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COMPUTATIONAL INVESTIGATION OF TURBULENT,
NON-NEWTONIAN FLOW IN HEART VALVE CONDUITS

b y

G eoffrey  D ouglas T an sley  

ABSTRACT

Heart v a lv e  co n d u it p r o s th e s is  d e s ig n  h a s , to  date , sim ply in corp orated  
an e x is t in g  a ortic  or m itral v a lv e  p r o s th e s is  in to  a le n g th  of 
c y lin d r ica l g r a ft  tu b in g . H ow ever, a s  th e se  v a lv e s  are  d eve lop ed  to  
co n tro l flow  b e tw een  th e  la rg e  cham bers o f th e  h ea rt, th e ir  u se  in  
c o n d u its  ig n o r e s  th e  p o ten tia l b e n e f its  th a t m ight b e  a fford ed  b y  a 
" p u r p o se -b u ilt” co n d u it v a lv e .

The p u rp o se  o f th is  th e s is  is  to  d e sc r ib e  th e  d e s ig n  and a sse ssm e n t o f  
haem odynam ics o f su ch  a v a lv e , a ided  v ia  th e  ap p lica tion  of 
com putational f lu id  M echanics (CFM).

F ir s t  a com putational m odel o f blood flow  w as d ev e lo p ed  w h ich  was b ased  
on a k -  € m odel o f tu r b u len ce  cou p led  w ith  a c o n s t itu t iv e  eq u ation  to  
d e sc r ib e  th e  non-N ew ton ian  flow  b eh av iou r  o f b lood. T his w as app lied  to  
a ball v a lv e  c o n d u it w ith  a d iv e r g in g /c o n v e r g in g  form , and ap p ra isa l  
w as made of p r e s s u r e  drop, flow  f ie ld s , occ lu d er  s ta b ility  and sh ear  
com p onents. B ehavioura l d iffe r e n c e s  b etw een  blood an a logu e  so lu tion  and  
blood w ere lim ited , th e r e b y  e n d o r s in g  th e  u se  o f a n a lo g u es  for  in -v itr o  
exp erim en ts.

The v a lv e  f in a lly  d ev e lo p ed  exh ib ited  ex c e lle n t p r e s su r e /f lo w  
c h a r a c te r is t ic s , in  p articu lar  a p r e s su r e  drop le s s  th an  half th at of 
an id ea l an n u lu s-m o u n ted  v a lv e . F urtherm ore th e  com putational tech n iq u e  
allow s it  to be s ized  to  m inim ise th e  throm boem bolic and haem olytic  
p o ten tia ls  (b a sed  on  p r e d ic ted  sh ea r  ra te  and sh ea r  s tr e s s e s )  for  a n y  
in d iv id u a l p a tie n t, ra th er  than  sim ply  to  f i t  an a n n u lu s .

The major c o n c lu s io n s  are:

i) the ad d ition a l flow  param eter inform ation , e sp e c ia lly  
throm boem bolic and haem olytic p o te n tia ls , ga in ed  from a p p ly in g  
CFM at th e  d e s ig n  s ta g e  o f v a lv e  develop m en t is  in va lu ab le

ii) em ploym ent o f a r e a lis tic  c o n s t itu t iv e  fu n c tio n  for  non-N ew ton ian
m odelling o f blood flow  p r o v id e s  th e  sta n d a rd  a g a in s t  w hich  o th er  
flow  m odels sh ou ld  be com pared

iii) g r e a tly  im proved  flow  c h a r a c te r is t ic s  may be re a lised  w ith
p u rp o se  b u ilt  v a lv ed  c o n d u its .
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AIMS

The o b je c t iv e s  o f th is  th e s is  w ere  severa l:

i) to a s s e s s  th e  u s e fu ln e s s  o f Com putational Fluid M echanics to

th e  eva lu a tio n  o f p r o s th e t ic  h eart v a lv e  flow . To th is  en d , 

a com m ercially a va ilab le  com puter code w as em ployed  a llow in g  

a more rapid  com m encem ent o f m odelling th an  would be  

p o ss ib le  if  ’in -h o u s e ’ c o d in g  had been  w ritten

ii) to e s ta b lish  c r it ic a l blood flow  c h a r a c te r is t ic s  su c h  a s

sh ear  r a te s  and sh ea r  s t r e s s e s  for  u se  in  the a n a ly s is  o f  

p r o sth e t ic  v a lv e  throm boem bolic and haem olytic p o te n tia ls

iii) th e  develop m en t o f com putational gr id  geom etry  c lo se ly

r e p r e se n t in g  geo m etr ies  in to  w h ich  a con d u it m ight be  

im planted

iv ) th e  in c lu s io n  o f a c o n s t itu t iv e  eq u ation , d e sc r ib in g  b lo o d ’s  

s h e a r /v is c o s ity  r e la tio n sh ip , in to  CFM so lu tion  r o u tin e s  in  

an attem pt to  m odel co n d u it flow  in  a s itu a tio n  more c lo s e ly  

allied  to th a t in -v iv o

t

v ) fin a l haem odynam ic d e s ig n  o f a ball occ lu d ed  h eart v a lv e  

co n d u it

v i) a n a ly s is  o f fin a l co n d u it d e s ig n  to  a s s e s s  p o ss ib le  c lin ica l 

a c c ep ta b ility .
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w a v e  rad ia lly  a v e ra g ed  v e lo c ity  in  X d irection  m /s

wmax maximum X d irec tio n  v e lo c ity  at a radial p lane m /s

x D istance a long C artesian  o rd in a te  X -axis m

X P erta in in g  to C artesian  ord in a te

IX develop m ent le n g th  m

Xi, X2 r X3 haem atocrit, f ib r in o g e n  and g lob u lin  u sed  
by B egg  and H earns (1966)

y  D istance a long C artesian  o rd in a te  Y -axis m

Y P erta in in g  to  C artesian  ord in a te

ln(V) B egg  and H earns (1966) In s -*1

y + n on -d im en sion a l wall d is ta n c e  y + = 6 U r / »

z D istance a long C artesian  o rd in a te  Z~axis m

Z P erta in in g  to C artesian  o rd in a te

D irection  of steam w ise dom inance

b partia l d iffe r en tia l

«o ¥c~1/2 (Quemada 1976a,b) se e  ¥c below s 1/2

x x i i



6 d is ta n c e  from  w all to  f ir s t  ce ll c e n tr e  m 1
4

A d e n o te s  a d iffe r e n c e  or g ra d ien t

¥ sh ea r  r a te  (p rod u ction  ra te ) s _l

¥c c r itica l sh ea r  ra te , a b ove  w h ich  non-N ew ton ian  s ”1
c o n c e n tr a te  d is p e r s e  sy s te m s  act in  a N ew tonian  
m anner (Quemada 1976a,b)

€ tu r b u len ce  d is s ip a tio n  ra te

K  Von Karman’s  c o n sta n t for  sm ooth wall = 0.435

0  a n g le  0

tem p era tu re  c C

M dynam ic v is c o s ity  Pa s

Mo In tr in s ic  v is c o s ity  a t zero  sh ea r  Quemada (1976a,b) Pa s

Ma ap p aran t v is c o s ity  o f non-N ew ton ian  flu id

Ml lam inar ( in tr in s ic )  v is c o s ity  Pa s

Mp v is c o s ity  o f p lasm a Pa s

Mr v is c o s ity  o f  blood r e la t iv e  to  w ater

Mt tu r b u le n t  v i s c o s i t y  Pa s

Meff  e f fe c t iv e  v is c o s ity ,  Me f f  =  M l +  Mt  Pa s

Mgy In tr in s ic  v is c o s ity  a t in fin ite  sh ea r  Pa s
Quemada (1976a,b)

(Te em pirical c o n sta n t  u se d  in  k -  € m odel s  1.314

cru em pirical c o n sta n t u se d  in  k -  € model = 1.0

t  elem en ta l sh ea r  s t r e s s  Pa

ro ’p se u d o  y ie ld  stress*  (Quemada 1976a,b) Pa

fw  sh ea r  s t r e s s  a t th e  w all Pa

x x i i i



r y sh ear  s t r e s s  a t flow  y ie ld  o f non-N ew ton ian  flu id

» kinem atic v isc o s ity ;  » = M/V

r  P y th a g o r a s’ c o n sta n t

/» d e n s ity

S u b sc r ip ts

in  r e fe r r in g  to in le t  c o n d itio n s

Pa

k g /m 3
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VALVE GEOMETRY NOMENCLATURE

The v a lv e  nam es below  are  d er iv ed  from the f ir s t  le t te r s  o f th e  w ords  

d e sc r ib in g  th e  in le t  and o u tle t  se c t io n s  of each  p r o to ty p e , and th e  

ratio  o f ball ra d iu s  to  c o n d u it ra d iu s. T h ese  n om en cla tu res are show n  

in  d iagram atic form , on th e  fo llow in g  p age.

SISO V alved co n d u it fea tu r in g  d iv e r g e n t /c o n v e r g e n t

co n ica l in le t and o u tle t s e c t io n s  o f s tr a ig h t  

p ro file , h en ce  S tra ig h t In le t S tr a ig h t O utlet.

SICO v a lv e d  co n d u it w ith  th e  o u tle t  sec tio n  a ltered  to a

c u r v e d  p ro file  of th e  form g iv e n  b y  eq u a tio n  5.1,  

h e n ce  S tr a ig h t In let C urved O utlet

CICO In le t and o u tle t  p ro file s  o f th is  v a lv e  are

sim ilar, ie  C urved In let C urved O utlet

LRR s e r ie s  In  th is  s e r ie s  o f v a lv e s  th e  diam eter o f o cc lu d in g

ball w as red u ced  w ith r e sp e c t  to th e  co n d u it  

r a d iu s , h en ce  "Low Radius Ratio" (LRR)
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CHAPTER ONE

INTRODUCTION



1.1 G en era l In tr o d u c t io n

Heart v a lv e  rep lacem en t is  tod ay  a common p lace su r g ic a l  

tech n iq u e , th e  num ber of h eart v a lv e  m an u factu rers, le t  a lone  

p r o sth e tic  v a lv e  m odels, b e in g  an in d ica tion  of th e  s iz e  o f th e  

m arket in  v a lv e s . Like m ost m arkets, d e s ig n s  are  sold  on  

e f fe c t iv e n e s s  o f th e  p ro d u ct, w h ich  in th e  ca se  o f h eart v a lv e s  

m eans im provem ent o f q u a lity  of p a tien t life . In fu r th e r a n c e  of 

v a lv e  d e s ig n  and b e c a u se  o f th e  c o n se q u e n c e s  o f v a lv e  fa ilu re , 

each  v a lv e  m an u factu rer  s tr in g e n t ly  t e s t s  e v e r y  v a lv e  d e s ig n .

The am ount o f in form ation  ab ou t a v a lv e 's  c lin ica l and  

haem odynam ic p erform an ce is  fu r th e r  in crea sed  b y  th e  b a tte r y  of 

com parative t e s t s  perform ed b y  o th er  in te r e s te d  p a r tie s . T his is  

in  an e ffo r t  to im prove f u r t h e r  th e  s ta te -o f - th e -a r t  o f v a lv e  

d e s ig n , to q u a n tify  a v a lv e ’s mode of fa ilu re , or sim ply p e r h a p s  

as an academ ic e x e r c ise .

B ecause o f th e  s u c c e s s  o f v a lv e  rep lacem en ts in  th e  c a se  o f 

acq u ired  h eart v a lv e  d ise a se , th e re  h ave  been  a ttem p ts more 

r e ce n tly  to u se  them  in  r e c o n str u c t iv e  s u r g e r y . T h ese  a ttem p ts  

have m ostly  in v o lv e d  in s e r t in g  a v a lv e  a long w ith  a le n g th  o f  

tu b in g  to b u ild , fo r  exam ple, a new aorta . To red u c e  o p e r a tin g  

time, m an u factu rers  s ta r te d  to  p ro v id e  w hat have come to be know n  

a s v a lv ed  co n d u its .

To date, com m ercially  ava ilab le  co n d u its  com prise an a o rtic  or  

mitral v a lv e  m ounted in to  a se c tio n  of g r a ft  tu b in g . Most 

popular are b io p r o sth e tic  v a lv e  c o n d u its , su ch  a s  P o ly sta n 's  VPC 

P orcine v a lv ed  pu lm onary g r a fts ,  and Hancock L ab oratories or  

Edw ards' P orcin e v a lv e d  c o n d u its . Of th e  m echanical v a lv e s , th e



B jo r k -S h ile y  t ilt in g  d isk  (AGV/GVP) has found  th e  g r e a te s t  fa v o u r  

in  co n d u it a p p lica tio n . H ow ever, each  o f th e se  v a lv e s  was  

d e s ig n ed  to  be f it te d  to a t is s u e  an n u lu s in  p lace o f an e x c ised  

natura l v a lv e  (f ig u r e  1.1), and a s  su ch  th e y  are  not w holly  

su ited  to co n d u it  ap p lica tion . A lthough su ch  v a lv e d  c o n d u its  

perform  s a t is fa c to r ily , th e y  do not take a d v a n ta g e  o f the  

im proved haem odynam ic c h a r a c te r is t ic s  th a t m ight be a ffo rd ed  a 

p u rp o se  b u ilt d e v ic e . F urtherm ore, th e  num ber o f d iffe r e n t  

con d u it d e s ig n s  is  small and th e  develop m ent time exp en d ed  on  

co n d u its  is  d isp r o p o rtio n a te ly  low er than  for trad ition a l v a lv e s ,  

so  it  is  u n lik e ly  th a t d e s ig n s  are op tim ised . T his s ta te  o f 

a ffa ir s  is  p ro b a b ly  d r iv en  by m arket fo r c e s , a s  th e  num ber of 

co n d u its  im planted  an n u a lly  is  on ly  a small fra c tio n  o f th e  

num ber of a o r tic /m itra l v a lv e  im plantations, th e  a rea s  of 

ap p lica tion  b e in g  lim ited now to  su r g ic a l te c h n iq u e s  in  acq u ired  

d isea se  su c h  a s  th e  rep lacem ent o f d e g e n e r a tin g  a sc e n d in g  aorta  

and aortic  v a lv e  and ap icoaortic  sh u n ts  ( f ig u r e  1,2) and for  

r e c o n str u c tio n  in  co n g e n ita l h ea rt d is e a s e s , e g  a sp len ia  

syndrom e, te tr a lo g y  o f Fallot, tra n sp o sit io n  o f th e  m ajor v e s s e l s  

and doub le o u t le t t in g  v e n tr ic le s .

M arket fo r c e s  a s id e , th e  need  to d e s ig n  a su p er io r  co n d u it v a lv e  

m ust su r e ly  p r e s e n t  a c h a llen g e , b ear in g  in  mind th a t co n d u it  

p r o s th e s e s  are more commonly u sed  in  p a e d ia tr ic s . Here 

p r o s th e s e s  sh ou ld  n ot on ly  b oast an in c rea sed  lo n g e v ity  of 

accep ta b le  m echan ical fu n c tio n , b u t shou ld  rem ain su ite d  to th e  

re c ip ien t for  a norm al life  sp an  and be fr e e  from  th e  n eed  for  

an ticoagu la tion . The ram ifications o f th is  are th a t c o n d u its , 

e v e n  th e  sm aller s iz e s , h ave to  have ex cep tio n a l p r e s s u r e /f lo w  

c h a r a c te r is t ic s  so  th a t a v a lv e  im planted in to  an in fa n t m ight
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rem ain su ita b le  in ad u lt life . S uch  im proved v a lv ed  co n d u its  

m ight fin d  ap p lica tion  in  a g r e a te r  ra n g e  o f c lin ica l s itu a tio n s,  

for exam ple th e  rep lacem en t o f a ortic  v a lv e s  fa c ilita ted  b y  th e  

rem oval o f a sec tio n  of aorta , e v e n  w h ere aortic  d eg en era tio n  is  

a b sen t. T his would allow th e  im plantation  of v a lv e s  o f large  

flow  areas in corp ora ted  in to  co n d u its  o f diam eter eq u al to th at  

o f the h eart a n n u lu s. H ow ever, allow ance w ould be n e c e ssa r y  in  

th e  con d u it for  coron ary  a r te r y  ou tflow .

The ab ove h ig h lig h ts  th e  need' for  more develop m en t of co n d u it  

v a lv e s . H ow ever, su ch  d evelop m en t is  tra d itio n a lly  time 

consum ing  and v e r y  e x p e n s iv e . T ech n iq u es com m only app lied  to th e  

a sse ssm e n t o f v a lv e  fu n c tio n , for  exam ple L aser D oppler  

Anem om etry and s ta tic  p r e s su r e  m easurem ent te c h n iq u e s , y ie ld  good  

a n a ly se s  o f flow  fie ld  inform ation  and p r e s su r e  flow  

c h a r a c te r is t ic s , b u t fa ll sh o r t  o f th e  a b ility  to  p r e d ic t  th e  

more im portant c lin ica l prob lem s o f throm boem bolism  and  

h aem olysis. T h ese p aram eters a t p r e se n t  are a s s e s s e d  b y  

co n d u ctin g  animal tr ia ls , w h ich  th e m se lv e s  are e x p e n s iv e  and  

y ie ld  data o f d u b iou s c lin ica l v a lu e . The optim isation  o f v a lv e  

d e s ig n  w hich  m inim ises throm boem bolic and haem olytic p o ten tia l is  

d iff icu lt  to a ch iev e  if  rep ea ted  animal tr ia ls  are n eed ed  for  

each  d e s ig n  c h a n g e . R ecent r e se a r c h  h as en ab led  cr itica l  

a n a ly s is  o f throm boem bolic and haem olytic p o te n tia ls  b ased  on  

sh ear  s t r e s s e s  and sh ea r  r a te s  in d u ced  by  a p r o s th e s is . A lthough  

th is  a n a ly s is  fa lls  sh o r t  o f th e  id ea l, i t  d oes im prove the  

p oten tia l for v a lv e  d e s ig n . U n fo r tu n a te ly , none o f th e  p r e se n t  

day experim en tal te c h n iq u e s  is  cap ab le  o f y ie ld in g  s u ff ic ie n t  

in form ation, so  o th er  te c h n iq u e s  m ust be s o u g h t  to do so.

F u rth er  lim itations to exp erim en ta l tec h n iq u es  m ight be



in tro d u ced  b y  a re lian ce  on th e  u se  o f New tonian an alogu e  

so lu tio n s  to p rod u ce  flow  in -v itr o . Such so lu tio n s  are ch o se n  to  

exh ib it v is c o s it ie s  and d e n s it ie s  com parable to th e  p r o p e r tie s  o f  

bulk blood flow , b u t a fu ll u n d er sta n d in g  of th e  d iffe r e n c e s  

betw een  th e  flow o f blood and an alogu e f lu id s  h as not been  

availab le  and th is  c a s ts  ad d ition a l d oub t on th e  v a lid ity  of su ch  

experim en tal t e s t s .

One p o ss ib le  im provem ent to m odelling is  v ia  th e  ap p lica tion  o f  

Com putational Fluid M echanics (CFM). T h eoretica lly  it  is  

p o ss ib le  to com p utationally  p r e d ic t  all th e  r e le v a n t flow  

param eters u s in g  blood a s  th e  w ork in g  flu id . T h is cou ld  lead  to  

a g r e a te r  co rre la tio n  b etw een  th e  flow a n a ly sed  " through  th e  

valve"  d u r in g  th e  d e s ig n  s ta g e , and th e  actu a l flow  in -v iv o . If 

su ch  m odelling w ere s u c c e s s fu l  a com plete and a ccu ra te  p ic tu r e  o f  

haem odynam ic param eters, su c h  a s  sh ear  s tr e s s  and th e re fo r e  

haem olysis would be a c h iev e d . H ow ever, com putational m odelling  

i t s e lf  is  not w ith ou t i t s  d iff ic u lt ie s ;  p r e se n t  day  com p u ters are  

in cap ab le  o f so lv in g  th e  N a v ie r -S to k e s  eq u a tio n s in  tu r b u len t  

flow . The problem  lie s  in  th e  e x c e s s iv e  s to r a g e  and  

com putational time req u irem en ts  n eed ed  to  so lv e  su c h  sp a c ia lly  

and tem porally  d e n se  flow  f ie ld s . The so lu tion  is  in stea d  

ap p roach ed  by  th e  u se  o f a tu r b u len ce  model w h ich  p r e d ic ts  time 

a v era g ed  tu r b u len ce  flow  p aram eters. F u rth er  lim itations are  th e  

need  for  a c o n s t itu t iv e  eq u ation  for  th e  d e sc r ip tio n  o f blood  

v is c o s ity  v ar ia tion  w ith  sh ea r  ra te , b ro u g h t ab ou t by  an  

incom plete k n ow led ge o f th e  p h y s ic s  o f flow  o f co n c e n tr a te  

d isp e r se  sy ste m s.
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T his th e s is  aims to  in te g r a te  all the ab ove a rea s  b y  d e sc r ib in g  

th e  Com puter Aided D esign  o f a ball occ lu d ed  h ea rt v a lv e  con d u it, 

p a y in g  p articu lar  a tten tio n  to th e  throm boem bolic and haem olytic  

p o ten tia ls  o f th e  v a lv e s  by  m odelling in blood flow . It d e sc r ib e s  

a r e se a r c h  p r o jec t w h ich  aimed to d e s ig n  a "p u rp ose  built"  

con d u it v a lv e  capab le o f d isp la y in g  c o n s id er a b ly  en h an ced  

p r e s su r e  flow  c h a r a c te r is t ic s  and red u ced  throm boem bolic and  

haem olytic p o ten tia ls . The s te p s  taken  to accom plish  th is  d e s ig n  

were:

i) C ritical flow param eters w ere  id e n tified  a g a in s t  w hich

th e  com pleted  d e s ig n  cou ld  be a s s e s s e d

ii) A tu r b u len t, non-N ew ton ian  blood flow m odel w as d eve lop ed

for  in tro d u ctio n  in to  a p ro p r ie ta ry  f in ite  d iffe r en ce  

p ack age

iii) A s e r ie s  o f v a lv e s  w as d ev e lo p ed  b ased  on  a c o h eren t

develop m en t p lan , each  v a lv e  b e in g  a s s e s s e d  for e x ce llen ce  

of p r e s su r e /f lo w  c h a r a c te r is t ic s  and throm boem bolic and  

haem olytic p o te n tia ls .

F ir s t ly  h ow ever , th e re  fo llow s a b r ie f  d isc u ss io n  o f th e  h is to r y  

of v a lv e  flow  v isu a lisa tio n , an in tro d u ctio n  to  p r e s e n t  day  

experim en ta l te c h n iq u e s  ap p lied  to v a lv e  flow  a n a ly s is , a 

d isc u ss io n  of cr itica l haem odynam ic param eters and a b r ie f and  

v e r y  g en e r a l in tro d u ctio n  to  com putational flu id  m echan ics.

7



The H istory o f Heart Valve Flow V isualisa tion

Flow v isu a lisa tio n  s tu d ie s  a re , g e n e r a lly , v e r y  sim ple to  perform  

and th e  b asic  p r in c ip le  of m onitoring th e  p a ssa g e  o f se ed in g  

p a r tic le s  h as b een  w id ely  ap p lied  in  a m ultitude o f area s of  

h yd rod yn am ics o v e r  the la s t  f i f ty  y e a r s  or so , A b r ie f sum m ary  

of su ch  te c h n iq u e s  is  g iv e n  b y  Clayton and M assey  (1967). Heart 

v a lv e  flow s tu d ie s  h ave  b een  perform ed s in ce  th e  la te  1960's w hen  

W eiting (1969) and D uff (1970) app lied  flow  v isu a lisa tio n  

te c h n iq u e s  to th e  a sse s sm e n t o f th e  flow  c h a r a c te r is t ic s  o f 

se v e r a l m odels o f p r o s th e t ic  h ea rt v a lv e s . S in ce  th e se  f ir s t  flow  

v isu a lisa tio n  s tu d ie s  in  h ea rt v a lv e s , th is  m ethod of a n a ly s is  

has becom e common p lace and m any w ork s p r e se n t  q u a lita tiv e  

r e su lt s  from su ch  s tu d ie s  (re fs: Modi and A k utsu  1980, Sw anson  

and Clark 1980, Reul e t  al 1981, Woo e t  al 1983 and Benjam in  

1986). In r e c e n t  y e a r s  th e  te c h n iq u e s  o f flow v isu a lisa tio n  h ave  

d iv e r s if ie d , m aking p o ss ib le  q u a n tita tiv e , unam biguous a n a ly s is  

of flow  f ie ld s , by  th e  ap p lica tion  o f str o b o sc o p ic  lig h tin g  in  a 

sim ilar m anner to th a t em ployed  b y  H am pshire (1984), or by  

p artic le  tra ck in g  v ia  m ultip le ex p o su re . E ven g r e a te r  p o ten tia l, 

th o u g h  a s  y e t  u n r e a lise d , i s  o ffe r e d  b y  th e  im plem entation of 

P artica l Im age V elocim etry or L aser S p eck le  V elocim etry as  

d escr ib ed  by  M eynart and L ourenco (1984) and L ourenco and  

K rothapalli (1987).

L aser D oppler Anem om etry h as b een  ap p lied  b y  m any r e se a r c h e r s  to  

th e  eva lu a tion  o f flow  f ie ld s  in  p r o s th e t ic  h eart v a lv e s . Some o f  

th e se  s tu d ie s  p r e s e n t  th e  m ost sim ple u sa g e  o f LDA, nam ely s te a d y  

flow  v e lo c ity  f ie ld s  (Y oganathan e t  al 1979a and 1979b) w hile  

o th er  LDA s tu d ie s  a d d r e ss  th e  problem s of p u lsa tile  flow , v ia  th e
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em ploym ent o f p u lsed  D oppler te c h n iq u e s  (B ru ss  e t  al 1983,

Chandran e t  al 1985a,b, G iersiep en  e t  al 1986 and Tiederm an e t  s|

al, 1986). LDA is  a lso  cap ab le  o f y ie ld in g  s t r e s s  inform ation , |

an a b ility  w h ich  h as been  exp lo ited  in  se v e r a l s tu d ie s  (Tiederm an  

e t  al 1986, Woo e t  al 1983, A k u tsu  and Modi 1982). T h ese s tu d ie s  -f

have all assu m ed  iso tro p ic  tu r b u len ce  and h ave  u tilise d  o n ly  one ®

or two dim ensional d op p ler  m easurem ent. F urtherm ore, all th e se  

s tu d ie s  h ave  u sed  blood an a logu e  f lu id s  a s  th e  flow  medium  

b eca u se  o f th e  d iff ic u lt ie s  p r e se n te d  b y  LDA m easurem en ts in  

blood as a w ork in g  flu id .

F u rth er  a d v a n c e s  in  th e  fie ld  o f h ea rt v a lv e  flow  v isu a lisa tio n  ^

are prom ised b y  th e  r e la t iv e ly  r e c e n t  tec h n iq u e  o f U ltrasoun d  :K

D oppler, as d e sc r ib e d  b y  Mann e t  al (1987). A lthough  th is  

tech n iq u e  o f fe r s  th e  r e se a r c h e r  th e  op tion  of u s in g  blood a s  a 

w ork in g  flu id , prob lem s are s t i l l  p r e se n te d  b y  th e  o p a q u en ess  o f  

th e  v a lv e  and b y  th e  lim ited sp a tia l r e so lu tio n  o f th e  tec h n iq u e .

1.3 In -V itro  M easurem ent T ech n iq u es

Most o f th e  common exp erim en ta l liq u id  flow  te c h n iq u e s  are  J

em ployed in  th e  f ie ld  o f h ea r t v a lv e  flow  a n a ly s is . H ow ever, 

each  of th e  te c h n iq u e s  h as lim itations w h en  ap p lied  to blood flow  

exp erim en tation . The major problem  is  due to  th e  n a tu re  o f th e  

blood, w h ich  is  op aq u e and d iff ic u lt  to  hand le b eca u se  o f i t s  

c lo tt in g  fu n c tio n s , le t  a lone i t s  sc a r c ity . In o rd er  to  

elab orate  fu r th e r , th e  fo llow in g  se c t io n s  b r ie f ly  d is c u s s  th e  

m ethods, lim itations and ca p a b ilit ie s  o f th e  ap p licab le  

experim en ta l tech n iq u es:



i) Flow V isu a lisa tio n

The T ech n iq u es: T h ere are se v e r a l flow v isu a lisa tio n

tec h n iq u es . T h ese  b a sica lly  all c o n s is t  o f small tra cer  

p a r tic les  (p ow d ers, em u lsion s, g a s  b u b b les  or b ead s) b e in g  

added to th e  bu lk  flu id . As the tr a c e r s  p a ss  th ro u g h  an  

illum inated se c tio n  th e  p a th s  th e y  p r e sc r ib e  are ca p tu red  on  

a reco rd in g  medium -  g e n e r a lly  p h o tograp h ic  film or v id eo . 

The data y ie ld ed  is  g e n e r a lly  o n ly  q u a lita tiv e , sh ow in g  

stream lin es, b u t by  u s in g  s tro b o sco p ic  lig h tin g  w ith  u n eq u a l 

ratios o f illum ination  and ex tin ctio n  and th e n  by- m apping  

the le n g th  of s tr e a k  ob ta in ed  in  a know n film ex p o su re  tim e, 

a q u a n tita tiv e  d e sc r ip tio n  of th e  v e lo c ity  fie ld  can be  

gain ed . A r e c e n t  d evelop m en t in  flow  v isu a lisa tio n  

tec h n iq u es  is  P artic le  Im age V elocim etry (PIV), w h ere  a h igh  

con cen tra tio n  of v e r y  sm all p a r tic le s  (10pm  diam eter) is  

u sed  to seed  th e  flow . M ultiple e x p o su r e s  o f th e  p a r t ic le s  

p a ss in g  th r o u g h  a th in  s h e e t  o f la ser  lig h t  are tak en  in  

rapid su c c e ss io n . V elocity  v e c to r s  are y ie ld ed  by  th e  

in terro g a tio n , b y  la se r , o f th e  co n ta ct p r in ted  p o s it iv e  

tra n sp a re n c y  of th e  p a r tic le  im ages. V elocity  v e c to r  

m agnitude is  in v e r s e ly  p rop ortion a l to  th e  Y ou ng's fr in g e  

sp a c in g  s e t  up  by  th e  in te r r o g a tio n  and v e c to r  d irec tio n  is  

p erp en d icu la r  to  th e  la y  o f  th e  fr in g e s .

A d v a n ta g es/C a p a b ilitie s: The se v e r a l te c h n iq u e s  v a r y  n ot

on ly  in  th e  am ount o f d ata  th e y  can  y ie ld  b u t in  th e  

d iff ic u lty  o f a p p lica tion , g e n e r a lly  th e  more com plex  

tec h n iq u es  b e in g  th e  m ost e x p e n s iv e  b u t y ie ld in g  th e  m ost 

in form ation. G eom etrical c o n s tr a in ts  are not so s tr in g e n t  

as for LDA and im plem entation of a sim pler w ork in g  sy s te m  is
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not time con su m in g . None of the d iffe r e n t  form s o f the  

tech n iq u e  is  in tr u s iv e  and all g iv e  fu ll flow  fie ld  

inform ation.

D isad van tages/L im ita tion s: Most flow  v isu a lisa tio n

te c h n iq u e s  are o n ly  q u a lita tiv e  and th e r e fo r e  on ly  g iv e  

lim ited u n d e r s ta n d in g  of a flow  regim e. Q u an tita tive  flow  

v isu a lisa tio n  te c h n iq u e s  req u ire  a la rg e  in p u t o f tim e in  

th e  a n a ly s is  o f p h o tograp h ic  r e co r d in g s  and th e  in sta lla tio n  

of PIV for  th e  a n a ly s is  o f tu rb u len t flow  is  v e r y  e x p e n s iv e  

and not an e s ta b lish e d  tech n iq u e .

ii) L aser D oppler Anem om etry (LDA)

The T echnique: A la ser  beam is  b ifu rca ted  or tr ifu r ca te d  by

d iffra c tio n  g r a t in g s  or a co u sto -o p  t ic /e le c tr o -o p  tic  

m odulators and b ro u g h t to g e th e r  again  a t p r e d e sc r ib e d  a n g le s  

to  form a co n tro l volum e (see  f ig u r e  1 .3), th e  path  le n g th s  

b ein g  eq u a l. In th e  con tro l volum e an in te r fe r e n c e  p a ttern  

is  s e t  up  (as in  f ig u r e  1.4) and an y  p a r tic le  c r o ss in g  th is  

p a ttern  will r e f le c t  a "Doppler burst"  o f l ig h t  (f ig u r e  1.5) 

w hich  is  d e tec te d  by  p h o to -m u ltip liers . By q u a n tify in g  th e  

p eriod ic  fr e q u e n c y  of th e  b u r s t , th e  v e lo c ity  o f th e  

p artic le  can  be d ed u ced .

C a p a b ilitie s/A d v a n ta g es: T his tech n iq u e  is  w ell e s ta b lish e d

and n o n - in tr u s iv e  and so d oes not d is tu r b  th e  flow  fie ld .

The sp a tia l re so lu tio n  is  h ig h , w h ich  is  im portant in  su ch  

small geo m etr ie s  as v a lv e s . A b so lu te  v e lo c it ie s  are  

m easured  a lle v ia tin g  th e  need  for  ca lib ration .

D irection ally  unam biguous v e lo c it ie s  and tu r b u len ce

11
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in te n s it ie s  can  be e s ta b lish e d  in  th ree  d im en sion s as can  

R ey n o ld s’ s t r e s s e s ,  th o u g h  w ith lim itations. LDA can a lso  

be u se d  in  a p u lse d  mode for th e  a n a ly s is  o f p u lsa tile  flow  

f ie ld s .

D isad van tages/L im ita tion s: LDA can n ot e a s ily  be u sed  to map

flu id  v e lo c it ie s  in  op aq u e media (S tern  1985) and th e re fo r e  

h as not se en  w id esp rea d  ap p lication  to th e  a n a ly s is  o f blood  

flow . The geom etry  o f th e  t e s t  sec tio n  can  c a u se  untold  

problem s b e ca u se  o f in a c c e ss ib ility  both  o f th e  con tro l  

volum e and of th e  p h o to -m u ltip liers . D istortion  of th e  

con tro l volum e b y  r e fr a c tiv e  in d ex  m ism atching can  o ccu r  

lea d in g  e ith e r  to  m easu rin g  in th e  w rong p lace  or, ev en  

w orse , a d is to r tio n  of th e  con tro l volum e and c o n se q u e n tly  a 

v e lo c ity  o f f s e t  erro r  (B icen 1982). This tec h n iq u e  a lso  

s u f fe r s  b e c a u se  o f i t s  in a b ility  to ob ta in  data c lo se  to  

w alls and b lo c k a g e s .

iii) U ltrasou n d  D oppler

The T echnique: Like LDA th is  m ethod o f a n a ly s in g  v e lo c it ie s

r e lie s  on th e  D oppler p r in cip le: a s  p a r t ic le s  (in  th is  c a se  

norm ally blood c e lls )  c r o ss  th e  r e fe r e n c e  beam a Doppler  

s h ift  is  in tro d u ced  in  th e  re flec te d  beam. The m agnitude of 

th is  sh ift  is  p rop ortion a l to th e  v e lo c ity  o f th e  p a r tic le s . 

U ltrasou n d  D oppler ..d iffers  from LDA in th a t th e  beam is  not 

of la se r  lig h t , b u t o f u ltra so u n d  w a v es, to  w h ich  so ft  body  

t is s u e s  and blood ape tra n slu c e n t.

A d v a n ta g e /C a p a b ilities: The a b ility  o f U ltrasou n d  Doppler

to se e  th r o u g h  b od y  t is s u e s  allow s th e  p o s itio n in g  o f th e
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iIco n tro l volum e in p laces  su c h  a s  th e  a sc e n d in g  aorta  or  

w ith in  th e  v e n tr ic le s  and th u s  y ie ld in g  in form ation  about §

h ea rt v a lv e  flow  in -v iv o . The u se  o f U ltrasou n d  D oppler in -  

v itr o  a llow s th e  m easurem ent o f v e lo c ity  (Mann e t  al 1987) 

and R eyn o ld s’ s tr e s s e s  in  b lo o d -filled  t e s t  se c t io n s  th u s  

elim in atin g  th e  need  to model u s in g  tr a n sp a r e n t  so lu tio n s . %

D isad van tages/L im ita tion s: Two d im en sion a lity  of

m easurem ent is  p o ss ib ly  th e  major draw back  of th e  tec h n iq u e . |

I n -v iv o  th e re  is  no so lu tion  to  th is  problem  a s  th ree  

dim ensional m easurem ent is  not p ra c tica b le , bu t in -v itr o  a 

th r ee  beam se tu p  could  do aw ay w ith  th is  problem . The s iz e  

of th e  co n tro l volum e is  la rg e  and d iff ic u lt  to co n tro l due  

to  th e  sp r e a d in g  ou t o f th e  u ltra so u n d  w a v e s , w h ich  m eans |

th a t a lo t o f th e  sm aller sca le  tu r b u len ce  inform ation  can |

not be a s s e s s e d .

Hot film anem om etry  

The T echnique: An e le c tr ic a l c u r r e n t  is  ca u se d  to flow

th r o u g h  and h ea t a film o f h ig h  e le c tr ic a l r e s is t iv i ty . The  

film w h ich  is  e ith er  probe or wall m ounted is  p laced  in to  a 

m oving flu id  w h ere th e  co n d u ctio n  o f  h ea t aw ay from th e  (j

p rob e is  d e p en d en t upon  th e  v e lo c ity  o f flu id  p a ss in g  o v e r  

it. The c u r r e n t  draw n in  m aintain ing th e  p rob e  a t a 

c o n sta n t  tem p eratu re is  p rop ortion a l to  th e  coo lin g  e f fe c t  

on th e  p rob e . C on seq u en tly , b y  m onitorin g  th e  c u r r en t sji

n e c e s s a r y  to m aintain th e  prob e tem p era tu re , th e  v e lo c ity  o f  

th e  flu id  p a ss in g  over  it  can  be d ed u ced  fo llow in g  

ca lib ra tion  a g a in s t  a know n flu id  v e lo c ity .



A d v a n ta g es/C a p a b ilit ie s:  Hot film anem om etry is  v e r y  w ell

e s ta b lish e d , w id e ly  a c c ep te d  and r e la t iv e ly  ch eap  to  

in sta ll. It is  a v e r y  sim ple tech n iq u e  to u se  and can  be 

u sed  in  opaque m edia. The tech n iq u e  will y ie ld  v e lo c ity  and  

R eyn old s’ s tr e s s  in form ation  and sh ear  s t r e s s e s  a t a wall 

(Tillmann e t a l 1984).

D isad van tages/L im ita tion s: The u se  o f probe b ased

anem om etry n e c e s s a r ily  com p licates th e  t e s t  se c tio n  geom etry  

b ecau se  o f th e  n eed  to p lace  a probe in to  th e  flow .

P robab ly  th e  fa c to r  th a t m ost r e s tr ic ts  hot film anem om etry  

is  th e  in tr u s iv e  n a tu re  o f th e  p rob es th e m se lv e s . T his  

m akes m ea n in g less  an y  v e lo c ity  data reco v e r e d  from  

re c ir cu la tiv e  flow  b e c a u se  o f th e  in tera ctio n  o f th e  p rob e  

and m ount on th e  flow . The p ro b es, b eca u se  o f th e ir  s iz e ,  

have a lim ited sp a tia l r e so lu tio n  o f ap p lication  and can n ot  

be u sed  in  v e r y  c lo se  proxim ity  to w alls and o b s tr u c t io n s  

th ou gh  film can  be w all m ounted to y ie ld  inform ation  ab ou t  

bou n d ary  la y er  flow . V elocity  inform ation g lean ed  from  

s ta tica lly  m ounted p r o b e s  is  d irection a lly  am biguous.

v ) P itot tu b e  m easu rem en ts

The T echnique: S ta tic  and dynam ic p r e s s u r e s  are ob ta in ed  b y

a p robe, h a v in g  p e r p e n d ic u la r ly  op p osed  p r e s su r e  ta p p in g s ,  

w hich  is  p laced  in to  th e  flow  fie ld . The d iffe r e n c e  b etw een  

th e se  tw o p r e s s u r e s  is  p rop ortion a l to 1 /2  /»w2 -  know in g  

the d e n s ity  o f th e  f lu id , th e  v e lo c ity  can be determ in ed .

A d v a n ta g es /C a p a b ilit ie s:  The tech n iq u e  is  v e r y  sim ple,

y ie ld in g  v e lo c it ie s  and s ta t ic  p r e s su r e s , i t s  c o s t  is  v e r y

17
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low and a n a ly s is  o f r e s u lt s  is  s tr a ig h t  forw ard .

D isad van tages/L im ita tion s: P itot tu b e m easu rem en ts can o n ly

be app lied  s u c c e s s fu lly  to  stream w ise dom inant flow  and h ave  

lim ited sp a tia l r e so lu tio n , due to th e  d im en sion s o f th e  

p robe. T h is a lso  lim its n ear-w all m easurem en ts. Flow  

se c t io n s  are n e c e s s a r ily  com plicated to allow  for  probe  

in tru sio n .

v i) S ta tic  p r e s su r e  m easurem en ts

The T echnique: A sm all p r e s su r e  tap p in g  is  made in  th e  s id e

of th e  t e s t  se c tio n  w all, g e n era lly  one b efo re  th e  v a lv e  and  

one a fte r . A p r e s s u r e  m easuring  d ev ice  ("U -tu b e" , v a r ia b le  

r e lu c ta n ce  tr a n sd u c e r  or sim ilar) is  c o n n ec ted  to th e  ta p s  

to m easure e ith e r  d iffe r en tia l p r e s su r e s  a c r o ss  th e  v a lv e , 

or g a u g e  p r e s s u r e s  ab ove  atm ospheric. E n erg y  lo s s  

m easurem en ts are  e ffe c te d  b y  g a th er in g  P r e ssu r e  d ro p s  and  

Flow R ates th r o u g h o u t a s e r ie s  o f com plete h ea rt c y c le s ,  

a lth ou gh  r e c e n t  a n a ly s is  (L eefe and G entle 1987) h as show n  

th at th is  is  b y  no m eans a s  sim ple as is  c u r r e n tly  su p p o se d .

A d v a n ta g es /C a p a b ilit ie s:  T his form of m easurem ent is  v e r y

sim ple and ch eap  to a c h ie v e , y ie ld in g  s ta tic  p r e s su r e  

g r a d ien ts  and p r e s su r e  r e c o v e r y  inform ation . For a lo n g  

time th e  tec h n iq u e  has b een  u sed  alm ost a s  th e  d e f in it iv e  

c la s s if ie r  o f v a lv e  haem odynam ic perform ance.

D isa d v a n ta g es/L im ita tio n s: S ta tic  p r e s su r e  m easured  in  th e

ab ove w ay is  v e r y  p ron e  to  in a ccu ra c ies  b e c a u se  o f th e  

assu m p tion  th a t th e  p r e s su r e  d istr ib u tio n  w ill be th e  same

18

 ■ in _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _____ ■ r  f t  j

 
■ > 

- 
. 

. 
...  

&l
ill

iJ
.”

 
 

S4E
3&

*
 

J
L

il
S

 
 

 
.a

. 
 

 
  

 
 

 
 

!• 
  

 
1 

  
:



th ro u g h o u t th e  radial p lane. T his is  not th e  c a se  in  flow s  

w h ere strea m lin es  are s tr o n g ly  c u r v e d  -  th e  flow  regim e th a t  

is  dom inant in  m ost c a s e s  of h eart v a lv e  flow .

v ii)  Flow m etering

The M ethods: T h ere are two v e r y  popu lar flow  m eter ty p e s

ap p lied  to p r o s th e t ic  h eart v a lv e  flow  m easurem ent; e le c tr o 

m agnetic  and tu rb in e . The e lec tr o -m a g n etic  m eter w ork s b y  

th e  Hall e f fe c t  w h ere  an e le c tr ic a lly  c o n d u c tin g  flu id  

p a ss in g  th ro u g h  a fie ld  o f m agnetic f lu x  in d u c e s  an EMF.

The m agnitude o f th is  in d u ced  v o lta g e  is  d ir e c t ly  

p rop ortion a l to  th e  flow  v e lo c ity . The tu r b in e  flow  m eter  

r e lie s  on th e  m ovem ent o f a tu rb in e  in se r te d  in to  th e  flow .

The m ovem ent o f th e  tu rb in e  c a u se s  a small c u r r en t to be  

d ev e lo p ed  in  an a tta ch ed  g en era to r  in d ica tin g  flow  ra te .

A d v a n ta g es /C a p a b ilit ie s:  Both m ethods o f m easuring  flow

ra te  are r e la t iv e ly  in e x p e n s iv e  and e a s ily  app lied  in -v itr o .  

S ign a l co n d itio n in g  and a n a ly s is  are s tr a ig h t  forw ard and  

q u ick , a c c u r a cy  can  be h igh  bu t is  d e p e n d e n t on co n d itio n s  

su ch  a s  flow  sym m etry  and w ork in g  flu id , D irection ally  

u nam biguous flow  data is  y ie ld ed , a lon g  w ith  e n e r g y  lo s s e s  

w h en  u sed  in  co n ju n ctio n  w ith p r e s s u r e  m easurem ent m ethods.

D isa d v a n ta g es/L im ita tio n s: T u rb ine m eters can  be slow  to

r e a c t  to  small v a r ia tio n s  in  flow  ra te  due to th e ir  in ertia  

and c o n se q u e n t ly  can  lag  b eh ind  th e  f lu id , or com p letely  

m iss small f lu c tu a tio n s . E lec tro -m a g n etic  flow  m eters do 

n ot su ffe r  from in ertia  problem s a s  th e r e  are  no m oving  

p a r ts , b u t d e v ia tio n s  o f th e  flow  p ro file  aw ay from sym m etry
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w ill c a u se  e r r o r s . T his a lso  o c c u r s , th o u g h  much le s s  

s ig n if ic a n t ly , in  tu rb in e  m eters. E lec tro -m a g n etic  flow  

m eters can  a lso  be a ffe c te d  be e le c tr ic a l n o ise  and b y  th e  

ch o ice  o f w ork in g  f lu id , one p articu lar  problem  b ein g  th e  

form ation of o x id es  on th e  s e n so r s  o f th e  p ro b e , in tr o d u c in g  

a zero  o f f s e t  erro r .

