  p lane o f  symnet ry .
The f lu id  ve loc i ty  was measured by  a  one-conponent  laser -Dopp ler

ins t rument  (DISÀ,  measur ing  vo lune =  400 4r  x  40  pm x  40  pnr ) ,  based on  the

forward-sca t te r ing  re fe rence-bean rne thod.  A  Bragg ce11 Í ras  used to
d isc r im ina te  ve loc i ty  d i rec t ions .  Ve loc i ty  measurements  in  3D-geomet r iês
requ i re  exac t  Ína tch ing  o f  the  re f rac t ion  ind ices  o f  the  f lu id  and o f  the
p e r s p e x  n o d e l s .  T h e r e f o r e ,  a s  c i r c u l a t i n g  f l u i d  a  m i x t u r e  o f  o i 1  ( S h e l l f l e x

2 t4  BG)  and keros ine  was used.  The exper i rnents  were  per fo rmed a t  400C to
lower  the  k inenat ic  v iscos i ty  o f  the  o i l  m ix tu re  and to  e l in ina te  the
in f luence o f  ambien t  tempera ture  var ia t ions '  For  seed ing  s i l i cage l
(L ichrosorb ,  S i  100,  n rean par t i c le  d íameter  5  pm)  was used-  Three s tepper
notors  wêrê  used to  t raverse  the  mode l  in  th ree  independent  d i rec t ions ,
th rough wh ich  pos i t ion ing  o f  the  measur ing  vo lune a t  var ious  s i tes  in  the
mode l  was  poss ib le  r+ i th  an  accuracy  o f  about  5  pm in  each d i rec t ion .
ïndependent ly ,  the  ax ia l  ve loc i ty  component  and bo th  seconc la ry  ve loc i ty
components  were  measure i l  in  about  100 gr id  po in ts  per  c ross-sec t ion .  For  each
measurenent  10  sarnp les  were  taken f ron  wh ich  the  nean va lue  and the  95 t
conf idence in te rva l  were  ca lcu la ted .  A  persona l  computer  was used to  cont ro l
the  t ravers ing  mechan isn  and the  da ta  acqu is i t ion .

RESULTS

In  f igure  4  the  resu l ts  o f  the  f low v isua l i za t ion  in  the  9O-degree bend are
shorn .  In  the  upper  pane l  the  ax i "a l  f low f ie ld  i s  v isua l i zed  in  the  pJ .ane o f
symnet ry .  Due to  the  cent r i fuqa l  fo rces  the  pro f i les  rena in  no t  ax ia l
symnet r ic .  The max inun vê loc i t ies  occur  near  the  ou ts ide  waI l ,  wh i le  a t  the
inner  wa l l  a  so-ca l led  ve loc i . t y  p la teau is  fo rmed.  Due to  the  in te rac t ion  o f
c e n t r i f u g a l ,  p r e s s u r e ,  a n d  v i s c o u s  f o r c e s  t w o  h e l i c a l  v o r t i c e s  d e v e l o p ;  o n e
at  each s ide  o f  the  p lane o f  synnet ry .  Th is  pa t te rn  i s  v isua l i zed  fo r  the
upper  ha l f  in  the  lower  pane l  o f  f igure  4 .

In  f igure  5a  the  ax ia l  ve loc j . t y  p ro f i les  in  the  p lane o f  synrne t ry  a re
presented  fo r  bo th  the  laser -Dopp ler  measurements  and the  f in i te  e lement
ca lcu la t ions .  A  s in i la r  sh i f t  to  the  ou ter  bend is  founc l  as  observed f ron  the
v isua l j . za t ion  exper inents .  There  is  a  fa i r  agreenent  be tween the  exper imenta l
and numer ica l  da ta ,  a l though j .n  the  nuner ica l  case the  ax ia l  ve loc i ty  p la teau

at  58 .5  degrees  is  somerhat  less  deve loped.  In  f igure  5b  the  ca lcu la ted  and
neasured secondary  f lon  f ie lds  a t  23-4  and 58 .5  degrees  are  presented  by
veLoc i ty  p ro f i les  o f  the  conponent  para l1eJ .  to  the  p lane o f  synnet ry  (upper

ha l f )  and the  conponent  perpend icu la r  to  the  p lane o f  sy rnnet ry  ( lower  ha l f ) .
Às  shown in  th is  f igure  and v isua l i zed  in  f igure  4 ,  the  secondary  ve loc i t ies
near  the  p lane o f  symmet ry  a re  d i rec ted  f ron  the  i .nner  bend towards  the  ou ter
bend,  wh i le  near  the  s ide  wa11 a  c i rcumferent ia l l y  j .nward  mot ion  o f  the  f lu id
occurs -  Here  aga in  a  good agreenent  ex is ts  be tween the  exper inenta l  and
n u n e r i c a l  r e s u l t s .