Haemodynamic Q uantities

The a sso c ia tio n s  b etw een  poor haem odynam ics and  c lin ica l 

com p lication s h ave  b een  w ell d is c u ss e d  o v e r  th e  la s t  th ir ty  y e a r s  

or so , s in ce  R oss e t  a l (1954) f ir s t  rep o rted  on haem olysis  

ca u sed  by  p r o s th e t ic  h eart v a lv e s . H ere th en , o n ly  a b r ie f  

o u tlin e  to  th e  c lin ica l com p lications th a t are  r e la ted  to  flu id  

flow  are p r e se n te d . The aim is  to  e s ta b lish  c r it ic a l lim its to  

flow  param eters o f  in te r e s t  w h en  a s s e s s in g  flow  v ia  tec h n iq u e s  

su ch  a s  LDA or CFM. F ive c lin ica l c o n d itio n s  d ep e n d e n t on  bu lk  

blood flow  (ie n ot m aterial or m echan ically  re la ted  e tc .)  h ave  

b een  id e n tif ie d  a s  b e in g  p o ten tia l c a u se s  o f fa ilu r e  of h eart  

v a lv e  p r o s th e se s :

i) H aem olysis d ue to  h igh  in -b u lk  sh ea r  s tr e s s

To p r e d ic t  th e  d e s tr u c t io n  o f e r y th r o c y te s  in  bulk flow  th e  

d ep en d en ce  o f  h aem olysis  on th e  m agn itu d e and  d u ration  o f  

h ig h  in -b u lk  sh ea r  s t r e s s  n eed s  to  be e s ta b lish e d . L e v e r e tt  

e t  al (1972) sum m arise th e  f in d in g s  o f v a r io u s  r e se a r c h e r s :  

Rooney (1970), B lack sh ear (1972), Williams (1970), Shap iro  

and Williams (1970), e tc . and estim ate , g r a p h ic a lly , a 

re la tio n sh ip  b etw een  th e  th resh o ld  sh ea r  and  ex p o su re  tim e. 

L ater, Heliums and Brown (1975) con c lu d ed  th a t th e  le v e ls  o f



sh ea r  s t r e s s  su ff ic ie n t  to ca u se  in -b u lk  h aem olysis are |

p r e se n t  in  norm ally fu n c tio n in g  p r o s th e tic  v a lv e s . This $

sta tem en t w as b ased  on a d isc u ss io n  of data p r e sen te d  b y  

R oschke e t  al (1975) who g a v e  c o n se r v a t iv e  estim ates  of 4
'If

sh ear  s t r e s s  b ased  on wall sh ear  s t r e s s e s  in bou n d ary  la y er  •;!

flow . Heliums and Brown u se  as th e ir  th r esh o ld  for  

h aem olysis a s t r e s s  m agnitude and d u ration  o f 500N/m2 and  

lx l0 ~ 3 se co n d s  r e sp e c t iv e ly , th is , th e y  a rg u e  is  

r e p r e se n ta t iv e  o f th e  " fligh t time" of a blood c e ll th rou gh  

a v a lv e  p r o s th e s is .

ii) Shear s tr e s s  re la ted  haem olysis at th e  b lo o d /p r o s th e s is  

in te r fa ce

T here is  no d oub t th at h aem olysis o c c u r s  a t th e  wall of a ^

p r o s th e s is  in  sh ea r  s t r e s s e s  much low er th an  th o se  n eed ed  in  

th e  a b ove  c a se  (below 150N/m2), h ow ever , th e  p r e c ise  

m echan ics o f th is  h aem olysis are not fu lly  u n d ersto o d . T here  

have b een  s e v e r a l ap p ro a ch es to th e  in v e s t ig a tio n  of su r fa c e  

in d u ced  h aem olysis  in c lu d in g  a n a ly s is  of: th e  ro le  of 

su r fa c e  r o u g h n e ss  (Bacher and Williams 1970), haem olysis a t  

wall co n ta ct (W ielogorski e t  al 1976, Solen  e t  al 1978, |

1981), and th e  m aterial form ing th e  p r o s th e t ic  su r fa ce  

(Lam pert and Williams 1972, Solen  e t  al 1978 and Monroe e t  

al 1980) and th e  su r fa c e /v o lu m e  ratio  (B e iss in g e r  and  

Williams 1984). One c a u se , a r g u e s  B lack sh ear (1972), is  

th a t ad d ition a l s t r e s s e s  are en co u n tered  by  e r y th r o c y te s  a s  

th e y  a d h ere  to and are su b se q u e n tly  torn  from th e  p r o s th e t ic  

su r fa c e . T his is  not a problem  th a t can  be so lv ed  by a 

flu id  dynam ic a n a ly s is  and th e re fo r e  w ill n ot be d isc u sse d  

h ere. What is  o f flu id  dynam ic in te r e s t  is  th e  red u ctio n  o f |



th is  o c c u r re n c e  b ro u g h t ab ou t by  d e c r ea s in g  sh ear  s t r e s s e s  

and le v e ls  o f tu r b u len ce  near to th e  wall: B lack sh ear (1972) 

s u g g e s t s  th a t h igh  sh ea r  s t r e s s e s  near to a p r o sth e tic  

su r fa c e  lead  to  th e  in c re a se d  p rob ab ility  o f ce ll co n ta ct  

w ith  th e  wall and h en ce  an in c r e a se  in haem olysis v ia  th is  

m echanism . T his is  ex a cerb a ted  b y  th e  exc ita tion  of 

c lo tt in g  a g e n ts  due to lim ited r e le a se s  by e r y th r o c y te s  in  

th e  e le v a ted  s tr e s s  r e g io n s  (Johnson  1970 and B lack sh ear  

1972). For a more com plete r e fe r e n c e  se e  B lackshear and  

B lack sh ear (1987).

iii) Damage to  en d o th e lia l l in in g s  due to je t  im pingem ent

S ev era l s tu d ie s  -  e g  F ig lio la  and M ueller (1981) and F ry  

(1968, 1969), h ave  d is c u ss e d  th e  p o ss ib ility  o f dam age to  

th e  en d o th e lia l lin in g  o f th e  aorta  due to  th e  im plantation  

of p r o s th e t ic  h eart v a lv e s . T his dam age is  rep o rted  b y  Fry  

(1968,1969) to occu r  in  sh ear  s t r e s s e s  a s  low a s  40N/m 2.

T his phenom enon is  h ig h ly  d e p e n d e n t upon  th e  d irec tio n  of 

blood is s u in g  th ro u g h  th e  o r if ic e s  o f a p r o s th e t ic  h eart  

v a lv e , p a r tic u la r ly  around  a ball or d isc  o cc lu d er  or  

th ro u g h  th e  minor o r if ice  o f a t ilt in g  d isc  v a lv e , b u t is  

e sp e c ia lly  s e n s it iv e  to  th e  m agnitude o f th e  sh ea r  s t r e s s  

im p in gen t on th e  wall.

iv )  Valve d y s fu n c tio n  due to throm bus form ation at h in g e  p o in ts  

P o ss ib ly  a more im portant c a u se  o f v a lv e  u n a c c e p ta b ility  is  

d y sfu n c tio n  d ue to o c c lu d er  im m obilization by  th e  form ation  

of throm bus a t c r it ic a l s it e s , e sp e c ia lly  th e  h in g e  p o in ts

o f tw in flap  or t ilt in g  d isk  v a lv e s . T here is  ample 

c lin ica l docum entation  of th e  o c c u r re n c e  o f su ch  problem s
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(re fs  : N arducci e t  al 1986, Nunez e t al 1980, A ston and  

M ulder 1971, R oshcke e t  al 1977, etc.)* C lots are know n to  

form in areas o f h aem ostasis  or low sh ea r , th e  m echanism s  

b ein g  d is c u ss e d  by  D in ten fa ss  (1964a,b) who p r e s e n ts  data on  

the time re la ted  a s p e c ts  o f c lo ttin g  u n d er d iffe r in g  sh ear  

rate co n d itio n s . D in ten fa ss  (1962, 1964a,b) a lso  p r e s e n ts ,  

as it w ere , a cr it ic a l low er sh ear rate (of ord er  of 

m agnitude of 7s"1) w h ere  c lo tt in g  due to th e  low sh ea r  

m echanism  is  a cc e le ra te d  by  up to one th ou san d  fo ld . 

T hrom bosis can a lso  be ca u sed  by  h ig h er  sh ear  r a te s  a s  th e  

a g g r e g a tio n  of c e lls  ta k es  p lace in  e d d ie s  and in  an  

en v iron m en t o f th e  c o n te n ts  of dam aged e r y th r o c y te s  (in a 

sim ilar m anner to th a t d is c u ss e d  ea r lier ). T h ese  m echanism s  

are fu r th e r  exacerb ated  b y  the com plex, non-N ew ton ian  

v is c o s ity  of blood w h ich , a s  it  s ta r ts  to slow  dow n, is  

fu r th e r  slow ed b y  th e  in c r e a se  of v is c o s ity  -  s e e  Whitmore 

(1968) for a more com plete d isc u ss io n  of blood v is c o s ity .

Throm boem bolism

T his fin a l c a te g o r y  o f bulk  flu id  re la ted  p r o s th e t ic  h eart  

v a lv e  fa ilu re  is  ca u sed  b y  th e  same m echanism s a s  th e  

p r e v io u s , ie low sh ea r  r a te s  at s ta s is  p o in ts  or h ig h er  

r a te s  c lo se  b y , b u t th e  s it e s  may be d iffe r e n t, and v a lv e  

d y sfu n c tio n  d oes not n e c e ssa r ily  occu r . T hrom bus can  form  

both  upstream  and dow nstream  of th e  v a lv e , a s  w ell a s  a t th e  

o cc lu d er  and may be a p p a ren t at an y  p o in t w h ere  low sh ea r  

r a te s  occu r  -  some p o s s ib il it ie s  b e in g  c lo se  to th e  sew in g  

r in g , upstream  of th e  o cc lu d er  and sh ie ld ed  from  a w a sh in g  

action  b y  the o c c lu d er , or a t th e  apex o f a ball v a lv e  ca g e . 

T hrom bosis in  i t s e lf  in  th e se  areas is  not o f g r e a t co n c e rn



(if s te n o s is  d oes not e n su e  b eca u se  o f it) , bu t th e  

m obilization o f th e  throm bu s lead in g  to throm boem bolism  at a 

dow nstream  s ite  can n ot be to lera ted .

Sum m arising, th e  aim o f th e  a b ove  d isc u ss io n  is  to  em p h asise  th e  

need  to know th e  m agn itu d es o f sh ear  s t r e s s  and sh ea r  ra te  th a t  

e x is t  in  an y  v a lv e  flow  co n d itio n , in  ord er  th a t one m ight avoid  

know n c r itica l v a lu e s , and th u s  red u ce  th e  throm botic and  

haem olytic p o ten tia ls  of a p r o s th e s is  at th e  o n s e t  o f i t s  d e s ig n . 

H aving e s ta b lish e d  th e  im portance o f haem odynam ic o c c u r r e n c e s  to  

clin ica l perform ance one is  le f t  to a sc er ta in  th e  a ctu a l v a lu e s  

of th e se  param eters e x is te n t  in  a p articu lar  v a lv e . T h is, for  

o b v io u s r e a so n s , is  g e n e r a lly  done in -v itr o , b u t su ch  m odelling  

op en s i t s e lf  to  all m anner o f prob lem s -  prim arily  th o se  o f  

s e le c tin g  th e  m ethods o f flow  s tu d y  to be em ployed  a lon g  w ith  th e  

' a n a ly s is  te c h n iq u es .

Com putational Fluid D ynam ics

Due to th e  com plex n a tu re  o f th e  N avier-S tok es*  p a rtia l  

d ifferen tia l eq u a tio n s  d e sc r ib in g  flu id  flow , a p u r e ly  a n a ly tica l 

so lu tion  is  on ly  p o ss ib le  for  sim ple co n fig u r a tio n s  in  lam inar, 

s te a d y , fu lly  d ev e lo p ed  reg im es. As su c h  flow  s itu a tio n s  do n ot  

o ccu r  in  th e  c a r d io v a scu la r  sy stem  c lo se  to th e  h ea rt, or in d eed  

in  p r o sth e tic  v a lv e  flow , w h ich  can  be e ith e r  u n d ev e lo p ed  lam inar 

or tu r b u len t, th e  u s e  o f a n a ly tica l m ethods in  h ea r t v a lv e  d e s ig n  

i s  v e r y  r e s tr ic te d . H ence a num erical app roach  m ust be adopted  

if  r e le v a n t  flow s are  to  be a n a ly sed  n o n -ex p er im en ta lly . In i t s  

sim p lest form com p utational a n a ly s is  w ill be th e  so lu tio n  of th e  

p arab o lised  N a v ie r -S to k e s  eq u a tio n s, y ie ld in g  in form ation  ab ou t



b ou n d ary  la y er  ty p e  flow s (L aunder and S p a ld in g  1972). If the  

flow  h as a rea s  o f stream w ise sep aration  or im pingem ent, or if  

dow nstream  e v e n ts  are lik e ly  to in flu en ce  upsteam  param eters, 

th en  th e  fu ll (e llip tic ) form of th e  N a v ie r -S to k e s  eq u a tio n s  m ust 

be in v o k ed .

C om putational num erical m ethods in  th e  form o f f in ite  d iffe r en ce  

or f in ite  elem ent approxim ation p r o ced u res  o ffe r  so lu tio n s  to 

d iffe r e n tia l eq u a tio n s  and have been  o f im m ense v a lu e  for  some 

time in  th e  f ie ld s  o f m echanical s tr e s s  and v ib r a tio n  a n a ly s is . 

U n fo r tu n a te ly , stan d ard  com putational num erical m ethods can n ot be 

ap p lied  to th e  so lu tio n  of tu r b u len t flu id  flow  b e c a u se  the  

req u irem en ts  o f e x c e s s iv e  s to r a g e  sp ace  and run  time make it  

im practica l on e x is t in g  com p uters. T his is  due to th e  natu re  o f 

tu r b u le n t flow: in h e r e n tly  th ree  d im ensional, n o n -lin e a r  and w ith  

a v e r y  h ig h  sp a tia l and tem poral d e n s ity  o f o c c u r r e n c e  of 

im portant tu r b u len t p r o c e ss e s  (ie p r o c e ss e s  ta k in g  p lace in  sh o r t  

d is ta n c e s  and time p e r io d s). In ord er to overcom e th e  problem s  

of so lv in g  tu r b u len t flow , tim e-a v era g ed  p r o p e r tie s  o f tu rb u len ce  

are c o n s id er e d , th u s  elim inating  th e  n e c e s s ity  for  an extrem ely  

f in e  g r id , b u t th is  r e q u ire s  a model to d e sc r ib e  th e  tra n sp o r t o f  

momentum b y  th e  tu r b u len t m otions. The r e a so n s  for  th e  o n se t  o f  

tu r b u len ce  are  com plex, bu t g en e r a lly  tu r b u len ce  o c c u r s  w hen flow  

i s  s u f f ic ie n t ly  d is tu r b e d  at r e la t iv e ly  h ig h  R ey n o ld s7 num bers, 

th o u g h  th is  is  v e r y  geom etry  d ep en d en t. N um erous a ttem p ts to  

d e sc r ib e  tu r b u len ce  p h y s ic a lly  in term s of ca lcu la b le  p ro p er tie s  

h ave b een  made and can  be c la ss if ie d  in to  two co n cep ts; tu r b u len t  

(ed d y) v is c o s ity  and tu r b u len t s tr e s s .  Here, o n ly  on th e  m ost 

w id ely  u se d  and a ccep ted  model w hich u t il is e s  th e  tu r b u len t  

v is c o s ity  co n c e p t and is  know n a s  th e  k -  € m odel (Jones and
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L aunder 1972) w ill be c o n s id er e d . T his two eq u ation  p ro ced u re  

c a lcu la tes  th e  q u a n titie s: k , th e  k in etic  e n e r g y  and € , i t s  

d issip a tio n  rate , to y ie ld  a time a v e r a g ed  d e scr ip tio n  of 

tu rb u len ce . The local tu r b u le n t  v is c o s ity  m t  is  th en  found  

from:

Mt = C j a / ’ k^
€

w here: Cjj is  a c o n sta n t o f tu r b u len ce

p is  th e  d e n s ity  o f th e  w ork in g  flu id .

An e ffe c t iv e  v is c o s ity  M eff  can  th en  be ob ta in ed  from:

Meff = P i  +  Mt

w h e r e  m l  i s  t h e  l a m i n a r  ( i n t r i n s i c )  v i s c o s i t y  o f  t h e  f l u i d .

T his fa c ilita te s  th e  ca lcu la tio n  o f tu r b u len t s t r e s s e s  from:

T = Meff d u /d z  

When th e  flow  is  p u r e ly  lam inar, th e  tu r b u len t so lv er  is  

su p p r e sse d  and th e  lam inar form of th e  N a v ier -S to k es  e q u a tio n s  

are so lv ed , th en  sim ply:

M eff =  m l

To ob ta in  k and € , em pirical c o n s ta n ts  are req u ired  by th e  m odel 

and th e se  h ave b een  e s ta b lish e d  in  fr e e  tu r b u len t flow s. S u ch  

c o n sta n ts  w ere th e  fa ilu re  o f ea r lier  m odels, due to  th e ir  v a lu e s  

v a r y in g  so g r e a tly  for d iffe r in g  flow  s itu a tio n s . L aunder and  

S p ald in g  (1974) rep o rted  th e  esta b lish m en t o f a u n iv e r sa lly  

ap p licab le  k -  € m odel o f rea so n a b le  a c c u r a cy  both  in  near w all 

and fr e e  stream  a n a ly s is . H ow ever, A bujelu la  and L illey (1984) 

d isc u sse d  th e  lim itations o f th e  em pirica l c o n sta n ts  o f th e  k -  € 

m odel and con clu d ed  th a t m od ification s w ere req u ired  in  c e r ta in  

flow s but th at, in  g e n e r a l, r e a lis t ic  p r e d ic tio n s  could  be  

ob ta in ed  with th e  s ta n d a rd  m odel. H ow ever, m odelling tu r b u len ce  

in  u n stea d y  (p u lsa tile )  flow  s itu a tio n s  is  h ig h ly  com plex w ith
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m uch to be com pleted  b efo re  stan d ard  m odels can  be ap p lied  w ith  

co n fid en ce . At th e  p r e s e n t  time em pirically  d er iv ed  

m odifications to e x is t in g  m odels re la tin g  to a p a rticu la r  flow  

geom etry  w ill h ave to  be made in  order to num erically  d e sc r ib e  

tr a n s ie n t  flow , Morain (1982) and Metha and Lomax (1982) p ro v id e  

some in s ig h t  in to  th e  c u r r e n t  s ta te -o f - th e -a r t  in  tu r b u len ce  

m odelling and co n c lu d e  th a t c u r r e n t r e sea rch  is  w ork in g  tow ard s a 

ca ta logu e  o f m odels w h ich  h ave  been  e s ta b lish ed  in  p articu lar  

a reas o f flu id  flow . B earin g  in  mind th a t se r io u s  r e se a r c h  in  

th e  m odelling o f tu r b u le n c e  h as on ly  taken  p lace o v er  th e  la s t  

s ix te e n  y ea rs  and th a t th e r e  is  a v a s t  amount y e t  to do, it  is  

s til l  a m atter o f sp e c u la tio n  a s  to w h eth er  a u n iq u e ly  a ccep ta b le  

tu rb u len ce  model w ill e x is t  b e fo re  th e  a v a ila b ility  o f com p u ters  

w ith  s u ff ic ie n t  s to r a g e  ca p a b ility  to make tu r b u len ce  m odelling  

red u n d an t.

B ecause of th e  sp e c ia l req u irem en ts  o f tu rb u len ce  m odels in  

so lu tion  a lgorith m s, f in ite  d iffe r e n c e  tec h n iq u es  are u tilise d  

s ig n if ic a n tly  more th a n  f in ite  elem ent m ethods. In p a rticu la r , 

f in ite  elem ent m ethods n eed  param eter v a lu e s  a t nodal p o in ts  

w ith in  in d iv id u a l e lem en ts , w h erea s su ch  v a lu e s  are assum ed  

c o n sta n t w ith  th e  volum e domain in  f in ite  d iffe r en ce  m ethods. 

H owever, r e ce n t d ev e lo p m en ts  in  fin ite  elem ent te c h n iq u e s  h ave  

enabled  th e ir  a p p lica tion  to  th e  m odelling o f both  tu r b u len t  

flow s (A utret e t  a l 1987) and non-N ew ton ian  flow s (G artling  

1986). A lthough  f in ite  e lem en t so lu tion  a lgorithm s g e n e r a lly  

ob ta in  c o n v e r g e n c e  more slow ly  than  f in ite  d iffe r e n c e  m ethods, 

th e y  have b een  fa v o u red  in  th e  m ajority o f m athem atically  

m odelled f ie ld s . The prim ary rea so n  for th is  is  th e  in h e r e n t  

o b tr u s iv e n e s s  o f f in ite  d iffe r e n c e  g r id s  in n o n -o r th o g o n a l
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geom etr ies  (fig u r e  1.6) w hich  is  r e sp o n s ib le  for  la rg e  

in a ccu ra c ies  at d isc o n tin u itie s  in  the so lu tion  dom ain. It w as  

su ch  in a d eq u a c ies  in  fin ite  d iffe r en ce  g r id s  w h ich  g a v e  b ir th  to  

f in ite  e lem en ts, in o rd er  to  a n a ly se  s t r e s s  f ie ld s  in  a irfram es. 

C on siderab le  e ffo r t  h as b een  made to en ab le  n o n - in te r fe r in g  gr id  

g en era tio n  and it  h as on ly  been  in  th e  la s t  f iv e  y e a r s  th a t non 

in te r fe r in g  g r id s  h ave  becom e com m ercially ava ilab le  in  f in ite  

d iffe r en ce  so lu tion  a lgorith m s, in  th e  form o f Body F itted  Co

o rd in a tes . T his s ig n if ic a n t  b r e a k -th r o u g h  h as im portance in  

a rea s  o f re se a r c h  su c h  a s  p r o s th e t ic s  w h ere  th e  v a s t  m ajority  o f  

g eom etr ies are n o n -o rth o g o n a l. S ta te -o f - th e -a r t  f in ite  

d iffe r e n c e  s o lv e r s  can  now b oast f le x ib ility  in  gr id  g en era tion  

a s w ell a s  a ch o ice  o f tu r b u len ce  m odels. S uch  so lu tion  

p r o c e d u r e s  are  becom ing com m onplace in  a irc r a ft  and autom otive  

aerod yn am ics, petroleum  r e se a r c h , w eath er  p r e d ic tio n  and n u clear  

e n g in e er in g .

1.6 P ro to typ e  N om enclature

The g r id s  u sed  w ere n e c e s s a r ily  ch a n g ed  w ith  each  new v a lv e  

m odelled, and w ith more th an  tw en ty  or so  d iffe r in g  geo m etr ies , 

it  becam e n e c e ssa r y  to a s s ig n  a name to ea ch , a s  a fte r  a w hile  

g en era tio n  num bers becam e m ean in g less. To aid in  th e  rea d in g  of  

th is  th e s is  th e  nom enclature o f th e  g r id s  is  d e fin ed  below , in  

o rd er  o f g en era tio n . The le t te r s  u sed  in  d es ig n a tio n  are tak en  

from geom etrica l fe a tu r e s , nam ely th e  in le t  and o u tle t  p r o file s , 

and th e  ratio  o f ball diam eter to  co n d u it d iam eter. Each o f th e  

v a lv e  se c t io n s  below  is  show n in f ig u r e  1.7.

i) SISO: th is  is  th e  name a ss ig n e d  to B enjam in’s o r ig in a l v a lv e
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w hich sp o r ted  S tr a ig h t In le t and S tra ig h t O utlet co n es .

ii) SICO: w as th e  seco n d  p r o to ty p e  g en era ted , th e  o u tle t  sec tio n

h av in g  b een  ch a n g ed  from a s tr a ig h t  one to a c u r v e d  one  

fo llow ing th e  re la tio n sh ip  o f eq u ation  [5 .1], h e n ce  S tr a ig h t  

In let C urved O utlet.

iii) CICO: d iffered  from  SICO in  a s  far a s  the d iv e r g in g  in le t

and c o n v e r g in g  o u tle t  p r o file s  w ere m odelled in  a sim ilar 

m anner to th e  o u tle t o f th e  ab ove SICO v a lv e , h en ce  C urved  

In let C urved O utlet.

iv ) LRR: th is  ra n g e  o f v a lv e  se c t io n s  w ith v a r io u s  in le t  and  

o u tle t p r o file s  d iffe r ed  from  th e  p rev io u s  r a n g e  in  so far  

as th e  ra d iu s  o f co n d u it w as d ecreased  w ith  r e sp e c t  to th e  

ball ra d iu s, and h en ce  ’’Low R adius Ratio" w as u sed  a s  a 

p refix  to d e s ig n a te  th e  ra n g e .
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CHAPTER TWO

EXPERIMENTAL INVESTIGATION



I n tr o d u c t io n

The am ount o f exp er im en ta l w ork ca rr ied  o u t a s  p a r t o f th is  

t h e s is  w as lim ited , w ith  em p h asis  b e in g  p la ced  on  th e  

v e r if ic a t io n  o f num erical p r e d ic t io n s  and not on e s ta b lish in g  

com p lete  flow  c h a r a c te r is t ic s  o f th e  v a lv e s  t e s te d . Of prim ary  

c o n c e r n  w as th e  exam ination  o f s ta t io n a r y  flow  f ie ld s  and s ta t ic  

p r e s s u r e  g r a d ie n ts  a c r o ss  th e  v a lv e  s e c t io n s . F u rth er  re a so n s  

fo r  c o n d u c tin g  an exp er im en ta l in v e s t ig a t io n  w ere  ca u tio n a ry , ie  

flow  c o n d itio n s  m ight be a p p a ren t ex p er im en ta lly  th a t m ight not 

h a v e  b een  a c c o u n ted  for  in  a num erical s tu d y . S u ch  an exam ple 

w as th e  o c c lu d er  in s ta b il ity  w itn e sse d  d u r in g  s te a d y  forw ard  flow  

t e s t s .  T h is problem  is  u n lik e ly  to h ave b een  fo r e s e e n  or n o ticed  

in  a p u r e ly  n u m erica l in v e s t ig a t io n  and cou ld  w ell h a v e  lead  to  

th e  fin a l d e s ig n  b e in g  u n su ita b le  for  c lin ica l ap p lica tio n , e v e n  

th o u g h  p r e s s u r e /f lo w  c h a r a c te r is t ic s  w ere good .

S ta tic  P r e s su r e  M easurem ent

The o b v io u s  f ir s t  s te p  in  a s ta t ic  p r e s s u r e  m easurem en t s tu d y  is  

th e  lo ca tion  o f p r e s s u r e  ta p p in g s , a s  d is c u s s e d  b y  S w anson

(1984). The lo ca tion  of ta p p in g s  can  h ave  a m arked in flu e n c e  on  

th e  fin a l r e s u lt s .  The in le t  p r e s s u r e  ta p p in g s  w ere  p laced  

g r e a te r  th an  two d iam eters u p stream  o f th e  ball o c c lu d er . If th e  

ta p p in g s  w ere  lo ca ted  c lo se r  to th e  ball th e n  flow  c u r v a tu r e  

e f f e c t s  c a u se d  b y  th e  ball w ould be lik e ly  to in c r e a se  s ta tic  

p r e s s u r e  m easu rem en ts. S w an son  s u g g e s t s  th a t 3% or a b ove  o f th e  

dynam ic p r e s s u r e  head m ight be m onitored b y  ta p p in g s  in  th is  

r eg io n . The dow nstream  ta p p in g s  w ere c o n str a in e d  sim ilarly , and  

w ere  loca ted  7 d iam eters dow nstream , g r e a te r  th an  th e  4 -5



d iam eters  minimum recom m ended  b y  S w anson . The loca tion  of th e  

s in g le  in le t  and o u t le t  p r e s s u r e  ta p p in g  w ere  m ade to  co in c id e  

w ith  B enjam in’s (1986). The v a lv e  s e c t io n s  te s te d  exp er im en ta lly  

c o r r e sp o n d e d  to 16mm v e r s io n s  o f th e  SISO and SICO co n d u its  

(d e sc r ib e d  b r ie f ly  in  C h apter on e and in  d e ta il in  la ter  

c h a p te r s ) . F ig u re  2.1 sh o w s th e se  v a lv e  s e c t io n s  w ith  a s in g le  

p r e s s u r e  ta p p in g  at o u t le t  and in le t . The r ig id  in le t  and o u tle t  

le n g th s  in c o rp o ra ted  in to  th e s e  p r o to ty p e s  w ere  m ade sim ilar to  

th o se  u se d  b y  Benjam in, th e  d eve lop m en t le n g th s  a ffo rd ed  b y  w h ich  

w ere  a c o n s ta n t  10 d ia m eters  u p stream  and d ow nstream . A flow  

s tr a ig h te n e r  and lo n g  se c t io n  o f s tr a ig h te n e d  f le x ib le  fee d  

tu b in g  w ere  u se d  u p strea m  to  aid  d eve lop m en t. F u rth er  r ig id  

in le t  and o u t le t  s e c t io n s  w ere  m an u factu red  w ith  p r e s s u r e  

ta p p in g s  'c o n str u c te d  in  a c c o rd a n c e  w ith  th e  recom m en dations of  

B ritish  S tan d ard  BS 5317: p a r t  2 (1977). Four p r e s s u r e  ta p p in g s ,  

of eq u a l rad ia l d isp o s it io n  w ere  loca ted  at fou r  d iffe r e n t  axial 

p la n e s  a lon g  th e se  in le t  and o u t le t  s e c t io n s , and  p r e s s u r e s  at 

ea ch  o f th e  fo u r  rad ia l s ta t io n s  w as a v e r a g e d  b y  in te r c o n n e c tin g  

th e  ta p p in g s , a s  p er  th e  a b o v e  B r itish  S tan d ard . P r e ssu r e  

d iffe r e n tia ls  w ere  e s ta b lis h e d  u s in g  an S .E .1150/D  v a r ia b le  

r e lu c ta n c e  d iffe r e n tia l p r e s s u r e  tr a n sd u c e r  su p p o r te d  b y  a S.E.

905 tr a n sd u c e r  c o n v e r te r , th is  p r e s su r e  m easu rem en t arran gem en t  

is  sh ow n  in  f ig u r e  2.2. Flow r a te s  w ere m easu red  b y  e le c tr ic a lly  

m onitorin g  th e  tim e ta k en  for  a volum e of w o rk in g  flu id  to p a ss  

th r o u g h  th e  v a lv e d  t e s t  se c t io n , and in to  a r e c e iv e r . A c o n ta ct  

w as m ade, and tim ing b e g u n , w h en  th e  flu id  r ea ch ed  a pair of 

e le c tr o d e s  su sp e n d e d  in to  th e  r e c e iv e r , p a s s in g  c u r r e n t  b etw een  

th e  e le c tr o d e s . Tim ing c e a se d  upon  th e  flu id  le v e l  r e a ch in g  a 

se co n d  pair o f e le c tr o d e s . The t e s t  r ig  and m on itorin g  eq u ip m en t  

is  sh ow n  in d iagram atic  form  in f ig u r e  2.3 and p h o to g r a p h ic a lly
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b y  f ig u r e  2 .4 .

T he o c c lu d e r  o f th e  SISO v a lv e  w as s e e n  to  be u n sta b le  in  w ater  

flow  r a te s  e x c ee d in g  5 i/m in  (T a n sley  e t  al 1986) and  in  o rd er  

to  avo id  dam age to  th e  p e r s p e x  p r o to ty p e  v a lv e , b y  th e  S te llite  

b a ll, it  w as n e c e s s a r y  to  f ix  th e  o c c lu d er  in  i t s  fu lly  open  

p o s it io n . O ccluder in s ta b il ity  w as n ot e v id e n t  a t a n y  flow  ra te  

in  th e  SICO v a lv e .

T he r e s u lt s  o f p r e s s u r e  m easu rem en t t e s t s ,  w h ich  m atched th o se  o f  

B enjam in, for  th e  o r ig in a l (SISO) v a lv e , are  sh ow n  in  a 

com p arison  w ith  r e s u lt s  o f th e  se co n d  p r o to ty p e  (SICO) v a lv e  in  

f ig u r e  5.11. More com p lete  d is c u s s io n  o f r e s u lt s  is  g iv e n  in  

c h a p te r  f iv e . P r e s su r e  m ea su rem en ts  a t  a p o in t w ere  not  

s ig n if ic a n t ly  a lte r ed  w h en  th e  o r ig in a l s in g le  tap p ed  in le t  and  

o u t le t  s e c t io n s  w ere  rep la c e d  b y  th e  m u lti-ta p p ed  se c t io n s .

S tr ea k  P h o to g ra p h y

Flow  v isu a lisa tio n  w as c a r r ie d  o u t u s in g  a lOmW H elium -N eon L aser  

a s  th e  l ig h t  so u r c e . The o u tp u t  from  th e  la se r  w as fo c u se d  to  a 

p la n e  0.8mm th ic k , b y  tw o p ia n o -c y lin d r ic a l le n s e s .  The w id th  o f  

th e  p lan e  w as in c r e a se d  b y  p a s s in g  th e  l ig h t  th r o u g h  a se co n d  

s e r ie s  o f tw o le n s e s  w h ich  d iv e r g e d  th e  p lan e  to  30mm w id e, and  

th e n  re -co llim a ted  th e  l ig h t  to  form  a s h e e t  o f d im en sion s 0.8mm 

x 30mm. T h is o p tica l a rra n g em en t i s  sh ow n  in  f ig u r e  2.5 and  

p h o to g r a p h ic a lly  in  f ig u r e  2.6. The l ig h t  s h e e t  w as p a sse d  

th r o u g h  th e  p e r sp e x  v a lv e  t e s t  s e c t io n  and  a ttem p ts  w ere  made to  

ch o p  th e  l ig h t  a t ir r e g u la r  in te r v a ls  to  fa c ilita te  q u a n tita tiv e  

flow  v isu a lisa tio n  b y  s tr o b o sc o p ic  s tr e a k  p h o to g r a p h y , in  a
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m anner sim ilar to th a t em p loyed  b y  H am pshire (1984), The s|

c h o p p in g  d e v ic e  c o n s is te d  o f a m icro com p u ter  co n tro lled  s te p p e r  

m otor w ith  a f la g  m ounted  on to  th e  sp in d le , C hopping w as e f fe c te d  

b y  th e  f la g  m oving b e tw e e n  th e  la se r  and  c o r r e c t in g /fo c u s in g

o p t ic s . $

J
The flu id  medium w as se e d e d  w ith  sm all p a r t ic le s  from  w h ich  th e  y

"I•y,
l ig h t  cou ld  be r e fle c te d  in  a s id e - s c a t t e r  m ode. S e lec tio n  o f n

th e  b e s t  p a r t ic le s  in v o lv e d  s u r v e y in g  th o se  w h ich  w ere n e u tr a lly  

b u o y a n t in  th e  flow  m edium . F ifte e n  d iffe r e n t  p a r tic le  m ateria ls  1

w e r e  tr ie d  in c lu d in g  lo b e lia  and  p o p p y  s e e d s ,  g ro u n d  pea , -II
m elam ine, p o ly e s te r , im pact r e s is ta n t  p o ly s ty r e n e  and c lear

■Ip o ly s ty r e n e . The p la s t ic s  w ere  m illed in to  s iz e s  r a n g in g  from  

1.18mm dow n to  0.063mm m esh  s iz e . P a rtic le  s e le c tio n  w as b a sed  

o n  fo u r  fa c to r s:

i) n e a r n e s s  to n eu tra l b u o y a n cy  in  an a lo g u e  flu id : th is  w as

a s s e s s e d  b y  sim ply  m on itorin g  th e  tim e ta k en  for  th e  |

p a r t ic le s  to  s in k  to  th e  bottom  of a f la sk  fu ll  o f  blood  

a n a lo g u e  so lu tio n . If p a r t ic le s  san k  too q u ic k ly  d u r in g  

flow  v isu a lisa tio n  s tu d ie s  th e  m onitorin g  o f rad ia l v e lo c ity  %

(d v /d t )  w ould h a v e  b een  d is tu r b e d .

i t ) l ig h t  s c a tte r in g  a b ility : Some m ateria ls had o b v io u s ly

b e tte r  l ig h t  s c a tte r in g  a b ility  in  th e  s id e  s c a tte r  mode -i

th an  o th e r s . T his w as a s s e s s e d ,  d u r in g  p a r tic le  s e le c tio n , y

b y  m onitorin g  each  s e e d in g  m ateria ls im age r e fle c te d  on to  a 

p h o to g ra p h ic  film . It w as n e c e s s a r y  to m axim ise the  

in te n s ity  o f l ig h t  em itted  to  th e  r e c o r d in g  p lan e, as th is  

w ould allow  in c r e a se d  v e lo c it ie s  to  be a n a ly se d  b y  r e d u c in g



n e c e s s a r y  e x p o s u r e  t im e s

iii)  s ize : l ig h t  s c a tte r in g  a b ility  g e n e r a lly  is  en h a n ced  w ith

in c r e a s in g  p a r tic le  s iz e , b u t i f  a n y  d e n s ity  m is-m atch  

o c c u r r e d  b e tw een  flow  m edia and s e e d in g  p a r t ic le s  th e n  th e  

s e e d in g  w ould la g  b eh in d  th e  flu id  and n o t fa ith fu lly  

r e p r e s e n t  f lu id  v e lo c it ie s , fu r th e r  h ig h  c o n c e n tr a t io n s  of  

r e la t iv e ly  la rg e  p a r t ic le s  w ould  c h a n g e  th e  flow  

c h a r a c te r is t ic s  o f th e  flu id

iv )  q u a lity  o f  d isp e rs io n : I t  w as fo u n d  th a t som e m ateria ls w ere  

n ot su ite d  to  b e in g  u se d  a s  s e e d in g  p a r t ic le s , a s  th e y  

con g lom era ted  in to  la r g e  g r o u p s  o f p a r t ic le s

T he p a r t ic le s  f in a lly  c h o se n  w ere  0.425mm diam eter c lear  

p o ly s ty r e n e  o f d e n s ity  1 0 5 0 k g /m 3 as  th e s e  ex h ib ite d  th e  b e s t  

l ig h t  s c a tte r in g  p r o p e r t ie s  fo r  sm all p a r tic le  s iz e , and th e  

d e n s ity  c lo s e ly  m atched th a t  o f th e  a n a lo g u e  f lu id , th e  d e n s ity  

o f w h ich  w as 1 107k g /m 3.

O ptical t e s t  se c t io n  d e s ig n  w as c a r r ie d  o u t to a c c o u n t for  

r e fr a c tio n  o f l ig h t  a s  it  t r a v e r s e d  th e  p e r s p e x  and flow  m edium .

A SICO v a lv e  se c t io n  in c o r p o r a tin g  c o r r e c t in g  le n s e s  w as d e s ig n e d

to allow  for  flow  v isu a lis a t io n  aw ay from  th e  flow  a x is , to w h ich  J
ll

v isu a lisa t io n  w as co n fin ed  in  th e  o r ig in a l SISO v a lv e . F u rth er  -if
jf

o p tic a l d e s ig n  w as ca rr ied  o u t to  c o r r e c t  d is to r t io n  in  th e  axial !
-r :lt

and  rad ia l p la n es , th is  w ou ld  allow  for  th e  d ir e c t  m easurem en t o f if

ax ia l and rad ial v e lo c it ie s  w ith o u t th e  in tr o d u ctio n  of e r r o r s  in
Is tr e a k  le n g th  due to o p tica l d is to r t io n . By f il lin g  th e  le n s e s

■ $
and v o id s  w ith  th e  w ork in g  f lu id , d is to r t io n  cou ld  be co n tro lled  %

J
•1

• |
i f
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fo r  a n y  tr a n sp a r e n t  flow  m edium , th u s  a llow in g  fo r  w ater  and  

b lood  a n a lo g u e  so lu tio n  flow  s tu d ie s .  T h is o p tica l d e s ig n  is  

sh o w n  in  f ig u r e  2.7 and  p h o to g r a p h ic a lly  in  f ig u r e  2.8.

T he r e c o r d in g  film, Kodak P anchrom atic  2475, w as c h o se n  a s  it  

d isp la y e d  e x te n d ed  s e n s it iv i t y  to fa r -r e d  l ig h t  rad ia tion . T his  

s u ite d  i t s  ap p lica tio n  to  r e c o r d in g  l ig h t  s c a tte r e d  from a 

H elium -N eon la se r  w h ich  r a d ia ted  a t  0 .6 3 3 Mm w a v e le n g th . F u rth er  

a d v a n ta g e s  o f th is  film  w ere  a r e la t iv e ly  sm all g ra in  s iz e  for  

su c h  a h ig h  film  sp e e d  (ap p rox im ately  ASA 1 0 0 0 / 31 DIN), h ig h  

s ta b il ity  o f th e  e s te r  b a sed  film  an d  good  c o n tr a s t  b e tw een  in  

low  l ig h t  c o n d itio n s .

R e su lts  o f th e  flow  v isu a lis a t io n  s tu d ie s  w ere  d isa p p o in tin g  and  

w ere  n e c e s s a r i ly  lim ited to  q u a lita t iv e  a n a ly s is . T h is w as 

b e c a u se  th e  film  cou ld  n o t be s a t is fa c to r ily  e x p o sed  b y  th e  sh o r t  

d u r a tio n s  o f illum ination  w h en  th e  la se r  beam w as ch o p p ed , a s  th e  

l ig h t  in te n s it ie s  r e f le c te d  b y  th e  p a r t ic le s  in  th is  s id e  s c a tte r  

m ode w ere  r e la t iv e ly  low. T h is problem  w as com pounded b y  poor  

o p tic a l e f f ic ie n c y  o f th e  p e r s p e x  b o d y  o f th e  v a lv e  p r o to ty p e  and  

le n s e s ,  w h ich  had to be om itted  to  allow  fo r  q u a lita tiv e  flow  

v isu a lis a t io n . The lack  o f a v a ila b ility  o f a m ore p o w erfu l 

la se r , f in a lly  m eant th a t q u a n tita t iv e  s tu d ie s  cou ld  not 

s u c c e s s f u lly  be ca rr ied  o u t. Q ualita tive r e s u lt s  w ere  a lso  

ham pered  b y  th e se  sam e m ech an ism s, and in  th e  h ig h er  

p h y s io lo g ic a l flow  r a te s  r e f le c te d  l ig h t  in te n s it ie s  w ere  not 

s u f f ic ie n t  to  e x p o se  th e  r e c o r d in g  film , b u t in te n s it ie s  w ere  

s u f f ic ie n t  for  m anual v isu a lisa tio n . T h ro u g h o u t th e  ra n g e  o f  

p h y s io lo g ic a l flow  r a te s  o f b lood a n a lo g u e  sohation , 

r e c ir c u la t io n  w as n ot a p p a r e n t in  e ith e r  th e  SISO or SICO v a lv e s .
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F ig u r e s  2.9 and 2.10 show  r e p r e s e n ta t iv e  s tr e a k  p h o to g r a p h s  fo r  

blood  a n a lo g u e  flow  th r o u g h  each  o f th e s e  v a lv e s  r e s p e c t iv e ly .

The r e s u lt s  o f p r e s s u r e /f lo w  te s t in g  are  p r e s e n te d  and d is c u s s e d  

in  th e  r e le v a n t  s e c t io n s  o f c h a p te r s  f iv e , s ix  and s e v e n  la ter  in  

th e  th e s is .

In  C on clu sion

P r e s s u r e /f lo w  c h a r a c te r is t ic s  o f th e  v a lv e  w ere  a s s e s s e d  fu lly ,  

an d  a g reem en t w ith  Benjam in (1986) w as good , th e s e  r e s u lt s  w ere  

u s e d  to  v e r if y  p r e s s u r e  g r a d ie n ts  p r e d ic te d  n u m erica lly .

S tr ea k  p h o to g r a p h y  r e s u lt s  w ere  poor b u t y ie ld e d  s u ff ic ie n t  

in form ation  to  v e r if y  n u m erica lly  p r e d ic te d  flow  f ie ld s  (ch a p ter  

six )
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CHAPTER THREE

THE RHEOLOGY OF BLOOD AND ITS MATHEMATICAL DESCRIPTION



S ‘

3.1 In trod u ction

T his ch a p ter  b r ie f ly  d is c u s s e s  th e  g en era l rh eo log ica l b eh av iou r  

of blood. Em phasis is  p laced  on m athem atical m odels w hich b e s t  

d e sc r ib e  th e  re la tio n sh ip  b etw een  sh ear  ra te  and sh ear  s t r e s s ,  and  

w h ich  are cap ab le o f in corp oration  in to  com putational s tu d ie s . A 

ty p ic a l sh ea r  r a te /v is c o s ity  c u r v e  for blood is  show n in f ig u r e  

3.1. Many r e se a r c h e r s  have rea so n ed  th a t blood may be 

r e a lis tica lly  r e p r e se n te d  b y  a N ew tonian an alogu e flu id , as  

- a v e r a g e  in -v iv o  blood sh ear  r a te s  ex ceed  100s"1, a va lu e  above  

w h ich  blood flow  is  alm ost N ew tonian (Whitmore 1963). H owever, 

sh ea r  r a te s  in  a cy lin d r ica l flow  sec tio n  will v a r y  rad ia lly  from  

a maximum c lo se  to th e  wall to  a lm ost zero  a t th e  flow  ax is. T his  

m eans th at v is c o s ity  w ill a lso  v a r y  rad ia lly , g iv in g  r ise  to a 

s ig n if ic a n t  v a r ia tio n  o f v e lo c ity  p r o file s  b etw een  blood and  

New tonian f lu id s  (se e  f ig u r e  3.2).

T h rou gh ou t th e  ch a p ter  blood is  g e n e r a lly  assum ed to be a 

continuum  for th e  p u r p o se s  o f m athem atical m odelling and its  mean  

rh eo log ica l p r o p e r tie s  are tak en  to be u n iv e r sa lly  ap p licab le .

3.2 Whole Blood

Blood is  a non-N ew ton ian  flu id  com p risin g  c e lls  and p rote in  in  a 

plasm a base:

Red Blood C ells (RBCs)

RBCs form th e  bu lk  o f  the blood c e lls  (about 97% o f th e  to ta l ce ll  

volum e). T heir prim ary fu n c tio n  is  to  c a r r y  o x y g e n  su sp e n d e d  in  

haem oglobin , w h ich  form s th e  c o n te n ts  o f th e  f lex ib le  m em brane o f
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th e  RBC. T h ese  c e lls  are b icon cave  d isco id  in  sh ap e  and th e ir  s iz e  

is  approxim ately  8 Mm x 2 Mm. Their life  c y c le  s ta r ts  in  the bone  

m arrow w h ere from h aem ocytob last c e lls  th e y  u n d erg o  se v e r a l  

m etam orphic c h a n g e s  and are re lea sed  in to  th e  blood as  

r e t ic u lo c y te s . Within two d a y s  th e y  becom e m ature red  c e lls  know n

as e r y th r o c y te s . T heir life  c y c le  norm ally e n d s  ab ou t 120 d ays  

la ter . The p rop ortion  of r e tic u lo c y te s  to  e r y th r o c y te s  is  

approxim ately  1%. The co n cen tra tio n  of RBCs (e r y th r o c y te s )  is  

approxim ately  5 x l0 12/ i  o f blood. E xp ressed  a s  a p e r c en ta g e  by  

volum e o f w hole b lood, th e  haem atocrit or p ack ed  c e ll volum e is  

ty p ic a lly  42-45%, th o u g h  th is  v a r ie s  e v e n  in h ea lth y  people  

d ep en d in g  on m any fa c to r s , e g  a ltitu d e  and sex  (g en er a lly  

haem atocrit is  one or two p e r c e n t  low er in  women th an  in  m en). In

u n h ea lth y  p eop le  th e  haem atocrit can be se en  to  v a r y  much more, 

r a n g in g  from 20% in  s e v e r e  s ic k le -c e ll  anaem ia to 75% in  

p olycyth aem ia . B ecau se  o f th e  predom inance o f e r y th r o c y te s ,  

h e te r o g e n e o u s  m odels o fte n  co n s id er  blood to be a su sp e n s io n  

p u r e ly  o f th e se  c e lls  a s  th e y  h ave  a g r e a te r  in flu e n c e  on th e  

blood v is c o s ity  th an  an y  o th er  c o n stitu e n t. A nother factor  th at  

may in flu e n c e  blood v is c o s ity  is  th e  form ation o f rou leau x  of 

e r y th r o c y te s , w h ich  are a g g r e g a te s  o f norm ally 6 - 1 0  ce lls . 

S eco n d a ry  a g g r e g a tio n , ie  th e  a g g r e g a tio n  of se v e r a l rou leaux, 

a lso  o c c u r s  and it  i s  a rg u ed  by  many (eg  M errill e t  al 1963 and  

S ch m id -S ch o n b ien  e t  al 1973) th a t it is  th e  breakdow n of su ch  

a g g r e g a tio n s  th a t c a u s e s  th e  non-N ew ton ian  b eh av iou r  o f blood. 

O ther r e se a r c h e r s , e g  Chmiel and Walitza (1980) d isa g r e e  w ith  th is  

h y p o th e s is , g iv in g  a s  an a lte r n a tiv e  exp lan ation  for  th e  n o n -  

N ew tonian a s p e c ts  o f blood flow , th e  c h a n g e s  in  v is c o s ity  due to  

a b so r p tio n  of e n e r g y  b y  e r y th r o c y te s  a s  th e y  deform . T hey p o in t  

o u t th a t sh ea r  th in n in g  is  v e r y  much red u ced  in  su s p e n s io n s  o f
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h ard en ed  c e lls . The m ost lik e ly  exp lan ation  o f v is c o s ity  c h a n g e s , 

and th a t adopted  by many a u th o rs , eg  Chien (1971), C okelet (1978) 

and Gupta e t  al (1982) em b races both  m echanism s of sh ear  th in n in g ;  

a g g r e g a tio n  o f c e lls  at low sh ea r  r a te s , and ce ll deform ation at 

h ig h er  sh ear r a tes .

L eu k o cy tes

le u k o c y te s  or w h ite  blood c o r p u sc le s  c o n s titu te  su ch  a small 

fra c tio n  of to ta l blood c e lls  th a t th e ir  rem oval from  blood does  

not s ig n if ic a n tly  a ffe c t  the v is c o s ity  o f th e .b lo o d . T here are  

f iv e  ty p e s  o f leu k o cy tes; po lym orph onuclear n eu tro p h ils , 

p olym orph onuclear e o s in o p h ils , p o lym orp h on u clear b asop h ils, 

m onocytes and lym p h ocy tes. T heir prim ary fu n c tio n  is  the  

d e str u c tio n  of in fe c tio n s . Each of th e se  c e lls  is  approxim ately  

sp h er ica l in  sh ap e  and th e ir  d iam eters and co n c e n tr a tio n s  are:

p olym orph onuclear n eu trop h ils: 9 .4 Pm, 4 .9 x l0 9/ i  

p olym orph onuclear e o s in o p h ils  9.4pm , 170x l06/^  

p olym orph onuclear b asop h ils  9.4 pm, 50x10* / l  

m on ocytes 7.4pm , 2 .2 x l0 9/ i  

ly m p h o cy tes  9.5pm , 460x l06/ i

P la te le ts

P la te le ts  are  o fte n  co n sid ered  to  be a ty p e  o f leu k o c y te , b e in g  

form ed from m egak aryocyte  c e lls . Their prim ary fu n ctio n  is  th e  

stim ulation  o f blood c lo tt in g  and it is  th e r e fo r e  u su a l to rem ove  

p la te le ts  from blood sam ples b e in g  u sed  for  in -v itr o  te s t in g .

A part from a s lig h t  red u ctio n  o f v is c o s ity  b r o u g h t about by  

p la te le t  rem oval, haem orheological b eh av iou r  is  not s ig n if ic a n tly  

a ffe c te d  as p la te le t co n cen tra tio n  is  sm all, o n ly  300x l09/ l .
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Blood d e n s ity  ■ *

The d e n s ity  o f blood is  v e r y  d e p en d en t on haem atocrit and on  

tem peratu re. Chmiel and Walitza (1980) g iv e  a mean v a lu e  o f blood  

d e n s ity  of 1 056.17 ± 3 .4 k g /m 3 for  47 normal h ea lth y  blood  

sam ples. T h is mean v a lu e  is  su ff ic ie n t  for th e  p r e s e n t  w ork, b u t  

a more com plete d e sc r ip t io n  of blood d e n s ity  v a r ia tio n  w ith  

haem atocrit and tem p era tu re  can  be found  in H in g h o fer -S za lk a y

(1985).

3.3 Plasma R heology

Plasma is  an a q u eo u s so lu tio n  of a m ultitude o f m ainly o rg a n ic  

com pounds. T yp ica l c o n c e n tr a tio n s  o f plasm a c o n s t itu e n ts  m ight 

be:

P roteins:

Albumin (3 7 k g /m 3)

G lobulins: « i  (4 k g /m 3)

« 2  (7 k g /m 3)

0 (9 k g /m 3)

Y (1 3 k g /m 3)

F ib r in ogen  (3 k g /m 3)

L ip ids (5 k g /m 3)

O thers ( l lk g /m 3) in c lu d in g :  

amino a c id s  (0 .5 k g /m 3) 

g lu c o se  (0 .8 k g /m 3)

Urea (0 .3 k g /m 3)

L actate (0 .1 k g /m 3) 

in o rg a n ic  io n s  (9 .1 k g /m 3)
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T h ese c o n s t itu e n ts  h ave  some in flu e n c e , not o n ly  on th e  v is c o s ity  

of th e  plasm a, b u t a lso  on th e  v is c o s ity  and y ie ld  s t r e s s  o f w hole  

blood, a s  d e sc r ib e d  below  in se c tio n  3.4 and more fu lly  by  

Whitmore (1968). Plasma is  h ig h ly  non-N ew ton ian  w hen cooled  to  

10° C below b od y  tem p eratu re , bu t can  re a lis tica lly  be c o n sid ered  

N ew tonian at b od y  tem p eratu re  in  accord an ce  w ith  th e  f in d in g s  of 

Rand e t  al (1964). Some sta ted  v a lu e s  for th e  dynam ic v is c o s ity  

o f plasm a are: 1.5xlO~3Pa s (Rand e t  al 1964 and C okelet e t  al 

1963), 1.16 -  1.35xl0"3Pa s (C okelet 1987), 1.10 -  1.16xlO“3Pa s  

(Whitmore 1968).

Plasma d e n s ity

Whitmore (1968) s ta te s  th e  d e n s ity  o f plasm a to  be 1 05 3 k g /m 3, 

w hich is  in  k e ep in g  w ith  th e  f in d in g s  of Chmiel and Walitza (1980) 

w ho g iv e  a v a lu e  o f 1 025.88 ± 1 .15kg/m 3 at 23° C.

3.4 Yield S tr e s s

A y ield  s tr e s s  is  rep o r ted  by  m any r e se a r c h e r s  (C okelet e t  al 

1963, Whitmore 1968, M errill e t  al 1963) to o ccu r  in  blood w hen  

sh eared  in  a s ta t ic  s itu a tio n , ie sh ea red  from r e s t . The 

m echanism  for  th is  is  p o ss ib ly  due to  th e  form ation o f rou leau x, 

th e  y ield  s t r e s s  b e in g  a m easure o f th e  e n e r g y  n e c e ss a r y  to  

breakdow n th e  b o n d in g  b etw een  a g g r e g a tio n s  o f c e lls  exp er ien ced  b y  

sta tio n a ry  blood. W alburn and S ch n eck  (1976) a r g u e  th a t th is  is  

l ik e ly  not to occu r  in  p h y s io lo g ic a l p u lsa tile  flow s, a s  th e  time 

allow ed in  su c h  reg im es is  not su ff ic ie n t  for th e  form ation of 

su ch  a g g r e g a tio n s . The v a lu e  o f th e  y ie ld  s t r e s s  is  a much 

deb ated  param eter and some r e se a r c h e r s  d oub t i t s  e x is te n c e  a t all. 

Chmiel and Walitza (1980) s u g g e s te d  th at e v e n  in  s ta t ic  sh ea r , if



s u ff ic ie n t ly  a ccu ra te  v isco m eters  are  ap p lied  a t v e r y  low sh ea r  

r a te s , th en  a y ie ld  s t r e s s  w ould n ot be d e tec ta b le . T h rou ghout 

th is  w ork th e  e x is te n c e  o f a y ie ld  s tr e s s  has been  assum ed  b eca u se  

th is  is  a p r e r e q u is ite  o f all th e  c o n s t itu t iv e  eq u a tio n s  

co n sid ered  below , e x c ep t W alburn and S ch n eck 's . If th is  

assu m p tion  is  in c o r r e c t , th en  on ly  sh ear  s tr e s s  p red ic tio n s  a t th e  

lo w est sh ea r  r a te s  (< I s -1) w ill be erro n eo u s.

M errill e t  al (1963) d ev e lo p ed  a r e la tio n sh ip  for  th e  p red ictio n  

of y ie ld  s t r e s s  ( r y )  b ased  on th e  in d e p e n d e n t var iab le  of 

haem atocrit:

Ty1'3 = M H  -  J2.)/100 [3.1]

w here:

A = (0 .8 x l0 “3 ± 0 .2xl0~3Pa )^ 3 

H -  norm al haem atocrit (u su a lly  tak en  a s  45%)

Hm ~ haem atocrit below  w h ich  y ie ld  s t r e s s  is  a b se n t

(Whitmore g iv e s  th is  a v a lu e  o f 5%)

M errill e t  al (1963) a lso  s u g g e s te d  th at a t haem atocrit v a lu e s  

ab ove 50%, a b e tte r  co rre la tio n  cou ld  be a ch iev ed  by  u s in g  

Weltmann and G reen 's (1943) model:

ry  = ae*>* [3.2]

T h ey did not, h ow ever p u r su e  th is  m odel or p u t v a lu e s  to th e

c o n s ta n ts  "a" and "b" a s  h aem atocrits o f th is  m agn itude are  not

common.

M errill e t  al (1965b) p r e se n te d  a re la tio n sh ip  p r e d ic tin g  th e  

e ffe c t  o f haem atocrit and f ib r in o g e n  on sh ea r  s t r e s s .  A common 

f in d in g  is  th at w h en  f ib r in o g e n  is  not p r e se n t , a y ie ld  s tr e s s  is  

not ap p aren t.

56



Docum ented v a lu e s  o f y ie ld  s tr e s s  v a r y  w id ely  from rep o r t to  

rep o r t, b u t some quoted  v a lu e s  are:

Whitmore (1968): lx lO ’3Pa -  6xlO"3Pa 

M errill e t  al (1966): 0 -  14xlO“3Pa 

Charm and K urland (1965) 0 -  10x l0“3Pa 

Chmiel and Walitza (1980) 0 (no sh ea r  s tr e s s )

E xperim entally  D erived  Blood V isco sity  D ata /R ela tion sh ip s

S ev era l r e se a r c h e r s  h ave stu d ied  th e  r e la tio n sh ip  b etw een  sh ear  

ra te  and th e  p r e v a ilin g  local v is c o s ity  o f blood, b u t th is  

r e la tio n sh ip  is  a lso  d ep en d en t on so m any o th er  rh eo log ica l 

fa c to r s  and in flu e n c e s , su ch  a s  an ticoagu la tion  p la te le t  co u n ts , 

blood d iso r d e r s , w h eth er  th e  sam ple is  ta k en  from a sm oker or 

fem ale u s in g  oral c o n tr a c e p tiv e s , e tc . Most n otab ly  th o se  fa c to r s  

w h ich  in flu e n c e  blood v is c o s ity  are:

i) Haem atocrit

ii) T em perature

iii) P rotein , f ib r in o g e n , album in and lip id  le v e ls  

It is  i llu s tr a t iv e  to look at each  of th e se  b r ie f ly .

H aem atocrit

In d isp u ta b ly  th e  v is c o s ity  o f w hole blood in c r e a se s  w ith  

haem atocrit. A sim ple, a ccu ra te  and w id e ly  accep ted  r e la tio n sh ip  

p r e d ic t in g  th e  var ia tion  of v is c o s ity  w ith  haem atocrit is  

p r e se n te d  by  B egg  and H earns (1966) and V irgilio  e t  al (1964): 

Logio(M) = m H + c  [3.3]

w here: m and c are c o n sta n ts



T h is re la tion sh ip  c e r ta in ly  a g r e e s  w ith th e  in d e p e n d e n t f in d in g s  

of Rand e t  al (1964) and Lutz and B arras (1983).

U sing  th is  re la tio n sh ip  a s  a c o n v e r s io n  aid, an in c r e a se d  am ount 

of data is  ap p licab le  to  th e  s tu d y  of normal haem atocrit blood  

flow , to w h ich  th is  s tu d y  has b een  r e str ic te d  a s  far  as p o ss ib le .

T em perature

M errill e t al (1963) a r g u e  th a t th e  v is c o s ity  o f w hole blood  

re la tiv e  to w ater ( M r )  is  alm ost lin ea r ly  p rop ortion a l to  th e  

tem peratu re o f th e  b lood, ie:

Mr = m 0 + c [3.4]

w h ere 0 = tem p eratu re  o f blood (°C)  

m and c are  c o n s ta n ts

T hey a lso  s u g g e s t  th a t th e  o n ly  m echanism  w hich  a f fe c ts  th e  w hole  

blood’s v is c o s ity  is  th e  d e p e n d e n c e  o f plasm a v is c o s ity  on  

tem peratu re ie , a g g r e g a tio n  and f le x ib ility  o f th e  e r y th r o c y te s  is  

not s ig n if ic a n tly  tem p era tu re  d ep en d en t. M errill e t  al (1963) 

fu r th e r  s u g g e s t  th a t th e  eq u a tio n  app lied  by A ndrade to the  

p red iction  o f th e  tem p era tu re  d ep en d en ce  of w ater , ie:

m ( ¥ )  = A ( ¥ ) e - E / R T  [3.5]

w here: m ( ¥ )  = v is c o s ity  a t a g iv e n  sh ear  rate

A(¥)  = fu n c tio n  o f  sh ea r  rate  and blood sam ple  

E = a c tiv a tio n  e n e r g y  (J/m ole)

R = g a s  c o n sta n t  

T = a b so lu te  tem p eratu re  

m ight eq u a lly  be ap p lied  to b lood. N either th is , nor eq u ation  

[3.4] co n tra d ic t th e  f in d in g s  o f S ch m id -S ch on b ein  e t  al (1973), 

V irgilio e t  al (1964) or Rand e t  al (1964).

58



—-

If co n sid era tio n  of blood tem p eratu re  is  made, th en  in -v itr o  

s tu d ie s  u n d er  h y p erth erm ic  or hypotherm ic c o n d itio n s , w h ich  

in corp orate  one or more o f th e  c o n stitu tiv e  e q u a tio n s  below , 

become p ractica l. The work d escr ib ed  h ere , h ow ever , has been  

r e str ic te d  to  norm otherm ic co n d itio n s.

Plasma p r o te in s  e tc .

The in flu e n c e  o f plasm a c o n s t itu e n ts  on blood rh e o lo g y  has been  

stu d ied  in g r e a t  d ep th  and by  many r e se a r c h e r s . The e f fe c t  of  

haem atocrit and f ib r in o g e n  on th e  y ield  s tr e s s  o f blood flow  has  

a lread y  been  d is c u ss e d . T ietjen  e t  al (1975) p r e s e n t  a s tu d y  of  

the in flu en ce  o f plasm a g lo b u lin s  p lu s  fib r in o g e n  on th e  v is c o s ity  

of blood and in fe r  a lin ear  re la tio n sh ip  bu t co rre la tio n  is  poor. 

Whitmore (1968) a r g u e s  th a t an in crea se  in  g lob u lin  and fib r in o g e n  

le v e ls  (above norm al p h y s io lo g ic a l co n cen tra tio n s) r a is e s  the  

v is c o s ity  o f blood b e ca u se  o f th e  in crea sed  p o ten tia l for rou leau x  

form ation, a s  d em on stra ted  b y  F arhaeus (1929). B egg  and H earns 

(1966) d ev e lo p ed  an e x p r e ss io n  o f th e  form:

Y = aXi + bX2 + cXa + d 

to  determ ine th e  e f fe c t  o f th e  v a r ia b le s  haem atocrit (Xi),  

fib r in o g e n  (X2) and album in+globulin  (X3) ,  on logarithm ic  

blood v is c o s ity  at a g iv e n  sh ea r  ra te  (Y).

C on siderin g  a ll th e  in te r e s t  show n over  se v e r a l d e ca d es  in  th e  

e ffe c t  o f plasm a p r o te in s  on v is c o s ity  it is  p e r h a p s su r p r is in g  

th a t o f all th e  c o n s t itu t iv e  eq u a tio n s  exam ined below , o n ly  th e  

model o f W alburn and S ch n eck  (1976) c o n sid ered  plasm a c o n s t itu e n ts  

ex p lic it ly .



Blood M odels

Blood m odels can  be d iv id ed  in to  two gen era l c a te g o r ie s , nam ely  

th o se  th a t assum e th e  blood to be hom ogeneous, and th o se  th a t  

assum e o th erw ise .

H eterogen eou s blood m odels

As m entioned ea r lier , w hen  th e  diam eter of a p ipe th r o u g h  w hich  

blood flow s d e c r e a se s  below  0,5mm, blood can no lo n g er  be  

co n s id er e d  a s  a continuum . S ev era l r e se a r c h e r s  have p rop osed  

h e ter o g e n e o u s  m odels for th e  d e sc r ip tio n  of v is c o s ity  (F arheaus  

1929, F arh aeu s and L in d q v ist  1931), and to p r e d ic t  th e  local ce ll  

d e n s ity  and plasm a slip  zone (H ersh ey  and Cho 1966, Gupta e t  al 

1982). T h ese  fu n c tio n s  can  be m odelled num erically , b u t th e y  are  

not lik e ly  to en h an ce  num erical in v e s t ig a t io n s , e sp e c ia lly  in  

la rge  v e s s e l s ,  and w ill in tro d u ce  a s  many ad d ition al u n c e r ta in t ie s  

as a lrea d y  p r e se n te d  b y  h om ogeneous m odels.

H om ogeneous m odels

Blood is  h e ter o g e n e o u s , b e in g  a co n cen tra ted  d isp e r se  sy stem . The 

assu m p tion  o f hom ogen eity  is  p u r e ly  a sim p lification  w hich  a id s  

ca lcu la tion , b u t th e re  are flow  reg im es in  w h ich  su ch  an  

assu m p tion  is  a ccep ta b le . Chmiel and Walitza (1980) d is c u s s  blood  

r h eo lo g y  and v isco m etry  w ith  r e sp e c t  to  p ipe d iam eter and in d ica te  

th a t, for  tu b e s  o f diam eter g r e a te r  than  0.5mm, blood may be  

c o n sid ered  hom ogeneous, S ev era l v is c o s ity  m odels h ave  ev o lv e d  

w hich  im p licitly  or e x p lic it ly  make u se  o f th is  a ssu m p tion . The 

h igh  num ber of c o n s t itu t iv e  eq u a tio n s  p o in ts  not o n ly  to  th e  

im portance o f e s ta b lish in g  m athem atically  th e  rh eo log ica l 

b eh av iou r  of b lood, bu t a lso  to  th e  d iscord  in  experim en ta l



f in d in g s  b ro u g h t ab ou t p o ss ib ly  b y  th e  poor r e co r d in g  o f exact  

experim en ta l co n d itio n s  and a ssu m p tion s. F u rtherm ore, th e  

v a r ia b ility  o f blood from  sam ple to sam ple m ust a cco u n t for  some 

o f th e  sp rea d . Some o f th e  m ost w id ely  a ccep ted  c o n s titu tiv e

m odels are:

i) Pow er law

ii) W alburn and S ch n eck  (1976)

iii) C asson  (1959)

iv ) Chmiel and Walitza (1980)

v) Quemada (1976a,b)

E asthope and B rooks (1980) exam ined e le v e n  m odels d ev e lo p ed  by  

s e v e r a l r e se a r c h e r s , in c lu d in g  all th o se  ab ove  e x c ep t for (iv ).

Here on ly  th e  b e s t  o f th o se  m odels exam ined b y  E asthope and Brooks  

w ill be d isc u sse d :

The Pow er Law

W alburn and S ch n eck  (1976) d is c u s s  th e  p o p u la r ity  o f th e  C asson  

eq u ation  for th e  p red ic tio n  o f blood v is c o s ity . T h ey  p o in t out 

th a t th e  y ie ld  s tr e s s  o f blood is  m easured  u n d er  s ta t ic  load in g  

c o n d itio n s , is  v e r y  sm all and is  m ainly due to  th e  form ation of  

rou leaux. T h ey e x p r e ss  d o u b ts  a s  to  w h eth er  a y ie ld  s t r e s s  is  

m anifest in  p u lsa tile  flow  s itu a tio n s  b eca u se  o f th e  lack  o f time 

for  rou leau x form ation, T his argu m en t is  born o u t to some ex ten t  

in  th e  f in d in g s  o f C okelet e t  al (1963). In l ig h t  o f th is  

d isc u ss io n  W alburn and S ch n eck  go on to p r e s e n t  an  a lte r n a tiv e  

one eq u ation  model:

t  = kV* [3.61

or Pa =
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T his is  sim ply th e  lo n g  e s ta b lish e d  pow er law eq u ation . T h ey do 

h ow ever, go  on to in tr o d u ce  a m odified form o f th is  eq u ation , 

in c lu d in g  a y ie ld  s tr e s s  a lth o u g h  th e y  do not make u se  o f th is:  

r = k%n + Ty

Their r e s u lt s  in d ica te  th a t th e  b e s t  v a lu e s  o f th e se  c o n s ta n ts  for  

th e  one eq u ation  m odel, for  blood a t 37 °C are: 

k  -  0 .0134x l0“3Pa s n 

n = 0.785

H ershey and Cho (1966) draw  on ear lier  work w hich  d is c u ss e d  th e  

pow er law m odel’s in s e n s it iv i ty  to  tem p eratu re . T h ey a s s ig n e d  to  

th e  c o n sta n t "n" th e  re la tio n sh ip :  

n = 0.978 -  0 .0 0 6 9 5 #

Walburn and S ch n eck  (1976)

The one eq u ation  m odel [3 .6] w ith  th e  ab ove c o n s ta n ts , did not 

a cc u r a te ly  f it  W alburn and S c h n e c k s ’ experim en tal data, b u t th en  

no accou n t o f haem atocrit w as tak en . In stead  o f d e fin in g  

d iffe r e n t  c o n sta n ts  for  s ta te d  haem atocrits, Walburn and S ch n eck  

re -w ro te  th e ir  m odel to  in c lu d e  haem atocrit a s  a var ia b le  in  th e ir  

B est Two Variable Model (BTVM):

k  -  Ci exp(C 2 #) [3.7]

n = 1.0 -  C3#  

w h ere, for  blood at 37 °C:

Ci = 1.48xlO-3Pa s n 

C2 = 0.0512  

C3 = 0.00499

H -  haem atocrit s ta te d  a s  a p er c en ta g e
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T his model w as rep o rted  to be a good s ta t is t ic a l f it  to 

experim en ta l data (R -sq u ared  v a lu e  = 0.8789) and com pared  

fa v o u ra b ly  w ith  th a t o f S ack s e t  al (1963) who g a v e  th e  fo llow in g  

v a lu e s  to th e  co n sta n ts:

Ci = 1.05xl0"3Pa s n 

C2 = 0.0054  

C3 = 0.0045

The s ta t is t ic a l  f it  w as im proved by  Walburn and S ch n eck , s till  

fu r th e r  (to  R -sq u ared  = .9049) b y  in c lu d in g  plasm a p r o te in s  in to  a 

"Best T hree Variable M odel” (B3VM):

k  -  Ci exp(C zH) x  exp(C4(TM PA/i?)) 

n = 1.0 -  C3iJ [3.8]

W here, for blood at 37 °C:

Ci = 0.797xl0"3Pa s a 

C2 = 0.0608  

Ca = 0.00499  

C4 = 1 4 .5x l03i /k g

TPMA = Total p ro te in  M inus Albumin = 0.0247 ± 0 .0 0 7 8 5 k g /i  

ref: D itzel and Kampmann (1971)

H -  haem atocrit s ta te d  a s  a p e rcen ta g e

In co n c lu sio n  W alburn and S ch n eck  op t for  th e  u se  o f th e  "Best 

T h ree V ariable Model" a s  th e  b e s t  c o n s titu tiv e  eq u ation  for th e  

d e sc r ip tio n  of w hole b lood , b u t do note th at each  o f th e ir  

in d e p e n d e n t v a r ia b le s  is  in  fa c t  not in d e p e n d e n t o f th e  o th e r s .

All th e ir  data p erta in  to blood sam ples te s te d  a t 3 7 0 C. E asthope  

and B rooks (1980) con clu d ed  th a t Walburn and S eh n e c k 's  

c o n s t itu t iv e  eq u ation  b e s t  f it te d  th e ir  data, a s  com pared to  all



ten  o th er  m odels th e y  te s te d . T hey d id , h ow ever, r e -w r ite  th e  

eq u ation  (elim inating th e  TPMA as a variab le):  

k  -  Ci exp(C 2H) x exp(C 4a/i?)

n = 1.0 -  CzH [3.9]

V alues o f th e  fou r v a r ia b le s  o f th e  Walburn and S ch n eck  fu n c tio n  

p r e se n te d  for E asthope and B rook’s  pop u lation  a v e r a g e s  for fou r  

sam ple g r o u p s  of haem atocrit a d ju s te d  blood at 25 °C sim ilar to  

th o se  o f Walburn and S chneck:

Ci = 1 .34x l0 -3 -  2.40xl0"3Pa s n 

C2 = 0.0551 -  0.0613  

C3 = 0,00433 -  0.00768  

C4a = 340 -  633

E asthope and B rooks a lso  p r e s e n t  stan d ard  d e v ia tio n s  o f each  o f

th e se  p aram eters for each  pop u lation . For com parison  w ith o th er

fu n c tio n s , E asthope and B rook s’ data for  th e ir  sam ple num ber 29 

o v er  th e  ran ge  of sh ea r  r a te s  0.031 -  120s-1 u n d er  s te a d y  s ta te  

has been  em ployed:

Ci = ,70xl0"3Pa s n

C2 = 0.0366  

C3 = 0.00389 

C4a = -49 .5

C asson eq u ation

[ r  -  p ry  + sJT  [3.10]

S ev e r a l r e se a r c h e r s  h ave  u sed  th is  eq u ation  a s  a b a s is  for  th e  

d e sc r ip tio n  o f blood v isc o s ity ;
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M errill e t  al (1965a) S tu d ied  p r e ssu r e  -  flow r e la t io n sh ip s  in 

tu b e s  o f diam eter 0.1 -  1mm. Some in te r e s t in g  a rg u m en ts  p r e sen te d  

b y  them w ere th e  d e p e n d en ce  o f th e  y ie ld  s tr e s s  on  th e  plasm a  

fib r in o g e n  le v e ls , and th e ir  re lu c ta n ce  to a c c ep t th e  c o n cep t o f a 

ce ll d ep le ted  s lip  zone a t th e  tu b e  wall. T his m ight exp la in  th e  

u se  o f tu b e s  o f d iam eter le s s  th an  0.5mm c o n tra r y  to  th e  la ter  

f in d in g s  o f Chmiel and Walitza (1980).

C on stan ts u sed  by  M errill e t  al:

U n sp ec ified  tem p eratu re  and haem atocrit 

T y  -  2.25xlO-3Pa 

s = 63.25-3(Pa s ) 1'2

T em perature = 19° C, HCT = 39.3 

T y  ~ 2 .8 9 x l0 -3Pa 

s  = 72.42“3(Pa s ) 1'2

T em perature = 2 2 .1 0 C, HCT = 20.1 

T y  = 3 .6 0 x l0 -3Pa 

s = 52.11-3(Pa s ) i / 2

Charm and K urland (1965) b r ie f ly  rep ort th e  f in d in g s  o f an  

experim en tal in v e st ig a tio n  in to  th e  v is c o s ity  o f blood at 3 7 0 C, 

u s in g  th r ee  d iffe r e n t  v isc o m e te r s . The sh ea r  ra te  r a n g e s  of th e  

v isco m eters  w ere  2 -  230s-1, 7.5 -  1 000s-1 and 1 000 -  10 000s-1. 

Their f in d in g s  are  th a t th e  C asson eq u ation  can  be app lied  o v er  

th e  e n tir e  ra n g e  o f sh ea r  r a te s  te s te d . T hey a lso  estim ate  o n ly  a 

5% error  w hen v isc o m e tr y  r e s u lt s  are ex trap o la ted  from th e  ra n g e  

o f sh ear r a te s  5 -  200s-1 to 10 000 -  100 000s-1
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The c o n sta n ts  for  th e  C asson  eq u ation  found  by Charm and Kurland  

are:

T y  = 0 -  12.96xlO-3Pa 11.674xlO“3Pa mean

s = 50.596xl0"3(Pa s ) 1'2 -  55.972xlO“3(Pa s ) 1'2 

52.70xl0*3(Pa s ) 1/2 mean

U n fortu n ately  th e y  make no m ention o f th e  haem atocrit o f an y  of  

th e ir  sam ples, so  one m ust assum e a norm al mean v a lu e  o f 45HCT. 

The va lu e  th e y  pu t to  y ie ld  s t r e s s  ten d s  v e r y  much to err  on th e  

h igh  sid e .

Whitmore (1968) u sed  a m odel b a sed  on th e  C asson  equation:

J ( t / W p ) = 1.53JT + 2.0 [3.11]

in  u n its  o f P oise  and se c o n d s

The equation  w as u sed  in  th is  form  in o rd er  th a t a ccou n t m ight be 

tak en  o f th e  plasm a v is c o s ity . H ow ever, W hitmore’s  eq u ation  can  

be r e -a r r a n g e d  to g iv e  th e  C asson  eq u ation  alm ost in  it s  stan d ard  

form:

[r  = 1.53 j (jJpV) + 2jT7p 

th en  ry = 4 mp 

s  = 1.531717

Whitmore assum ed  a v a lu e  for  plasm a v is c o s ity  o f 1 .2x l0“3Pa s ,  

th is  va lu e  is  low if  com pared w ith  th e  f in d in g s  o f Rand e t  al 

(1964) who p u t th e  v a lu e  a t around 1.5xlO~3Pa s . H ow ever, e v e n  

u s in g  1.2xlO"3Pa s a s  th e  v a lu e  for  Mp lea d s  to  th e  h igh  

p r e d ic ted  y ield  s tr e s s  of 4.8xlO~3Pa.



Chmiel and Walitza (1980)

Chmiel and Walitza in v e s t ig a te d  th e  m echanism  b y  w hich y ie ld  

s t r e s s  is  p u rp orted  to  occu r  and co n clu d e  th at th e  y ield  s t r e s s e s  

assum ed by  o th er  r e se a r c h e r s  are w ith in  th e  realm s of exp erim en ta l 

error . H aving te s te d  blood v is c o s ity  at sh ear  r a te s  as low as  

5 x l0 “3s~1, Chmiel and Walitza a lso  in v e s t ig a te  and r e fu te  th e  

h y p o th e s is  th a t v is c o s ity  v a r ia tio n s  are due to a g g r e g a tio n . T h ey  

base th is  sta tem en t on  th e  f in d in g s  o f an experim ental 

in v e st ig a tio n  in to  th e  flow  of h ard en ed  and un h ard en ed  

e r y th r o c ite s  in  sa lin e . Their f in d in g s  show  th at var iab le  

v is c o s ity  is  a p ro d u ct of th e  deform ation  of e r y th r o c y te s ,  

deform ation b e in g  lim ited at low sh ea r  r a te s  b eca u se  o f th e  

" in tr in sic  r ig id ity "  o f th e  c e lls  and at h ig h  sh ear  r a te s  b e c a u se  

of th e  c e lls  a p p roach in g  maximum deform ation. Chmiel and Walitza 

go  on to in tro d u ce  a s e v e n th  d e g r e e  polynom ial eq u ation  for  th e  

d e sc r ip tio n  o f blood v is c o s ity  w ith  shear:

¥ = c { r / a  + ( r / a ) 3 + d ( r / a ) 5 + e ( r / a ) 7} [3.12]

Where for haem atocrit o f 40: 

a = 0.0114Pa  

c = 0 .1156s-1 

d = -0 .032  

e = 1.31xl0"3

for  haem atocrit o f 44: 

a = 0.0153Pa  

c = 0.128s"1 

d = -0 .071  

e = 1.716xl0~3
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for haem atocrit o f 50: 

a = 0.013Pa  

c = 0 .043s”1 

d = -0 .0326  

e = 0 .3 7 x l0 -3

Chmiel and Walitza claim to have a ch iev ed  good r e s u lt s  w ith  th is  

re la tio n sh ip , b u t i t s  u se  is  lim ited to sh ear  p r e d ic t io n s  a t v e r y  

low r a te s , below 10s-1 as sh ow n  in  f ig u r e s  3.3 and 3.4. The 

u s e fu ln e s s  o f th is  fu n c tio n  is  lim ited to a n a ly tica lly  ca lcu lab le  

flow  reg im es su ch  a s  sim ple, lam inar tu b e  flow , b e ca u se  th e  

fu n c tio n  b a se s  th e  ca lcu la tio n  o f sh ear  ra te  on a know n sh ear  

s t r e s s .  The fu n c tio n  cou ld  not sa tis fa c to r ily  be em ployed  in  a 

CFM s tu d y  u n le s s  com plicated  and time con su m in g  ite r a tiv e  

te c h n iq u e s  w ere u se d  to  so lv e  sh ea r  s t r e s s  b ased  on  sh ear  rate .

Quemada(1976a and b)

Quemada (1976a and b) d is c u ss e d  th e  ap p lica tion  o f a model,

d e v ise d  to p r e d ic t  th e  v is c o s ity  o f co n cen tra ted  d is p e r s e  sy s te m s,

to th e  a n a ly s is  o f blood v is c o s ity  b ased  on sh ea r  ra te  and p ack ed

red  ce ll volum e. Quemada’s m odel w h ich  is  b ased  on  a minimum

e n e r g y  d issip a tio n  a n a ly s is  is  more fu lly  d is c u ss e d , th o u g h  in

term s g en era l to  c o n c en tra ted  d isp e r se  sy s te m s  and not b lood, in

Quemada (1977 and 1978)

J4r = Ma = (1 -  1 /200  kiO“2 [3.13]
M p
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§■

and

¥c r «o‘2 = c r itica l sh ea r  ra te

Quemada (1976a and b) p u ts  v a lu e s  to th e  ab ove var iab les:

for normal w hole blood of haem atocrit 40, at 37 °C 

Mo = 4.65xlO“3Pa s  

May :  1.84xlO~3Pa s 

«o = 0 .6 7 s1/2 

Mp = 1.26xlO"3Pa s

for normal w hole blood o f haem atocrit 45, at 37 °C 

Mo = 4.33xlO”3Pa s 

Mo# = 2 .0 7 x l0 _3Pa s 

« o  = 0 .7 3 s1/2

Quemada n o tes  th a t w hen Mo > May a form of th e  C asson  eq u a tio n  is  

reco v ered  and a y ield  s tr e s s  is  p r e d ic te d , th ou gh  Quemada 

d ism isses  th e  notion  o f y ie ld  s t r e s s  nam ing ro " p seu d o -y ie ld  

s tr e s s" . He d o es, h ow ever , confirm  good agreem en t w ith  th e  

experim en tal f in d in g s  o f M errill e t  al (1963).

C okelet (1987) a lso  exam ined Quemada’s eq u ation  and g iv e s  th e  

fo llow ing r e la tio n sh ip s  a s  p r e d ic to r s  for th e  ab ove v a r ia b le s  for  

blood at 3 7 0 C:

l n ( M o )  = 3.874 -  10 .4 1 #  + 1 3 .8 #  -  6 .738IP

ln(M tf) = 1.3435 -  2 .8 0 3 #  + 2 .711#2 -  0.6479#>

ln (« c) = -6 .1508  + 2 7 .9 2 3 # -  2 5 .6 0 #  + 3 .6 9 7 #
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C alcu lating  v a lu e s  o f th e se  v a r ia b le s  for blood at 37 ° c  y ie ld s:  

for  40 Hct:

jjo = 4.426xlO"3Pa s  

M or = 1.849x10"3Pa s 

« 0 = 0 .9 2 9 s1/2

for  45 Hct:

ja0 = 3.935xlO “3Pa s 

jJoy = 1.772xlO “3Pa s  

«o = 0 .7 9 9 s1/2

In C onclusion

It can  be se e n  from f ig u r e  3,5, w h ich  sh ow s a com parison  of the  

ab ove c o n s t itu t iv e  eq u a tio n s  in  th e  form of a grap h  of sh ea r  

s tr e s s  a g a in s t  log  sh ea r  ra te  for th e  ran ge  o f sh ea r  r a te s  0.1s"1 

to 1 000s"1 for blood sam ples o f 45% haem atocrit, th a t th e  

sp read  in  sh ea r  s tr e s s  a t a g iv en  sh ear  ra te  p r e d ic te d  b y  th e  

d iffe r e n t  c o n s t itu t iv e  eq u a tio n s  is  v e r y  la rg e . The sp read  is  

approxim ately  0% at ¥= 0.1s"1 to  25% at 1 000s-1. F igu re  3.6 

sh ow s the r e la tio n sh ip  b etw een  ap p aren t v is c o s ity  and sh ea r  rate  

as p red ic ted  b y  th e  a b ove  c o n s titu tiv e  e q u a tio n s  for  haem atocrit 

o f 45%. The v a r ia tio n s  in  p red icted  v a lu e s  b etw een  th e  d iffe r e n t  

eq u a tio n s is  s u r p r is in g ly  la rg e , b u t th e  c o n tr a s t  b e tw een  th e  

re la tio n s p red ic ted  b y  th e  c o n s titu tiv e  e q u a tio n s  and th e  

New tonian an a logu e  so lu tion  is  e v e n  more rem arkable.

The ch o ice  o f c o n s t itu t iv e  eq u ation  u tilise d  in  a num erical 

m odelling ap p roach  m ust be r e p r e se n ta tiv e  o f blood flow , b u t as  

se e n  ab ove th e  sp rea d  is  la rg e . Based on f ig u r e  3.6 th e  c u r v e
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w hich  r e p r e s e n ts  th e  mean w as adopted  nam ely th a t o f W hitm ore's 

C asson f it . F u rth er  ju s tif ic a tio n  for th is  ch o ice  and a more 

com plete d isc u ss io n  is  p r e se n te d  in  C hapter Four,
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CHAPTER FOUR

COMPUTATIONAL MODELLING OF BLOOD AND ANALOGUE FLOW



Com putational F luid M echanics

The d ec is io n  to  ad op t a com putational approach  to th e  a n a ly s is  of 

blood flow  th r o u g h  h eart v a lv e  p r o s th e s e s , in  p r e fe r e n c e  to 

an a ly tica l or experim en ta l s tu d ie s , was b ased  on se v e r a l fa cto rs:

i) An a n a ly tica l ap proach  can  on ly  be a ttem pted  for  ce r ta in

a s p e c ts  o f v a lv e  d e s ig n , e g  th e  r e v e r s e  flow  s tu d ie s  of

G entle (1980) L eefe e t  al (1986) and th en  o n ly  w ith  v e r y

s e v e r e  r e s tr ic t io n s  im posed .

ii) E xperim ental s tu d ie s , a s  d isc u sse d  in  ch a p ter  one, are not

cap ab le o f y ie ld in g  data com parable to th a t o f CFM s tu d ie s ,  

and th e  a ssu m p tio n s n e c e ssa r y  about th e  n atu re  o f th e  flow  

are ju s t  a s  lim itin g  a s  th o se  n e c e ssa r y  for  CFM s tu d ie s . It 

w as deem ed im portant in  th is  s tu d y  to be ava iled  not o n ly  o f  

th o se  flow  param eters ob ta in ab le  b y  exp erim en tation , eg  

v e lo c it ie s , tu r b u len ce  in te n s it ie s , p r e s su r e  d rop s and  

stream lin es , b u t a lso  tu rb u len t v is c o s it ie s ,  tu r b u len t sh ea r  

s tr e s s e s ,  n ea r-w a ll v e lo c it ie s  and rad ia lly  v a r ia n t  

p r e s s u r e s .

iii) The o p p o r tu n ity  p r e se n te d  by  CFM to model th e  flow  of rea l

blood th ro u g h  h ea rt v a lv e s  was co n s id er e d  im portant b e c a u se  

of th e  en h a n ced  co rre la tio n  betw een  d e s ig n  a n a ly s is  and th e  

clin ica l s itu a tio n  w h ich  w ould fa c ilita te  th e  fo r e c a s t  o f  

haem olytic and throm boem bolic p o ten tia ls . Experim ental flow  

s tu d ie s  o f blood are e v e n  more lim ited th an  s tu d ie s  

in v o lv in g  N ew tonian f lu id s  in  the am ounts o f data y ie ld ed . 

H andling problem s a sso c ia ted  w ith  b lood’s c lo tt in g  fu n c tio n s

76



add to th e  com plexity  o f exp erim en tation  and an ticoagu la tion  

can  a ffe c t  th e  o v era ll r e su lt s .

iv ) In th e  e a r ly  s ta g e s  of p r o s th e s is  d evelop m en t a d e s ig n  m ight 

be a ltered  se v e r a l tim es. If v a lv e  perform ance w ere to be 

a s s e s s e d  exp erim en ta lly  th en  a sim ilar num ber of t e s t  

se c t io n s  w ould need  to be m anufactured . In th e  ca se  o f th e  

p r e s e n t  d e s ig n  s y n th e s is  th e  m anufacture o f as many as  

tw e n ty -s ix  d iffe r e n t  t e s t  s e c t io n s  would h ave  been  

n e c e ss a r y . The m anufacture o f su ch  com plex se c tio n s  is  v e r y  

d iff ic u lt  and if  d im ensional a c c u ra cy  is  to  be h igh , th en  

m an u factu rin g  time becom es s ig n if ic a n t. In com parison , on ce  

th e  com putational so lu tion  p ro ced u re  w as v e r if ie d  and g r id  

g en e r a tio n  cod in g  w r itten , a v a lv e  could  be m odelled  

geom etr ica lly  w ith in  a few  m inu tes and s ta tio n a ry  flow  

th ro u g h  it  cou ld  be num erica lly  m odelled w ith in  four h ou rs  

rea l tim e.

v) R esu lts  a n a ly s is  is  sim plified  and en h an ced  by  b u ilt- in  

g r a p h ic s  and data h an d lin g  fa c ilit ie s  w ith in  CFM c o d in g s .

The u se  o f Com putational te c h n iq u e s  did not, how ever, elim inate  

to ta lly  th e  need  for exp erim en tation , a s  a c r o s s  ch eck  w ith  

experim en tal f in d in g s  w as e s se n t ia l  for  th e  v e r if ic a tio n  of 

com putational p r e d ic tio n s . F u rtherm ore, com putational s tu d ie s  

are in all p r a c tic a lity  lim ited to  s ta tio n a r y  flow , b ecau se  o f  

th e  breakdow n of th e  k -  € tu r b u len ce  model and th e  e x c e s s iv e  

C entral P r o c esso r  U nit (CPU) time n e c e ssa r y  to model ^uch n o n -  

sta tio n a r y  flow  to an a ccep ta b le  d e g r e e  o f tem poral reso lu tio n . 

P u lsa tile  flow  exp er im en ts w ill th e r e fo r e  be n e c e s s a r y  in th e
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co n ce iv a b le  fu tu re .