In  f igure  6  the  v isua l i zed  f low f ie ld  in  a  3D-nrode l  o f  the  caro t ic l  a r te ry
b i fu rca t ion  is  shown.  The v isua l i za t j .on  w i res  are  p laced perpend icu la r  to  the
p lane o f  sy rnrne t ry .  F rour  th is  f igure  j . t  i s  conc luded tha t  a fso  a t  the  en t rance
of  the  in te rna l  caro t id  a r te ry  seconc la ry  mot ions  are  present .
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Fi .gure  4  - the  upper

F i g u r e  5 .  C a l c u l a t e d  ( - )  a n d  n e a s u r e d  ( o o o )  a x i a l  v e l o c i t y  p r o f i l e s  i n  t h e
p lane o f  synr Í re t ry  (a )  and secondary  ve loc i ty  p ro f i les  a t  two
cross-sec t j .ons  (b )  o f  the  9O- i legree  curvec l  tube (Re =  640,  I :  inner
w a l l ,  0 :  o u t e r  w a l l ,  S :  s i d e  w a l l ) .

F l o w  v i s u a l i z a t i o n  i n  t h e
h a l f  ( b )  o f  t h e  9 0 - d e g r e e

plane of synnetry
curved tube (Re =

(g)  and in
8 4 0 ) .
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( a )  a n d  i n
8 4 0 ) .

the  upper

';

*ËZ
è56Ë

: i t y  p ro f i l es  i n  t he
p ro f i l es  a t  two

ube  (Re  =  640 ,  I :  i nne r

F i g u r e  6 . F low v isua l i za t ion  in  a  3D-mode1 o f  tbe  caro t i -c l  a r te ry
( R e  =  9 0 0 ) .

b i f u r c a t i o n

F.u'.r--r

s
t ' t  , - t ' V - - t ' .' ' . ' { :  \ l ( :  t. t  { :  l r  q :  ê .

. ' a  v  I  I  t : .
, ' a  I  I  t  \ : ' .
' a i t ? l

, t l t t t '
'  ?  ?  í  I  ?  , ^

'F*-*Ë'

Calcu la ted  ( - )  and neasured (ooo)  ax ia l  ve loc i ty  p ro f i les  in  the
p lane o f  syurmet ry  (a )  and secondary  ve loc i ty  p ro f i les  a t  two
c r o s s - s e c t i o n s  ( b )  o f  t h e  c a r o t i d  a r t e r y  b i f u r c a t i o n  ( R e  =  6 4 0 ,
D :  d i v i d e r  r a l 1 .  S :  s i d e  w a I I ) .  F r o n  R i n d t  e t  a I . ( 1 9 9 0 ) ,  r i t h
p e r n i s s i o n .
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In  f i .gure  7a  the  ax ia l  ve loc i ty  p ro f i . les  in  the  p lane o f  synnet ry  o f  the
b i fu rca t ion  are  presented  fo r  bo th  the  laser -Dopp ler  neasurements  and the
f in i te  e rement  ca lcu la t i .ons .  The charac ters  c ,  r  and E re fe r  to  the  connon,
in te rna l  and ex terna l  caro t id  a r te r i .es  and the  nunbers  to  ax ia l  d is tances  to
the  f lo r r  d iv ider  expressed in  d ia rne ters  o f  the  main  branch.  rn  the  noc le l
c o m m o n  c a r o t i d  a r t e r y  ( C 1 . 5 )  t h e  v e l o c i t y  p r o f i l e  i s  p a r a b o l i c .  À t  t h e
ent rance o f  the  in te rna l  caro t id  a r te ry  h igh  ax ia l  ve loc i t ies  a re  found near
the  d iv i .der  wa l l ,  wh ich  ls  p r imar i l y  caused by  f low branch ing .  À  reg ion  r i th
negat ive  ax ia l  ve loc i t ies  w i th  a  d i .aneter  up  to  50 t  o f  the  loca l  d iameter  o f
the  bu lb  i s  found oppos i te  to  the  f row d iv ider .  The agreeurent  be tween the
exper imenta l  and nuner ica l  da ta  i s  good.  In  f igure  ?b  the  pro f i les  o f  the
secondary  ve loc i ty  conponents  a re  shown a t  pos i t ions  one d ianeter  downst ream
i .n  the  in te rna l  and ex terna l  caro t id  a r te r ies .  Near  the  p lane o f  symrnet ry  the
secondary  ve loc i t ies  a re  d i rec ted  towards  the  d iv ider  wa l l  and near  the  s ide
wa11 they  po in t  c i rcurn feren t ia l l y  back  towards  the  non-d iv ider  wa11.  There  is
aga in  a  fa i r  agreement  be tween the  nuner ica l  and exper imenta l  da ta .