S ev era l CFM s tu d ie s  of h ea rt v a lv e  flow  have b een  carried  ou t to  

d ate , b u t m ost have on ly  c o n s id er e d  laminar flow . T hey will be  

b r ie fly  rev iew ed  a s  fo llo w s:-

U nderw ood and M ueller (1977)

P r e se n t a f in ite  d iffe r en ce  s tu d y  of lam inar, N ew tonian flow  in  a 

geom etry  w hich  ap p ro a ch es th a t o f a ca g ed  d isc  v a lv e . In th e ir  

s tu d y  th e y  r e c o g n ise  th e  p o ten tia l co n tr ib u tio n  th a t  

com putational flu id  m echan ics m ight o ffer  to th e  a s se ssm e n t o f  

throm botic and haem olytic p o te n tia ls . F urtherm ore th e y  exam ine 

rec ircu la tio n  and th e  maximum sh ear  s tr e s s e s  e s ta b lish e d  due to  

th e  in te r a c tio n  of v a lv e  com p onents on th e  flow  and a lso  p r e s e n t  

wall sh ea r  s tr e s s  p r o f ile s . T heir model is , h ow ever , lim ited  

c o n s id er a b ly  by  th e  s im p lic ity  o f the regim e geom etry; b a sica lly  

two s te p  b lo ck a g es  in  a h a lf c y lin d r ica l se c tio n . Flow is  on ly  

a n a ly sed  in  th e  ra n g e  o f R eyn old s' num bers 20 -  1 300.

U nderw ood and M euller (1979)

C ontinue th e ir  work from 1977 b u t w ith a geom etry  en h an ced  b y  th e  

u tilisa tio n  of a n on -u n iform  m esh. The flow  s itu a tio n s  s tu d ied  

are  o f N ew tonian flu id  w ith  R ey n o ld s’ num bers v a r y in g  from 50 -  

600.

Id e lso h n  e t al (1985)

P r e se n t  a com putational flow  s tu d y  u s in g  F in ite  Elem ent 

te c h n iq u e s . The g eo m etr ies  u se d  are a ccu ra te  r e p r e se n ta tio n s  o f  

caged  d isk  and ball v a lv e s  and a t ilt in g  d isk  v a lv e . T h ey g iv e  

exam ples of fu ll f ie ld  sh ea r  s t r e s s  and v e lo c ity  v e c to r s  and
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co n to u rs  a long w ith  p r e s su r e  g r a d ie n ts  a c r o ss  th e  v a lv e . T heir  

s tu d y  is  a lso  lim ited to lam inar New tonian flow  in  th e  ra n g e  100 

-  2 000 R eyn o ld s’ num bers.

M erchant and Mazumdar (1987)

Have r e c e n t ly  a d d r e sse d  th e  non-N ew ton ian  c o n s id er a tio n s  o f blood  

flow  v ia  num erical m odellin g . Their model w as v e r y  sim ple, 

laminar and orth ogon a l and u se d  the pow er law to model th e  n o n -  

N ew tonian a s p e c ts  o f blood flow: 

r = k * n

C on vergen ce broke down at n = .75 w h ereas th e  s u g g e s te d  v a lu e  for  

blood flow  should  be around  .66. T hey con clu d ed  th at n on -  

New tonian m odels o n ly  made a d iffe r e n c e  below  200 Re e v e n  th o u g h  

th e y  came up w ith th e  alm ost co n tra d ic to ry  p r e d ic tio n s  o f  

in c rea sed  throm botic p o ten tia l and h ig h er  v e lo c it ie s , both  in  th e  

forw ard  and r e v e r s e  d ir e c t io n s , due to th e  n on-N ew ton ian  flow .

T hey a lso  found  th a t sh ea r  s t r e s s e s  th r o u g h o u t w ere h ig h er  in  

New tonian flow  th an  in  n on-N ew ton ian . Their m odel is  again  

lim ited to  laminar flow  and co n c e rn  m ust su r e ly  be e x p r e sse d  ov er  

th e ir  u se  of su ch  h ig h  R ey n o ld s’ num bers (up to 6 000) for  

laminar flow . F urtherm ore th e y , th e m se lv es , e x p r e ss  co n cern  at 

p o ss ib le  n o n -c o n v e r g e n c e .

T h a lassou d is e t  al (1987)

P resen ted  a s tu d y  o f tu r b u le n t  flow  th ro u g h  a B oundary F itted  

C oordinate m odelled S ta rr-E d w a rd s v a lv e . T heir r e s u lt s  are v e r y  

en co u ra g in g , com paring w ell w ith  exp erim en ta lly  determ ined  data, 

and th e y  co n s id er a b ly  e n h a n ce  th e  argum en t for  com putational 

a n a ly s is  o f h eart v a lv e s . H ow ever, th is  paper aga in  d oes not 

co n sid er  non-N ew ton ian  flow .
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The s tu d y  d esc r ib e d  h ere  aims to p r e se n t  a flow  s itu a tio n  w hich  

more c lo se ly  r e p r e s e n ts  th e  in -v iv o  regim e to w h ich  a p r o s th e s is  

w ould be su b je c te d . T his is  a ch iev ed  by  com bin ing many of th e  

ab ove m odelling com p lexities; c u rv ilin ea r  g eo m etr ies , n o n -  

New tonian flu id  and tu r b u len ce . F u rth er , th e  flow  geom etry  w ill 

be w holly  r e p r e s e n ta t iv e  o f th e  fu n ction a l v a lv e , b e in g  an 

in te g r a l p art o f a co n d u it, and r e su lt s  w ill be a n a ly sed  in an  

attem pt to p r e d ic t  throm boem bolic and haem olytic p o ten tia ls .

A Blood V isco sity  Model for CFM

T h rou ghout th is  w ork it  has b een  assum ed th a t blood flow  is  w ell 

r e p r e se n te d  by  a h om ogeneous bulk flu id  model. T h is has  

r e s tr ic te d  th e  sco p e  o f th e  w ork to reg im es not sm aller than  

0.5mm, a s  Chmiel and Walitza (1980) show ed th a t below  th is  

diam eter continuum  m odels are d eva lu ed  b y  th e  d ep en d en ce  o f th e  

plasm a slip  zone on H aem atocrit and flow ra te  or, in  tu b e s  o f  

diam eters approxim ating  th e  e r y th r o c y te  d iam eter, b y  th e  F arh aeu s  

-  L in q v ist (1931) e ffe c t .

As th e  rh e o lo g y  o f blood is  th a t o f a p la stic  flu id  a 

c o n s titu tiv e  eq u ation  is  n e c e s s a r y  to d e sc r ib e  th e  sh ear  

s tr e s s /s h e a r  ra te  re la tio n sh ip , b u t due to th e  com p lexity  o f  

blood flow  it  is  n ot p o ss ib le  to  d er iv e  an y  su c h  eq u ation  from  

f ir s t  p r in c ip le s . Each m odel th e n  has a c e r ta in  am ount o f  

em pirical in p u t. C okelet (1987) r e v iew s se v e r a l su c h  eq u a tio n s. 

Most o f th e  c o n s t itu t iv e  eq u a tio n s  rev iew ed  in  ch a p ter  th r ee  are  

su itab le  for  ap p lica tion  to CFM s tu d ie s  w ith one notab le  

excep tion  -  th a t o f Chmiel and Walitza (1980), w h ich  r e q u ire s  

fo rek n o w led g e  o f th e  sh ear  s t r e s s  in  ord er  to  ca lcu la te  th e  sh ea r
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ra te . The o th er  eq u a tio n s  b ase  th e ir  ca lcu la tion  of sh ear s tr e s s  

on a p re-d eterm in ed  sh ea r  ra te . The c o n s t itu t iv e  equation  u se d  as  

a model for blood in  th is  p r e s e n t  s tu d y  w as th a t of C asson  

(1959):

f r  =  1 T y  +  s j y  [ 3 . 10 ]

The re a so n s  for  se le c t in g  th e  C asson  eq u ation  in  p r e fe r e n c e  to  

an y  o f th e  o th er  c o n s t itu t iv e  eq u a tio n s  were:

i) Ease of ap p lica tion  to  CFM stu d ies:

As the K -  € m odel u s e s  th e  sh ear  ra te  term  V in the  

ca lcu la tion  of th e  tu r b u le n t v is c o s ity  and p ro v isio n  is  

a lread y  made w ith in  PHOENICS to  p ro v id e  V, it  is  r e la t iv e ly  

s tr a ig h t  forw ard  to u t ilise  th is  param eter a s  th e  b a sis  for  

th e  blood v is c o s ity  m odel. The lim ited num ber of c o n s ta n ts  

n eed ed  b y  C asson ’s m odel, w h ils t  m ainta in ing  h igh  a c c u r a cy , 

g r e a tly  en h a n c e s  th e  ea se  o f it s  u se .

ii) Ease of determ in ation  of th e  em pirical co n sta n ts:

F u rth er  to th e  d isc u ss io n  o f blood v is c o s ity  m odels 

p r e se n te d  in  ch a p ter  th r ee  it  becam e o b v io u s  th at b e c a u se  o f  

th e  poor w ay in  w h ich  exp erim en ta l f in d in g s  and v a r ia b le s  

are p r e se n te d  in  jo u rn a ls  e tc ., it  w as n e c e s s a r y  to u se  a 

model th a t can  be v e r if ie d  a g a in s t  th e  w ork of se v e r a l  

r e se a r c h e r s . The m odel th a t fa lls  m ost r ea d ily  in to  th is  

c a te g o r y  is  th e  C asson  eq u ation . T his m odel has b een  u se d  

to  f it  th e  experim en ta l f in d in g s  o f s e v e r a l s tu d ie s , m ost 

n otab ly  Rand e t  al (1964) and Charm and Kurland (1965). The 

m odel p rop osed  by  Quemada (1976a,b) can  a lso  be red u ced  to  

th e  form of th e  C asson  eq u ation , w h ich  is  h e lp fu l as m ost o f 

th e  data req u ired  to  form  th e  c o n s ta n ts  n eed ed  b y  Quemada’s
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Quemada's m odel are not u su a lly  ava ilab le  in  a r tic le s  

p r e se n te d  in  jo u rn a ls . The o th er  m odels d isc u sse d  in  

ch a p ter  th r e e  su ffe r  from too h igh  a com p lexity , r e q u ir in g  

su ch  v a g u e  p aram eters a s, for exam ple, TPMA.

iii) A ccuracy:

The a c cu ra cy  o f th e  model i t s e lf  is  h igh , fa llin g  w ith in  5% 

error  o v e r  th e  r a n g e  o f sh ea r  r a te s  0 -  100 000s-1, a s  

d isc u sse d  by Charm and Kurland (1965). The m odels p r e se n te d  

in  ch a p ter  th r ee  p r e d ic t  a la rg e  sp read  of v is c o s it ie s  for a 

g iv e n  sh ea r  ra te , w h erea s  th e  C asson eq u ation  y ie ld s  th e  

median line.

iv ) Good agreem en t w ith  experim en ta l s tu d ie s:

A d iffe r en ce  o f o n ly  4.5% w as se en  in  th e  p re d ic te d  p r e s su r e  

g ra d ien t w h en  com pared w ith  th e  w ork of H ersh ey  and Cho 

(1966) for blood flow  o f haem atocrit 40 a t 27 °C th ro u g h  small 

bore tu b in g .

4.3 The D evelopm ent of a Com putational Model

When a p p ly in g  com putational m odelling to com plex flow  r e g io n s  su ch  

a s  h eart v a lv e s  it  is  e s se n t ia l  to d ev e lo p  th e  m odel in  a s te p  b y  

s te p  m anner. T his a llow s for  th e  v e r if ic a tio n  o f e v e r y  ste p  

b efore  p ro ceed in g  to  th e  n ext, b eca u se  n e c e ss a r ily  a p o in t is  

reach ed  b eyon d  w h ich  r e s u lt s  can  not be v e r if ie d . T his w as so  in  

th e  fin a l a n a ly s is  o f sh ea r  s tr e s s  p red ic tio n s  in  blood flow  

th r o u g h  th e  ball v a lv e d  co n d u it. The blood m odel and sh ea r  s t r e s s  

p r e d ic tio n s  w ere v e r if ie d  in  a sim pler (p ipe) geom etry  and
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p r e s su r e  flow  c h a r a c te r is t ic s  o f th e  ball v a lv e  geom etry  w ere  

v e r if ie d  for  N ew tonian flow  c a se s . In th e  fin a l a n a ly s is  w hen  all 

o f th e se  s te p s  are p u t to g e th e r , c o n fid en ce  in  p r e d ic tio n s  can  

o n ly  be b ased  on th e  s u c c e s s  o f th e  p r e c ed in g  c o n s titu e n t  s te p s .

4*4 Laminar Flow

The m odelling o f sim ple laminar p ip e  flow  a ided  in  th e  

v e r if ic a tio n  o f c o r r e c tn e s s  o f p r e s su r e  and momentum p r e d ic tio n s  

(in  th e  form  of develop m en t le n g th s  and v e lo c ity  p r o file s)  and in  

confirm ing  th e  v a lid ity  o f th e  sh ea r  s tr e s s  p red ic to r .

E xperim ental com p arisons w ere made a g a in s t  a n a ly tica l so lu tio n s  

fo r  th e  fo llow in g  p aram eters:-

i) V elocity  p ro file  d efin ed  by

w = ! P _  (R2 -  r 2) [A1.7]
4 m1

(ii) P r e ssu r e  g r a d ien t for  th e  Laminar N ew tonian flow  s itu a tio n

g iv e n  b y  D arcy’s eq u ation  for  p ip e  flow

hf :  iP  = M  W* [4.1]
/»g d 2 g

w h ere /  th e  fr ic t io n  factor  is  d e fin ed  b y

f  = rw = 16_ [4.2]
l / 2 / ,w2 Red

(iii) D evelopm ent le n g th  X  u t il is in g  B o u ss in e sq ’s  " tran sition

len gth "  form ula, w h ere  th e  tra n sit io n  le n g th  is  d e fin ed  a s  

th e  d is ta n c e  a lon g  th e  p ip e  a t w h ich  th e  v e lo c ity  d oes not

83



v a r y  from  th e fin a l v e lo c ity  by  more than  1%. 

X / d  = 0.065 Red [4.3]

iv ) Shear s tr e s s ,  w h ich  sh ou ld  o b ey  th e  radial d is tr ib u tio n  

rela tion sh ip :

t  -  t w r_ [4.4]
R

• 5 Blood Model

A pplication of th e  C asson  eq u ation  to th e  CFM s tu d y  w as a c h iev ed  

by rep lac in g  th e  f lu id ’s  in tr in s ic  (lam inar) v is c o s ity  w ith th e  

ap p aren t non-N ew ton ian  v isc o s ity :

ml = Ua = (s jT  + JT~y)2/V [4.5]

w h ere th e  c o n s ta n ts  s and j Ty w ere va r ied  to su it  th e  p a rticu la r  

p r o p e r tie s  o f blood specim en  and flow  tem p eratu re , bu t g e n e r a lly  

th e ir  a llo tted  v a lu e s  w ere: 

s  = 0.053001(Pa s ) 1'2 

Ty -  0.0048Pa

In tu rb u len t reg im es th e  e f fe c t iv e  v is c o s ity  w as co n s id er e d  to be 

th e  sum of ’’laminar" and " turbulen t"  v isc o s it ie s :

Meff  = Ma +  M t

V erification  of th e  a c c u r a cy  o f blood flow  m odels w as ca rried  ou t  

b y  com parison w ith  p r e s s u r e  g r a d ie n ts  found  exp er im en ta lly  b y  

H ershey and Cho (1966), w hile v e lo c ity  p ro file  and sh ear  s t r e s s  

p r e d ic tio n s  w ere  d e r iv e d  sem i-em p irica lly  b ased  on th e  C asson  

eq u ation  and on f ir s t  p r in c ip le s . Flow param eters in  blood flow  

(ev en  laminar) can  n ot be d er iv ed  a n a ly tica lly  from f ir s t  

p r in c ip le s , a s  p r e s e n t  day k n ow led ge of th e  sh ear  s t r e s s /s h e a r  

ra te  re la tio n sh ip  in  co n c e n tr a te d  d isp e r se  sy s te m s  is  in a d eq u a te .
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It w as n e c e ss a r y  th e re fo re  to  in co rp o ra te  in to  com putational and  

a n a ly tica l m odelling an em pirica lly  d er iv ed  c o n s t itu t iv e  eq u ation . 

W orking w ith  th e  C asson eq u ation  a s  th e  d e sc r ip to r  o f a p p aren t  

v is c o s ity  a v e lo c ity  p ro file  can  be d eve lop ed  for  th e  p u rp o se  o f 

com parison  w ith  CFM r e su lts  (se e  A ppendix 1 for  fu ll  d er iva tion ):

S hear s tr e s s  p r o file s  in  laminar so lu tio n s  shou ld  s t il l  o b ey  th e  

r e la tio n sh ip  [4.4] ab ove  th ou gh  sh ea r  s t r e s s  p r o f ile s  in  n o n -  

N ew tonian flow  m ust o b v io u s ly  be n o n -lin ea r .

4.6 T u rb u len ce  M odelling

As d isc u sse d  e a r lier , it  w as n e c e s s a r y  to  adopt a tu r b u len ce  m odel 

in to  th e  com putational s tu d ie s . The k -  € tu r b u len ce  model 

(L aunder and S p a ld in g  1974) w as c h o se n  b eca u se  th is  model is ,  to  

date, th e  m ost re liab le  in  a w ide ra n g e  o f flow  reg im es. T his  

tu r b u len ce  m odel w as ex p ected  to  perform  w ell in  th e  con d u it  

geom etry  b eca u se  o f i t s  g en era l s im ilarity  w ith  th e  backw ard  

fa c in g  s te p  geom etry  w hich  w as u se d  a s  a b en ch  t e s t  a s rep o r ted  

b y  Nallasam y (1987). In th a t w ork th e  PHOENICS k -  € model 

perform ed w ell. Furtherm ore th e  e x p er ien ce  o f T h a lassou d is e t  al 

(1987) w ith  a sim ilar model show ed  th a t it  has prom ise.

The m odel h a s i t s  fo u n d a tio n s in  B o u ss in e sq 's  E d d y -V isco s ity  

co n cep t w h ich  a ssu m es th e  tu r b u le n t sh ea r  s t r e s s e s  to be 

p rop ortion a l to  th e  mean v e lo c ity  g ra d ien ts:  

t -  -  u ’v ’w ’

T his is  tra n sla ted  in to  th e  c o n c e p t o f a tu r b u len t v is c o s ity  w h ich  

is  w h olly  flow  regim e d ep en d en t, b u t w h ich  f in d s  ap p lica tion  in  a
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/’Dk = _ a | Mt dk \ +  Mt  | Bu \ :
Dt Byi crk dyj 1 By j

D€ = d_ /  Mjr 5 € \ +  C i €  Mt

Dt By 1 £T€ B yj k
[4 .7]

a y  I

Throughout th is  stu d y , the con stan ts have been assign ed  standard  

va lu es (Launder and Spalding 1974, Rodi 1980):

Cja C d cr k e r e  C i  C2

0.5478 0.1643 1.0 1.314 1.44 1.92

way analogous with laminar or flu id  in tr in sic  v isc o s ity , ie

T T  =  V

so that I

Meff = Ml + Mt

where:

Ml = in tr in sic  v isco s ity  of the flu id . In the case of 

complex v isc o s it ie s  ml = Ma and is found from the applied  

con stitu tive  equation.

Mt = C^CD/, k2/€  assum ing /»k2/ l  in the Prandtl 

(1945) -  Kolomgorov (1942) equation to be proportional to €. The 

turbu len t k inetic en ergy , k and the en erg y  d issipation  rate, €,
m

are calculated at each cell by the generalised  d ifferentia l 

equations (Jones and Launder 1972):

2 + 3u -  />€ [4.6]
By

At the wall the turbu lence model is  tailored somewhat and the zero  

slip  assum ption is  applied by way of a wall function . The 

friction  factor at the wall was dictated by either of two 

selectable in -b u ilt  functions:

86



i) Pow er law fu n c tio n  b ased  on BlaBius’ equation :

S t  = 0.0395/Rew1/4

w h ere Rew is  a s  d efin ed  below ,

T his w all fu n c tio n  w as th e  s im p lest and f ir s t  ch o ice , 

b eca u se  o f i t s  e a se  o f com parison  w hen c h e c k in g  p r e s su r e  

g r a d ie n ts  in  a lo n g -h a n d  m anner, bu t p ro v ed  to  be m ost 

u n sa t is fa c to r y  y ie ld in g  e r r o r s  a s  g rea t a s  30%.

ii) L ogarithm ic wall fu n ction : m ost comm only u se d  in  co n ju n ctio n

w ith  th e  k -  € tu r b u len ce  m odel. The fr ic t io n  fa c to r  is  

e s ta b lish e d  ite r a t iv e ly  b y  th e  im plem entation o f th e  

rela tion sh ip :

S t  = U / ln (1 .0 1  + E<Rew)S t 1' 2}2 [4.8]

w h ere for  a sm ooth wall:

x ,  Von Harmans* c o n sta n t  = 0.435 

E, Van D riest’B c o n sta n t = 9.0 

In  th e  lam inar s u b - la y e r  (y* < 11.5) th e  ab ove logarith m ic  w all 

fu n c tio n  i s  not ap p licab le  and th e  stan d ard  lam inar d e sc r ip to r  for  

fr ic tio n  fa c to r  i s  m aintained:

S t  = 1/Rew

w here:

S* = g e n e r a lised  fr ic tio n  factor  

y* = 6 UT/v>

U T is  th e  fr ic tio n  v e lo c ity  = (7" /  /*)1/2 

Re s  w 6 / * / M l

w is  th e  v e lo c ity  a t a p o in t  

5 is  th e  w a ll- to -c e ll  c e n tr e  d ista n ce

The tu r b u len t k in e tic  e n e r g y  and i t s  d iss ip a tio n  ra te  are  d ic ta ted
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&

b y  th e  re la tio n sh ip s:
*%

k = U r 2
(CpCD)i/2 

€ = U r 3/ ( * 6 )

[4.9]

[4.10]

G eom etrical C on sid eration s

A xes for th e  com putational g r id  w ere d efin ed  a s  in  f ig u r e  4.1.

F luid flow ed  a lon g  th e  Z ax is w ith  in le t a t Z=1 and o u tle t  at 

Z=NZ, w h ere NZ w as th e  to ta l num ber of c e lls  in  th e  Z d irection .

The radial d irec tion  w as r e p r e se n te d  by  th e  Y ax is and th e  

c ircu m feren tia l d irec tio n  by  X. NY and NX d efin ed  th e  to ta l 

num ber of c e lls  in  th is  ax isym m etric  polar c y lin d r ica l coord in ate  

system .

The o r ig in a l com puter m odelling o f th e  ball v a lv ed  co n d u it w as  

perform ed on an orth o g o n a l g r id , ie a gr id  th at is  com prised  

to ta lly  o f r ig h t, p ara lle l and sq u a re  ce ll fa ce s . T his m ethod of  

m odelling, a lth o u g h  not a s  a cc u r a te  in  i t s  fin a l p r e d ic tio n s , a s  

c u r v ilin ea r  m odelling, did y ie ld  va lid  p r e s su r e  r e s u lt s ,  th o u g h  

momentum p re d ic tio n s  w ere poor lead in g  to in c o rr e c t  a s se ssm e n t of 

sh ear  s tr e s s  f ie ld s . O rthogonal m odelling w as u sed  by  T a n sley  e t  

al (1986) in  an e ffo r t  to  a s s e s s  th e  n et fo rce  on a ball s itu a ted  

in  two d iffe r in g  co n d u it geo m etr ie s  as a com plim ent to  

experim en tal o b se r v a tio n s  o f ball in s ta b ility . H ow ever, a s  

d isc u sse d  in  C hapter six , a lth o u g h  p r e ssu r e  g r a d ien ts  on an  

o v era ll sca le  w ere a c c ep ta b le  th e  e r ro r s  in n et fo rce  on th e  ball 

due to gr id  in te r fe r e n c e  in tro d u ced  irrecon c ilab le  d iffe r e n c e s  

betw een  num erical and exp erim en ta l o b se r v a tio n s . It is  for
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r e a so n s  o f g r id  in te r fe r e n c e , ie  th e  in a b ility  o f e v e n  extrem ely  

f in e  o r th ogon a l g r id s  to fa ith fu lly  rep ro d u ce  com plex cu rv ed  

g eom etr ies , th a t num erical p r e d ic tio n s  co n tin u ed  in  cu rv ilin ea r  

g eo m etr ies , a s  soon  a s  ava ilab le .

Grid c u r v ilin e a r ity  is  a ch iev ed  in  PHOENICS b y  th e  u se  o f Body  

F itted  C oord inates (BFCs); a cu rv ilin ea r  gr id  sy ste m  im posed on to  

a C artesian  b ase  g r id . The local v e lo c it ie s  are d efin ed  to  

co in c id e  w ith  local c e ll fa ce  o r ien ta tio n s  and th e  d ifferen tia l  

eq u a tio n s  are a d ju s te d  to  allow for geom etry  co n s id er a tio n s . The 

p r e c ise  m echanism s o f th e se  a d ju stm en ts  may be found  in  S p a ld in g  

e t  al (1986). The main a d v a n ta g e s  o ffe r e d  by  B ody F itted  

C oord inates are

(i) an im proved r e p r ese n ta tio n  o f m odelled geom etr ies,

(ii) g r e a te r  a c c u r a cy  o f p red ictio n  in  g eom etr ies  

in co rp o ra tin g  com plicated  c u r v e d  su r fa c e s , e sp e c ia lly  

of n ea r-w a ll c h a r a c te r is t ic s  and

(iii) an en h a n ced  a b ility  to  a ch iev e  grid  in d e p e n d e n c e  in

com plex geo m etr ies .

The ch o ice  o f gr id  has a m arked in flu e n c e  on th e  c o r r e c tn e s s  of 

th e  co n v e r g ed  so lu tio n , w ith  g r ea ter  a c c u r a cy  b e in g  a ffo rd ed , 

g e n e r a lly , b y  f in e r  g r id s . H ow ever, one has to  p la y -o f f  th is  

req u irem en t w ith  th a t for  a sp e e d y  com putational so lu tion , 

som eth in g  w h ich  is  h in d ered  by  too m any ce ll c e n tr e s . F u rth er  

lim itations to th e  f in e n e s s  o f gr id  are p o sed  b y  th e  req u irem en ts  

of ce ll sp a c in g  at p h y s ic a l b ou n d ar ies  to flow  and b y  in -c o r e  

sto r a g e  c a p a b ilit ie s  o f th e  com puter. When th e  geom etry  is  n o n -  

orth ogon a l, ie w h en  Body F itted  C oordinates are  u se d , th e  in -c o r e  

s to r a g e  ca p a b ility  i s  s tr e tc h e d  e v e n  fu r th e r  b y  th e  need  to



sp e c ify  e v e r y  ce ll co rn er  w ith in  th e  g r id . The volum e of 

in form ation n eed ed  to sp e c ify  a flow  geom etry  w as in creased  from  

NX+NY+NZ+3 reg u la r  grid  c e ll c e n tr e s  to 3(NX+1)(NY+1)(NZ+1) BFC 

c e ll c o r n e rs . F u rth er  co n sid era tio n  w as n e c e s s a r y  to en su re  a s  

h ig h  a d e g r e e  o f o r th o g o n a lity  o f c e lls  a s  is  a tta in ab le , b eca u se  

w ith ou t it  su ch  so lu tion  c o n v e r g e n c e  is  u n rea lisa b le . Two 

em pirical r u le s  w ere u sed  d u r in g  grid  g en era tio n . F ir stly  a ce ll  

w as deem ed su f f ic ie n t ly  orth ogon a l if  it  could  be c ircu m scrib ed , 

th e  c irc le  p a ss in g  th ro u g h  each  c e ll co rn er . S eco n d ly  large  

num bers o f s lig h t ly  n o n -o r th o g o n a l c e lls  w ere p r e fe r r ed  to few er  

c e lls  of h igh  n o n -o r th o g o n a lity .

The sp a c in g  o f ce ll c e n tr e s  is  a fa cto r  th a t not o n ly  in flu en ces  

th e  ra te  o f c o n v e r g e n c e  o f a so lu tion , b u t can  a lso  a ffe c t  the  

fin a l r e su lt . The param eter v a lu e s  p red ic ted  a t each  cell are  

d isc r e t is e d  p o in t v a lu e s  o f th e  f in ite  d iffe r en ce  equation  

so lu tion . If  th en  th e  ce ll c e n tr e  sp a c in g  is  too la rg e , the  

lin ear approxim ation to the tru e  s lo p e  o f the f in ite  d ifferen ce  

eq u a tio n s  w ill be erro n eo u s. T his s itu a tio n  is  exacerb ated  in 

tu r b u len t so lu tio n s  a s  th e  sca le  o f flow  d is tu r b a n ce  is  much 

sm aller. The so lu tion  can th e r e fo r e  be ch eck ed  to show  it is  fr e e  

o f th is  gr id  d ep e n d e n c y  by  com paring th e  r e s u lt s  a g a in st  th o se  for  

a s lig h t ly  d iffe r e n t  grid : th e  r e s u lt s  sh ou ld  not v a r y  by more 

th an  1% -  3%.

L aunder and S p a ld in g  (1974) d is c u s s  th e  im portance of w a ll-ce ll  

c e n tr e  p o sitio n in g  w hen  u t ilis in g  th e  logarithm ic wall fu n ction , 

more sp e c if ic a lly  th e y  s tr e s s  th e  need  to  e n su r e  th a t tu rb u len ce , 

and not v isc o u s  e f fe c ts  are dom inant at th e se  c e ll c e n tr e s .

F u rth er , H edberg e t  al (1986) c ite  th e  ra n g e  11,5 -  100 for
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d im en sio n less  wall d is ta n c e s  (y +) w hich sh ou ld  be app lied  at 

th e se  ce ll c e n tr e s , ie  6 sh ou ld  be c h o sen  so  th at a t th e  f ir s t  

ce ll cen tre:

11.5 < y* < 100

T his d ista n ce  cou ld  be estim ated  a n a ly tica lly , bu t in  p ra c tic e  a 

m onitor w as w r itten  in to  PHOENICS’s u se r  a c c e s s ib le  "GROUND" 

rou tin e  w h ich  ca lcu la ted  y + at each  ce ll c e n tr e  for the  

co n v e r g ed  so lu tion .

The assem b ly  o f all th e  a b ove  s te p s  in to  a fin a l a n a ly s is  y ie ld ed  

sh ear  r a te s  and s t r e s s e s  m odelled in  blood flow  th ro u g h  a ball 

v a lv ed  con d u it. No v e r if ic a t io n  o f th e  a c c u ra cy  o f r e su lt s  w as  

p o ss ib le  at th is  s ta g e  p u r e ly  b eca u se  no experim en ta l te c h n iq u e s  

w ere  ava ilab le  cap ab le  o f y ie ld in g  all th e  inform ation g a th ered  

v ia  CFM m odelling.

4,8 Regime D efin ition

S ev e r a l m ethods o f d e fin in g  th e  gr id  w ere co n sid ered ; r e -a r r a n g in g  

an e x is t in g  orth o g o n a l gr id  by  m oving o n ly  cer ta in  ex trem ity  

p o in ts  and f il lin g  in  th e  in -b e tw e e n  p o in ts, d ig it is in g  p o in ts  

from  e x is t in g  d ra w in g s or w r itin g  a F ortran  program  to  d e fin e  

e v e r y  p o in t. The la s t  m ethod w as ad op ted  for th e  fo llow in g  

reason s:

i) In crea sed  flex ib ility ; it  w as p o ss ib le  sim ply b y  c h a n g in g  a 

few  v a lu e s  to com p lete ly  a lter  th e  num ber and sp a c in g s  o f  

c e lls . T h is h e lp ed  in  e n su r in g  gr id  in d ep en d en ce .

ii) In crea sed  accu ra cy ; a s  th e  su r fa c e s  o f th e  c o n d u it’s  in n er

p rofile  and th e  ball w ere a lrea d y  s tr ic t ly  m athem atically  

d efin ed , it  seem ed o b v io u s  to u se  th is  k n ow led ge  to m odel
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the su r fa c e s .

iii) S p eed ier  geom etry  ch a n g es; th e se  could  be e ffe c te d  b y  sim ply  

c h a n g in g  th e  m athem atical d e sc r ip to r s  o f th e  v a r io u s  con d u it  

se c t io n s , m ost n otab ly  th e  ou tflow  tract and n ear-w a ll  

reg io n s .

The Fortran a lgorithm  for d e fin in g  geom etry  w as r e la t iv e ly  

stra ig h tfo rw a rd  w ith  th e  ex cep tio n  o f th e  ou tflow  tra c t  p rofile .

As th e  g r id s  w ere d eve lop ed  in  a s e r ie s  o f c o n sta n t  "X" sla b s  

m arching forw ard  in  th e  "Z" d irec tio n  it  becam e n e c e ss a r y  to  

c o n str u c t  a rou tin e  to f in d  th e  h e ig h t o f th e  c o n d u it wall at th e  

outflow  sectio n  v ia  th e  Newton -  R aphson I te r a t iv e  tech n iq u e .

A ppendix 2 sh ow s th e  fin a l form o f the grid  g e n e r a tio n  cod in g .

F u rth er  o r th o g o n a lisa tio n  u s in g  th e  "magic” a lgorithm  b u ilt in to  

PHOENICS p roved  to be to ta lly  u n sa tis fa c to r y . D ifferen t s ize  

v e r s io n s  o f a g iv e n  v a lv e  d e s ig n  w ere g en era ted  a s  sca le  m odels o f  

a stan d ard  22mm diam eter con d u it. Hence all k e y  d im en sion s in  

th e se  o th er  s iz e  v a lv e s  w ere r e fe r en ce d  to th e  s ta n d a rd , ie  a 

b len d in g  ra d iu s s ta te d  a s  30mm on a 16mm co n d u it w ould in  fa c t  be  

30xl6/22m m  rad iu s.

In con clu sion

The above look s b r ie f ly  a t w ork done by o th er  r e se a r c h e r s  in  th e  

f ie ld  o f num erical flow  a n a ly s is  app lied  to  h eart v a lv e s .

D iscu ssion  c o n tin u es  by  p o in tin g  o u t p o ss ib le  flaw s in  th e ir  

s tu d ie s  and g o e s  on to  s u g g e s t  p o ss ib le  im provem en ts th a t m ight 

in c re a se  corre la tion  b etw een  com putational s tu d ie s  and in -v iv o  

flow  s itu a tio n s. T his is  a c h iev e d  prim arily  b y  th e  in tro d u ctio n

|
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o f  two m odels:

i) c o n s t itu t iv e  eq u ation  for th e  rh eo log ica l d e sc r ip t io n  o f

blood flow

ii) k -  € m odel for th e  d e sc r ip tio n  o f time a v e r a g ed  tu r b u len ce

p r o p e r tie s .

L ater, th e  ch a p ter  d e s c r ib e s  th e  s te p s  tak en  in  a ssem b lin g  th e  

num erical m odel geom etry  and s u g g e s t s  r e la tio n sh ip s  a g a in s t  w h ich  

num erically  d e r iv e d  data cou ld  be com pared in  o rd er  to  v e r ify  

c o r r e c tn e s s  of p r e d ic tio n  a t each  s ta g e  o f m odel d evelop m ent. 

F inally , th o se  geom etr ica l fa c to r s  w h ich  a ffe c t  not o n ly  

c o n v e r g e n c e , b u t u ltim ate ly , th e  fin a l r e su lt in g  flow  fie ld  

param eters are  d is c u ss e d .



CHAPTER FIVE

INITIAL DEVELOPMENT OF A PROSTHETIC HEART VALVE CONDUIT



5.1 D e sig n  P h ilo so p h y

As o u tlin ed  in ch a p ter  one, p r o s th e t ic  co n d u its  c o n s is t  b a sica lly  

o f a p a s s iv e  n o n -r e tu r n  v a lv e  in corp ora ted  in to  a sectio n  of 

tu b in g . To date all com m ercially ava ilab le  m echanical con d u it  

p r o s th e s e s  h ave  u sed  e x is t in g  a n n u lu s  m ountable h eart v a lv e s  to 

o cc lu d e  r e v e r s e  flow , w hich is  far  from id ea l b e c a u se  o f the  

d e s ig n  c o n s tr a in ts  p laced  on su ch  v a lv e s . T h ese  c o n str a in ts , for  

exam ple o r if ice  s iz e  and v a lv e  p rofile  h e ig h t, d ic ta te  v a lv e  

d e s ig n  and h en ce  lim it th e  maximum atta in ab le  haem odynam ic  

c h a r a c te r is t ic s . Many of th e se  d e s ig n  lim itations can  be relaxed  

w hen app lied  to  co n d u it v a lv e s , th u s  im proving th e  haem odynam ic 

p erform ance o f su ch  p r o s th e s e s . In ord er  to r e a lise  th e  fu ll 

p oten tia l for im proved haem odynam ics o f c o n d u its , se v er a l o f th e  

le s s  d e s ira b le  a s p e c ts  o f an n u lu s m ountable v a lv e s  m ust be 

a d d ressed :

Sew ing  r in g s: The m echanical v a lv e s  m ounted in to  p r e se n t  day  

c o n d u its  w ere  d e s ig n ed  to be im planted in to  a t is s u e  an n u lu s at 

th e  s ite  o f e ith er  an ex c ised  m itral v a lv e  or aortic  v a lv e .

B ecau se  o f th is  in ten d ed  u sa g e  th e se  v a lv e s  h ave  sew in g  r in g s  and  

a lth o u g h  th e  sew in g  r in g  fa b r ic  is  rem oved w hen  su ch  a v a lv e  is  

p laced  in to  a co n d u it, the prim ary o r ifice  or v a lv e  r in g  still 

rem ains. T h is o r ifice  in  e f fe c t  r e p r e s e n ts  a s te n o se d  sec tio n  of  

con d u it (f ig u r e  5.1) and d oes lead to h ig h e r  th an  n e c e ssa r y  

p r e s su r e  g r a d ie n ts  a c r o ss  th e  p r o s th e s is . H aving su ch  a r in g , 

a lso  in d u c e s  e le v a ted  blood sh ear  s t r e s s e s  w h ich  will in crea se  

haem olytic p o ten tia l. F urtherm ore, at th e  e n tra n ce  to th e  

prim ary o r if ic e  w h ere  th e  co n d u it wall m eets th e  sew in g  r in g  

b ase , th e r e  is  g e n e r a lly  an area  w h ere h aem ostasis  could  o ccu r ,
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th e r e b y  in t r o d u c in g  a p o te n t ia l s i t e  fo r  th ro m b u s  form ation .

O ccluder en trap m ent: T here h ave  s till on ly  b een  r e la t iv e ly  few  

m echanically  o cc lu d ed  co n d u it v a lv e s  im planted , so  th e  en trap m en t  

of o c c lu d ers  by  th e  form ation  of throm bus on h in g in g  m echanism s  

in  co n d u its  is  n ot w ell docum ented , but th e  p o ten tia l e x is ts  for  

th is  mode of d y s fu n c tio n  in  co n d u its , a s  it  d oes in  a n n u lu s  

m ounted v a lv e s .

Flow area: A nother u n d es ir a b le  fea tu re  of a n n u lu s  m ountable  

v a lv e s  is  th e  red u ctio n  in  flow  area due to th e  o b stru c tio n  

im posed by m ounting  th e  o cc lu d in g  m echanism  in  a sim ple  

cy lin d r ica l tu b e . T h is lo s s  o f flow area ten d s  to lead  to 

in crea sed  p r e s su r e  g r a d ie n ts  and in crea sed  throm boem bolic and  

haem olytic p o te n tia ls .

Jet issu e: T h is is  g e n e r a lly  o f no con cern  in  t is s u e  v a lv e s , 

w here th e  flow  is s u in g  from  th e  v a lve  is  alm ost ax ia lly  a lig n ed , 

but in  v a lv e s  su c h  a s  th e  B jo rk -S h iley  GVP and GVPC pulm onic  

g r a fts , blood is s u in g  from th e  ter tia r y  o r ifice  is  a t an a n g le  

dev ia ted  from th e  axial d ir ec tio n  (fig u re  5.2). T h is c a u se s  

im pingem ent on  th e  n ea rb y  co n d u it wall and w ill e le v a te  the  

haem olysis ra te .

Valve size: In a n n u lu s  m ounted v a lv e s , s ize  is  c r it ic a l if  th e  

v a lv e  is  to f it  c o r r e c tly . A vailable s iz e s  are th e r e fo r e  lim ited  

to th e  ra n g e  o f p h y s io lo g ic a lly  o ccu rr in g  h eart a n n u li. C onduit 

v a lv e s  are m ounted in  le s s  cr it ic a l s ite s  and an in c r e a se  in  th e  

dim ensions o f th e  v a lv e  cou ld  be accom m odated. The b e n e fits  o f 

th is  w ould be red u ced  r e s is ta n c e  to blood flow  and an en h an ced
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fr eed o m  in  v a lv e  d e s ig n .

B io p ro sth eses: T issu e  v a lv e s  o ffe r  p o ten tia lly  th e  b e st  

haem odynam ic c h a r a c te r is t ic s  o f a ll m itral or aortic  v a lv e s  w h en  

f itte d  in to  a con d u it. The r e a so n s  for th is  are  la rg er  prim ary  

o r if ic e s , le s s e r  p r e s su r e  g r a d ie n ts  and more axia lly  a lign ed  

flow . H ow ever, th e  u se  o f s ta n d a rd  s ized  v a lv e s  is  s till  

lim iting. A lthough  th e  freedom  from  an ticoagu la tion  o ffered  by  

b io p r o s th e se s  is  v e r y  much an a d v a n ta g e , th e  lim ited lo n g e v ity  is  

of prim ary co n cern , e sp e c ia lly  if  th e  con d u it is  to be u sed  in  

p a ed ia tr ic s .

The d e s ig n  p h ilo so p h y  ad op ted  for  th e  co n d u it v a lv e  und er  

d evelop m ent a t T rent P o ly tech n ic  ca lled  for a custom  made co n d u it  

occ lu d er . T h is ra d ica lly  new ap p roach  would h ave to break aw ay  

from th e  c o n s tr a in ts  ou tlin ed  ab o v e , w hich  are im posed onto  

c u r r en t co n d u its  by  th e ir  u se  o f e x is t in g  h eart v a lv e s . Yet if  

th e  con d u it is  to  fin d  g en e r a l a c c ep ta b ility  am ongst card iac  

s u r g e o n s  th en  an elem ent o f fam iliar ity  m ust be in tro d u ced . The 

v a lv e  d ev e lo p ed , w h ich  stem m ed from  th e  work o f G entle (1983), 

ta k e s  th e  form  of a ball re ta in ed  b y  a r ig id  d iv e r g e n t /c o n v e r g e n t  

sec tio n  in te g r a l w ith  th e  co n d u it. F lex ib ility  w as in trod u ced  by  

th e  ad d ition , e ith e r  en d , o f a Dacron flex ib le  co n d u it g r a ft.

Valve action  is  sim ple; th e  ball s e a ts  a g a in st  th e  con ica l in le t  

sec tio n  d u r in g  the r e v e r s e  p r e s s u r e  p h ase . D uring s y s to le , th e  

ball m oves forw ard  o ff  i t s  s e a t in g , to  be re str a in ed  by th ree  

lo b es  c a s t  in to  th e  c o n v e r g e n t  ou tflow  tra c t, in  a p osition  

allow ing flow  around th e  ball.

The major ta sk  p osed  by  th is  d e s ig n  p h ilo so p h y  w as the



optim isation  o f haem odynam ic c h a r a c te r is t ic s . T his en ta iled  th e  

m aintenance o f a fa ir ly  c o n sta n t  flu id  v e lo c ity  th ro u g h o u t the  

v a lv e  by e n su r in g  th a t th e  flow  area  w as held c o n sta n t  at f iv e  

k ey  se c t io n s  a long th e  conduit:

i) th e  upstream  c y lin d r ica l co n d u it

ii) th e  fru stru m  b etw een  th e  in le t  cone and th e  ball

iii) th e  an n u lu s b etw een  th e  ball and th e  cen tra l cy lin d r ica l

sectio n

iv) th e  fru stru m  b etw een  the o u tle t  cone and th e  ball

v ) th e  dow nstream  cy lin d r ica l con d u it

T h ese areas are m arked on th e  diagram  of th e  f ir s t  p r o to ty p e  of  

th e  v a lv e  (SISO) sh ow n  in  p ro file  by  fig u r e  5.3. G entle (1983) 

and Benjam in (1986) in v e s t ig a te d  th e  e f fe c t  o f in le t  se c tio n  

d iv e rg e n c e  a n g le  on th e  c r o ss  v a lv u la r  p r e s su r e  g r a d ien t and th e y  

a rr ived  at th e  c o n c lu sio n  th a t 40° in c lu d ed  in le t  a n g le  

r e p r e se n te d  th e  optimum. The o u tle t sec tio n  had an in c lu d ed  

an g le  of 3 0 ° .

A fu r th e r  d e s ig n  fea tu r e  th a t m ight be deem ed rad ica l is  th e  

in ten d ed  u se  of ceram ics in  th e  m anufacture of th e  v a lv e . The 

a d v a n ta g e s  o f u s in g  su ch  a m aterial are;

i) th e  e a se  o f m anufacture com pared w ith m aterials su c h  as

p y r o ly tic  carb on , w h ich  r e q u ir e s  e x te n s iv e  p o lish in g

ii) th e  lik e ly  red u ctio n  in  haem olysis  b eca u se  o f th e  d e c r ea se

in p r o s th e t ic  su r fa c e  p r e se n te d  to  the b lood, due to  t is s u e  

in grow th  in to  th e  ceram ic a s  d isc u sse d  by  G entle e t  al 

(1981b) and G entle (1986). Heimke et al (1980) a lso  d is c u s s  

t is s u e  in g ro w th , th o u g h  in  re la tion  to hip p r o s th e s e s . The
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need  for  an ticoagu la tion  is  lik e ly  to be r e d u c e d , or e v e n  

a lle v ia te d , a s  blood sh ou ld  n ot come in to  co n ta ct w ith  

co n d u it su r fa c e s  w h ich  are m asked by  t is s u e  in grow th .

A S ila stic  ball w as se le c te d  to o cc lu d e  r e v e r s e  flow  as th is  

m aterial is  w ell e s ta b lish ed  in  th is  c a p a c ity , b e in g  u sed  in  

S ta rr-E d w a rd s v a lv e s . T his ch o ice  o f m aterial m ight im prove the  

a c c ep ta b ility  of th e  v a lv e  b y  in tr o d u c in g  a d e g r e e  of 

fam iliarity . T issu e  in grow th  in to  th is  m aterial d o es  not o ccu r  

b u t, e v e n  so , m aterially  in d u ced  throm botic in c id e n ts  are  

minimal. D im ensional s ta b ility  o f S ila s t ic  can  now be  

g u a ra n teed , th e  ea r ly  prob lem s of sw e llin g  d u e to p rotein  

a b so rp tio n  h a v in g  been  fu lly  overcom e. F u rth er  ju s tif ic a tio n  for  

a d o p tin g  th is  m aterial is  th e  r ed u ctio n  of c lo s in g  no ise  w h ich  

w ould be to ta lly  u n accep tab le  if, sa y , a hollow s te llite  ball 

w ere u se d . A nother p o ten tia l problem  red u ced  b y  th e  u se  o f a 

so ft  ball m ight be th e  s tr e s s  fr a c tu r e  o f th e  ceram ic ball 

se a tin g  due to con tin u a l im pactin g .

5.2 C onduit Perform ance: F ir st P ro to ty p e  (SISO)

P relim inary t e s t s  on the co n d u it (G entle 1983 and Benjam in 1986) 

h ig h lig h te d  a p o ten tia lly  prob lem atic d e s ig n  area  for  th is  f ir s t  

p r o to ty p e  con d u it, nam ely th a t o f ball o sc illa tio n . This 

in s ta b ility  w as noted  at a ll b u t th e  v e r y  lo w est forw ard flow  

r a te s . T h ese  o b se r v a tio n s  are  in  k e ep in g  w ith  th e  f in d in g s  o f  

o th er  r e se a r c h e r s  (V iggers e t  al 1967, U glov  e t  al 1978 and 1984) 

who rep o r ted  occ lu d er  in s ta b ility  in  ca g ed  ball v a lv e s  u sed  in  

th e  a ortic  p o sitio n . S treak  p h o to g r a p h y  s u g g e s te d  th at  

o sc illa t io n s  w ere not th e  r e s u lt  o f v o r te x  sh e d d in g . F u rth er



in v e st ig a tio n  by Benjam in (1986) in d ica ted  th at th e  ca u se  w as an  

in c rea se  in  flow  area  im m ediately dow nstream  o f th e  ball w h ere  

th ere  is  a tra n sitio n  from  an n u lar  flow  around th e  ball in  its  

fu lly  open  p o sitio n  to p ip e  flow  a lon g  th e  ex it sectio n .

In crea sed  flow  area led  to  a d e c r e a se  in  v e lo c ity , w ith a 

su b se q u e n t  r ise  in  p r e s s u r e  su f f ic ie n t  to ca u se  a r e su lta n t  a n t i-  

stream w ise fo rce  on th e  ball, l if t in g  it  c lear o f th e  forw ard  

r e s tr a in ts  and tow ards th e  in le t  sec tio n . T his would c a u se  an  

in crea sed  stream w ise fo rce  w h ich , in tu rn , w ould force  th e  ball 

dow nstream  again  for  th e  c y c le  to rep ea t it s e lf . An "order o f 

m agnitude" ca lcu la tion  u s in g  B ern ou lli’s eq u ation  rev ea led  th a t a 

s u ff ic ie n t  p r e s su r e  r ise  w as in d eed  p rod u ced . The e x is te n c e  o f  

ball o sc illa tio n  made th e  v a lv e  c lin ica lly  u n a ccep ta b le , a s  it  

would c a u se  a m arked in c r e a se  in  m echan ically  in d u ced  haem olysis  

w ith e r y th r o c y te s  b e in g  c r u sh e d  b etw een  th e  ball and th e  c o n d u it  

wall.

O scillation problem s a s id e , th e  p r e s su r e /f lo w  c h a r a c te r is t ic s  o f  

th e  16mm diam eter SISO v a lv e  w ere  ex ce llen t, rea ch in g  a maximum 

of ju s t  386Pa in  a flow  ra te  o f 301/min o f w ater , fo llow in g  th e  

te s t in g  p ro ced u re  d e sc r ib e d  in  ch a p ter  two and w ith th e  o c c lu d er  

fixed  to i t s  se a tin g . T his g r a d ie n t com pared fa v o u ra b ly  a g a in s t  

la rg er  diam eter, com m ercially ava ilab le  co n d u its  w hen su b je c te d  

to flow s o f w ater and a n a logu e  f lu id s . Benjam in (1986) sh ow s  

th is  com parison  a g a in st  tw o 22mm diam eter B jo rk -S h iley  pulm onic  

con d u it p r o s th e s is , one c o n v e x o -c o n c a v e  (GVPC) and one sp h e r ic a l  

d isc  (GVP), and a g a in s t  a 24mm P o ly sta n  VPC p orc in e  v a lv ed  

con d u it ( f ig u r e s  5.4 and 5 .5 ). Maximum p r e s s u r e  g r a d ien ts  

y ie ld ed  w ere 350, 360Pa and 124Pa r e sp e c t iv e ly , u n d er  sim ilar  

w ater t e s t  co n d itio n s for a flow  ra te  o f 301/min. Com parison
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o f experim en ta l data w as ham pered b y  th e  d iffe r in g  con d u it s iz e s .  

H ow ever, sim ilarity  o f p r e s s u r e /f lo w  c h a r a c te r is t ic s  was a s s e s s e d  

by com paring th e  p r e s su r e  g r a d ien t of each  v a lv e  in  w ater and  

blood an a logu e flow  for  a g iv e n  flow  r a te /u n it  area , in a m anner  

sim ilar to th a t s u g g e s te d  b y  G entle (1977). T his com parison , 

d ep ic ted  in  f ig u r e s  5.6 and 5.7 p lo ts  p r e s su r e  g ra d ien t (mm Hg) 

v e r s u s  flow  r a te /u n it  area  ( P / min2 mm4) and in d ic a te s  

th a t th e  ceram ic SISO co n d u it v a lv e  d isp la y ed  b e tter  

c h a r a c te r is t ic s  than th e  la rg er  m echanical and b io p ro sth etic  

v a lv ed  c o n d u its . F ig u r e s  5.8 and 5.9 show  a sim ilar com parison  

w h ich  a ttem p ts to  a cco u n t for dynam ic sim ilarity  b y  non -  

d im en sion a lis in g  p r e s su r e  in to  Euler num bers, (2 A p //,w2) and  

flow  ra te  in to  R eyn o ld s’ num bers (w d /» ) . T hough ov er  sim p listic  

in  its  ap p roach , th is  a n a ly s is  aga in  p o in ts  to th e  ceram ic SISO  

co n d u it h av in g  th e  b e s t  p r e s su r e  flow  c h a r a c te r is t ic s  of all th e  

co n d u its  te s te d  by  Benjam in.

5.3 C onduit Perform ance: Second  P ro to ty p e  (SICO)

B ecau se  o f o cc lu d er  in s ta b ility  a fu r th e r  p r o to ty p e  was 

d ev e lo p ed , m anufactured  and te s te d  a s  p art o f th is  th e s is . The  

aim w as to im prove th e  c o n sta n c y  of flow  area  around th e  

dow nstream  s id e  o f th e  ball. S in ce  th e  "flow area" m eans th a t  

p art o f a g iv e n  c r o s s - s e c t io n  "seen  by" th e  flow  or a lte r n a tiv e ly  

th e  area  w h ich  is  e v e r y w h e r e  normal to  the v e lo c ity  bu t w h ose  

o u ter  e d g e  d e fin e s  th e  c r o s s - s e c t io n , it  sh ou ld  be ap p aren t th a t  

to  keep  th is  q u a n tity  c o n sta n t  req u ired  a p rior kn ow led ge o f th e  

v e lo c ity  fie ld  th a t th e  new  p ro filed  dow nstream  se c tio n  would  

p rod u ce . T his cou ld  not be a tta in ed  in d e p e n d e n tly , so  

ca lcu la tion  had to p roceed  on c o n se r v a t iv e ly  assum ed  v e lo c ity
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d ir ec tio n s . The flow  area w as d efin ed  a s  norm al to th e  ball 

su r fa ce  {h ence con ica l in form ) and th e  v e lo c ity  w as tak en  a s  

e v e r y w h e r e  normal to th e  flow  area. R eferr in g  to  f ig u r e  5.10, it  

can  be se en  th a t flow  area w as g iv en  by:

Ro

A =
J

and h en ce

2irr sin© dr

Rb

Ro = J (A / ir s in e )  + Rb2 [5.1]

w h ere A is  k ep t c o n sta n t and equal to th e  area  o f th e  in le t  p ipe. 

The lo cu s  o f Ro fixed  the dow nstream  co n d u it p ro file  u n til it  

in te r se c te d  w ith  th e  c y lin d r ica l outflow  p ipe. An estim ate  w as  

made o f th e  erro r  o f th e  " con stan t flow  area" assu m p tion  by  

ta k in g  a r e v ise d  a sse ssm e n t o f th e  flow  d irec tio n  a s  b ein g  

ev e ry w h e r e  p ara lle l to th e  b isec to r  o f th e  a n g le  b etw een  th e  

ta n g e n ts  to th e  ball and th e  co n d u it in n er  su r fa c e  (ie th e  flow  

w as som ew here b etw een  ta n g e n tia l to th e  ball and ta n g en tia l to  

th e  co n d u it su r fa c e ) . The assum ed  flow  area w as th u s  determ in ed  

to be no w orse  th an  1.2% in  error  and w as su c h  a s  to p ro d u ce  a 

red u ced  area , r e su lt in g  in  s l ig h t ly  low er p r e s su r e  and h en ce  

fu r th e r  c o u n te ra c tin g  th e  c a u se  o f o sc illa tio n . A p r o to ty p e  w as  

m anufactured  and te s te d  u n d er  s te a d y  flow  co n d itio n s  u s in g  w ater. 

It w as a lso  d ec id ed  to p ro v id e  p r e s su r e  ta p p in g s  th e  same 

d is ta n c e s  upstream  and dow nstream  of th e  in le t  se c tio n  a s  for  th e  

orig in a l d e s ig n  in  o rd er  to in v e s t ig a te  th e  e f fe c t  o f the  

m odification  on  p r e s su r e  drop c h a r a c te r is t ic s .

T ests  of th e  im proved p r o to ty p e  ov er  th e  e n tir e  ra n g e  o f  

f lo w ra tes  to w hich  th e  o r ig in a l w as su b je c te d  and found  to  be
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u n sta b le  show ed  th at th ere  w as no ten d en cy  for th e  ball o cc lu d er  

to o sc illa te  nor to lif t  o ff  th e  forw ard r e s tr a in ts . F ig u re  5.11 

sh ow s th e  p r e s su r e  drop m easurem ents for th e  two v a lv e s  (SISO and  

SICO) te s te d  in  a ra n g e  o f w ater flow r a te s .

T ren d s in  p r e s su r e  d rop s a c r o ss  the or ig in a l and r e -sh a p e d  v a lv e s  

w ere se en  to be sim ilar w hen  m odelled p h y s ic a lly  and num erically  

bu t show ed  th e  p r e ssu r e  drop a c r o ss  th e  r e -sh a p e d  v a lv e  to be  

ap proxim ately  tw ice th e  p r e s su r e  drop a c r o ss  th e  o r ig in a l v a lv e .

The v a lu e s  o f p r e s su r e  g ra d ien t for th e  rem odelled  v a lv e , 

a lth o u g h  h ig h e r  w ere s till  a ccep ta b le  w hen com pared w ith  th e  

p r e s su r e  g r a d ie n ts  o f th e  B jo rk -S h iley  co n d u its  d isc u sse d  

ear lier . P u ttin g  th e se  v a lu e s  in to  con tex t, th e  p r e s su r e  

g r a d ie n ts  m ight be c o n sid ered  h igh  for th is  ty p e  o f co n d u it, 

w hich  n a tu ra lly  ex h ib it en h an ced  flu id  dynam ics, b u t are low  

com pared w ith  an n u lu s m ounted v a lv e s  w h ere ty p ic a l g r a d ie n ts  are  

o f th e  ord er  o f 1 OOOPa d u r in g  peak s y s to le  (Y oganathan et al 

1979c, B ru ss  e t  al 1983, Reif and H u ffstu tler  1984, Knott e t  al 

1986).

N e v e r th e le s s , a s th is  p r e s su r e  lo s s  is  not r e co v ered  dow nstream , 

it  r e p r e s e n ts  a lo s s  in  e n e r g y  or red u ctio n  in  forw ard  flow  

e ff ic ie n c y  o f th e  v a lv e . The c a u se  could  w ell be sep a ra tio n  due  

to  th e  a b ru p t d irec tio n  c h a n g e  w h ere th e  ou tflow  p ipe le a v e s  th e  

v a lv e  bod y . Ways o f am eliorating  th is  s itu a tio n  are co n s id er e d  

la ter  in th e  th e s is , in  ch a p ter  se v en .
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In  c o n c lu s io n

It has b een  d em on strated  th a t th e  problem  o f in s ta b ility  is  

c lo se ly  co n n ected  w ith  p r e s s u r e  d istr ib u tio n  around  th e  o cc lu d er  

and th a t th is  can s u c c e s s fu lly  be d es ig n ed  o u t b y  ca refu l  

se le c tio n  of th e  co n d u it p ro file  su rro u n d in g  th e  o cc lu d er .

F u rth er  w ork w as c le a r ly  n e c e ssa r y  to  op tim ise th e  o u tle t  flow  

se c tio n  to one w h ich  m aintained th e  red u ced  p r e s su r e  g r a d ie n ts  

w ith ou t in tr o d u c in g  occ lu d er  in sta b ility . The w ork a lso  

d em on stra ted  th e  p o ten tia l im proved hyd rod yn am ic e ff ic ie n c y  

a ffo rd ed  by  a custom  made v a lv ed  con d u it.
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CHAPTER SIX

RESULTS -  AN ANALYSIS OF PHOENICS



6.1 In trod u ction

B efore exam ining th e  flow c h a r a c te r is t ic s  of a ce r ta in  geom etry ,
J

it w as im portant to  e s ta b lish  a  le v e l of co n fid en ce  in th e  J

so lu tion  p ro ced u re  a s  app lied  to th a t geom etry . To th is  end  a

116

b a ttery  of t e s t s  w as co n d u cted  w hich exam ined all a s p e c ts  of 

com putational p r e d ic tio n s , stem m ing from an exam ination of 1
.i?

in d iv id u a l so lv ed  param eters u n d er  v e r y  r e s tr ic te d  co n d itio n s f

su ch  as laminar and tu r b u le n t v e lo c ity  f ie ld s  in  sim ple p ipe

g eom etr ies. As d e sc r ib e d  in ch a p ter  fou r , su ch  p r e d ic tio n s  are
'A'

of lim ited u se  bu t w ere  n e c e s s a r y  s te p s  in  e s ta b lish in g  an *
M

o v era ll model for exam ination o f p r in c ip le s , su c h  as momentum, in  ~J

th e fin a lised  g eom etr ies .

'  %
O rthogonal m odelling w as carried  ou t b efore  th e  g en era l  

a v a ila b ility , to  PHOENICS o f Body F itted  C oordinate m odelling.

A th ree -d im en sio n a l g r id  w as f it te d  to th e  con d u it d im en sion s. *|

F igu re 6.1 i l lu s tr a te s  th e  diam etral h a lf-p la n e  model o f th e  

orig in a l se c tio n , and f ig u r e  6.2 th e  re-m od elled  ou tflow  se c tio n .

The r e str a in in g  s tr u t s  w ere  om itted for ease  of m odelling, 

w h ilst th e  ball w as sp e c if ie d  as fixed  in  sp a ce  a t th e  fu lly  op en  

p osition . A uniform  in le t  v e lo c ity  o f 0 .625m /s w as sp e c if ie d , 

c o r re sp o n d in g  to a vo lu m etric  flow rate of 7.547/m in and a 

R eynolds num ber b ased  on co n d u it  in n er  diam eter o f 10 000, 

a cco rd in g ly , a tu r b u le n t so lu tion  w as m odelled. A lon g  in le t  |
dse c tio n  w as sp e c if ie d  to allow for  th e  d evelop m ent o f a 

reason ab le  v e lo c ity  p ro file . F luid p r o p e r tie s  w ere tak en  a s  %

th o se  o f w ater s in ce  th e  in s ta b ility  problem  w as o b se r v e d  d u r in g  

t e s t s  in  w ater. The dow nstream  p r e s su r e  w as s e t  to zero  and th e  

p r e s su r e  drop a c r o ss  th e  v a lv e  w as tak en  as th e  a v era g e  v a lu e  at

a
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the v a lv e  e n tr y  se c tio n . Flow w as assum ed axisym m etric.

When th e y  becam e a va ilab le , Body F itted  C oordinates (BFC’s) w ere  

em ployed. T his more rea d ily  fa c ilita ted  th e  ach ievem en t o f gr id  

in d ep en d en ce . Flow g eom etr ies w ere no lo n g er  d ep en d en t on ce ll 

d e n s it ie s , ie . th e  need  to u se  h igh  num bers o f small c e lls  in  

order to d e fin e , sa y , a c ircu la r  p rofile  w as ab o lish ed  b y  the  

a b ility  to  d e fin e  c u r v ilin ea r  p r o file s . T his th en  allow ed for  

com plete g r id  d e p e n d e n c y  a n a ly s is .

Grid D ep en d en cy

S evera l s te p s  w ere n e c e s s a r y  in  order to  a c h iev e  com plete gr id  

in d ep en d en ce  in  n o n -o r th o g o n a l geom etr ies. F ir st ly  and most 

s im p listica lly , th e  d e n s ity  o f c e lls  w ith in  th e  geom etry  w as  

v aried  b etw een  th e  lim its o f 10 -  1 1 0 /ra d iu s , in  a m anner w hich  

q u ick ly  y ie ld ed  gr id  in d e p e n d e n t so lu tio n s  in  sim ple p ipe  

m odelling. Grid in d e p e n d e n c e  w as not a tta in ab le  v ia  th is  m ethod  

in  th e  more com plex geom etr ies.

R ev isin g  th e  m ethod, th e  geom etry  was d iv id ed  in to  th r ee  areas:  

th e  n e a r -o u te r -w a ll, n e a r -b a ll-su r fa c e  and ce n tr a l flow  r e g io n s . 

W hilst m aintain ing th e  d im en sion s o f th e  two n ea r-w a ll r e g io n s , 

th e  d e n s ity  o f c e lls  w as v a r ied  w ith in  th e  ce n tr a l flow  reg ion  

betw een  10 -  50 c e lls  and th e  param eters im portant to th is  s tu d y , 

nam ely p r e s s u r e , sh ear  s t r e s s ,  sh ea r  ra te  and v e lo c it ie s  w ere  

m onitored. In d e p e n d en cy  of g r id  d e n s ity  w ith in  th is  reg io n  w as  

deem ed to  be com p letely  sa tis f ie d  a t a d e n s ity  o f 45 n od es, a s  

p r e scr ib e d  by  f ig u r e  6.3 w h ich  p lo ts  p r e d ic ted  p r e s su r e  g ra d ien t  

a g a in st  c e ll  d e n s ity  for th e  c e n tr a l reg io n , and sh ow s minimal
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d iffe r e n c e s  a b ove  a ce ll d e n s ity  o f 40. F ig u res  6.4 -  6.7 show  

th e  v a r ia tio n s  a t th e  c e n tr e lin e  in  p r e s su r e  and sh ea r  s t r e s s ,  

and at th e  co n d u it wall, in  sh e a r  ra te  and sh ear  s t r e s s .  Each o f  

th e se  f ig u r e s  sh ow s minimal d iffe r e n c e  in  p r e d ic tio n s  a b ove  a 

ce ll d e n s ity  o f 34. H ow ever, th e  c e ll d e n s ity  w h ich  y ie ld s  fu ll  

in d e p e n d e n c e , ie  45, r e p r e s e n ts  a h ig h er  ce ll d e n s ity  th an  could  

e f fe c t iv e ly  be em p loyed , b ea r in g  in  mind th e  c o n s tr a in ts  o f  

com putational tim e. To red u c e  th is  problem  a c e ll d e n s ity  o f  

3 0 /ra d iu s  w as u t ilise d , th u s  sa v in g  la rg e  am ounts o f com puter  

tim e, and in tr o d u c in g  o n ly  sm all e r r o r s  (1 -  3% in  th e  ab ove  

so lv ed  p aram eters).

The fin a l s te p  in  e n su r in g  g r id  in d e p en d en ce  w as to  exam ine the  

e ffe c t  o f w a ll-c e ll c e n tr e  d is ta n c e  (6 ) on th e  flow  so lu tion .

For a g iv e n  flow  ra te  g r id  d e p e n d e n c y  b ased  on th is  d im ension  

could  be r e a d ily  e s ta b lish e d . H ow ever, th e  d e p e n d e n c y  it s e lf  

va r ied  w ith  flow  ra te  a s  can  be se en  in  f ig u r e s  6.8 and 6.9 w h ich  

plot stream w ise  fo rc e  on th e  ball and p r e s su r e  g r a d ie n ts  th ro u g h  

th e  sam e v a lv e  geom etry  e x p e r ie n c in g  two d iffe r in g  flow  ra tes;  

71/min and 211/min. T h erefo re  it  becam e n e c e ss a r y  to 

e s ta b lish  so lu tio n  d e p e n d e n c y  not o n ly  b ased  on  geom etrica l 

c o n s id er a tio n s  a t th e  w all, b u t a lso  on  flow  co n d itio n s . T his  

w as in s t itu te d  b y  th e  m onitorin g  o f th e  d im en sio n less  w all 

d ista n ce  (y +) d efin ed  as: 

y + = 6 U r /»

F igu re 6.10 sh o w s th a t gr id  in d e p en d en ce  w as re a lised  w h en  y + 

at th e  c e n tr e  o f th e  w a ll-c e lls  w as m aintained in  e x c e s s  o f 11.5. 

F ig u res  6.11 and 6.12 show  th e  y + v a lu e s  for  th e  flow  s tu d y  

carried  ou t w ith  a flow  ra te  o f 71/min. From th e se  f ig u r e s  it  

is  a p p a ren t th a t a s a t is fa c to r y  wall ce ll d im ension  w as not
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e s ta b lish e d  as y + for  each  v a lu e  o f 6 fe ll below 11.5, e v e n  

w ith 6 s e t  eq u a l to  0.4mm. In a flow  ra te  o f 21i/m in  

a ccep ta b le  y + v a lu e s  w ere e s ta b lish e d  at and ab ove 6 = 0.25mm  

( f ig u r e s  6.13 and 6 .14). F u rth er  f ig u r e s  show  th a t w ith 6 

m aintained at 0.4mm, flow  co n d itio n s  at th e  co n d u it wall and ball 

su r fa c e  rem ain a ccep ta b le  for  all flow  r a te s  to w hich  th e  v a lv e  

se c t io n s  w ere  su b je c te d ; SISO (f ig u r e s  6.15 and 6 .16), SICO 

( f ig u r e s  6.17 and 6 .18), LRRSICO (fig u r e s  6.19 and 6.20). The 

co n c lu sio n  th a t grid  in d e p e n d e n c e  could  not be e s ta b lish e d  w h en  

y + at th e  w a ll-c e ll c e n tr e s  did not exceed  11.5 is  in  

accord an ce  w ith  th e  f in d in g s  o f R osten  and S p a ld in g  (1986) and  

T h alassou d is  e t  al (1987), d e sc r ib e d  ear lier  in  ch a p ter  fou r .

T his n on -d im en sion a l wall d is ta n c e  ta k e s  in to  c o n sid era tio n  not  

o n ly  th e  p h y s ic a l loca tion  o f th e  ce ll c e n tr e , bu t a lso  th e  

lo ca lised  flow  ra te , b e in g  o f th e  form of a loca lised  R ey n o ld s’ 

num ber. The d im en sio n less  w a ll-c e ll cen tr e  d is ta n c e  w as 

m onitored b y  th e  ru n -tim e ’GROUND’ rou tin e  by  in tr o d u c in g  th e  

rela tion sh ip :

y += k 1/2 C uCp1/4 6
p

w hich  is  d er iv ed  b y  s u b s t itu t in g  in  to th e  d e fin itio n  for  y + 

th e  r e la tio n sh ip  for  U T ta k en  from th e d e sc r ip to r  o f k a t th e  

wall in eq u ation  [4.93, ie

from [4.9] U r = CpCo1/4 k 1'2 

is  s u b s t itu te d  in to  y + = 6 U r /p

131
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Momentum in O rthogonally  M odelled G rids -  Sim ple p ipe

A s e r ie s  o f p r e d ic tio n s  in  lam inar flow  reg im es w ere  made in  a 

sim ple p ip e  geom etry , v a r y in g  R ey n o ld s’ num ber in  s te p s  o f 200 

from a low er v a lu e  o f 200 up to 1 800, a fte r  w hich  th e  

la m in a r /tu rb u len t tra n sitio n  th r e a te n s  th e  v a lid ity  of 

p red ictio n . S ev e r a l param eters w ere exam ined to va lid ate  each  

s te p  of c o n str u c tio n  of th e  fin a l and com plex m odelling regim e.

The d evelop m en t len g th  w as fou n d  b y  m anual exam ination of th e  CFM 

r e su lt  f ile s . The maximum erro r  {of -5,8%) in  th e  p red iction  o f  

d evelop m ent le n g th  by PHOENICS is  at Red = 1 800. PHOENICS 

ten d ed  to p r e d ic t  a sh o r te r  d evelop m en t len g th  th an  B o u ss in esq  at 

R eyn o ld s’ num bers ab ove Red = 600 (se e  f ig u r e  6 .21). The b e s t  

f it  of th e  d evelop m ent le n g th  data y ie ld ed  th e  re la tion sh ip :

X /d  = 0.0596 Red + 0.062 [6.1]

T his is  d ir e c t ly  com parable w ith  B o u ss in e sq ’s eq u ation  [4 .3],

The erro r  in  th e  p r e d ic ted  maximum v e lo c ity  w as n e g lig ib le  {0.28%

-  0.66%) o v er  th e  ab ove ra n g e  o f R ey n o ld s’ num bers (see  f ig u r e  

6.22), th o u g h  in terp o la tion  w as n e c e s s a r y  to  a r r iv e  at the  

c e n tr e lin e  v e lo c ity  as th e  c lo s e s t  p re d ic te d  v e lo c ity  w as half 

th e  b ou n d ary  ce ll w idth  ab ove  th e  c e n tr e lin e . The p red icted  

tu r b u len t v e lo c ity  p rofile  w as a s  ex p e c te d , and is  p lo tted  in  

f ig u r e  6.23. To v e r ify  th e  c o r r e c tn e s s  o f p r e d ic tio n s  of 

tu r b u len t v e lo c ity  a sim ilar s e r ie s  o f t e s t s  w as con d u cted  to  

th o se  o f the laminar flow  s tu d y . Based on D arcy’s equation  and  

u sin g  B la s iu s’ d esc r ip to r  for  w all fr ic tio n , PHOENICS p re d ic tio n s  

for p r e s su r e  g r a d ien t w ere  ty p ic a lly  +3,9% in erro r  and  

w m a x / w a v e  y ie ld ed  a v a lu e  o f 1.215, o n ly  +2.8% below  the
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low er va lu e  of th e  ex p ected  ra n g e  1.2195 -  1.25.

.4 Momentum in O rthogonally  M odelled G rids -  V alve Geom etry

The so lu tion  in  orth ogon a l g r id s  y ie ld ed  reason ab le  p r e ssu r e  

g r a d ie n ts  b u t c o n v e r g e n c e  w as slow  and th e re fo r e  time con su m in g . 

Grid in d e p e n d e n c e  w as d iff ic u lt  to  a c h iev e  b e c a u se  the sp a c in g  

and s iz e  o f c e lls  d ir e c t ly  a ffe c te d  th e  p ro file  o f th e  flow  

geom etry  and e x c e s s iv e  time w ould n eed  to be exp en d ed  in  o rd er  to  

r e p e a te d ly  r e - f i t  th e  v a lv e  geom etry  to a co n tin u a lly  v a r y in g  

g r id . The n o n -r e a lisa tio n  o f a sa tis fa c to r ily  g r id  in d ep en d en t  

regim e a ffe c te d  momentum p r e d ic tio n s  in  two w ays: d isco n tin u ity  

of th e  flow  o ccu rred  at s te p s  on th e  ball su r fa c e  and ou ter  wall 

p ro file , a s  se en  in  th e  stream lin es  o f f ig u r e s  6.24 and 6.25,

Also zon es o f rec ircu la tio n  w ere p re d ic te d  b eh ind  th e  ball and , 

a lth ou gh  p la u sib le , su ch  rec ircu la tio n  w as not ap p aren t in  

r e a lity . T his problem  w as la ter  d em on stra ted  to  be d ep en d en t  

upon  th e  p o sitio n in g  o f th e  w a ll-c e ll c e n tr e s . More sp e c if ic a lly  

if  th e  d im en sio n less  d is ta n c e  o f th e  w a ll-c e ll c e n tr e s  did not  

exceed  11.5 (ie. if  y + > 11.5 a t 6) momentum p red ictio n  was 

poor.

>.5 Momentum P red ic tio n s  in C u rv ilin ear  G rids

A more com plete a n a ly s is  o f momentum p r e d ic tio n s  w as p o ss ib le  for  

Body F itted  C oordinate gr id  geom etr ies  due to  th e  rea so n s  

ou tlin ed  ab ove . The major q u e stio n  ra ised  b y  th e  f ir s t  s e r ie s  o f  

t e s t s  w as w h eth er  or n ot p r e d ic tio n s  o f rec ircu la tio n  w ere  

c o r re c t, a s  p r e scr ib e d  in  o r th o g o n a lly  m odelled so lu tio n s.

F ig u r e s  6.26 -  6.29 show  v e c to r  d iagram s of v e lo c ity  f ie ld s
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p red ic ted  b y  BFC p r o c e d u r e s . C learly th e  am ount o f r e c ircu la tio n  

is  c o n s id er a b ly  d ep e n d e n t upon  the ch o ice  o f ce ll c e n tr e  

d is ta n c e , p a r ticu la r ly  at th e  ball su r fa ce . In c o n sid era tio n  of 

th e  f in d in g s  o f th e  g r id  in d ep en d en ce  t e s t s  d isc u sse d  ab ove , 

v e lo c ity  f ie ld s  in  f ig u r e s  6.26 -  6.28, w h ere a v e r a g e  y + v a lu e s  

at ce ll c e n tr e s  a lon g  th e  ball su r fa ce  w ere 3.18, 6.82 and 9.19 

r e s p e c t iv e ly , can  c lea r ly  be in va lid a ted  in  favou r  o f th e  

v e lo c ity  f ie ld  p red ic ted  in  f ig u r e  6.29, w h ere  y + is  20.71. 

F urtherm ore, flow  f ie ld s  o b se r v e d  exp erim en ta lly  u s in g  flow  

v isu a lisa tio n  te c h n iq u e s  a lso  d isco u n t th e  e x is te n c e  of  

rec ircu la tio n  (see  ch a p ter  f iv e ) . A lthough th is  f in d in g  was 

su r p r is in g , a s  rec ircu la tio n  w ould occu r beh ind  th e  ball in  an  

in fin ite  flow  fie ld , o th er  r e se a r c h  program m es h ave  p r e se n te d  

sim ilar co n c lu sio n s; Sm ith e t  al. (1975), Hasenkam p e t al.

(1987), bu t com parison  is  lim ited b eca u se  o f d if fe r e n c e s  in  t e s t  

se c t io n s  and d is ta n c e s  dow nstream  w h ere v e lo c it ie s  w ere q u oted . 

R ecircu lation  is  a lso  o b v io u s ly  v e r y  d ep en d en t upon the geom etry  

in to  w h ich  th e  ball is  p laced  (Modi and A k utsu  1980). A fu r th e r  

lim itation to  th e  p red ictio n  o f momentum p aram eters w as  

en co u n tered  in th e  b reakdow n o f th e  k -  € m odel, w hich  

in v a lid a ted  m odelling in  flow  o f R eyn o ld s’ num bers below  3 000. 

T his o b se r v a tio n  is  sim ilar to th a t of E dw ards (1988) who 

d is c u s s e s  d ev ia tion  from ex p e c te d  param eter v a lu e s  at R ey n o ld s’ 

num bers o f 4 000.

The e n tir e  so lu tion  for  momentum was d ep en d en t upon  th e  c o r re c t  

p red ictio n  o f sh ear  ra te , a s  sh ear  ra te  w as u sed  both  in th e  

g en era tio n  term  o f th e  k -  € model and b y  the c o n s t itu t iv e  

eq u ation  in  th e  form ulation  of ap p aren t v is c o s ity . H ow ever, th e  

sh ea r  rate  g en era to r  -built in to  PHOENICS p roved  u n sa tis fa c to r y
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w hen ap p lied  to cu rv ilin ea r  geom etr ies a s  on ly  an incom plete  two  

dim ensional sh ea r  ra te  term  w as prov ided:

^ = a aw2 + hi aw awW c aw2 
ax lax ay J ay

w h ere a ,b , and c are geom etrica l c o n sta n ts  (R osten  and S p a ld in g

1986)

This term  s e v e r e ly  u n d er p red ic ted  th e  sh ear  ra te , e sp e c ia lly  in  

th e  r e g io n s  w h ere  flow  d ev ia ted  fu r th e s t  from th e  Z -w ise  

d irectio n . As a co n se q u e n c e  th e  v is c o s ity  o f th e  blood w as o v er  

p r e d ic te d , lea d in g  to e x c e s s iv e  p r e s su r e  g r a d ie n ts  a c r o ss  th e  

v a lv e . M oreover, th e  u se  o f su ch  a sh ear  term  red u ced  th e  

v a lid ity  o f Com putational Fluid M echanics a s  a flow  a n a ly s is  

tec h n iq u e , s in ce  it  is  le s s  va lid  than th e  assu m p tion  o f  

iso tro p ic  tu r b u len ce  made in  LDA w ork. The so lu tion  to the  

problem  w as to in trod u ce  a ’’p su ed o  secon d  p h ase" . Into  th e  

secon d  p h a se  v e lo c it ie s  w ere p laced  th e  C artesian  r e so lu te s  of  

th e  f ir s t  p h a se  v e lo c it ie s . The sh ea r  ra te  ca lcu la tio n s  w ere  

th en  b ased  on th e  secon d  p h a se  v e lo c it ie s  and w ere co n d u cted  in  

th e  same m anner a s  w ould be th e  f ir s t  p h a se  in  an orth o g o n a l

geom etry  (u tilis in g  th e  fu ll th r ee  d im ensional g e n e r a tio n  term ):

v = 21 a uj2 + / a Vi2 + /awf \ + / a_u + _av\2 +/ _au + a_y\2 + / .aw + a ^ 2
lax)  (ay) (az) I l a y  axl  az ax l a y  dzj

Where flow  w as o n ly  two d im ensional, th e  th ird  d im ensional term s  

w ere d isr e g a r d e d , lea v in g  a com plete tw o d im ensional term  for  

in co m p ressib le  flow .
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6.6 C on v erg en ce , C o n v ec tio n /D iffu sio n  and C on tin u ity

O ther fa c to r s  w h ich  a ffe c te d  momentum w ere c o n v e r g e n c e ,  

c o n v e c t iv e /d if fu s iv e  lin k s  and co n tin u ity .

In sim ple o r th o g o n a l geo m etr ies  c o n v e r g en ce  w as n ot d iff ic u lt  to  

a c h iev e  and h ig h  u n d er  re laxation  v a lu e s  cou ld  be a s s ig n e d  to  

each  o f th e  so lv e d  v a r ia b le s . In more com plex g eom etr ies  

c o n v e r g e n c e  w as le s s  r e a d ily  a ch iev ed  and relaxa tion  w as 

n e c e ssa r ily  h ig h  lea d in g  to e x c e s s iv e  com puter tim e u sa g e .

F u rth er  d iff ic u lt ie s  w ere  en co u n tered  w hen BFC’s w ere  u se d  to  

model th e  flow  fie ld . C o n vergen ce  u n d er  th e se  c ir c u m sta n c e s  w as  

v e r y  d e p e n d e n t u p on  th e  sh a p e  of each  and e v e r y  c e ll, and  h ig h  

n o n -o r th o g o n a lity  in  an y  c e ll could  lead to n o n -c o n v e r g e n c e .  

C on vergen ce  a lso  p ro v ed  in c r e a s in g ly  d iff icu lt  to a tta in  w ith  

d e c r ea s in g  w a ll-c e ll d im ension . F ig u res  6.10, 6.13 and 6.14 show  

th e  e f fe c t  o f n o n -c o n v e r g e n c e  o f a so lu tion  as s e e n  for  6=0.05mm. 

N ecessa r ily , a g r e a t deal o f tim e w as exp en d ed  in  ord er  to  d e v ise  

g r id s  cap ab le o f y ie ld in g  c o n v e r g e n t  so lu tio n s  and th e  r e su lt in g  

geom etr ies are  sh ow n  in  f ig u r e s  6.30 -  6.32 w h ich  r e p r e s e n t  th e  

SISO, SICO and LRRSICO (w ith 30mm rad iu s) c o n d u its  r e s p e c t iv e ly .  

PHOENICS d o es in co rp o ra te  Laplacian so lv e r s  w h ich  are  d e s ig n e d  to  

o r th o g o n a lise  p r e -d e f in e d  g r id s , but th e se  p ro v ed  to  be to ta lly  

in ad eq u ate .

N either c o n tin u ity  nor th e  fin a l so lu tion  w ere a f fe c te d  b y  th e  

ratio  o f d iffu s io n rco n v ec tio n . V alues o f fu ll f ie ld  param eters  

did n ot d iffe r  c o n s id e r a b ly  if  d iffu s iv e  lin k s  w ere  a c tiv a ted .

For exam ple, stream w ise  fo rc e  on th e  ball w as n o t a ltered  b y  more 

than  1.8%, nor p r e s s u r e  g r a d ie n ts  by more th an  3% if th e  c e l l - t o -
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c e ll d iffu s io n  w as a lte r ed  from 0 to 50%. The d iffu s iv e  lin k s  

w ere d isab led  a s  momentum will be alm ost to ta lly  d e p e n d e n t on  

c o n v ec tio n  a t th e  v a lu e s  o f R eyn o ld s’ num bers c o n s id er e d  in  th is  

stu d y  (>3 000).

C on tinu ity  c h e c k s , w h ich  w ere based  on com p arison s b etw een  

r e sid u a ls  o f th e  volum e fra c tio n  ’R ’at in le t  and o u tle t  

se c tio n s , p ro v ed  s a t is fa c to r y  in  all c o n v e r g ed  so lu tio n s .

F ina lised  b ou n d ary  c o n d itio n s  u sed  in  m odelling {as se en  in  th e  

’Q l’ in p u t f ile  in  A ppendix  3), based  on th e  a b ove  f in d in g s  w ere:

INLET: km = 0.25 w 2 x 0.018  

€ = km1-5 x 0 .1643 / I

w here: 1, th e  m ixing len g th  = 0.09 x Radius 

Re = 3 000 -  40 000 b ased  on co n d u it d iam eter and bu lk  

flow

p r o p e r tie s

OUTLET: P = 0.00 (fixed )

CONDUIT WALL AND BALL SURFACE:

k and € b ased  on  logarithm ic wall fu n c tio n s .

6 = 0.4mm g iv in g  v a lu e s  o f y + ab ove 11.5 at w a ll-ce ll  

c e n tr e s  for in le t  R ey n o ld s’ num bers g r e a te r  th an  3 000.

C on vergen ce  w as deem ed com plete w hen th e  r e s id u a l o f each  so lv e d  

param eter w as red u ced  below  lxlO"6. G enerally  th e  lea st  

c o n v erg ed  param eter w as € , th e  resid u a l v a lu e  o f w h ich  ten d e d  to
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be 100 o r d e r s  o f m agn itude h ig h er  than  for p r e s su r e  and 10 o r d e r s  

o f m agnitude a b ove  th e  o th e r  rem aining r e s id u a ls . The fu ll f ie ld  

resid u a ls  for € w ere k ep t h ig h  b y  h igh  v a lu e s  a t th e  b o u n d a r ies .

A fu r th e r  ch eck  on c o n v e r g e n c e  en su red  th a t no param eter v a lu e  

v aried  b y  more than  0.1% at each  ce ll c e n tr e . C o n v erg en ce  in  th e  

fin a lised  v a lv e  geom etry  ty p ic a lly  n eed ed  150 -  200 sw e e p s  on a

1.5 MIP Vax 11/785 com puter fo llow ing a r e s ta r t  from  a sim ilar  

so lu tion  (eg . sim ilar v a lv e  p ro file  w ith same flow  ra te , or same 

v a lv e  w ith  low er flow  ra te ).

6.7 P r e ssu re  P r ed ic tio n s

The p r e ssu r e  g r a d ie n ts  p r e d ic te d  by PHOENICS in  lam inar p ip e  flow  

(see  f ig u r e  6.33) do not v a r y  s ig n if ic a n tly  from th o se  y ie ld ed  

an a ly tica lly  v ia  th e  ap p lica tion  o f D arcy’s eq u ation . A c o n sta n t  

error o f -0.57% w as p r e d ic te d  ex cep t a t R eyn o ld s’ num ber o f 1 000 

w h ere the error  w as -2.2%. T u rb u len t p ipe flow  w as eq u a lly  

a ccu ra te ly  p red ic ted  w ith  e r r o r s  ty p ic a lly  o f +3.9%

F irst a n a ly s is  o f v a lv e  p r e s su r e  g ra d ien t p r e d ic tio n s  y ie ld ed  

com putationally , h o w ev er , show ed  la rg e  d iffe r e n c e s  w ith  

experim ental f in d in g s , ie . th e  p red ic ted  p r e s su r e  g r a d ien t w as  

alm ost th r ice  th a t o b se r v e d  exp erim en ta lly  ( f ig u r e  6 .34). Some 

d ifferen ce  w as to be ex p e c te d  in  line w ith  the f in d in g s  of 

Sw anson (1984) who d is c u ss e d  v a r ia tio n s in  p r e s su r e  g r a d ien t  

m easurem ents b etw een  d iffe r e n t  r e se a r c h e r s . The th r u s t  o f  

S w anson’s rep o r t w as to h ig h lig h t  the in flu en ce  o f t e s t  sec tio n  

d e s ig n  on p r e s su r e  m easu rem en ts. He quoted  th at in  some c a s e s  

experim en ta lly  m easured  p r e s su r e  g r a d ien ts  w ere f iv e  tim es 

g rea ter  than th o se  o f o th er  r e se a r c h e r s , for th e  same v a lv e  and
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flow  ra te , b u t in  d iffe r e n t  t e s t  se c tio n s . T his d isc u ss io n  

em p h asised  th e  need  to  n um erica lly  model in a geom etry  w h ich  

c lo se ly  r e p r e s e n ts  th e  exp erim en ta l s itu a tio n  if  com p arison  w as  

to  be made w ith  exp erim en ta l f in d in g s . So far in  th e  num erical 

work th e  loca tion  of p r e s s u r e  ta p p in g s  had o n ly  b een  made 

approxim ately  th e  same a s  th e  experim en tal ta p p in g s . In  fa c t  th e  

com putational p r e s su r e  ’ta p p in g s ' had u n w ise ly  b een  loca ted  at  

th e  in flow  and outflow  p la n e s  w h ere  la rg e  lo s s e s  w ere  

ex p er ien ced . T his s itu a tio n  w as r e c tif ied  by rem oving  th e  

p r e ssu r e  m onitoring b y  se v e r a l ce ll d im ensions dow nstream  and  

upstream  r e sp e c t iv e ly  and , in s te a d  of tak in g  a mean rad ial 

p r e ssu r e  a t each  se c tio n , p r e s s u r e  was m onitored o n ly  a t th e  

wall, in  a sim ilar m anner to th e  experim en tal s itu a tio n  (fig u r e  

6.35). T his im proved th e  s itu a tio n  co n s id er a b ly , b u t p red ic ted  

p r e ssu r e  g r a d ie n ts  w ere s t il l  200% g r ea ter  than  th o se  y ie ld ed  

exp erim en ta lly . F u rth er  s tu d y  exam ined the e f fe c t  o f in le t and  

o u tle t co n d itio n s  on p r e s su r e  g r a d ie n ts  b etw een  g iv e n  p la n e s  as  

ear lier  num erical g eo m etr ies  in c lu d ed  on ly  a sh o r t inflow  

d evelop m ent sec tio n , w h erea s  flow  in to  th e  co n d u it w as fu lly  

develop ed  in  th e  experim en ta l s itu a tio n . P r e ssu r e  g r a d ien t w as  

m onitored at tw o p la n es fixed  w ith  r e sp e c t  to th e  

d iv e r g e n t /c o n v e r g e n t  se c tio n  o f th e  con d u it, and o f sim ilar  

location  to th e  p r e s su r e  ta p p in g s  u sed  exp er im en ta lly . The 

le n g th  o f p ara lle l s id ed  in le t  and o u tle t con d u it to  be m odelled  

w as in c rea sed  and th e  p r e s su r e  p rofile  a long th e  wall w as 

m onitored. The r e s u lt s ,  show n b y  f ig u r e  6.36, d em on stra te  th e  

p rofound in flu e n c e  d evelop m en t len g th  has on v a lv u la r  p r e s su r e  

g ra d ien t and th e  le s s e r  in flu e n c e  o f ex h a u st le n g th . The fin a l 

a n a ly s is  show ed  th e  o r ig in a l d iffe r e n c e s  to be reco n cila b le  

b eca u se  p r e s su r e  g r a d ie n ts  are th e  same exp er im en ta lly  and
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num erically  w h en  sim ilar in le t se c t io n s  and p r e s su r e  m onitorin g  

d e v ice s  are u se d  num erically . F u rth er  e v id e n c e  o f th e  e f fe c t  of 

in le t c o n fig u ra tio n  can  be se en  in  W ebster (1982) who u se d  a 

sh ort d evelop m en t le n g th  w hich  took flow  from a la rg e  r e c e iv e r ,  

in  a geom etry  w h ich  is  c lo ser  to  th at o r ig in a lly  m odelled  

num erically . W eb ster’s r e su lt s  w ere  im m ediately com parable w ith  

the num erical o n e s  (fig u r e  6 .37). F igu re  6.37 sh ow s a com parison  

b etw een  r e co rd ed  p r e s su r e  g r a d ien ts  for  th e  v a r y in g  flow  

geom etries d is c u ss e d . T his a n a ly s is  o f re lian ce  on in le t  

con d ition s, a lth o u g h  it  v a lid a te s  th e  num erical m odellin g , is  

d istu r b in g  in  so  far  a s  it  h ig h lig h ts  th e  d a n g e r s  o f com paring  

the f in d in g s  o f d iffe r e n t  r e se a r c h  program m es. It d o es , h ow ever , 

em p hasise  th e  n eed  for  com parison  of p r e s su r e /f lo w  

c h a r a c te r is t ic s  o f v a lv e s  in  id en tica l experim en tal s itu a tio n s . 