CONCLUDING DISCUSSION

Fron the  present  s tudy  i t  i s  conc luded tha t  the  f in i te  e lement  ne thod can be
used fo r  de ta i le i l  ana lyses  o f  f lu id  f low in  conprex  th ree-d inens iona l
geomet r ies .  The t i .nd ings  in  th is  s tudy  a lso  ind ica te  tha t  qua l i ta t i ve ly  the
secondary  f low f ie lds  in  a  curved p ipe  and har fway the  caro t id  s inus  show
r e n a r k a b l e  s i m i l a r i t i e s ,  a l t h o u g h  o t h e r  r e s u l t s  ( R i n d t  e t  a l . , 1 9 9 0 )  s u g g e s t
tha t  a t  the  en t rance and end o f  the  bu lb  the  secondary  f low f ie lds  a re  a lso
h igh ly  in f luenced by  the  spec i f i c  gêomet ry  o f  the  caro t id  s inus .  Both
f ind ings  suppor t  the  s ta tenent  o f  o lsen  (1971)  tha t  the  f low phenornena in  a
symmet r ica l  b i " fu rca t ion  w i th  s t ra j .gh t  daughter  b ranches  main ly  o r ig ina te  f rcn
c u r v a t u r e  e f f e c t s . 0 n  t h e  c o n t r a r y  t o  t h e  f l o w  i n  a  9 O - d e g r e e  c u r v e d  t u b e ,  a
la rge  reg ion  r i th  reversed ax ia l  f low is  observed oppos i te  to  the  f tow
d i .v ider  in  the  in te rna l  caro t id  a r te ry .  These negat ive  ax ia l  ve loc i t ies  a re
na in ly  due to  the  d ivergent  geonet ry  o f  the  in le t  sec t ion  o f  the  caro t id
s inus .  The w id th  o f  the  reg ion  i -s  sonewhat  la rger  than the  va lue  repor ted  by
B h a r a d v a j  e t  a 1 . ( 1 9 8 2 ) ,  p r o b a b l y  d u e  t o  t h e  h i . g h e r  f l o w  d i v i . s i o n  r a t i o
170/30)  used by  them.

Ïn  the  near  fu tu re  the  uns teady  f low phenonena in  the  caro t id  b i fu rca t ion
w i l l  b e  i n v e s t i g a t e d .  N e x t ,  t h e  i n f l u e n c e  o f  t h e  w a 1 l  f r e x i b i l i t y  o n  t h e
ax j .a1  and secondary  f lo r  f ie lds  has  to  be  eva lua ted .  To  tha t  end,  the
ana lys is  o f  wave propagat ion  o f  p ressure  and f low pu lses  (van Steenhoven and
v a n  D o n g e n , 1 9 8 6  a n d  H o r s t e n  e t  a l . , 1 9 8 9 )  h a s  t o  b e  i n c o r p o r a t e d  i n  t h e
nuner ica l  mode1.  A  s t ra tegy  and some pre l im inary  resu l ts  have been descr ibed
b y  R e u d e r i n k  e t  a l .  ( 1 9 8 9 ) .
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