F urth er , th is  f in d in g  em p h a sises  the need  to e s ta b lish  num erical 

geom etries, id e n tic a l to  th e  experim ental s itu a tio n  if  com parison  

is  to be a ttem p ted .

In crea sin g  th e  le n g th s  o f in le t and o u tle t  sec tio n  m odelled  

num erically  led  to e x c e s s iv e  com putational time req u irem en ts , 

b rou gh t ab ou t b y  th e  need  to d efin e  a s ig n if ic a n t ly  h ig h er  num ber  

of grid  p o in ts  (62 rad ia l p o in ts  for one axial ce ll w id th ) in  

order to m aintain th e  same a sp e c t  ratio . H ence, m odelling  

con tin u ed  u t il is in g  th e  sh ort in le t /o u t le t  gr id  geom etry , e v e n  

th ou gh  th is  did not co rresp o n d  to the exp erim en ta l r e a lity .

However, th is  in  no w ay d ep rec ia ted  th e  v a lu e  o f num erical 

com parisons b etw een  v a lv e  d e s ig n s , th ou gh  it did ham per  

com parison w ith  e s ta b lish e d  experim ental data. F u rtherm ore, it  

actu a lly  in c re a se d  corre la tion  w ith  th e  in -v iv o  s itu a tio n  for  an  

im planted co n d u it, w h ere  flow  w ould not be ab le  to d ev e lo p  b e fo re
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rea ch in g  th e  v a lv e  in le t  and w ould p rob ab ly  stem  from  a la rg e  

v e s s e l  (v e n tr ic le ) .

6.8 Shear S tr e s s  and Shear Rate

Shear s tr e s s  in  sim ple lam inar flow  w as found  from  th e  

rela tion sh ip :  

r  = Ml V

F igu re 6.38 g iv e s  a r e p r e se n ta t iv e  laminar sam ple sh ea r  s t r e s s  

g ra d ien t a t Red = 1 200. The d iffe r en ce  b etw een  th e  g r a d ie n ts  

of th e  CFM and  a n a ly tica lly  y ie ld ed  s lo p es  is  an e r ro r  o f 0.63%. 

The sh ear  s t r e s s e s  a t both  in n er  and o u ter  b o u n d a r ies  show  

g r e a te r , th o u g h  s t il l  a ccep ta b le , e r ro r s  o f -2,9%  and +2.7% 

r e sp e c t iv e ly . T h ese  in c re a se d  e r ro r s  are due to th e  sh ear  ra te  

b ein g  a s s e s s e d  o v e r  a red u ced  ce ll w id th  at th e  b o u n d a r ies .

V erification  o f c o r r e c t  p red ic tio n  o f sh ear  s t r e s s e s ,  and  

th e re fo r e  sh ea r  r a te s , w as b y  com parison  a g a in s t  th e  w ork of  

L aufer (1954). Laufer show ed th a t th e  radial sh ea r  s t r e s s  

p ro file  for fu lly  d eve lop ed  tu r b u len t flow  s a t is f ie s  th e  

rela tion sh ip :

u v  = v dw + r U r 2 [6.2]
dr R

w h ere U r 2 is  d ed u ced  from:

i  3P = -2 Ur 2 [6.3]
p az r

The v a lu e s  for  the sh ear ra te  term  (d w /d r) and th e  p r e s su r e
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g ra d ien t (3 P /d z )  w ere su b s t itu te d  from PHOENICS p r e d ic ted  v a lu e s .  

F igu re 6.39 sh ow s th a t PHOENICS p red ic tio n s  w ere  a cc u r a te , w ith  

r e g r e s s io n  of th e  PHOENICS v a lu e s  for sh ear  s tr e s s  a g a in s t  

L au fer’s y ie ld in g  an R2 v a lu e  o f 83.4%. This co rre la tio n  w ould  

be in crea sed  if  L au fer 's  eq u ation  had accou n ted  for  th e  su b la y e r  

tra n sitio n  (fu ll s ta t is t ic a l a n a ly s is  is  g iv e n  in A ppendix  4).

Small d ev ia tion  is  se en , h ow ever , a t th e  c e n tr e -m o st c e lls  as  

exp er ien ced  in  lam inar flow . L arger d iffe r e n c e s  are se en  at th e  

wall c e lls  w h ere  th e  n ea r-w a ll k -  € model is  a c tiv e . H ow ever, 

th e  tra n sitio n  a t th e  su b  la y er  is  c lo se  to th at e x p e c te d , th o u g h  

su b la y er  d im en sion s are o y er  p red ic ted  by as much as  20%.

6.9 P red iction  of O ccluder In s ta b ility

In th e  o r ig in a l o r th ogon a l m odelling o f h eart v a lv e  flow , a 

p o s t -  p r o c e ss in g  ro u tin e  w as w r itten  to ca lcu la te  th e  axial sum  

of p r e s su r e  and sh ear  fo r c e s  on the ball from th e  p r e s su r e  and  

v e lo c ity  d is tr ib u tio n s  around it.

P r e ssu r e  fo rce  (Fp)

FP = £  P6AP [6.4]

and th e  v isc o u s  d rag  fo rce  on th e  ball (Fv):

Z=2Rb

Fv - 2irMr dw 6 z [6.5]
d y

z=o

A ssessm en t o f th e  two fo rce  term s y ie ld ed  by num erical so lu tio n  

w as ham pered b y  gr id  in te r fer e n c e ;  th ro u g h o u t th e  ra n g e  o f flow  

r a te s  in  th e  o r ig in a l (SISO) v a lv e  a n e t r e su lta n t  stream w ise  

fo rce  on th e  ball w as p r e d ic te d . T his would e n su r e  th e  v a lv e
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rem aining in  th e  fu lly  open  s ta te . W hereas exp er im en ta lly  th e  

ball was se en  to be m arginally  u n sta b le  in  flow  r a te s  of w ater  

ab ove 5I/m in. H ow ever, th is  d iscr e p a n c y  w as r e so lv e d  w h en  it  

w as rea lised  th a t g r id -b a se d  m odelling had led  to p r e d ic tio n  o f  

im pingem ent on th e  up stream  fa c in g  w alls o f th e  ball. T h erefore  

an unw anted  in c r e a se  in th e  p r e s su r e  fo rc e  in  th e  stream w ise  

d irection  had o b v io u s ly  o ccu rred . The m agn itude o f stream w ise  

fo rce  p red icted  in  th e  o r ig in a l se c tio n  w as 38.9mN, and in th e  

secon d  p r o to ty p e  (SICO); 78.88mN.

The problem  d isap p eared  w h en  a n a ly s is  of force  on th e  ball was 

applied  in  n o n -o r th o g o n a l reg im es. In stead  o f p o s t -p r o c e s s in g  to 

ga in  inform ation  r e g a rd in g  th e  fo rce  on th e  ball, a ro u tin e  w as  

w ritten  in to  th e  ’G round’ program  b ased  on th e  e q u a tio n s  [6.4] 

and [6 .5], Care w as n e c e s s a r y  to e n su r e  th a t sh ea r  s t r e s s e s  w ere  

d erived  from th e  C artesian  r e so lu te s  o f v e lo c ity  ax ia lly  a lon g  

th e  ball su r fa c e  and not th e  v e lo c it ie s  para lle l to  th e  ’North  

fa c e s ’ of th e  c e lls . R esu lts  ob ta in ed  b y  su ch  m odelling in  th e  

orig in a l v a lv e  did in fa c t  p r e d ic t  a n ti-s trea m w ise  n e t fo rce  on  

the ball down to th e  low er lim its of flow r a te s  m odelled .

H owever it w as not p o ss ib le  to model th e  low er flow  r a te s  w h ere  

ball s ta b ility  w as tra n sitio n a l due to th e  breakdow n of th e  k -  € 

model. F u rth er , p re d ic te d  ball s ta b ility  in th e  seco n d  p r o to ty p e  

v a lv e  (SICO) w as confirm ed exp erim en ta lly . P red icted  fo rce  on  

th e  ball w as h ig h ly  grid  d ep e n d e n t but w as show n , by  f ig u r e s  6.40  

and 6.41, to  y ie ld  s a tis fa c to r y  r e su lt s  for th e  g eo m etr ies  

em ployed.
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6.10 Blood Model

In sim ple lam inar blood flow , th e  p red icted  rad ial sh ea r  s t r e s s  

d istr ib u tio n  v a r ie d  lin e a r ly  w ith  d isp lacem en t from th e  

cen tre lin e . The e r ro r  in  com putationally  p re d ic te d  w all sh ea r  

s tr e s s , a s  com pared w ith  th a t p red icted  sem i-em p irica lly  b y  

equation  A1.4 w as n e g lig ib le  -  on ly  0,47%, w ith  PHOENICS y ie ld in g  

th e  re la tion sh ip :

t = 0.99526 Apr 
21

for flow m odelled b y  th e  C asson  equation , in  a p ip e  o f 20mm 

diam eter. The v e lo c ity  p ro file  gen era ted  com p u tation ally  w as  

accu rate  to  w ith in  0.5% e rro r  o f the sem i-em p irica lly  p re d ic te d  

form of eq u a tio n  [ A l . l l ] ,  a s  show n by f ig u r e  6.42. T his r e su lt  

confirm s th a t th e  a p p a ren t v is c o s ity  w as in  fa c t  b e in g  c o r r e c t ly  

am ended w ith  re g a rd  to  loca l sh ear  r a te s . The blood model w as  

th erefo re  g u a r a n teed  to  be e ffe c t iv e  in  all flow  reg im es  

in c lu d in g  tu r b u le n t  (d e p e n d e n t upon c o r re c t  p red ictio n  o f th e  

gen eration  term  ¥ b y  th e  tu rb u len ce  model) a s  v is c o s ity  

a ltera tio n s in  tu r b u le n t  flow  are r e g im e-d ep en d en t and not f lu id -  

d ep en d en t. ie:

Meff  =  M l +  M t  w h ere m l  = Ma

In C onclusion

The above o b se r v a tio n s  v e r ify  th a t PHOENICS w as c o r r e c tly  

p red ic tin g  all h yd rodyn am ic/haem odynam ic p r o p e r tie s  and th a t th e  

so lu tion  w as in d e p e n d e n t  o f th e  final geom etr ies c h o se n .

Numerical m odellin g  w as now at a s ta g e  w h ere it  cou ld  u s e fu lly  be  

em ployed a s  a d e s ig n  tool.
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CHAPTER SEVEN

CONDUIT RE-DESIGN



7.1 I n t r o d u c t i o n

B ased on th e  a n a ly s is  o f th e  f ir s t  two p r o to ty p e s , d e s ig n  

optim isation  becam e a com prom ise betw een  m inim isation of th e  

p r e ssu r e  g r a d ien t and m aintenance o f th e  req u ired  sta b ility  o f  

th e  ball o cc lu d er  d u r in g  forw ard flow . F u rth er  fa c to r s  

in flu en ced  by  v a lv e  p ro file  are sh ear s t r e s s  and , th e re fo r e , 

haem olytic p o ten tia l. P articu larly  n o ticeab le  is  th e  marked  

d ecrea se  in  peak sh ea r  s t r e s s e s  over  th e  co n d u it wall, at the  

p oint w h ere th e  c o n v e r g e n t  se c tio n  m eets th e  o u tle t  c y lin d r ica l  

con d u it, due to  in c rea sed  b len d in g  rad iu s.

7.2 B est Valve P rofile

The in itia l c r iter ia  u sed  in  th e  r e -d e s ig n  of th e  ball occlu d ed  

h eart v a lv e  co n d u it w ere th e  m inim isation of p r e s su r e  g ra d ien t  

and m aintenance of o cc lu d er  s ta b ility , ie e n su r in g  a n et  

stream w ise fo rce  on th e  ball. P relim inary num erical m odelling  

was carried  o u t u s in g  w ater a s  the flow  medium, and se v e r a l  

d e s ig n  c h a n g e s  w ere a s s e s s e d :

The f ir s t  ap proach  to e n su r e  con d u it s ta b ility , nam ely th at o f 

in tr o d u c in g  a c o n sta n t flow  area  beh ind  th e  ball, r e su lte d  in  

u n a c c ep ta b ly  h igh  p r e s su r e  g r a d ie n ts  a c r o ss  th e  v a lv e , as  

d escr ib ed  in  ch a p ter  f iv e . A n a lysis  s u g g e s te d  th a t th e  optimum  

p ro file  o f ou tflow  tr a c t  lay  som ew here b etw een  th e  s tr a ig h t  

p rofile  and th e  c o n sta n t area  p rofile . A cco rd in g ly , th e  v a lv e  

w as r e -d e s ig n e d  by a d d in g  a rad iu s to b lend th e  corn er  b etw een  

th e  ou tflow  tra c t  p ro file  and th e  c o n sta n t d iam eter ex it sec tio n  

o f th e  co n d u it (see  f ig u r e  7.1).  The ad d ition  o f th is  rad iu s had
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a tw o-fo ld  p u r p o se  in  so far  a s  it in tro d u ced  a read ily  var iab le  

m eans o f a lte r in g  th e  flow  area  (and th e r e fo r e  outflow  p r e s su r e ) ,  

and red u ced  sh ea r  s t r e s s e s  at w hat w ould o th erw ise  be a sh arp  

co rn er . E v id en ce o f red u ctio n  in sh ear  s t r e s s e s  a t th e  sh arp  

co r n e rs  is  show n , m ost g ra p h ica lly , by  f ig u r e s  7.2 to  7.4 w h ich  

d e p ic t fu ll- f ie ld  c o n to u rs  o f to ta l sh ea r  s t r e s s e s .  F igu re  7.2 

sh ow s s t r e s s e s  in  th e  SICO v a lv e , f ig u r e  7.3 sh ow s e lev a ted  

s t r e s s e s  a t th e  sh a rp er  corn ered  SICO v a lv e , and f ig u r e  7.4 

h ig h lig h ts  red u ctio n  of th e se  s tr e s s e s  b y  th e  ad d ition  of a 45mm 

b len d in g  ra d iu s . The var ia tion  of p r e s su r e  w ith  b len d in g  ra d iu s  

is  show n in  f ig u r e  7.5 for se v e r a l se c tio n  d e s ig n s , from w h ich  it  

is  o b v io u s  th a t p r e s su r e  g r a d ien t d e c r e a se s  w ith  b len d in g  ra d iu s  

(a s tr a ig h t  ou tflow  p ro file  w as c o n sid ered  to  be a rad iu s of 

in fin ite  d im ension). F igu re  7.6 show s stream w ise  force  on th e  

ball for th e  sam e g eom etr ies . Sad ly  it  becam e ap p aren t th a t as  

ra d iu s in c re a se d  th e  ball s ta b ility  red u ced , ie  p r e s su r e  and  

s ta b ility  op tim isation  w ere m utually op p o sed .

A fu r th e r  s tu d y  co n s id er e d  th e  in flu e n c e  o f in le t  p rofile  on  

p r e s su r e  g r a d ien t and o cc lu d er  s ta b ility . The in le t  p rofile  w as  

m odelled in  a sim ilar m anner to th e  o u tle t , th is  v a lv e  nom inated  

C urved In le t/C u r v e d  O utlet (CICO) is  show n in  f ig u r e  7.7. 

H ow ever, th is  r e -d e s ig n  lead to  a 5% in c re a se d  p r e ssu r e  g r a d ien t  

a c r o ss  th e  v a lv e  (CICO). S ta b ility  a lso  su ffe r e d , se e  f ig u r e s

7.5 and 7.6. F u rth er  w ork cou ld  have b een  ca rr ied  out on th e  

optim isation  of th e  in le t  se c tio n  by th e  ad d ition  o f a b len d in g  

ra d iu s , b u t a s  sh ea r  s t r e s s e s  due to th e  sh a rp  co rn er  o f the  

s tr a ig h t  d iv e r g e n t  se c tio n  w ere in s ig n if ic a n t  w hen  com pared w ith  

o th er  s t r e s s e s  in  th e  v a lv e s  (se e  la ter  and f ig u r e s  7.8 -  7 .11), 

th e  s tr a ig h t  in le t  se c tio n  w as m aintained.
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■The fin a l attem pt a t a major geom etry  im provem ent w as to r e d u c e  

the ratio  o f co n d u it ra d iu s to ball rad iu s (se e  f ig u r e  7.12) ie  

red u ce  ball s iz e  for a g iv e n  co n d u it d iam eter. T his w as done on  

th e  prem ise th a t e n e r g y  lo ss  w ould be red u ced  if flow  rem ained  

more ax ia lly  a lig n ed . The r e su lt  was not o n ly  red u ced  ex tern a l  

v a lv e  d im en sion s for  a g iv e n  flow  area, bu t a lso  im proved  

p r e s su r e /f lo w  c h a r a c te r is t ic s  as se en  in  a com parison  b etw een  th e  

p r e ssu r e  g r a d ie n ts  o f th e  s e r ie s  o f v a lv e s  nom inated "Low R adius  

Ratio" (LRR) and th e  o th er  v a lv e s  in f ig u r e  7.5. The ratio o f 

prim ary o r if ice  to ball d iam eter w as c h o sen  to match that o f th e  

S ta rr-E d w a rd s b a ll-a n d -c a g e  p r o s th e s e s  in  an attem pt to in tr o d u ce  

sim ilarity  w ith  p ro v en  v a lv e s . The in c lu d ed  a n g le  o f d iv e r g e n c e  

at the in le t  sec tio n  w as m aintained at 4 0 ° , a s  th is  had a lrea d y  

proved  s a tis fa c to r y  in  h yd rod yn am ic term s and in th e  av o id a n ce  o f  

the ball " se lf-lo ck in g "  in to  i t s  se a tin g , a problem  w hich is  

in tro d u ced  w ith  sm aller a n g le s .

The ab ove  fe a tu r e s  w ere com bined in to  a th ird  p ro to ty p e  v a lv e  

nom inated LRRSICO, th e  fe a tu r e s  o f w hich  w ere; a s tr a ig h t  in le t  

sec tio n , cu r v e d  o u tle t  se c t io n  w ith  a b len d in g  rad iu s a t th e  s ite  

w here th e  c o n v e r g e n t  p ro file  m eets th e  p ara lle l con ica l ou tflow  

con d u it, and a red u ced  c o n d u it -to -b a ll  ra d iu s ratio  (see  f ig u r e  

7.13). F ig u r e s  7.5 and 7.6 show  th e  o v era ll c h a r a c te r is t ic s  o f  

th is  v a lv e  d e s ig n  w ith  v a r ia tio n  of b len d in g  ra d iu s d im ension. 

Detailed inform ation o f flow  param eter v a r ia tio n  on a ce ll to 

ce ll b a s is  is  show n in  fu r th e r  g ra p h s. F igu re 7.14 d eta ils  th e  

in c re a se  in  a n ti-s trea m w ise  fo rc e  behind the ball w ith  in c r e a s in g  

b len d in g  ra d iu s , The re d u c tio n  o f v a lv e  p r e s su r e  g ra d ien t and  

in c re a se  in  p r e s su r e  b eh ind  th e  ball, w hich  u ltim ately  r e d u c e s  

s ta b ility  is  h ig h lig h te d  in  f ig u r e  7.15. F igu re  7.16 p lo ts  th e
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red u ctio n  in sh ea r  ra te  at th e  con d u it wall w ith  in crea sin g  

ra d iu s , and sh ow s th a t the reg io n  m ost a ffe c te d  is  th at in  

proxim ity  w ith  th e  b len d in g  rad iu s.

B ased on th e  p r e d ic te d  o n se t  of o cc lu d er  in s ta b ility  in  w ater  

flow , se en  in  f ig u r e  7.6, th e  b len d in g  ra d iu s ad op ted  was 20mm.

The c h a r a c te r is t ic s  o f th is  v a lv e  are com pared a g a in st  th e  f ir s t  

two p r o to ty p e s  in  f ig u r e s  7.17 -  7.21. P r e ssu r e /f lo w  

c h a r a c te r is t ic s  (f ig u r e  7.17) o f th e  LRRSICO v a lv e  w ith a 20mm 

b len d in g  ra d iu s alm ost m atch th o se  of th e  o r ig in a l p ro to ty p e  

(w hich rem ained u n su r p a sse d ) . H ow ever, u n lik e  the SISO v a lv e , 

o cc lu d er  o sc illa tio n  w as not in d u ced  by  h ig h er  flow  r a tes  due to  

a g r e a tly  red u ced  area  o f h ig h  p r e ssu r e  beh ind  th e  ball ( f ig u r e s  

7.18 and 7 .19). The o v era ll e f fe c t  of th e se  c h a n g e s  on the  

stream w ise fo rc e  ex p er ien ced  by th e  ball is  show n in f ig u r e  7.20  

w hich  d e p ic ts  th e  sum o f p r e s su r e  and sh ear  fo r c e s  a t each  ce ll 

c e n tr e  a lon g  th e  ball su r fa c e . The m agn itude o f n eg a tiv e  fo rce  

behind  th e  ball is  red u ced  in  lin e  w ith th a t o f th e  more s ta b le  

SICO v a lv e , b u t th e  m agnitude o f p o s it iv e  fo rce  is  le s s  due to a 

red u ced  stream w ise  sh ear  fo rce  com ponent. F igu re  7.21 sh ow s th at  

th e se  te n d e n c ie s  are  sim ilar in  h ig h er  flow  r a te s . T h rou ghout  

th e  s tu d ie s  th e  n on -d im en sion a l wall d is ta n c e  (y +) v a lu e s  at 

the wall c e lls  w ere m onitored (f ig u r e s  7.22 and 7 .23). This 

e n su r e d  com pliance w ith  e s ta b lish e d  m odelling g u id e lin e s  (see  

c h a p ter  six) b u t a lso  g a v e  a m easure o f tu r b u len ce  at the  

p r o sth e t ic  su r fa c e . Id ea lly  k in etic  e n e r g y  o f tu r b u len ce  at 

p r o sth e t ic  su r fa c e s  sh ou ld  be m inim ised. T his is  se en  (in f ig u r e  

7.22) to o ccu r  w ith  in c r e a s in g  b len d in g  ra d iu s.



o
LU

U)

CM

LL

lU

LU

195 Figure 7.17



Q£

O~Z.
u j  o co
UJ

o

CSJ
CSD

\

©

\

LU 
I— 
<C 
CL

O
_J

CO CO CD COI O'-
C-nII

N ,_0l . /  11V8 NO 30N0d

CO
X
CD

00
LUa

>— CU 
ID UJ
a  1— 
2 1  <c 
cd y t  
CJ

LL 
UJ O  
Cl
>- UJ 
I—  1—

o  <c
h- CL
O
Qi
LL o  

_i 
LU LL 
UJ
CL 00 
X  X  
(— CO 

01 
X  LU 
UJ >  
LU

LU <  
CO CO

X  LU
O  X  
CO i—
I— I
X  X
<  o
X
X  LU 
O  CD 
CD X  

O
<  IX

196 F i g u r e  7 .1 8



X3cSOC
c*o
CsJ

o
o
1—1

o o cn
OT u Ort—i (Vcn cn _i

<d 0 o

t :
\

<S
00

o
_ J
LL

LU 
CO 2  
2  —« 
CD _J 
* * LU 
CD X  
LLI h -a  2

UJ 
i— CJ

a  2

197

D d  e 0 t  /  d a n s s B d d

F i g u r e  7 .1 9

Q  
2 

2 <  o
CD LU 

CD 
LU C
0 - LL 
>~ CL
1— 3  
O  CO 
I—
CD _J 
X  _J 
CL <  

CD
LU
UJ LU 
LU X  
IE t—

2  O  
LU
LU LU

LU X
CD O  

X  
2  X  
O
CO LU

x
ry  x  
<  X  
X  X  
2  X  
O  X  
CJ X

•I



2  i—'
LU O  O  CO

'2
CD

CO
CM

cs>
L"-- i n

CSD

cs
o-cs>
CSI

CO

CDI

LO

! C£>

CD

CD

LTD
r o

1
CS3
CO

CO

CS>I

©

\

2
O

LO i—i
CM f—
CD t ■ ■■

CO
o
Q _

__1
<
1--1

CS X
CM c
CD

n  z. 0 t  /  m v a  n o  3oyO:

198 F i g u r e  7 .20

CO
M

PA
RI

SO
N 

BE
TW

EE
N 

TH
RE

E 
PR

OT
OT

YP
E 

CO
ND

UI
T 

D
ES

IG
N

S:
ST

RE
AM

W
IS

E 
FO

RC
E 

PR
OF

IL
E 

ON 
TH

E 
BA

LL
 

SU
RF

AC
E 

FO
R 

FL
OW

 
= 

71
/m

in



c c

c

£

F F <o
\ s CO

o o o
n CO Cl < >
2
in o o CO
CO 0) u t'H
111 1—1 1—I (V
_ l CQ Lfi _J

b

CD
CD3

CDM-

OsJ COOJ
<53

LO53
5 3

CO

CDI

CM
CO

CDI

LO
CO

5>
CO

o

\
zo

t ro 1— 1
CO t—
<53 1— 1

COoCl
_j<
j—

CD X
CvJ <
<53

<53
LO

CD1

N 0  t

199

m v a  n o  o o d o d

F ig u r e  7 .21

CO
M

PA
RI

SO
N 

BE
TW

EE
N 

TH
RE

E 
PR

OT
OT

YP
E 

CO
ND

UI
T 

D
ES

IG
N

S:
ST

RE
AM

W
IS

E 
FO

RC
E 

PR
OF

IL
E 

ON 
TH

E 
BA

LL
 

SU
RF

AC
E 

FO
R 

FL
OW

 
= 

30
U

m
in



V) VI w vi VI VI W
w 3 3 3 3 3 3 3
3
M X) m 13 13 13 13 13

~D d ci d d d d d
o O CH OH QC Qi QC Ch O'

Ql
LU £ £ £ £ £ £ E
CD e £ £ £ £ £ £ £
LU £ K> in CD in £> © in

o *■" CM cn o •X

< O 0 X + □ > *

'm

CO CO LO

200

0 1  /  a m v A

F ig u r e  7 .2 2

LU
O
3
<  LU 
3  CJ 
CL 2  
O  <  
LL. i— 
QL CO 
LU •—< 
Cl Q

3  <  
CD 3  
3
O  CO 
CJ CO 

LU 
3  3  
O  3

o
CO I—I 
3  CO 
—■ 3
0  LU 
<  3  CL <—i

3
3
3  i f )
 1 I ""* *)
Q  if) 
3  00 
LU LU 
3  >  
CD

3  
LL 3
O  LU 

CJ
3
CJ 3  
3  3  
LU C  
3  3  
3
3  I—
X r—H
i—i 3

Q  
LU 3  
3  O  
h- O



1

■ o u t )
C£

or
UJ
CD
LU CO

CN CN CO

C£>OO

CNl

C D

OO
C O

C O C O

©

\

o

_J

UU
CJ

_J
<C
I— I
X
<

201

01 /  annvA

F ig u r e  7 .23

TH
E 

IN
FL

UE
NC

E 
OF 

BL
EN

DI
NG

 
RA

DI
US

 
ON 

CO
ND

UI
T 

PE
RF

OR
M

AN
CE

 
CE

NT
RE

LI
NE

 
AX

IA
L 

CE
LL

 
VE

RS
US

 
DI

 M
EN

S 
IO

NL
ES

S 
WA

LL
 

D
IS

TA
NC

E



F i n a l i s a t io n  o f  D e s ig n  fo r  Blood Flow

S tu d ie s  o f an a logu e and blood flow  th ro u g h  th e  LRRSICO v a lv e  

geom etry  in d ica ted  th a t occ lu d er  in s ta b ility  w ould not occu r  

u n til th e  b len d in g  rad iu s w as in crea sed  to 37mm, as show n in  

f ig u r e  7.24. T his is  co n trary  to o b se r v a tio n s  made in  w ater  

flow . F u rtherm ore, f ig u r e  7.25 sh ow s p r e s su r e  g r a d ien ts  in  th e  

more v is c o u s  f lu id s  to  be e lev a ted  by 30%. R am ifications of 

th e se  f in d in g s  are th a t if  a v a lv e  w ere d e s ig n e d  b ased  on w ater  

flow , th en  n ot o n ly  would th e  p r e s su r e  g r a d ien t a c r o ss  th e  v a lv e  

h ave  b een  u n d er  estim ated , but a lso  th e  optim al blood flow  

geom etry  would not have been  rea lised . B ased on th e  r e su lt s  o f 

th e se  s tu d ie s , the v a lv e  w as r e -d e s ig n e d  to in corp ora te  a 30mm 

r a d iu s in  p r e fe r e n c e  to 20mm, s t il l  a llow ing some factor  o f 

s a fe ty  to  avo id  occ lu d er  in sta b ility  if  th e  v a lv e  w ere im planted  

in to  a p a tie n t w h ose blood v is c o s ity  w as n a tu ra lly  low for some 

r ea so n , su c h  as anaem ia.

If blood an a logu e  so lu tion  had b een  u se d  in th e  com puter s tu d y  

in stea d  of rea l blood th e  same optimum v a lv e  geom etry  w ould h ave  

b een  e s ta b lish e d . D ifferen ces  in  v a lv e  p erform ance w hen  

su b je c te d  to  flow s o f blood and an a logu e  so lu tio n  w ould on ly  h ave  

b een  s lig h t . For exam ple, p r e s su r e  g r a d ien t p r e d ic tio n s  for  

an alogu e flow s would have var ied  from th o se  o f blood by  o n ly  5%, 

as e v id e n t  from f ig u r e  7.25. Maximum sh ea r  s t r e s s e s  occu rred  at  

th e  p o in t o f im pingem ent on th e  ball su r fa c e  and w ere u n a ltered  

b y  b len d in g  ra d iu s. T his param eter w ould h ave b een  p red icted  

6.9% too h ig h  in an alogu e so lu tio n s  ( f ig u r e s  7.26 -  7 .28). T his 

f in d in g  is  c o n tra r y  to o b se r v a tio n s  made in  sim ple p ipe  

g eo m etr ies , b u t in accord  w ith th e  f in d in g s  o f M erchant and

202
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M azumdar (1986). D if fe r e n c e s  in  sh e a r  r a te s  an d  th e  le v e ls  o f  

tu r b u le n c e  fo r  th e  two, f lu id s  w ere  minimal ( f ig u r e s  7.29 -  7 .32).

A sse ssm e n t o f F inal D esig n

Final v a lv e  a s s e s s m e n t  com p rised  two s e r ie s  o f com p u tation al 

t e s t s .  F ir st , a s iz e  16 v a lv e  w as s u b je c te d  to  flow  r a te s  o f  

blood and a n a lo g u e  so lu tio n  v a r y in g  from  7 //m in  up  to a maximum 

301/m in. S eco n d , b lood  flow  a t 21.11/m in w as m odelled  

th r o u g h  th e  r a n g e  o f v a lv e  s iz e s  10mm -  24mm. S ize  v a r ia tio n  w as  

a c h ie v e d  by  a llow in g  for  a s iz in g  fa c to r  in  th e  F ortran  a lgorith m  

w h ich  g e n e r a te d  th e  g r id  g eo m etry , ea ch  v a lv e  b e in g  a d ir e c t ly  

sc a le d  m odel o f th e  22mm d iam eter v a lv e . The v o lu m etr ic  flow  

r a te  o f 2 1 .1 1/ min w as m ain ta ined  th r o u g h  ea ch  s iz e  v a r ia n t b y  

in c r e a s in g  in flow  v e lo c ity  w ith  d e c r e a s in g  c o n d u it  d iam eter. The 

d im e n sio n less  w all d is ta n c e  (y +) to  th e  f ir s t  c e lls  w as held  

sim ilar b y  d e c r e a s in g  th e  w a ll-c e ll  d im en sion s p ro p o rtio n a l to  

c o n d u it  s iz e . A fu ll  a n a ly s is  o f a ll flow  r a te s  th r o u g h  th e  

e ig h t  s iz e  v a r ia n ts  w as n ot a ttem p ted  a s  th is  w ould  h a v e  ta k e n  an  

e x c e s s iv e  am ount o f  CPU time*

F ig u r e  7.33 sh ow s a rap id  d e c r e a se  in v a lv u la r  p r e s s u r e  g r a d ie n t  

w ith  in c r e a s in g  v a lv e  s iz e . For blood flow  th e  maximum g r a d ie n t  

m easu red  in  th e  10mm d iam eter v a lv e  w as 4 600Pa (34,5 mmHg), and  

th e  minimum g r a d ie n t  a c r o s s  th e  24mm c o n d u it  w as o n ly  170Pa 

(1.27mmHg). P r e s s u r e  g r a d ie n ts  e x p e r ie n c e d  b y  th e  16mm v a lv e  

ra n g e d  from  a maximum 1 477Pa (llm m H g), in  a flow  ra te  o f  

301/m in, dow n to  160Pa (1.2mmHg) fo r  71/m in flow  r a te  ( f ig u r e  

7.34). T h ese  p r e s s u r e /f lo w  c h a r a c te r is t ic s  are  e x c e lle n t  w h en  

com pared w ith  a n n u lu s  m ounted  m echan ical v a lv e s . Y ogan ath an  e t

208
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al (1979c) q u ote  p r e s su r e  g r a d ie n ts  for  21.17/min flow rate o f  

1 480Pa in a Sm elo ff-C u tter  A-5 and 760Pa in a B jo rk -S h iley  

m itral v a lv e . B ru ss e t  al (1983) com pared four d iffe r e n t  d isk  

v a lv e s  of 27mm sew in g  r in g  diam eter and found  th a t p r e s su r e  

g r a d ie n ts  a t 21 .i/m in  ra n g e  from  394Pa to 667Pa. The ab ove  

com pare w ith 832Pa in  th e  much sm aller 16mm (LRRSICO) con d u it.

A more com plete com parison  sh ou ld  h ave been  a fford ed  by a p p ly in g  

th e  Gorlin -  Gorlin (1951) eq u ation  to y ield  a c o n sta n t of 

p ro p o rtio n a lity  b etw een  p r e s su r e  g r a d ien t and flow  per u n it area , 

as s u g g e s te d  by  G entle (1977). H ow ever, th is  ty p e  o f a n a ly s is  

shou ld  s tr ic t ly  on ly  be u se d  to y ield  com p arisons o f v a lv e  

perform ance w hen p r e s su r e /f lo w  data is  tak en  from v a lv e s  m ounted  

in  sim ilar experim en ta l c o n d itio n s , as d isc u sse d  in  ch a p ter  six , 

but rea so n a b le  com parison  can  be made a g a in st  th e  f in d in g s  o f  

G entle (1977) w h ose  work is  a n a ly tic a lly  b ased .

For each  blood flow  te s t  s e r ie s  co n d u cted  on th e  LRRSICO 

p r o s th e s is  v a lu e s  o f p r e s su r e  g ra d ien t (mmHg) w ere p lo tted  

a g a in st  th e  sq u a re  o f flow  r a te /u n it  area  (l2/m in 2 mm4).

The r e s u lt s  are show n in  f ig u r e  7.35. Linear r e g r e ss io n  

r ev ea le d , for th e  c o n sta n t s iz e  t e s t s ,  a re la tion sh ip :

AP = 0.626 + 805Q2/ d 4 

and for th e  t e s t s  in v o lv in g  v a r io u s  s iz e s  su b je c te d  to a c o n sta n t  

flow  rate:

AP = 0.602 + 767Q2/ d 4 

A ccu racy  of f it  was h igh  (fig u r e  7.35) w ith R2 v a lu e s  o f 99.9% 

in  each  c a se . A more com plete a n a ly s is  is  p r e se n te d  in  A ppendix  

5. T h ese  r e la tio n sh ip s , w ith  a s lo p e  o f c irca  800 r e p r e se n t  an  

a v e ra g e  226% e ff ic ie n c y  w ith  r e sp e c t  to an id ea l a n n u lu s-m o u n ted
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o r ifice  w ith  slop e 1 775. G entle (1977) p r e s e n ts  e ff ic ie n c ie s ,  

d er iv ed  from  a sim ilar com parison , for s e v e r a l a n n u lu s  m ounted  

m echanical v a lv e s . The S tarr-E d w ard s v a lv e  exh ib ited  the h ig h e s t  

e ff ic ie n c y  o f 56%, fo llow ed  b y  E d inb urgh  (42%), B jo rk -S h iley  

(32%) and Beall (31%). T his would s u g g e s t ,  th o u g h  w ith  

r e se r v a t io n s  b eca u se  o f r ig  d iffe r e n c e s , th a t th e  LRRSICO v a lv e  

ex h ib its  p r e s su r e /f lo w  c h a r a c te r is t ic s  en h an ced  b eyon d  th o se  of 

an id ea l o r if ic e . Sh an eb rook  and L evine (1979) p r e se n t  v a lu e s  

for th e  c o n sta n t o f p ro p o rtio n a lity , a s d efin ed  ab o v e , for f iv e  

con d u it ty p e s .  Their quoted  v a lu e s  ra n g e  from  4 900 -  25 000 

r e p r e s e n t in g  36.2% to 14% e ff ic ie n c ie s . S uch  h igh  v a lu e s  m ight 

lead to c o n c e rn  o v er  th e  co n str u c tio n  o f th e ir  co n d u its , or o f  

th e ir  p r e s s u r e  drop data, how ever, it is  p rob ab le  th a t r e su lts  

w ere s e v e r e ly  in flu en ced  by th e  experim en tal co n fig u ra tio n  

adopted; nam ely one o f p lac in g  a con d u it in to  an ap icoaortic  

sh u n t s itu a tio n . In  su c h  a co n fig u ra tio n  h ig h er  p r e ssu r e  

g r a d ie n ts  w ill be e x p ec ted  due to sh o r t d evelop m en t le n g th s  

upstream  o f th e  v a lv e , and a lso  due to in le t b e in g  from  a la rg e  

v e s s e l  (th e  v e n tr ic le ) . Down stream  c o n d itio n s  are  a lso  more 

se v e r e , w ith  flow  e x h a u stin g  in to  a v e s s e l  p erp en d icu la r ly  

o r ien ta ted , and w ith  its  own flow . S im ilarity  w ith  Benjam in's 

(1986) f in d in g s  are good w hen a llow ances are made for d iffe r e n c e s  

in  exp erim en ta l flow  c o n d itio n s . A djustm ent b e c a u se  of r ig  

d iffe r e n c e s  w ould b r in g  th e  num erical p r e s s u r e /f lo w  

c h a r a c te r is t ic s  of th e  LRRSICO v a lv e  in  lin e  w ith  th o se  of 

Benjam in r e n d e r in g  a v a lu e  for th e  c o n sta n t o f  p ro p o rtio n a lity  of 

approxim ately  320, b ased  on th is  v a lv e s  s im ilarity  w ith the SISO 

v a lv e  (sh ow n in  f ig u r e  7.5). Com parison o f p r e s su r e /f lo w  

c h a r a c te r is t ic s  for th e  LRRSICO con d u it w ith  Benjam in’s c o n sta n ts  

o f p ro p o rtio n a lity , show n in ch ap ter  f iv e , aga in  confirm s the
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su p er io r  perform ance o f th e  fin a lise d  (LRRSICO w ith  30mm ra d iu s)  

v a lv e .

Exam ination of stream w ise fo r c e s  on th e  o c c lu d er  rev ea led  th at  

o n ly  in e x c e s s iv e ly  h igh  flow  p er  un it area  d o es in s ta b ility  

o ccu r , e g  for  flow  r a te s  ab ove  21.17/min in  v a lv e  s iz e s  below  

11mm diam eter, a s d ep ic ted  in  f ig u r e  7.36, or in  flow s w ell a b ove  

th e  p h y s io lo g ic a l maximum o f 307/min th ro u g h  v a lv e s  o f 16mm 

diam eter and ab ove (fig u r e  7 .37). The v a lid ity  of th e  data  

p o in ts  r e p r e s e n t in g  th e  two le s s e r  flow  r a te s  in  f ig u r e  7.37 m ust 

be ca lled  in to  q u estio n , d e v ia tin g  as th e y  do from  th e ex p ected  

sh ap e  o f th e  line. Exam ination o f f ig u r e  7.38 p o in ts  to a 

p rob ab le  breakdow n of th e  k -  € model at th e  wall due to  

lo ca lised  R eynolds' num bers at th e  ball su r fa c e  b e in g  below th e  

a ccep ta b le  minimum, ie y + < 11.5.

Shear s t r e s s  le v e ls  w ith in  th e  v a lv e  h ave b een  con ta in ed  w ell 

w ith in  th e  th resh o ld  for h aem olysis due to in -b u lk  sh ear , in  all 

s itu a tio n s  o th er  th an  for e x c e s s iv e ly  h igh  flow  r a te s  in  the  

sm allest v a lv e  s iz e s  (see  f ig u r e  7.39). In  v a lv e s  o f 16mm 

diam eter and ab ove , c r itica l s t r e s s e s  in -b u lk  w ill not to occu r  

in  p h y s io lo g ic a l flow  r a te s  (f ig u r e  7.40). F ig u r e s  7.41 and 7.42 

show  sh ea r  s t r e s s  p ro file s  a lon g  th e  co n d u it and ball su r fa c e s . 

T h ese  and f ig u r e  7.43 w h ich  p lo ts  fu ll- f ie ld  sh ea r  s tr e s s  

c o n to u r s , c le a r ly  dem on strate  th a t su ch  maxima on ly  occu r  in  

iso la ted  a r e a s , su ch  as th e  im pingem ent p o in t on th e  ball 

su r fa c e , and p o in ts  o f c h a n g e  in con d u it su r fa c e  d irection .

The m echanism  w hich  in d u c e s  h aem olysis near to p r o sth e tic  

su r fa c e s  n e e d s  on ly  a fra c tio n  o f th e  sh ea r  s t r e s s  le v e ls  n eed ed



L~>.
CO

u~>ĉ j
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to  c a u se  ly s i s  in -b u lk , b e in g  o f the ord er o f 150Pa or ev e n  

low er. The p r e c ise  th r e sh o ld s  for su ch  dam age are not o n ly  i l l -  

d efin ed  bu t a lso  m aterial d ep en d en t, and so r e d u c tio n  of n ea r

wall sh ea r  s t r e s s  and tu r b u len t a c t iv ity  m ust be perform ed as  

w ell as p o ss ib le , e v e n  below  s u g g e s te d  th r e sh o ld s . The n ear-w a ll 

c h a r a c te r is t ic s  p o rtra y ed  b y  th e  fin a lised  (LRRSICO) v a lv e  are  

v e r y  good , w ith  sh ear  s t r e s s e s  a long th e  co n d u it wall b e in g  

g e n e r a lly  below  20Pa, th o u g h  th e y  are e le v a ted  to  around 30Pa in  

th e  d iv e r g e n t /c o n v e r g e n t  se c tio n , sim ilar to s t r e s s e s  p red icted  

by M erchant and Mazumdar (1986). C on fidence is  th e re fo r e  h igh  

th at th is  v a lv e  w ould ex h ib it  o n ly  a lim ited haem olytic p o ten tia l  

at th e  co n d u it w all, p a r tic u la r ly  as it is  a ided  fu r th e r  by  th e  

ch o ice  of th e  ceram ic v a lv e  b od y  m aterial. Sh ear s t r e s s e s  a t th e  

ball su r fa c e  are , on a v e r a g e , 20 -  30Pa h ig h er  th an  at th e  

co n d u it wall, b u t s t r e s s e s  h ere  are s till  g e n e r a lly  below  

th r esh o ld  v a lu e s  and g iv e  no ca u se  for co n cern  r e g a rd in g  

h aem olysis. Minimum sh ea r  r a te s  a t th e  ju n c tio n  o f th e  b len d in g  

ra d iu s w ith  th e  p aralle l ou tflow  con d u it se c tio n  are  show n , by  

f ig u r e  7.44, to  approach  c r it ic a lly  low v a lu e s  in  th e  la rg er  

v a lv e  s iz e s , e sp e c ia lly  w hen su b je c t  to low er flow  r a te s . Such  

low sh ea r  r a te s  m ight in d ica te  p o ss ib le  throm boem bolic problem s  

at th is  s ite , th o u g h  th is  is  u n lik e ly  in an area  so  exp osed  to 

m ainstream  and r e v e r s in g  flow . I n -v iv o  tr ia ls  w ould be n e c e ss a r y  

to confirm  th is . Throm boem bolic com p lications are u n lik e ly  to  be  

b ro u g h t about by th e  low sh ea r  r a te s  e x p er ien ced  at the  

c e n tr e lin e  (fig u r e  7 .45), b e in g  located  m idstream  and aw ay from  

p r o sth e t ic  su r fa c e s . At th e  ball su r fa c e , throm boem bolic  

com p lications are  u n lik e ly  a s  sh ear  r a te s  are h ig h e r  and the  

o cc lu d er  is  fr e e  to ro ta te  a t random  in th e  flow , each  elem en tal 

area  o f su r fa c e  ex p er ie n c in g  co n tin u a lly  v a r y in g  flow  p a tte r n s .
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Recommendations as to Application

Based on the ab ove d is c u ss io n  it is  p o ss ib le  to draw  up s u g g e s te d  

g u id e lin e s , th ou gh  s im p listic , a s  to w h ich  s ize  o f v a lv e  sh ou ld  

be im plem ented in  a p a rticu la r  case:

As th e  normal ap p lica tion  for  th is  ty p e  o f p r o s th e s is  w ould be in  

c o r r e c tiv e  p aed ia tr ic  s u r g e r y , th en  a s  a g e n era l ru le  th e  la r g e s t  

p o ss ib le  v a lv e  shou ld  be im planted  to accom odate la ter  body  

grow th . H ow ever, th e  p o ss ib le  throm boem bolic com p lications in 

th e  b len d in g  ra d iu s area m ight be ex acerb ated  b y  th e  r e la t iv e ly  

low flow  r a te s  in a ch ild . A low er th r esh o ld  v a lu e  for flow  p er  

u n it area is  th e re fo r e  s u g g e s te d  to be 1.3xl0~3i2/(m in 2 mm4).

T his m ight limit th e  maximum su ita b le  s iz e  for a p articu lar  

rec ip ien t.

Minimum su ita b le  s ize  for  th is  v a lv e , u n lik e  m ost o th er  v a lv e s , 

is  not re a lis tica lly  lim ited b y  p r e s su r e  g r a d ien t w h ich  is  so  low  

as to be n o n -cru c ia l. L im itation is  s e t  m ainly b y  occ lu d er  

in s ta b ility , w h ich  is  l ik e ly  to  occu r  w hen flow  p er  u n it  area  

e x c e e d s  30xl0~3 JV{min2 mm4).
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8.1 F u n ction a lity  o f CFM

The d ec is io n  to u se  a p ro p r ieta ry  fin ite  d iffe r en ce  p ack age  

(PHOENICS) in  th e  s tu d y  of co n d u it h eart v a lv e  flow , ra th er  th an  

w rite  a new on e, w as th rou gh  n e c e ss ity . S ev era l re se a r c h  

program m es in  th e  p a st  have w r itten  " in -h o u se ” CFM c o d es , b u t  

th e se  req u ired  a co n sid era b le  in p u t o f time and e ffo r t  by  se v e r a l  

m em bers o f a team. T hey a lso  req u ired  e x te n s iv e  kn ow led ge of  

tec h n iq u es  su ch  a s  m atrix h an d lin g  and so lv in g , a s w ell as a 

c o n sid era b le  u n d er sta n d in g  o f th e  p h y s ic s  o f flow . The p r e se n t  

r e se a r c h  program m e w as co n ce iv ed  as b e in g  a small program m e 

in v o lv in g  o n ly  one p erso n . I ts  aims w ere not to d eve lop  so lu tion  

co d in g , a s  th is  had been  done se v e r a l tim es b efo re , bu t were:

i) to em ploy CFM a s a tool to  ex tra c t in form ation  not

p r e v io u s ly  ob ta in ed  by com putational or experim en ta l h eart  

v a lv e  flow  s tu d ie s , and

ii) to d ev e lo p  ad d ition a l cod in g  for in se r t io n  in to  PHOENICS

en a b lin g  i t s  u se  in  th e  d e s ig n  o f v a lv e d  c o n d u its , b y  

m odelling in  a s itu a tio n  m ost c lo se ly  r e p r e se n t in g  th e  in -  

v iv o  v a lv e  s itu a tion .

T his ap p roach  to com putational a n a ly s is  did not req u ire  su ch  in -  

d ep th  u n d e r s ta n d in g  o f th e  p h y s ic s  o f flow , nor an e x c e s s iv e  

num ber o f man h o u rs in th e  w r itin g  o f co d in g . H ow ever, it  did  

re q u ire  e x te n s iv e  cu sto m isin g  o f th e  p r o p r ie ta r y  co d in g  b eca u se  

PHOENICS w as w r itten  as a g e n era l p u rp o se  CFM cod e to be ap p lied  

in  a m ultitud e o f flow  s itu a tio n s , and w as n ot sp e c if ic a lly  

su ited  to blood flow  m odelling. S u itin g  PHOENICS to th e  p r e c ise
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n e ed s  o f th is  p articu lar  ap p lica tion  ie tu rb u len t, n on-N ew ton ian , 

blood flow  en c lo sed  b y  c u r v e d  b ou n d aries in i t s e lf  req u ired  a 

co n sid era b le  am ount o f c o d in g  to be w r itten . It w as a lso  

n e c e ssa r y  to keep  a b r e a st  o f th e  la te s t  d eve lop m en ts o f PHOENICS 

w hich is  co n tin u a lly  grow in g  in  com p lexity , su ch  as th e  

in tro d u ctio n  of cu r v ilin ea r  g r id s . A fu r th e r  program m ing  

com plication w as th e  need  to  in tro d u ctio n  o f a c o n s t itu t iv e  

eq u ation  in to  th e  co d in g , a s  PHOENICS d oes not c a ter  for n o n -  

N ew tonian flow s as sta n d a rd . All th e se  a d d itio n s  w ere aided  by  

th e  in h e r en t f le x ib ility  o f PHOENICS w hich is  b u ilt in  an alm ost 

m odular form , and a lth o u g h  it  does not allow a c c e s s  to core  

matrix h an d lin g  co d in g , it  d oes fa c ilita te  am endm ent to all flow  

param eters and so lu tion  r o u tin es .

PHOENICS it s e lf  fu n c tio n ed  v e r y  well on ce  th e  n e c e ss a r y  c h a n g e s  

had been  made, and no f in d in g s  co n tra d ic ted  experim en tal 

o b se r v a tio n s . F urtherm ore, e v e n  th e  h ig h ly  com plicated  

c h a r a c te r is t ic  o f stream w ise  fo rc e  on th e  ball o cc lu d er  w as se en  

to be c o r r e c tly  p r e d ic te d . T h is, and th e  fa c t  th a t p r e s su r e  

g r a d ien ts  a c r o ss  su c h  com plex flow  geom etr ies w ere c o r r e c tly  

p re d ic te d , lea d s  to a h igh  co n fid e n c e  in  the num erical m odelling  

tec h n iq u e . C orrect p red ic tio n  o f v e lo c ity  p r o file s  in  tu r b u len t  

flow  and in lam inar non-N ew ton ian  flow  add to th is  c o n fid en ce . 

N e v e r th e le ss , more w ork sh ou ld  be carried  o u t to v e r ify  

com putational m ethods as ap p lied  to non-N ew ton ian  flow . 

Com parisons a g a in s t  th e  w ork of o th er  rese a r c h  program m es, for  

exam ple th e  team in  A delaide (M erchant, Mazumdar, T h a la sso u d is  

and N oye) in c re a se  c o n fid e n c e  in  th e  m odelling and th e  r e su lt s .

The major a d v a n ce  th a t CFM is  cap ab le o f m aking is  an im proved
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a b ility  to a s s e s s  throm boem bolic and haem olytic p o te n tia ls , 4

b ecau se  o f th e  e a se  w ith  w hich  sh ear  r a te s  and sh ear  s t r e s s e s  are  

fou n d . The im proved  corre la tion  betw een  in -v iv o  s itu a tio n s  and  

the t e s t  s itu a tio n  a fford ed  by  CFM is  a lso  a s ig n if ic a n t  

a d v a n ta g e  o v e r  experim en ta l tec h n iq u es .

8.2 E ffe c t iv e n e ss  o f th e  Blood Model

The u se  o f th e  C asson  eq u ation  for th e  d e sc r ip tio n  o f blood  

v is c o s ity  v a r ia tio n  w ith  local sh ea r  ra te , a lth o u g h  time 

consum ing in  i t s  se le c tio n  and im plem entation, w as not a 

d ifficu lt  ad d ition  to make to th e  so lu tion  p ro ced u re . T h is model 

fu n c tio n ed  e x a c tly  a s  e n v isa g e d , a s  d em on strated  by com plete  

v e r if ic a tio n  o f v e lo c ity  p ro file s  g en era ted  in  lam inar flow  and  

by p o in t -b y -p o in t  in sp e c tio n  of th e  tu r b u len t flow  fie ld  v a lu e s  

for sh ea r  ra te  and in tr in s ic  v is c o s ity . H ow ever, d if fe r e n c e s  in  

haem odynam ic and hydrodyn am ic c h a r a c te r is t ic s  p re d ic te d  

num erically  u s in g  blood and blood analogue w ere  not e x te n s iv e  

( f ig u r e s  7.25 -  7 .32). H ow ever, th is  could  not h a v e  b een  

fo r e se e n , b ea r in g  in  mind th e  p rofound  d iffe r e n c e s  in  flow  

c h a r a c te r is t ic s  b etw een  th e se  two media in  lam inar flow  

s itu a tio n s  a s  show n in  tab le  8.1.

Table 8.1 A com p arison  of flow  p r o p e r tie s  in  a p ip e  

This tab le  sh ow s a com parison  betw een  v a lu e s  of

heam odyn am ic/h yd rod yn am ic v a r ia b le s , a s  p r e d ic te d  num erica lly  for  

laminar flow  th r o u g h  a sm ooth w alled p ipe o f 20mm diam eter. The 

analogue flu id  m odelled w as a 30% aq u eou s g ly c e r o l so lu tion  of  

d e n s ity  1 170k g /m 3 and dynam ic v is c o s ity  3.323xl0"6Pa s . The
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"blood" flow  w as m odelled on th e  C asson eq u ation  for  th e  data  

p r e se n te d  b y  Charm and Kurland (1965) and Rand et al (1964).

Param eter A nalogue Rand e t  al Charm & Kurland U n its

d P /d z 47.617 68.00 63.02 Pa/m

Mm ax 3.587 3.133 3.316 mPa s

i  max 68.28 71.83 71.78 S " 1

V  min 3.569 0.5119 0.5339 S " 1

T  max 0.2269 0.3281 0.2995 Pa

T min 0.01186 0.02214 0.02011 Pa

V m a x / V 1.996 1.841 1,842

The maximum d iffe r e n c e s  d e sc r ib e d  in  tab le  8.1 betw een  flow  

p aram eters in  blood an a logu e  so lu tio n , w ith r e sp e c t  to blood w ere  

approxim ately:

P r e ssu r e  g r a d ie n t = -27%

sh ear  ra tes: Vmax = -5%, tfmin = +580%

sh ear  s tr e s e s :  T m a x  = -26%, r m i n  = +91%

P red ictio n s  o f sim ilar param eters y ie ld ed  by tu r b u len t flow  

s tu d ie s  w ere:

P r e ssu r e  g r a d ien t = +5%

sh ear  r a te se s :  Vmax = -5%, ¥mkn = +114%

sh ear  s tr e s e s :  r m a x  = 7%, r m i n  = +165.5%

The d iffe r e n c e s  in  flow  param eter ap p ear to poin t to blood
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flow ing more easily  in turbu len t flow than analogue flow s, due to 

a gen era lly  lower v isc o s ity  at the high shear rates. The 

situation is  reversed  in laminar flow where a much greater  

proportion of the cen tra l flow region is  taken up by plug flow, 

because in axially aligned laminar flow the shear ra tes at the 

pipe cen tre are close to zero.

In the final an a lysis, the u se  of blood flow was not critical to 

the d esign  sy n th e s is  of the va lve, as optimum va lve profile would 

have been p rescribed  if modelling were conducted in either blood 

or blood analogue solution , (as described  in 7.3). However, no 

previous w orks have applied a con stitu tive  equation to the d esign  

of a va lve , and only  one prev ious work was found which had a non- 

Newtonian flu id  in numerical an alysis. Therefore, th is  work was 

essen tia l, in creasin g  u nderstand ing  of analogue flow and 

estab lish in g  a base aga in st which other work may be compared. 

Furtherm ore, it leads the way to the time dependent flow an a lysis  

required for pu lsatile  flow and small v e sse l flow w here non- 

Newtonian a sp ects  might be more important, or to the p ossib le  

eventual modelling of c lo ttin g  function  and throm bus growth. 

However, the above table su g g e s ts  that flow stu d ies  carried out 

in blood analogue so lu tions are likely  to underestim ate the  

thromboembolic potential of a va lve . This is  because minimum 

shear rate will be over p red icted  by as much as 165.5%. This 

find ing th is is  not as crucial as the fig u res  su g g e st , because  

th is d ifference betw een the flow ch aracteristics  of blood and 

analogue so lu tions occur midstream and away from p rosthetic  

su rfaces and reg ion s of sta sis . O bviously water flow does not 

accurately  rep resen t blood flow and, if used as a flow medium in 

d esign  sy n th e s is , would have lead to the selection  of a non-



optimal valve geom etry.

.3 A Further Example of CFM Applied to Heart Valves -  Backflow

This example, based on Leefe et al (1986), dem onstrates another  

area w here num erical modelling might have ad van tages over  

experim ental in vestig a tio n , namely in the stu d y  of flow in v ery  

small geom etries. The stu d y  aimed to pred ict laminarisation of 

flow in a regime defined  to be stead y  backflow through a gap  

betw een the twin flap s of a Gentle (1981b) mitral valve. The 

question  the stu d y  attem pted to answer was w hether an increased  

gap would aid w ashing action because of an increase in flow rate  

leading to turbu lence. This question  had been approached  

analytically  by Reif e t al (1980) and Gentle (1982). Both 

authors had also p resen ted  experim ental p ressu re /flo w  

ch aracter istics  for r e v e rse  flow and compared their grad ien ts of 

logarithm ic friction  factor/R eyn o lds number with a similar 

grad ient exhibited by pipe flow s, in order to draw conclusions  

about the nature of flow through the gap betw een the valve flaps. 

Gentle attem pted to ju st ify  the u se  of a large gap, argu ing that 

a turbu len t backflow would aid w ashing action on the proximal 

side of the flap , w hereas Reif tried to ju st ify  d esign in g  for 

minimal backflow. The need , analytically , to assum e a fu lly  

developed ve lo c ity  profile , appears to have been one of the major 

lim itations. This assum ption would tend to overlook the 

increased  wall v e lo c itie s  likely  to occur in the undeveloped flow  

and would lead to in creased  estim ates of friction  factor. LDA 

could not be applied to th is  geom etry to te s t  the assum ption due 

to the d ifficu lties  of m easuring in such small dim ensions (in 

G entle's va lve the gap was 0.5mm). However, u sin g  numerical



modelling based on the geom etry featured  in fig u re  8.1, it became 

readily p ossib le  to analyse flow in such regim es, to estab lish  

undeveloped  ve lo c ity  profiles and p ressu re  grad ien ts and also to 

pred ict the o n set of turbu lence (figure 8.2 ), the shear s tr e s s e s  

within the flu id  (figure 8.3) and the exten t of w ashing action. 

From th is stu d y  it was dem onstrated that shear s tr e s se s  in 

G entle's original v a lve  were dangerously  high leading to an 

increased  likelihood of haem olysis during the r ev e rse  p ressu re  

phase of the cardiac cycle . Furtherm ore, better gu id elin es for 

the d esign  for backflow betw een twin flaps w ere proposed.

8.4 Perform ance of the Final Conduit Design

The potential for improvement of conduit d esign  has largely  been  

realised  by the ’’purpose-bu ilt"  approach. Excellent 

p ressu re /flo w  ch aracter istics  were dem onstrated, with a 226% flow  

effic ien cy  as compared with an ideal orifice. This forward flow  

effic ien cy  is  a great improvement, not only with resp ect to 

ex isting  orifice mounted v a lv es  but also in com parison with  

commercial con d u its incorporating a mitral or aortic  

m echanical/xenograft va lve. Occluder in stab ility  has been  

overcom e w ithout s ign ifican tly  a ffecting  the p ressu re /flo w  

ch aracter istics  exhibited  by the original SISO va lve . Non- 

critical shear ra tes and shear s tr e s se s  pred icted  for the final 

conduit d esig n  su g g e s t  that thromboembolism and haem olysis are 

unlikely  to be exhibited  by  th is  valve. Though such  an alysis is  

dependent on critica l va lu es being correctly  estab lish ed , th ese  

still need confirm ing in fu rth er  anim al/clinical tria ls.
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Confidence in Computational P redictions  

The apparently  poor agreem ent betw een experim ental and num erical | |
' ' j

p ressu re  grad ient pred ictions was in itia lly  a cause for concern. I
if

However, fu rth er an a lysis proved th is not to be sign ificant, a s 3

by re-m odelling the numerical regim e to match the experim ental 

situation  exactly , num erically yielded p ressu re  grad ien ts were 

made to coincide with experim ental resu lts  with high accuracy.

Moreover, the original d ifferen ces in p ressu re  grad ien ts betw een  

the numerical and experim ental resu lts  were le ss  than d ifferen ces
4

already reported  betw een experim ental resu lts  found in d ifferen t

research  programmes. Swanson (1984) ind icates that such %
■I

d iscrep an cies are to be expected  and that re-m odelling was a 

valid p rocess.

C onfidence was greatly  im proved by th e correct prediction  of 

stream w ise force on the occluder. This param eter, which is  most 

complex in its  make up, re lies  on p ressu re , v e lo c ity  (and ?;

th erefore turbu lence properties) as well as shear com ponents and 4

geom etrical factors, so the fact that th is  was correctly  

pred icted  poin ts to all its  com ponent param eters being calculated  

correctly . Good agreem ent was also seen  with the work of 

Merchant and Mazumdar (1986) for non-Newtonian flow.

Furtherm ore, the con stitu tiv e  equation incorporated into the  

numerical solution  was shown to be fun ction in g  exactly as 

expected  in laminar and tu rb u len t flow.
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8.6 Continuation of CFM Study of Heart Valves

Future com putational stu d y  of heart va lve conduits must su rely  

aim towards the replacem ent of many expensive and time consum ing  

animal trials through an ab ility  to accurately  model and a s se s s  

the in -v iv o  situation  at the d esign  stage of valve developm ent.

This step  would, how ever, be dependent on an improved knowledge  

of haemolytic and thromboembolic occu rren ces and their  

relationships with haemodynamic param eters, such  as shear s tr e s s  

shear rate and near wall turbu lence.

Such further work should include a complete LDA verification  of 

num erically pred icted  flow v e lo c itie s , and a complete 

experim ental p ressu re /flo w  ch aracteristic  appraisal for va lve  

section s identica l to the geom etries modelled num erically.

Further im provem ents to the numerical modelling would be gained  

by experim entally ju stify in g  the k -  € model at key  locations in 

the flow regime. This would again entail a LDA stu d y , to a s se s s  

the optimum valu es of em pirical con stan ts used in the tu rb u len ce  

model. It might be that th ese  con stan ts could not be u n iversa lly  

applied throughout the regim e, but might need alteration  in  

specific  areas. The model could also be improved by enhancing its  

ability  to work at low Reynolds* num bers, som ething which could  

be achieved  by se lec tin g  any one of a number of low R eynolds’ 

num bers models d iscu ssed  by Nallasamy (1987). Im provem ents could  

be even  fu rth er enhanced by an ab ility  to model in pu lsatile  

flow, although th is  might in troduce a need to vary  the turbu lence  

model con stan ts with time. Other turbulence models (see  

Nallasamy) o ffer  poten tia lly  im proved near-w all pred iction s which

'i



in turn would allow for ev en  better grid  defin ition , sin ce  at 

p resen t the c lo se s t  cell cen tre  to the wall was 0.4mm into the  

flow. Great im provem ents to computational modelling, includ ing  

an ability  to con fid en tly  stu d y  pulsatile flow s, could  

alternatively  be afforded  by the d irect solution of the Navier 

Stokes equations. Though th is  would be dependent on a large  

increase in com puter storage ab ility  and com putational sp eed , it 

might be made p ossib le  in the fu tu re by tran sp u ters.

To date, non-continuum  models of blood flow w hich might account 

for, say, the F& hraeus/L indqvist e ffec t or clo ttin g  fu n ction s, as 

described  b y  D intenfass (1962, 1964a,b) have not been  attem pted.

It is  true that such  non-continuum  models would in troduce a great  

number of unknow n q uantities, all of which would need  

estab lish in g  f ir s t , but such  modelling might rep resen t a great 

improvement in small v e s se l flow, or time dependent flow  

especia lly  if  the rate and ex ten ts  of thrombus form ation could be 

predicted  at s ite s  of haem ostasis.

Further work on the Ceramic Conduit D esigns

Further work on th e conduit must now su rely  be aimed at preparing  

the design  for m anufacture. This would entail experim ental 

assessm en t of p u lsatile  flow ch aracteristics , clin ical 

acceptab ility , te s t in g  of the material, and detailed  

m anufacturing p ro cess  specification .

Closing fu n ction s for the p roto typ e conduits in tu itiv e ly  seem to 

be good, with the occluder qu ick ly  closing onto the sea tin g  ring  

when flow is  rev e rsed , but ex ten siv e  experim entation is  n ecessa ry



in pu lsatile  flow conditions to en su re th is , and p ossib ly  to 

a s se s s  the in flu en ce of geom etrical factors, such  as in let 

d ivergen ce angle. An assessm en t of cyc lic  en erg y  lo sse s  is  also  

n ecessa ry . The seal formed betw een the occluder and the seating  

ring  was excellent and the ball was seen  to remain in the seated  

position  aga in st the action of gra v ity  for sev era l hours with 

only a v ery  small rev erse  sta tic  p ressu re .

A ccelerated wear te s ts  need to be conducted on the ball because  

Silastic has not been used in conjunction  with ceram ics before, 

in  th is typ e  of application. However, the app licab ility  of such  

te s t  resu lts  would be dependent on the expected  ingrow th of body  

ce lls  into the material, som ething which is  its e lf  a ffected  by 

material d en sity  and surface fin ish . It th erefore would be 

n ecessa ry  to conduct ingrow th te s ts , similar to Gott ring  te s ts , 

to estab lish  the rate and exten t of ingrow th.

It is  aimed to m anufacture the final LRRSICO valved  conduit with  

a 30mm blending radius design . Prelim inary te s ts  have shown th e  

va lve profile to be su itab le for slip  castin g  u sin g  99.9% pure 

alumina. Two alumina powders of 5 -1 0 Mm average particle size  

have been tested* to estab lish  their castab ility  to the  

required  form. C asting of the f ir s t  of th ese  m aterials was much 

le s s  controllable than the for second w hich could read ily  be slip  

ca st to 2mm wall th ick n ess  w ithout the need to deflocu late the  

slu rry . It is  proposed that the m anufacturing p rocess will 

proceed along two paths:

*BACO RA 10 an d  ALCOA A17 NE



i) Prototype m anufacture/feasib ility  study: the va lve  will be

slip  cast in two parts, sp lit along the radial plane at the  

cen trelin e of the forward flow occluder position . The 

castin g  will be part s in tered  and machined to ensure  

dim ensional accuracy, and to allow holes for sew ing Dacron 

conduit to the in let and ou tlet section s. Following fu ll 

s in ter in g , final assem bly will include in sertion  of the ball, 

position ing of the forward restra in in g  s tru ts  and adhesive  

jo in ing of the two halves.

ii) Production va lve manufacture: th is will entail the

m anufacture of d ies and iso sta tic  p ress in g  of the alumina 

powder into a final, dim ensionally accurate, sin g le  piece  

conduit, the form of which will include the forward  

restra in in g  s tru ts  as an in tegra l fea tu re of the outflow  

tract wall, Drilling will be n ecessa ry  to allow the join ing  

of the flexib le Dacron gra ft conduit at in let and outlet.

Final assem bly of the ball into the conduit will probably be 

carried  out with the ball being forced down a thin sectioned  

s ta in less  s tee l tube, lubricated  p ossib ly  with heparin, which  

is  in serted  into the conduit in let section  (figure 8.4).

It is  en v isaged  that dim ensional accuracy of the va lve  would be 

checked  u sin g  n o n -d estru ctiv e  radioactive an d /or  u ltrasonic  

m etrological techn iques.
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The two main aims of th is  research  program were two fold:

i) ' to a s se s s  the u se fu ln ess  of fin ite  d ifference Computational

Fluid Dynamics in the an a lysis  of heart valve function ,

whilst;

ii) u sing  CFM as a d esign  tool for the optim isation of a purpose

built va lved  heart conduit.

These aims required  the developm ent of solution algorithm s and 

techn iques for inclusion  into a proprietary  fin ite  d ifference  

code. It was also n ecessa ry  to sp ec ify  flow geom etries which not 

only accurately  rep resen ted  the severa l va lve conduits d esign ed , 

but which allowed for accurate prediction  of 

haem odynam ic/hydrodynam ic function .

For any techn ique to be of value its  employment must rep resen t  

some advantage. In fluid  dynamic terms th is could be a 

capability for use w here other tech n iq u es cannot be applied , it 

could be an ab ility  to render improved resu lts  over the other  

techn iques, or to yield  param eters that other applicable 

techn iques cannot. It m ight be argued , in certain  applications, 

that numerical flow an a lysis  can sa tis fy  all three of th ese  

categories. However, in  th is  stu d y  CFM pred ictions were not seen  

to su rp ass s ta te -o f- th e -a r t  experim ental techn iques in quality  of 

velocity  or p ressu re  grad ient prediction . N evertheless, the  

stu d y  did dem onstrate that CFM an a lysis  can be applied to 

geom etries in accessib le  to experim ental tech n iq u es, (examples 

being near-w all and in the modelling of in -v iv o  regim es) and that 

CFM will yield inform ation that is  not sa tisfactorily  obtainable
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when in -v itr o  tech n iq u es are applied to heart va lve  a ssessm en t.

In numerical an a lysis  the choice of grid type onto which the 

valve was modelled, w hether orthogonal or cu rv ilin ear, was of 

great sign ificance. The p resen t work, which examined flow around  

ball v a lves, has shown that the advantages of u sin g  non- 

orthogonal gr id s, mainly those of computer storage sav in g s, are 

outw eighed by sev era l d isad vantages, namely;

i) d ifficu lties  in ob tain ing grid independence

ii) limited p h ysica l sim ilarity between the geom etry

superim posed onto the grid

iii) poor p red iction s of momentum.

In curvilinear geom etries w here grid independence was 

estab lish ed , momentum p red ictions were seen  to be good, but no 

better than could be obtained experim entally. P ressu re  

prediction, though reliable, was not easily  made to agree with  

experim entally ob served  grad ien ts because of the d ifferen ces  

betw een the experim ental and numerical geom etries. This problem  

does not limit CFM any more than in -v itro  s tu d y , as large  

d ifferen ces in  m easured p ressu re  grad ients are cited  for similar 

valves in d ifferen t experim ental situations.

Computational fluid  dynam ics was shown to have ad van tages over  

experim entation when applied to flow areas in accessib le  to  

experim ental tech n iq u es, some examples being near to the conduit 

walls or occluder su rface  in the conduit flow; in small 

geom etries as in the back flow example p resen ted  in the  

d iscu ssion , or in a sse ssm en ts  of in -v iv o  flow with real blood.

None of th ese  situ ation s is  readily  approached experim entally
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because of the in fluence of the walls, the refraction  of 

in terrogating  beams, in teraction  on the flow by in tru siv e  probes, 

poor resolution  of probing tech n iq u es, or because of eth ical 

restra in ts  in the case  of in -v iv o  stud y . Analytical methods can 

be shown to be not only sim plistic, but questionable in the  

majority of complex flow situations.

Computational fluid  m echanics was shown to excel in its  

prediction  of shear com ponents, allowing easy  generation  of fu ll 

field  shear s tr e s s e s  and shear rate information. This facility  

greatly  enhanced in -d ep th  stu d y  of haem olytic and thromboembolic 

potentials. It is  in such an alysis that CFM is most likely  to 

make its  g rea te st contribution  to heart va lve a ssessm en t and 

d esign , because such  data cannot be read ily  be found by any other 

method. M oreover, because of the ease and speed  with which CFM 

can be applied to d ifferin g  va lve geom etries, the techn ique has 

real value in the d esign  p rocess, allowing va lve p rototyp es to be 

a sse ssed  much more rapidly than would be p ossib le  in -v itro .

However, th ere will alw ays be a need for experim entation to 

account for u n foreseen  problem s, such as ball oscillation  as 

experienced  in  the original SISO va lve , which would probably have 

gone unnoticed  in a purely  numerical stu d y . Furtherm ore, 

experim entation is  n ecessa ry  at p resen t, in the stu d y  of 

pulsatile flow which p resen ts  d ifficu lties  to CFM in the movement 

of the boundaries (ie the occluder) and because o f the breakdown  

of the turbu lence model in n on -stead y  flow. Computer run time 

and storage cap acity  would also remain a problem even  if th ese  

other d ifficu lties  cou ld  be reso lved .



The need to use a turbu lence model is the major limitation in  

CFM, even  when, what is  arguab ly  the b est turbulence model (k -  

€) is  u sed . This calls into doubt the ability  of CFM to 

correctly  pred ict fie ld s  in pu lsatile  flow (which is  why th is  

stu d y  is  p u rely  stead y  flow). Furtherm ore it can cause solution  

n on -con vergen ce  or inaccuracies in momentum predictions if 

extreme caution is  not applied when defin ing  the most critical 

flow region  near the wall, w here v isco u s, and not turbulence  

effec ts  are dominant. For th ese  reasons it became n ecessary  to 

closely  monitor the d im ensionless wall d istance (y+) at the  

f ir s t  cell cen tre , because if th is  value fell below 11.5 then  

momentum p red ictions were poor.

Further d ifficu lties  encountered  in the u se  of CFM were:

i) in d ev isin g  the com putational geom etries for modelling the  

va lve condu its. This stemmed from the fa ilure of numerical 

modelling to obtain con vergen ce in h igh ly  non-orthogonal 

ce lls , and because of the dependence of solution on the  

w all-cell cen tre  position ing.

ii) the in troduction  into the solution procedure, a con stitu tive

equation for the descrip tion  of blood flow ch aracteristics.

iii) The need to re-w rite  the generation  term (for ^) of the k -

€ model because of th e poor way in which it was calculated  

by PHOENICS. Only a poor 2-dim ensional term was available  

for u se  in PHOENICS when curvilinear geom etries were 

modelled, th is  term se v ere ly  u n d er-p red icted  shear rate in 

flow which deviated  a long way from the axial. The e ffec t
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of th is was the over-p red iction  of in trinsic  v isco s ity , and 

un der-p red iction  of k inetic en erg y  of turbulence and 

turbu lence d issipation , and th erefore poor pred ictions of 

momentum fie ld s  in general.

The fin d in gs that on ly  limited d ifferences in tu rb u len t flow  

param eters were pred icted  betw een the two d ifferen t flu ids: 

blood analogue solution  and blood (modelled via  C asson's 

con stitu tive  equation) w ere su rp risin g  as laminar flows 

exhibited  much greater d ifferen ces  in analytical and 

numerical an alysis. However, large the d ifferen ces in 

pred icted  minimum shear ra tes for the two flu id s pointed to 

analogue solution flow stu d ies  underestim ating the likely  

thromboembolic potential of a prosthetic  va lve.

Furtherm ore, on ly  one p rev ious research  program had 

num erically compared the two flu id s, and the model used  for 

blood flow was not particu larly  p recise  leaving  room to 

question  the resu lts . Modelling in a blood, was then, by no 

means a w asted exercise  as it estab lished  a reliable bench

mark aga in st which analogue flows could be compared. 

However, it is  fair to conclude that the optim isation of 

valve geom etry would not have su ffered  as a consequence of 

u sing  analogue solution in stead  of blood as the medium.

Once the com plete num erical model had been assem bled  

(including geom etry, generation  term and blood v isco s ity  

pred ictor), d esign  was g rea tly  aided by the implementation 

of CFM. The time needed to generate and te s t  a valve d esign  

was v e r y  short (around 4 hours real-tim e), th is  facilitated  

the te s tin g  of many more va lve  section s than would be
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feasib le  if an experim ental approach were adopted. 

Furtherm ore, CFM allowed for a more com plete an a lysis  of 

va lve  flow ch a ra cter istics , allowing for p red iction s of 

maxima and minima of shear s tr e s se s  and rate in the critica l 

reg ion s near to p rosth etic  su rfaces, as well as in bulk, 

th is enhanced the a ssessm en t of like ly  thromboembolic 

com plication and blood ly s is . The outcome of the d esign  

sy n th e s is  was a purpose built valved  conduit w hich exhibited  

con sid erab ly  enhanced p ressu re /flo w  ch ara cter istics , as 

compared with ex istin g  v a lv es  w hilst guaranteeing  occluder  

stab ility , and which was likely  to exhibit exceptionally  low 

thromboembolic and haemolytic potentials. It was also  

p ossib le  to lay down gu id elin es regarding su itable  

im plantation s ite s  and patients.
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APPENDIX ONE

DERIVATION OF NEWTONIAN AND NON-NEWTONIAN VELOCITY PROFILES



A l . l  N e w to n ia n  V e lo c i t y  P r o f i le  -  A n a ly t ic a l

C on sid er  a tw o d im en sion a l e lem en t o f in -c o m p r e ss ib le  flu id  in  a 
h o r izo n ta l p ip e  u n d er  w e ig h t le s s  c o n d itio n s  (F ig u re  A l . l ) .

The n e t  fo r c e  a c t in g  on  th e  c y lin d e r  is
AF = APirr2 [ A l .l ]

The v is c o u s  d rag  fo r c e  w ill be:
Fv = 2 r  irrl [A1.2]

For s te a d y  fu lly  d e v e lo p ed  flow  in  equ ilibriu m :
APirr2 = 2 ir r r l  [A1.3]

Then:
T  = APr/21 [A1.4]

T h is g iv e s  th e  sh e a r  s t r e s s  in  th e  flu id  a n t a n y  r a d iu s  *r* and  
th e  sh ea r  s t r e s s  a t th e  w all ’rw’ b y  th e  s u b s t itu t io n  o f ’R’ 
fo r  V ,  a lso , a s  th e  sh e a r  s t r e s s  is  a lin ea r  r e la t io n sh ip  w ith  
r e s p e c t  td r a d iu s  and  a maximum a t th e  w all (for p ip e  flow ) then: 

r  -  t w r [A1.5]
R

From th e  d e f in it io n  o f dynam ic v is c o s i ty  (p )

W here one d im en sion a l sh e a r  ra te
¥ = -  d w /d r  [A1.6]

A r e la t io n sh ip  for  v e lo c ity  can  be a r r iv e d  a t b y  se p e r a t in g  and  
in te g r a tin g :

dw = -  C AP r dr
J 2 m1

w = -(A p /4 M l)r 2

p u tt in g  in  th e  b o u n d a ry  c o n d itio n s  (at r = R, w = 0) g iv es:  
w = AP (R2 -  r 2) [A1.7]
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A1.2 N o n -N e w to n ia n  V e lo c i t y  P r o f i le

S h ear s t r e s s  in  sim p le lam inar flow  is  fo u n d  from  th e  re la tio n sh ip

T  =  M l  £  

w here:
M l  is  th e  N ew tonian  v is c o s i ty  
fo r  in c o m p r e ss ib le  f lu id s:

-  2 / / 1_ a u i2 + I a v  \2 + 1 d w \2 \ +
\ \  r aej \ dr) 1 dz ) j

I au  + 1  d v \2 + /a w  + a v \ 2 + /a u  + 1  a w i2 [a i .8 ]
1 dr r d 61 \ dr dz / \d z  r d©]

The com plex blood v is c o s i t y  Ma in  th e  com p u tation a l s tu d y  r e p la c e s
th e  lam inar v is c o s i ty ,  th u s:

M l  = Ma = t / %

W orking w ith  th e  C asson  e q u a tio n  a s  th e  d e s c r ip to r  o f ap p aran t  
v is c o s i ty  a v e lo c ity  p r o file  can  be d ev e lo p ed :

t  = (sJT  + frP )2 [3.7]

from  s te a d y  lam inar p ip e  flow:
r = APr/21 [A1.9]

s u b s t itu t in g  g iv e s
A p r  = s - M J T  + f r y ) 2 

21
or

£ = {-pry ± J( A P r/2 1 )/s}2

a s   ̂ = ~ d w /d r , th e n  se p a r a tin g  v a r ia b le s  and m u ltip ly in g  o u t g iv es:  
-d w  = {7*y ± 2 J{ry  (A Pr/21)} + APr/21} 1 / s 2 dr

or

L
z i I t  y ± 2 J / Ty APr\ + APr \ d r

s 2 \ I 21 I 2, j

= =1 j  TyV ± 4 JI t ,  AP \r 3/2 + APr2\
s 2

\  3 1 21 ) 41 )
[A1.10]
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f in d in g  th e  c o n sta n t  o f  in te g r a tio n  b y  a p p ly in g  a know n b ou n d ary  
cond ition :

a t r = R, w r 0
then:

s 2

th ere fo re:

I T y R ± 4 J[TTy AP [ R3̂ 2 + AP R2\

\ 3 \ 21 / 41 J

w = l_ /r y (R -r )  ± 4 J'f r y APUH -r)3/* + A P(R -r)2  ̂
s 2 \  3 I 21 I 41 )

f in a lly  then:
w = J L / t y(R -r) -  4 J7Ty“TFj (R -r)3/a + AP(R~r)2\

sM  3 I 211 41 / [ A l . l  1 ]

I 
f.

I
A

The c o r r e c t  root o f th is  eq u ation  i s  n ot o b v io u s  b u t w as fou n d  to  b e  3
th e  n e g a tiv e  root fo llow in g  th e  a n a ly s is  o f CFM r e s u lt s .  I

• i

Al .4



APPENDIX TWO

LRR SERIES GRID GENERATION CODING



T his in te r a c tiv e  F ortran  program  w ould read  th e  req u ired  
geom etry  for  each  LRR s e r ie s  v a lv e , ca lcu la te  each  o f th e  
(NX+l)x(NY+l)x(NZ+l) p o in ts  o f th e  cu r v ilin ea r  g r id . O utput 
from th e  program  w as in  th e  form at su ita b le  for  in p u t to  
PHOENICS v ia  th e  ’rea d co ’ command. G eom etry g en e r a tio n  is  b ased  
on th e  22mm diam eter co n d u it, and s iz e  v a r ia tio n  is  a c h iev e d  b y  
m ultip lication  b y  a c o n v e r s io n  fa cto r .

DIMENSION XC (10,40,200), YC( 10,40,200), ZC(10,40,200)
DIMENSION T(200),CSUBL(20Q), BSUBL(200), ZCSUBL(200)
DIMENSION ZBSUBL(200)
DOUBLE PRECISION Rb,Rc,Rs,A,Ro,C,D,pi,Dtop,Dout,IRAD,Dwl,DCON  
DOUBLE PRECISION ZFRACl,ZFRAC2,Ti,Tn,Z,RES,Din 
DOUBLE PRECISION ANG,YRAD,DRAD,ZRAD,YYCTR,ZYCT^Ct>NV 
INTEGER NX,NY,NZ,NO,NC,NW,ITER,Nb,I,J,K,Ct,NL,NU^S,NE,NP 
INTEGER NR, NT, IOF, OOF, NCON, NSUBL 
CHARACTER ST, SO
OPEN(UNIT=31,STATUS=’UNKNOWN’,FILE=’3DHV.DAT’)

USER INPUT SECTION

NX is  th e  num ber o f CELLs in  th e  X d irec tio n  = 90 d eg r e es /N X
NY is  th e  num ber o f CELLS in  th e  Y d ir ec tio n  (as p er  p h o e n ic s )
NZ is  th e  num ber o f CELLS in  th e  Z d irec tio n  (as per  p h o e n ic s )
NO is  th e  n u b er  o f  th e  c e ll a t  th e  ball c e n tr e  lin e
Nb is  th e  num ber o f ba ll su r fa c e  c e lls

WRITE(5,15)
FORMAT(IX,*IS INLET PROFILE STRAIGHT? (Y /N )’)
READ(6,20) ST 
FORMAT (A l)
WRITE(5,16)
FORMAT (IX ,’IS OUTLET PROFILE STRAIGHT? (Y /N )')
READ (6,20) SO 
WRITE (5,30)
FORMAT(lX,’INPUT NX, NY, NZ’)
READ (6,*) NX,NY,NZ 
WRITE(5,40)
F0RMAT(1X,’INPUT RADIUS (mm), ZFRAC1 (mm), ZFRAC2 (mm)’)
READ(6,*) IRAD, ZFRAC1.ZFRAC2
ZFR AC 1=ZFR AC 1/1000
ZFRAC2=ZFRAC2/1000
WRITE(5,55)
FORMAT(IX,’INPUT BALL-CENTRE CELL, No. OF CELLS ON BALL’)
READ{6,*) NO,NB
WRITE(5,60)



F0RMAT(1X,’INPUT X-DIRECTION ANGLE (d e g r e e s ) ’)
READ(5,*)ANG
WRITE(5,10)
F0RMAT(1X,’INPUT No. OF OFFSET NODES: INLET, OUTLET’)
READ(6,*) IOF, OOF
WRITE(5,32)
FORMATdX,’INPUT FIRST THICKNESSES ON BALL (m E -4)’) 
READ(6,*)BSUBL(1)
WRITE(5,33)
FORMAT(IX,’INPUT FIRST THICKNESSES AT CONDUIT (raE-4)’) 
READ(6,*)CSUBL(1)
WRITE(5,34)
F0RMAT(1X,’INPUT CONDUIT RADIUS (mIn), )
READ(6,*) Rc
BSU BL(l)=BSU BL(l)/1000t5
CSUBL(1)=CSUBL(1)/10000
Rc=Rc/1000

CONSTANTS SECTION

A is  th e  co n d u it area  and Rb is  th e  b a ll ra d iu s
pi=3.1415926
A=Rc**2*pi
CONV=Rc/11.0E-3
Rb=0.01235*CONV
NX=NX+1
NY=NY+1
NZ=NZ+1
NB=NB/2
NSUBL=1
DO 2 K= 1,NZ
BSUBL(K)=BSUBL(1)
CSUBL(K)=CSUBL(1)
CONTINUE

TO GENERATE Z-WISE NODES (Z INCREASING FROM 1 TO NZ)

For in le t  a t c e n tr e lin e

NF=NO-NB 
NE=NO+NB 
DO 25 K=1,NF 
ZC d,l,K )=ZFR A C l#(K -l)
CONTINUE

For th e  in le t  fa ce  o f th e  ball



c
ZC(1,1,N0)=ZC(1,1,NF)+Rb 
DO 50 K=NF+l,NO-l
Z C (l,l,K )=Z C (ltl,NO)-Rb*SIN(Pi*(NO-K)'/(2*NB))

50 CONTINUE
C
C For th e  back  fa ce  o f th e  ball
C

DO 75 K=NO,NE
ZC (M ,K )=ZC(l,l,NO )+Rb*SIN(Pi*(K -NO )/(2*NB))

75 CONTINUE
C
C For o u tle t  a t c e n tr e lin e
C

DO 100' K=NE+1,NZ 
ZC(1,1,K)=ZC(1,1INE)+ZFRAC2*(K-NE)

100 CONTINUE
C
C For in le t c o n d u it w all
C

Dwl=ZC(l,l,NO)-(2.232069E-3*CONV)
IFtST.EQ.’Y*) Din=ZC(l,l,NO)-(16.98356E-3*CONV) 
IF(ST.EQ.,N’) Din=ZC(l,l,NO)-(15.51564E-3*CONV) 
NC=NF+IOF 
DO 125 K=l,NO
IF<Dwl.GE.ZC(l,l,K).AND.Dwl.LE.ZC(l,l,K+l)> NW=K+1 

125 CONTINUE
DO 150 K=1,NC-1 
Z C (l,N Y ,K )=(D in /(N C -l))*(K -l)

150 CONTINUE
C
C For d iv e r g e n t  se c tio n
C

IFfST.EQ.’N’) GOTO 165 
DO 160 K=NC,NW
ZC(l,NY,K)=Din+((K-NC)*<Dwl-Din)/(NW -NC)) 
YC(l,NY,K)=Rc+((K-NC)*(5.53853E-3*CONV)/(NW -NC)) 

160 CONTINUE
DO 162 K=NW+l,NO
ZC(l,NY,K)=Dwl+((K-NW )*(ZC(l,l,NO)-Dwl)/(NO-NW )) 
YC(l,NY,K) = 16.53852E-3*CONV 

162 CONTINUE
GOTO 212 

165 DO 175 K=NC,NO
Ti= (35.3352+((K-NC)* (9 0 -3 5 .3352)/(N O -N C )))*2*P i/360  
Ro=(A/(Pi*DSIN(Ti))+Rb**2)**.5



ZC (1 ,NY,K)=ZC (1,1 ,N 0) -Ro*DCOS (T i)
YC(l,NY,K)=Ro*DSIN(Ti)

175 CONTINUE
C
C For c o n v e r g e n t  o u tle t  sec tio n
C
212 Dcon=ZC (1,1 ,N 0)+4.6296E-3*CONV

IF(SO.EQ.’Y’) Dout=ZC(l,l,NO)+(30.06641E-3*CONV) 
IF(SO.EQ.'N’) D out=Z C (l,l,N O )+(15.51564E -3*conv)
NP=NE-OOF 
ZC (1 ,N Y ,NP)=Dou t  
DO 250 K=NO,NP
ZC(l,NY,K)=ZC(l,l,NO )+(Dout-ZC<l,l,NO ))*(K -NO )/(NP-NO) 
IF(Dcon.G E.ZC(l,l,K )*AND.Dcon.LE.ZC(l,l,K +l)) NCON=K+l 

250 CONTINUE
IF(SO.EQ*,Yl ) ZC(l,NY,NCON)=Dcon

C
C For co n d u it o u tle t
C

DO 275 K=NP+1,NZ
ZC (l,NY ,K )=Dout+((K -NP)*(ZC(l,l,NZ)-Dout)/(NZ~NP))

275 CONTINUE
C
C TO GENERATE Y-WISE NODES
C
C P rofile  o f th e  ball and c e n tr e  lin e  (in le t)
C

DO 285 K=1,NF 
YC(1,1,K)=0,0 

285 CONTINUE
DO 300 K=NF+l,NO-l
Y C (l,l,K )= (R b **2-(Z C (l,l,N O )-Z C (l,l,K ))**2)** .5  

300 CONTINUE
C
C in le t  C onduit w all
C

DO 325 K=1,NC-1 
YC(l,NY,K)=Rc 

325 CONTINUE
C 
C
C To g e n e r a te  th e  p ro file  o f th e  ball and c e n tr e  lin e  (ou tlet)
C
330 DO 400 K=NO,NE-l

Y C (l,l,K )= (R b **2-(Z C (l,l,K )-Z C (ll l lNO))**2)**.5  
400 CONTINUE
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DO 425 K=NE,NZ 
YC(1,1,K)=0.0 

425 CONTINUE
C
C To g e n e r a te  th e  ou tflow  tr a c t  and co n d u it wall:
C
C for  s tr a ig h t  o u tle t  p ro file

IFISO.EQ.’Y*) GOTO 675
C
C v ia  N ew ton_R aphson ite r a tio n  for  th e ta  b ased  on  Z
C

T (N 0 -l)= p i/2  
DO 650 K=NO,NP 
ITER=0 
Ti=T(K -l)

550 Ro=(A/(Pi*D SIN(Ti))+Rb**2)**.5
C=Ro*DCOS(Ti)-(ZC(l,NY,K)-ZC(l,l,NO))
D=(A/(2*pi*Ro*{DTAN(Ti))**2))+(Ro*DSIN(Ti))
Tn=Ti+(C/D)
RES=Tn-Ti
IF ((D A B S(T n-T i)),L T .lE -16) GOTO 600 
Ti=Tn
ITER=ITER+1 
GOTO 550 

600 ITER=ITER+1
T(K)=Tn
YC(l,NY,K)=Ro*DSIN(Tn)

625 FORMAT(lx,’Zr»,D14.7,» Y ^ D H .? ,*  Theta=»,D14.7,* Ro=, ,D14.7)
WRITE(6,*)

650 CONTINUE
GOTO 710 

675. DO 690 K=NO+l,NCON
ZC(l|NY ,K )=ZC (l,l,NO )+(Dcon-ZC (lfl,NO))*(K-NO)/(NCON-NO) 
YC(l,NY,K)=16.53852E--3*CONV 

690 CONTINUE
DO 700 K=NCON+l,NP
ZC (1 ,NY ,K)=Dcon+( (K-NCON) * (Dou t-D con ) /  (N P-N con))
YC (1 ,NY ,K)=(16.53852E-3*CONV)+( (NCON-K) *

1 (5,53852E-3*CONV)/(NP-NCON))
700 CONTINUE
C
C O utlet C onduit wall
C
710 DO 725 K=NP+1,NZ

YC(l,NY,K)=Rc 
725 CONTINUE
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c
c
c

To add  b len d in g  ra d iu s a t e x it  from  c o n v e r g e n t  se c tio n

IF(IRAD.EQ.O) GOTO 799 
IF(IRAD.EQ.5) GOTO 730 
IF(IRAD.EQ.IO) GOTO 740 
IF(IRAD.EQ,15) GOTO 750 
IF(IRAD.EQ.20) GOTO 760 
IF(IRAD.EQ.25) GOTO 762 
IF(IRAD.EQ.30) GOTO 764 
IF(IRAD.EQ.35) GOTO 766 
IF(IRAD.EQ,40) GOTO 768 
IF(IRAD.EQ.45) GOTO 769 

730 YRAD=16,OE-3*CONV
ZRAD=ZC(l,l,NO)+(16.96194E-3*CONV)
DRAD=ZRAD-(2.63495E-3*CONV)
GOTO 770 

740 YRAD=21.0E-3*CONV
ZRAD=ZC(1,1,NO)+U8.36702E-3*CONV)
DRAD=ZRAD~(5.13290E-3*CONV)
GOTO 770 

750 YRAD=26.0E-3*CONV
ZRAD=ZC(l,l,NO)+(19.71856E-3*CONV)
DRAD=ZRAD-(7.40829E-3*CONV)
GOTO 770 

760 YRAD=31.0E-3*CONV
ZRAD=ZC(1,1,NO)+(21.00906E~3*CONV) 
DRAD=ZRAD-~(10.26579E-3*CONV) 
GOTO 770 

762 YRAD=36.0E-3*CONV
ZRAD=ZC(1,1,NO)+(22.24108E~3*CONV) 
DRAD=ZRAD-(11.38148E-3*CONV) 
GOTO 770 

764 YRAD=41,OE-3*CONV
ZRAD=ZC(l,l,NO)+(23*41892E-3*CONV) 
DRAD=ZRAD-(13.13019E-3*CONV) 
GOTO 770 

766 YRAD=46.0E-3*CONV
ZRAD=ZC(l,l,NO)+(24.54724E-3*CONV) 
DRAD=ZRAD-(14.75082E-3*CONV) 
GOTO 770

768 YRAD=51.0E-3*CONV 
ZRAD=ZC{1,1,NO)+(25.63064E-3*CONV) 
DRAD=ZRAD-(16.26468E-3*CONV) 
GOTO 770

769 YRAD=56.0E-3*CONV
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ZRAD=ZC(l,l,NO)+(26.67348E-3*CONV)
DRAD=ZRAD- (17.68767E -3 * CON V)

770 DO 780 K=NO,NZ
IF (DRAD.GE.ZC(1 ,NY,K). AND.DRAD.LE.ZC( 1 ,NY,K+1)) NR=K 
IF(ZRAD.GE.ZC(1,NY,K).AND.ZRAD.LE.ZC(1,NY,K+1)) NT=K 

780 CONTINUE
ZC(1,NY,NR)=DRAD 
ZC(1,NY,NT)=ZRAD 
IRAD=IRAD*CONV/1000 
DO 790 K=NR,NT
ZC (1 ,NY ,K)=DRAD+ ( (ZRAD-DRAD) * (K-NR)/(NT-NR)) 
YC(1,NY,K)=YRAD-<IRAD**2-(ZRAD-ZC(1,NY,K))**2)**.5 

790 CONTINUE
ZC(1,NY,NT+1)=ZC(1,NY,NT)+0.5*ZFRAC2

C
C TO GENERATE THE INTERMEDIATE Y VALUES (Y = 2 TO NY-1)
C
799 CONTINUE

DO 802 K=1,NF-1 
BSUBL(K)=YC(1,NY,K)/NY

802 CONTINUE
DO 803 K=NE+1,NZ 
BSUBL(K)=YC(1,NY,K)/NY

803 CONTINUE
DO 801 K=1,NZ
ZCSUBL(K)=(ZC(1,NY,K)-ZC(1,1,K))#CSUBL(K)/(YC(1,NY,K)

1 -YC(1,1,K))
ZBSUBL(K)=(ZC(1,NY,K)-ZC(1,1,K))*BSUBL(K)/(YC(1,NY,K)

1 -YC(1,1,K))
801 CONTINUE

DO 820 K=1,NZ
ZYCTR=(ZC(1,NY,K)-ZC(1,1,K))-(ZCSUBL(K)+ZBSUBL(K))
YYCTR=(YC(1,NY,K)-YC(1,1,K))-(CSUBL(K)+BSUBL(K))

C DO 800 J=1,NSUBL+1
YC(1,2,K)=YC(1,1,K)+BSUBL(K)
ZC(1,2,K)=ZC(1,1,K)+(ZBSUBL(K)/NSUBL)
YC(1,NY-1,K)=YC(1,NY,K)-CSUBL(K) 
ZC(1,J,K)=ZC(1,NY,K)-ZCSUBL(K)
DO 820 J=3,NY-2
ZC(l,J,K)=ZC(l,l,K)+ZBSUBL(K)+(ZYCTR*(J-2)/(NY-3)) 
YC(l,J,K )=YC(l,l,K)+BSUBL(K ) + (YYCTR*(J-2)/(NY-3))

820 CONTINUE
C
C TO INTRODUCE THREE-DIMENSIONALITY IN X-PLANE
C

D X =(A N G /(N X -l))*2*Pi/360
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DO 900 K=1,NZ 
DO 900 J=1,NY 
DO 900 1=2,NX 
ZC<I,J,K)=ZC(1,J,K)
YC(I,J,K )=YC(l,J,K )*CO S(DX*(I-l))
XC(I,J,K)=YC(1,J,K)*SIN(DX*(I-1))

900 CONTINUE
C
C TO OUTPUT TO DISK THE GENERATED GRID PILE NAMED: 3DHV.DAT
C

WRITE(31,1200) NX, NY, NZ 
DO 1100 K=1,NZ
WRITE(31,1225) ((XC(I,J,K),J=1,NY),I=1,NX)
WRITE(31,1225) ((YC(I,J,K),J=l,NYHt=l,NX)
WRITE(31,1225) ((ZC(I,J,K),J=^NY),I=1,NX)

1100 CONTINUE
WRITE(31,1125)

1125 FORMAT (’ FILENAME=3DHV.DAT’)
1200 FORMAT (315)
1225 F0RMAT(5(1PE13.6))

CLOSE(31)
CLOSE(32)
END
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APPENDIX THREE

PHOENICS (Q l) INPUT FILE



The f ile  below  is  ty p ic a l o f th e  PHOENICS in p u t f ile  for  v a lv e  flow  in  
BFC g r id s . The lin e s  o f th e  f ile  w h ich  are  in d en ted  b y  tw o or m ore 
c h a r a c te r s  are  com m ents and w ould not be o p era ted  on  b y  PHOENICS. Of 
th e s e  com m ent f ie ld s  th e  lin e s  in d e n ted  b y  o n ly  tw o c h a r a c te r s  are  
l in e s  th a t w ere  op era ted  on  in  ea r lier  r u n s  or r u n s  u s in g  d iffe r e n t  
f lu id s , b u t w h ich  h a v e  b een  in d en ted  so  a s  n ot to  be a c tiv e  in  th e  
p r e s e n t  ru n . The ita lic s  comm ent f ie ld s  h ave  b een  added  a fte r w a r d s  in  
o rd er  to  aid u n d e r s ta n d in g  a s  p a r t o f th e  th e s is .

T his p a rticu la r  in p u t f ile  w as to  m odel th e  flow  o f 21.11/m in o f b lood  
th r o u g h  th e  f in a lise d  ’LRRSICO’ v a lv e  w ith  a 30mm b len d in g  ra d iu s . The  
ru n  w as r e -s ta r te d  from  a p r e v io u s  ru n , th e  r e s u lt s  o f w h ich  w ere  h eld  
w ith in  a  f ile  nam ed ’BIT.DAT*. C o n v ectiv e  lin k s  w ere  d isab led  and  th e  k 
-  € tu r b u len ce  m odel, su ita b le  w all and in le t  and o u tle t  c o n d itio n s
w ere  sp e c if ie d  in  g ro u p  13. The num ber o f  sw e e p s  w as s e t  to  300 b u t  
c o n v e r g e n c e  w as com pleted  in  a le s s e r  num ber o f sw e e p s . A seco n d  ru n  
w as ca rried  o u t a fte r  c o n v e r g e n c e , th is  a llow ed th e  o u tp u ttin g  o f  data  
to  p lo t f ile s .

TALK=F;RUN( 1, 2);VDU= 2 
GROUP 1. Run t it le  

TEXT(211/min BLOOD LRRSIC030 CONDUIT DIA = 16mm) 
REAL(WIN,REYNO,RAD,DIA,MU,YIELD,SLOPE,TKEIN,EPIN,GMIXL) 
REAL(QIN, ANGLE, SUBL, BLEND)
INTEGER(PLT)
BLEND=30.0
RAD~12.0E-3
DIA=RAD*2
W IN=1.75*(8E-3**2/RAD**2)

MU=3.323E-3
MU=1.002E-3

SLOPE=0.053001 V is c o s i ty  n o t  c o n s ta n t
YIELD=0.004800 b u t  s e t  v ia  ENUL=GRND7
ANGLE=5.0
QIN=RAD**2*3.1415926*WIN*60000

GROUP 2. T ran sien ce; t im e -s te p  sp e c if ic a tio n  
GROUP 3. X -d iree tio n  g r id  sp e c if ic a tio n  

NX=1
GROUP 4. Y -d irec tio n  g r id  sp e c if ic a tio n  

NY=30 
SUBL=0,8

GROUP 5. Z -d irection  g r id  sp e c if ic a tio n  
PARAB=F. E llip t ic  s o l v e r  e m p lo y e d
NZ=120

GROUP 6. B o d y -f it te d  co o rd in a tes  or g r id  d isto r tio n
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BFC=T;NONORT=T
READC0{B21) G rid  d e f in i t io n  r e a d . ,
RSTGEO=F (ea ch  tim e  a s  a  d a ta  f i l e )
SAVGEO=F (a n d  g r i d  i s  n o t  s t o r e d )

GROUP 7. V ariab les s to r e d , so lv ed  & named 
so lv e  for  p r e s su r e  (w h o le -fie ld ) and v e lo c ity .

S0LVE(V1,W1) v a r ia b le s  s o l v e d  f o r
S0LUTN(P1,Y,Y,Y,N,N,N) P r e s s u r e  s o l v e d  w h o le - f ie ld
VISL=17,NAME(17)=ENUL 
VIST=18,NAME(18)=ENUT 
NAME (19) =GAMA
NAME(20)=TAUL v a r ia b le s  n a m e d
NAME (21)=TAUT 
NAME(22)=TTAU 
STORE(ENUL,ENUT,VCRT,WCRT,V2,W2,GAMA,TAUL,TAUT,TTAU)

GROUP 8. Term s (in  d iffe r e n tia l eq u a tio n s) & d e v ic e s  
DIFCUT=0.0 n o  c o n v e c t io n  -  a l l  d i fu s io n

GROUP 9. P r o p e r tie s  o f  th e  medium (or media)
TURMOD(KEMODL) a c t i v a t e  k  -  € m o d e l

RHOl=1107.3
RH01=1056.17 th e  d e n s i t y  o f  b lo o d

RH01=998.2
GROUP 10, I n te r -p h a s e - tr a n s fe r  p r o c e s s e s  and p r o p e r tie s  
GROUP 11. In itia liza tion  o f  v a r ia b le  or p o r o s ity  f ie ld s  

INIADD=F.
NAMFI=B17

** C alculation o f  KE (w h ere fr ic= 0 .018).,. 
TKEIN=0.25*(WIN**2)*0.018 in i t ia l  g u e s s  a t  k  f i e ld

** C alculation o f  EP (w h ere lmix=0.09 x h )...
GMIXL=0.09*RAD
EPIN=(TKEIN**1.5)*0.1643/GMIXL in i t ia l  g u e s s  a t  €  f i e l d

** In itia l v a lu e s  
FIINIT(P1)=0.1 
FIINIT(V1)=WIN/100 
FIINIT(W1)=WIN 
FIINIT(ENUL)=MU/RH01 
FIINIT (KE)=TKEIN 
FIINIT(EP)=EPIN 
FIINIT (ENUT)=MU/RH01 

FIINIT (P I )=READFI 
FIINIT(V1)=READFI 
FIINIT (W1)=READFI 
FIINIT(ENUL)=READFI S v a lu e s  r e a d  fro m  e x i s t in g
FIINIT (KE) sREADFI \  f i e ld
FIINIT(EP)zRE4i)^I 
FIINJT (ENUJ1) J=READ FI
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GROUP 12. C on vection  and d iffu s io n  a d ju stm en ts  
GROUP 13. B ou n d ary  c o n d itio n s  and sp ec ia l so u r c e s  
In le t  co n d itio n s  

PATCH(INLET,L0W,1,NX,1,NY,1,1,1,1)
C0VAL(INLET,P1,FIXFLU,WIN*RH01);C0VAL(INLET,W1,0NLYMS,WIN)
COVAL (INLET,KE,ONLYMS,TKEIN);COVAL(INLET,EP,ONLYMS,EPIN)

O utlet co n d itio n s
PATCH(OUTLET,HIGH,1,NX,1,NY,NZ,NZ,1,1);COVAL(OUTLET,P1,FIXVAL,0.0)

Ball su r fa c e  fr ic tio n  
PATCH(BALL,SWALL,1,NX,1,1,26,73,1,1)
COVAL(BALL,V1,0.0,0.0)
COVAL (BALL,W1,GRND2,0.0)
COVAL (BALL,KE,GRND2,GRND2);COVAL (BALL,EP,GRND2,GRND2)

C onduit w all s u r fa c e  fr ic tio n  
PATCH(COND,NWALL,l,NX,NY,NY,l,NZ,l,l)
COVAL(COND,V1,0,0,0.0)
COVAL(COND,W1,GRND2,0.0)
COVAL(COND,KE,GRND2,GRND2);COVAL(COND,EP,GRND2,GRND2) 
ENUL=GRND7,VISL=17 U se C a sso n t w r i t t e n  in  *GROUND’

GROUP 14. D ow nstream  p r e s s u r e  for  PARAB=.TRUE.
GROUP 15. T erm ination o f sw eep s  

LSWEEP=300 N u m b e r  o f  i t e r a t io n s
GROUP 16. T erm ination o f  ite r a tio n s  
GROUP 17. U n d er-re la x a tio n  d e v ic e s  

RELAX(P1,LINRLX,0.5) U n d e r  r e la x a tio n  te r m s
RELAX(V1,FALSDT,0.3)
RELAX (W1,FALSDT,0.3)
RELAX(KE,FALSDT,0.3)'
RELAX(EP,FALSDT,0.3)

GROUP 18. Limit on  v a r ia b le s  or in crem en ts  to  them  
GROUP 19. Data com m unicated b y  sa te llite  to  GROUND 

** If  p lo ts  are  r e q u ire d  s e t  PLT = 1 
PLT=0 
RG(1)=RH01 
RG(2)=MU 
RG(4)=SLOPE 
RG(5)=YIELD 
RG(6)=QIN 
RG(7)=ANGLE 
RG(8)=SUBL 
RG(9)=BLEND 
IG(1)=PLT 
GENK=T

GROUP 20. P relim inary p r in t-o u t  
GROUP 21. P r in t-o u t  o f v a r ia b le s  

OUTPUT (PI,Y,Y,Y,Y,Y,Y)

> v a lu e s  s e n t  to  *GROUND*

/
a c t i v a t e  s h e a r  r a t e  g e n e r a to r

)

K
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OUTPUT (V2,N,N,N,N,N,N) \
OUTPUT(W2,N,NtN,N,N,N) > o u tp u t  to  r e s u l t s  f i l e
OUTPUT(VCRT,N,N,N,N,N,N) J
OUTPUT (W CRT ,N ,N ,N ,N ,N ,N)
INIFLD=F.

GROUP 22. S p ot-va lu e p r in t-o u t  
TSTSWP=1 
NPRINT=LSWEEP 
IPLTL=LSWEEP 
IXMON=l;IYMON=l;IZMON=71

GROUP 23. Field p r in t-o u t and plot control
NXPRIN=NXtNYPRIN=NY,NZPRIN=NZ
NPLT=1
NCOLCO=70
NUMCLS=7

GROUP 24. Dumps for resta r ts  
NSAVE=B21 
NOWIPE=T.

AUTOPS=T.
RESTRT(ALL)
STOP
NAMFX=B21 
FIINIT (P I)=READFI 
FIINIT (VI)=READFI 
FIINIT (W1)=READFI 
FIINIT (ENUL)=READFI 
FIINIT (KE)=READFI 
FIINIT (EP)=RE ADFI 
FIINIT (ENUT) =READFI 
LSWEEP=5 
IG(1>=1
NXPRIN=NX,NYPRIN=1,NZPRIN=1
RESTRT(ALL)
STOP

f i l e  f o r  to k e n i s e d  r e s u l t s  
v a lu e s  d e f a u l t  a s  a b o v e

r e - s t a r t  fro m  p r e v io u s  r u n

s t a r t  o f  s e c o n d  r u n

s e n d  d a ta  to  p lo t  f i l e s
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APPENDIX FOUR

STATISTICAL ANALYSIS OF RADIAL SHEAR 

STRESS VARIATION FOR TURBULENT PIPE FLOW



A4.1 S tatistica l A nalysis o f Radial Shear S tress

The Minitab sta tistica l package was used  to an alyse  the shear  
s tr e s s  profile  acro ss  a radial section , in  tu rb u len t pipe flow  
predicted  by PHOENICS. This relationship  was compared with  
experim ental r e su lts  p resen ted  by Laufer (1964). Pipe diameter 
was 20mm. The fina l an a ly sis  show s a v e r y  h igh  correlation  
betw een PHOENICS and Laufer.

A4.2 Table o f Data

PHOENICS LAUFER 1

0.65764 1.02163 tf.95
0.98576 0.90585 0.85
0.80790 0.78379 0.75
0.68390 0.67386 0.65
0.57146 0.56778 0.55
0,46415 0.46540 0.45
0.35961 0.35978 0.35
0.25656 0.25667 0.25
0.15408 0.15387 0.15
0.12087 0.05254 0.05
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A4.3 Plot of PHOENICS Non-dim ensionalised Shear S tr e ss  V ersus  
Normalised Radius

1.00+

PHOENICS-

0.75+

0.50+
*

*

0.25+

*
*

+--------------- +--------------- +--------------- +----------------+----------------+-RAD
0.00 0.20 0.40 0.60 0.80 1.00

A4.4 R egression  o f PHOENICS Shear S tress  aga in st Normalised Radius

The reg r essio n  equation is  
PHOENICS = 0.0671 + 0.878 RAD

Predictor Coef S td ev  t-ra tio
Constant 0.06712 0.07155 0.94
RAD 0.8782 0.1241 7.08

s  = 0.1127 R -sq  = 86.2% R -sq(adj) = 84.5%
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A4.5

A nalysis o f Variance

SOURCE DF SS MS
R egression 1 0.63620 0.63620
Error 8 0.10161 0.01270
Total 9 0.73782

Obs. RAD PHOENICS Fit St dev . Fit Residual
St.Resid
1 0.950 0.6576 0.9014 0.0662 -0.2437 -2.67R
2 0.850 0.9858 0.8135 0.0562 0.1722 1.76
3 0.750 0.8079 0.7257 0.0472 0.0822 0.80
4 0.650 0.6839 0.6379 0.0402 0.0460 0.44
5 0.550 0.5715 0.5501 0.0362 0.0214 0.20
6 0.450 0.4642 0.4623 0.0362 0.0019 0.02
7 0.350 0,3596 0.3745 0.0402 -0.0149 -0 .14
8 0.250 0.2566 0.2867 0.0472 -0.0301 -0 .29
9 0.150 0.1541 0.1988 0.0562 -0.0448 -0.46
0 0.050 0.1209 0.1110 0.0662 0.0098 0.11

I

R denotes an obs. w ith a large s t. resid .

Plot of L aufer’s  N on-dim ensionalised Shear S tr e ss  aga in st  
♦Normalised Radius

LAUFER -
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A4.6 R egression  of Laufer’s Shear S tress  aga in st Normalised Radius

The reg ressio n  equation is  
LAUFER = -  0.0112 + 1.07 RAD

Predictor
Constant

Coef
-0.011213

Stdev
0.006108

t-ra tio
-1.84

RAD 1.07066 0.01059 101.07

s = 0.009622 R -sq  2 99.9% R -sq(adj) = 99.9%

A nalysis of Variance

SOURCE DF SS MS
R egression 1 0.94571 0.94571
Error 8 0.00074 0.00009
Total 9 0.94645

Obs. RAD LAUFER Fit S tdev.F it Residual St.Rei
1 0.950 1.02163 1.00591 0.00566 0.01572 2.02R
2 0.850 0.90585 0.89885 0.00480 0.00700 0.84
3 0.750 0.78379 0.79178 0.00403 -0.00799 -0.91
4 0.650 0.67386 0.68472 0.00343 -0.01086 -1.21
5 0.550 0.56778 0.57765 0.00309 -0.00987 -1.08
6 0.450 0.46540 0.47058 0.00309 -0.00518 -0.57
7 0.350 0.35978 0.36352 0.00343 -0.00374 -0.42
8 0.250 0.25667 0.25645 0.00403 0.00022 0.02
9 0.150 0.15387 0.14939 0.00480 0.00448 0.54

10 0.050 0.05254 0.04232 0.00566 0.01022 1.31

R denotes an obs. w ith a large st . resid .
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A4.7

A4.8

Plot of Shear S tress: PHOENICS V ersus Laufer

1.00+

PHOENICS-

0.75+

0.50+

I
$

0.25+

+—
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0.40 0.60

 +------------- LAUFER
0.80 1.00

R egression  o f PHOENICS V ersus Laufer’s Shear S tr e s se s

The reg ressio n  equation  is  
PHOENICS = 0.0789 + 0.815 LAUFER

Predictor
Constant
LAUFER

Coef
0.07889

0.8153

Stdev
0.07283

0.1198

t-ra tio
1.08

6.80

I

s = 0.1166 R -sq  = 85.3% R -sq(adj) = 83.4%
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A nalysis o f Variance

SOURCE DF SS MS
R egression 1 0.62908 0.62908
Error 8 0.10873 0.01359
Total 9 0.73782

Obs. LAUFER PHOENICS Fit S td ev .F it Residual St.Re
1 1.02 0.6576 0.9118 0.0701 -0.2542 -2.73R
2 0,91 0.9858 0.8174 0.0588 0.1683 1.67
3 0.78 0.8079 0.7179 0.0482 0,0900 0.85
4 0.67 0.6839 0.6283 0.0410 0.0556 0.51
5 0.57 0.5715 0.5418 0.0372 0.0297 0.27
6 0.47 0,4642 0.4583 0.0375 0*0058 0.05
7 0.36 0,3596 0.3722 0.0418 -0.0126 -0.12
8 0.26 0.2566 0.2881 0.0489 -0.0316 -0 .30
9 0.15 0.1541 0.2043 0.0577 -0.0503 -0.50

10 0.05 0.1209 0.1217 0.0675 -0.0009 -0.01

R denotes an obs. w ith a large st. resid .



APPENDIX FIVE

GORLIN -  GORLIN ANALYSIS APPLIED TO THE LRRSICO CONDUIT



A5»l Statistica l A nalysis

The Minitab sta tis tica l package was used  to analyse the  
relationship  betw een  va lu es of p ressu re  grad ient (mmHg) and flow  
ra te /u n it area (P/min* mm4) pred icted  by PHOENICS. This 
an alysis was caried  out for two te s t  series; the f ir s t  held the  
size of conduit con stan t, at 16mm diameter, w hilst vary in g  the  
flow rate of blood th rou gh  the conduit, th e  second te s t  ser ie s  
maintained a con stan t blood flow rate o f 21.1I/min through  
v ary in g  va lve s iz e s . The reg ressio n  con stan ts are u sed  to  
c la ss ify  haemodynamic perform ance of the conduit,

A5.2 Table of Data For P ressu re  grad ient V ersus Flow R ate/U nit Area: 
V arying Valve Size for 21.1i/m in Flow Rate

ROW AP Q2/ d 4

1 34.4478 0.0445210
2 17.4419 0.0214704
3 9,8351 0.0115892
4 6.0002 0.0067934
5 3.8873 0.0042411
6 2.6427 0.0027826
7 1.8167 0.0019005
8 1.2872 0.0013419



A5.3 Plot of p ressu r e  Gradient V ersus Flow R ate/U nit Area for a
con stant 21.1 1/ min Flow through Varying Valve Size

AP -

30+

20+

10+ *

*
*

2*
0+

+ ------------------ + -------------------+------------------ + -------------------+ -------------------+Q2/d4
0.0000 0.0080 0.0160 0.0240 0.0320 0.0400
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R egression  o f P ressu re grad ient V ersus Flow R ate/U nit Area For
V arying Conduit Size and 21.1i/m in Flow Rate

The reg ressio n  equation iB 
AP = 0.602 + 767 Q*/d*

Predictor Coef S td ev t-ra tio
Constant 0.6015 0.1433 4.20
Q2/d« 766.553 7.866 97.45

s = 0.3082 R -sq = 99.9% R -sq(adj) = 99.9%

A nalysis of Variance

SOURCE DF SS MS
R egression 1 902.03 902.03
Error 6 0.57 0.09
Total 7 902.60

Obs. Q2/ d 4 AP Fit S tdev .F it Residual St.R esid
1 0.0445 34.448 34.729 0.279 -0.281 -2.16RX
2 0.0215 17.442 17.060 0.133 0.382 1.37
3 0.0116 9.835 9.485 0.109 0.350 1.21
4 0.0068 6.000 5.809 0.116 0.191 0.67
5 0.0042 3.887 3.853 0.124 0.035 0.12
6 0.0028 2.643 2.735 0.130 -0.092 -0.33
7 0.0019 1.817 2.058 0.134 -0.242 -0.87
8 0.0013 1.287 1.630 0.137 -0.343 -1.24

R den otes an obs. with a large s t . resid .
X denotes an obs. w hose X value g iv e s  it  large in fluence.



4

A5.5 Table of Data for P ressu re  Gradient V ersus Flow R ate/U nit Area 
for V arying Flow ra tes  in 16mm Conduit

ROW AP Q2/d 4

1 1.1614 0.0007470
2 1.9056 0.0017197
3 3.0416 0.0030398
4 4.5541 0,0047335
5 6.2413 0.0068008
6 8.1599 0.0092415
7 10,3032 0.0120558
8 11.5791 0.0137684

A5.6 Plot o f P ressu re  Gradient V ersus Flow R ate/U nit Area for V arying  
Flow rates in  16mm Conduit
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A5.7 R egression  o f P ressu re  Gradient V ersus Flow R ate/U nit Area for
Varying Flow rates in 16mm Conduit

The reg ressio n  equation is  
AP = 0.626 + 805 Q2/ d 4

P redictor Coef S td ev  t-ra tio
Constant 0.62585 0.07025 8.91
Q*/d4 804.879 8.870 90.74

s = 0.1130 R -sq = 99.9% R -sq(adj) = 99.9%

A nalysis of Variance

SOURCE DF SS MS
R egression 1 105.17 105.17
Error 6 0.08 0.01
Total 7 105.25

Obs. Q2/ d 4 AP Fit Stdev .F it Residual St.Resid
1 0.0007 1.1614 1.2271 0.0649 -0.0657 -0.71
2 0.0017 1.9056 2.0100 0.0583 -0.1044 -1.08
3 0.0030 3.0416 3.0725 0.0505 -0.0309 -0.31
4 0.0047 4.5541 4.4357 0.0430 0.1184 1.13
5 0.0068 6.2413 6.0997 0,0400 0.1416 1.34
6 0.0092 8.1599 8.0641 0.0467 0.0958 0.93
7 0.0121 10.3032 10.3293 0.0634 -0,0261 -0 .28
8 0,0138 11.5791 11.7077 0.0758 -0.1286 —1.53
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APPENDIX SIX

ALTERATIONS TO 'GROUND* AND 'GREXl* CODING



o 
o 

o 
o 

o 
o

A6.1 C hanges to GROUND Fortran Coding to Incorporate  
C onstilu tive Equation

C INCREASE STORAGE SIZE
C

COMMON F(800000)
NFDIM=800000

C
C OUTPUT CODE GENERATION NAME
C

CALL WRIT40(,GROUND STATION IS TURBULENT.GRND JULY 87 *) 

SET DUMMY PARAMETERS AND ASSIGN VARIABLES 

PARAMETER(MY=70,MX=3)
DIMENSION GENUL(MY,MX),GENUT(MY,MX),GAMMA(MY,MX) 
DIMENSION GTAUL{MY,MX) ,GTAUT(MY,MX) ,GTTAU(MY,MX) 
DIMENSION GP1(MY,MX), GDWDY (MY,MX), GS ARE A (MY ,MX) 
DIMENSION GA(3), GB(3), GC(3), GFT(150), GKE(MY,MX)
DIMENSION GYPLUS(MY,MX), GYWC(MY,MX), GNYP<MY,MX)
REAL GRH01,GMU,GSLOPE,GYIELD,GQIN,TOTP1,TOTP2,GDP,GFP 
REAL GFS, GTHETA, GANGLE, GFTSUM, GZG, GSUBL, GBLEND 
INTEGER OPN, GPLT, WRT, SWRT 
EQUIVALENCE(GRH01,RG(1))
EQUIVALENCE(GMU,RG(2))
EQUIVALENCE(6SLOPE,RG(4))
EQUIVALENCE(GYIELD,RG(5))
EQUIVALENCE (GQIN,RG(6))
EQUIVALENCE(GANGLE,RG(7))
EQUIVALENCE(GSUBL,RG(8))
EQUIVALENCE{GBLEND,RG(9))
EQUIVALENCE(GPLT,IG(1))

DATA OPN,WRT,TOTP1,TOTP2,SWRT/0,0 ,0 .0 ,0 .0 ,0 /
DATA GFP,GFS,GFTSUM/0.0,0.0,0.0/

ASSIGN INTERNAL VARIABLE STORAGE

CALL MAKE (EASP 1)
CALL MAKE(EASP6)
CALL MAKE(ZGNZ)

C
C OPEN FILES FOR PLOT DATA IF PLOTTED FLAG IS NOT SET
C AND IF PLOTS ARE CALLED FOR. THEN SET FLAG
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o 

o

c
IF (GPLT.NE.l) GOTO 112
TYPE *,*PLT = 1 => PLOTS CALLED FOR*
IF(OPN.NE.O) GOTO 112
OPEN(UNIT=30,STATUS=’UNKNOWN’,FILE=,CENTAU.PA4’, 

1ACCESS=’APPEND’)
OPEN(UNIT=31,STATUS=’UNKNOWN’,FILE=*WALLTAU,PA4’,

2ACCESS=*APPEND’)
OPEN(UNIT=32,STATUS=’UNKNOWN’,FILE:=’CENGAMA.PA4*,

3ACCESS=’APPEND’)
OPEN(UNIT=33,STATUS=»UNKNOWN’,FILE=’WALLGAMA.PA4’,

4ACCESS=’APPEND’)
Ot>EN(UNIT=34,STATUS=,UNKNOWN,,FILE=,CENPl.PA4,}

5ACCESS=,APPEND»)
OPEN(UNIT=35,STATUS=,UNKNOWN,,FILE=,DPDQ.PA4%

6ACCESS=,APPEND>)
OPEN(UNIT=36,STATUS=’UNKNOWN\FILE=:’DFDQ.PA4',

7ACCESS=’APPEND’)
OPEN(UNIT=37,STATUS=’UNKNOWN’,FILE=’CENF.PA4’,

8ACCESS=’APPEND*)
OPEN(UNIT=39,STATUS=’UNKNOWN’,FILE=,CENYPLUS.PA4’,

9ACCESS=’APPEND’)
OPEN(UNIT=40,STATUS=*UNKNOWN’,FILE=:’WALLYPLUS.PA4’,

1ACCESS=’APPEND’)
OPN=l 
GOTO 113

112 TYPE V PLT = 0 => NOT CREATING PLOT FILES’
113 CONTINUE 
C
C RETRIEVE VISCOSITIES, SHEAR RATE AND TURBULENCE PROPERTIES
C

CALL GETYX(VIST,GENUT,MY,MX)
CALL GETYX(VISL,GENUL,MY,MX)
CALL GETYX(EASP1,GAMMA,MY,MX)
CALL GETYX(KE,GKE,MY,MX)
CALL GETYX(EASP6,GDWDY,MY,MX)

CHECK CALL FOR NOWTONIAN OR NON-NEWTONIAN FLUID 
AND CALCULATE VISCOSITY AND SHERA STRESSES 

C
DO 961 IX=1,NX 
DO 961 IY=1,NY
GAMMA(IY,IX)=GAMMA(IY,IX)**.5 
GTAUT(IY,IX)=GAMMA(IY,IX)*GENUT(IY,IX)*GRH01 
IF(ENUL.EQ.GRND7) GOTO 9611 
IF(ENUL.EQ.GRNDS) GOTO 9612
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9611 GTAUL(IY,IX)=((GSLOPE*GAMMA(IY»IX)**.5)+GYIELD**.5)**2 |
C TYPE *, *GAMMA=*,GAMMA (IY ,IX) t *GTAULs * ,GTAUL (IY ,IX) :i

GOTO 9613
9612 GTAUL(IY,IX)=GMU*GAMMA(IY,IX)
9613 GENUL (IY ,IX) =GTAUL (IY ,IX) /  (GRHO1 * GAMMA (I Y,IX)) 

GTTAU(IY,IX)=GTAUL(IY,IX)+GTAUT(IYIIX)
C
C CALCULATE Y PLUS VALUES
C

CALL GTIZYX(13,IZ,GYWC,1,IX)
GYPLUS(1,IX)=GKE(1,IX)**0.5*0.54772*GYWC(1,IX)/GENUL(1,IX) 
GNYP(1,IX)=2*50*GENUL(1,IX)/(GKE(1,IX)**.5*0.54772) 
GYPLUS(NY,IX)=GKE(NY,IX)**0.5*0.54772*GYWC<NY,IX)/GENUL(NY,IX) 
GNYP(NY,IX)=2*50*GENUL(NY,IX)/(GKE(NY,IX)**.5*0.54772)

961 CONTINUE
C
C SET CALCULATED VALUES BACK INTO THE SOLVER
C

CALL SETYX(AUX(VISL),GENUL,MY,MX)
CALL SETYX(C4,GAMMA,MY,MX)
CALL SETYX(C5,GTAUL,MY,MX)
CALL SETYX(C6,GTAUT,MY,MX)
CALL SETYX(C7,GTTAU,MY,MX)

C
C TO OUTPUT DATA TO PA4 FILES FOR PLOTTING:
C SET UP HEADERS
C

IF(GPLT.NE.l) GOTO 19699 
CALL GETYX (PI f GP1 ,M Y,MX)
IF(ISWEEP.NE.LSWEEP-l) GOTO 19699 
IF(WRT.NE.O) GOTO 19621 
WRITE{30,19611) GQIN,NZ 
WRITE(31,19611) GQINfNZ 
WRITE(32,19611) GQIN,NZ 
WRITE(33,19611) GQIN,NZ 
WRITE(34,19611) GQIN,NZ 
WRITE<37,19611) GQIN,NZ 
WRITE(39,19611) GQIN,NZ 
WRITE(40,19611) GQIN,NZ 
WRT=1

19611 FORMAT (F8.4,' Rad blend**,/ ,%  1,1%/, 13)
19621 CONTINUE
19622 F0RMAT(1X,E12.5,2X,E12,5)
19623 FORMAT(1X,F9.5,2X,F10.5)
19628 F0RMAT(1X,F9,5,2X,E12.5)
C

i
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C CALCULATE GEOMETRICAL POSITIONS OF CELL CENTRES 
C

CALL GETPT (1,1,IZ,GA{ 1) ,GA (2) ,GA( 3))
CALL GETPT(1,1,IZ+1,GB(1),GB(2),GB(3))
CALL SUB(GB,GA,GC)
GZG=(GC(3)/2)+GA(3)

C
C WRITE SHEAR COMPONENTS, Y PLUS AND PRESSURE TO PLOT FILES
C

WRITE (30,19622) GZG,GTTAU (1,1)
WRITE (31,19622) GZG,GTTAU (NY, 1)
WRITE(32,19622)GZG,GAMMA(1,1)
WRITE(33,19622)GZG,GAMMA(NY,1)
WRITE (34,19622)GZG,GP 1(1,1)
WRITE(40,9619) IZ, GYPLUS(NY,1)

9619 FORMAT(1X,I3,3X,F10.6)
C
C CALCULATE AREAS, LOCATE OCCLUDER AND CALCULATE FORCE
C ON THE OCCLUDER AND SEND TO PLOT FILES
C

IF(ABS(GC(2)).GT.O) GOTO 19624 
GOTO 19625

19624 CALL GTIZYX(8,IZ,GSAREA,MY,MX)
WRITE(39,9619) IZ, GYPLUS(1,1)
GSAREA(1,1)=GSAREA(1,1)*360/GANGLE
GTHETA=ATAN(GC(2)/GC(3))
GFS=(1*GDWDY(1,1)*(GENUL(1,1)+GENUT(1,1))*GRH01*
1GSAREA{ 1,1)) *COS (GTHETA) 
GFP=(3.1415926*GP1(1,1)*(GB(2)**2-GA(2)**2))
GFT(IZ)=GFP+GFS 
WRITE(37,19622)GZG,GFT(IZ)
GFTSUM=GFTSUM+GFT(IZ)

19625 CONTINUE
IF(IZ.EQ.NZ-l) WRITE(36,19628) GQIN, GFTSUM 
IF(IZ.NE.l) GOTO 19626 
DO 19626 IY=1,NY 
T0TP1=T0TP1+GP1(IY,1)

19626 CONTINUE 
IF(IZ.NE.NZ) GOTO 19627 
DO 19627 IY=1,NY 
TOTP2=TOTP2+GPl (IY, 1)

19627 CONTINUE
GDP= (TOTP1-TOTP2) /NY  
IF(SWRT.NE.O) GOTO 19630 
WRITE(35,19623) GQIN, GDP 
SWRT=1
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19630
19699

CONTINUE
CONTINUE
RETURN

I

I

1
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A6.2 Changes to GRBX1.F0R Coding

G rexl.for was a ltered  to account for fu ll generation  term, 2 -  
dim ensionally as below, or 3-dim ensionally if  th£ comment fie ld s  
are activated . >

C0MM0N/LGE1/L1(25) |
LOGICAL LI
LOGICAL STORE,SOLVE,PRINT 

C CALL FN33(IN(103),IE-20) §
CALL GETCAR * A
DO 19410 NN=1,NPHI ^

C IF(NAME<NN).EQ.,UCRT') IUCRT=NN |
IF^NAME^NNJ.EQ.’VCRT*) IVCRT=NN
IF(NAME(NN).EQ.’WCRT*) IWCRT=NN - i
19410 CONTINUE

C CALL FN0(U2,IUCRT) 3
CALL FN0(V2,IVCRT) |
CALL FN0(W2,IWCRT) j

C L1(U2)=T |
L1(V2)=T i
L1(W2)=T I
CALL FNGENK (EASP1,2) *1
CALL FNDWDY(EASP6,W2) |

C L1(U2)=F f
L1(V2)=F %
L1(W2)=F
CALL GETCAR I

i:
?:

l
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BALL OCCLUDER INSTABILITY DURING FORWARD FLOW THROUGH PROSTHETIC HEART VALVE 
CONDUITS

G.D. T an sley , R .J . Edwards, S .E . L eefe , C.R. G entle

Department o f  M echanical E ngineering, Trent P o ly tech n ic , Nottingham, UK

Prelim inary t e s t s  on a b a l l  occlu d er h eart va lve  con d u it (1 ,2 )  have 
h ig h lig h te d  a p o te n t ia l ly  problem atic d es ig n  area . The v a lv e  c o n s is t s  o f  a
c o n ic a l i n l e t  s e c t io n  a g a in st  which the- b a l l  s e a ts  during th e  rev erse
p ressu re  phase and a downstream tapered s e c t io n  w ith  th ree  r ig id  s tr u ts  which 
r e s tr a in  th e  occlu d er during forward flo w . However, a x ia l  o s c i l la t io n  o f  the  
b a l l  was noted a t  a l l  but the very  low est forward flow  r a t e s .  This i s  in  
keeping w ith  th e  f in d in g s  o f  oth er  research ers ( 3 ,4 ,5 ) .  S treak  photography 
has revea led  th a t  t h is  was not th e  r e su lt ''o f  vortex  shedding. Further  
in v e s t ig a t io n  by Benjamin (2) has ,suggested th a t th e  cau se  was an in crea se  in  
flow  area im m ediately downstream o f  th e  b a l l  cen tre  where th e re  i s  a 
t r a n s it io n  from annular flow  around th e  b a l l  to  p ip e  fl.cw down th e  e x i t  
s e c t io n , producing a decrease  in  v e lo c i ty  and a r i s e  in  p ressu re  s u f f ic ie n t  
to  cause a r e su lta n t  backwards fo rc e  cn th e  b a l l ,  l i f t i n g  i t  c le a r  o f  th e  
s tr u t s  and towards the in l e t  s e c t io n . T his would cause a back-pressure  
which,' in  turn*, would fo rce  th e  b a l l  downstream again  fo r  th e  c y c le  to  repeat  
i t s e l f .  An "order o f  magnitude" c a lc u la t io n  usin g  B e r n o u ll i ’s  equation
revea led  th a t a s u f f i c ie n t  pressure r i s e  was Indeed produced. A new o u t le t
s e c t io n  was design ed  to  provide con stan t flow  area w ith  th e  b a l l  in  th e  f u l ly  
open p o s it io n  and was found to  have cured b a l l  v ib r a tio n . In  a d d it io n , a 
num erical s im u la tion  o f  flow  through th e  improved co n d u it was developed and 
checked a g a in s t  th e  prototype by comparing p red icted  and measured o v e r a ll  
pressu re  drops. This model confirmed th e  absence o f  a n e t  upstream fo rce  on 
th e  b a l l  in  th e  f u l ly  open p o s it io n .

Methods

Based on th e  c o n sid era tio n s  o u tlin e d  above, an fu r th e r  p roto typ e was 
develop ed , manufactured and te s te d . The aim was to  m aintain  a con stan t flow  
area around th e  downstream s id e  o f  th e  b a l l .  S in ce  th e  "flow  area" means 
th a t  part o f  a g iven  c r o s s - s e c t io n  "seen by" the flow  or a l t e r n a t iv e ly  th e  
area o f  the su rfa ce  which i s  everywhere normal to  th e  v e lo c i t y  but whose 
ou ter  edge d e f in e s  th e  c r o s s - s e c t io n , i t  should be apparent th a t  t o  keep t h is  
q u a n tity  co n sta n t required  a p r io r  knowledge o f  th e  v e lo c i t y  f i e l d  th a t the  
new p r o f ile d  downstream s e c t io n  would produce. S in ce  t h i s  cou ld  not be 
a tta in e d , c a lc u la t io n  had t o  proceed on c o n se r v a tiv e ly  assumed v e lo c i ty  
d ir e c t io n s .  The flew  area was d efin ed  as normal to  th e  b a l l  su rfa ce  (hence 
c o n ic a l in  form) and the v e lo c i ty  taken a s  everywhere normal t o  th e  flew  
a rea . R eferrin g  to  f ig u r e  1 , i t  can be seen  th a t flow  area  was g iven  by

r Ro
A = 2 ir r  s in  0 dr

J Rb
and hence _________________

Ro = / A /(tts in 0  ) + Rb2

where A i s  kept constan t and equal to  the area o f  th e  i n l e t  p ip e . The locu s  
o f  Ro f ix e d  th e  downstream conduit p r o f i le  u n t i l  i t  in te r s e c te d  w ith the  
c y lin d r ic a l  ou tflow  p ip e . An estim a te  was made o f  th e  erro r  o f  th e  "constant 
flow  area" assum ption by tak in g  a r e v ised  assessm ent o f  th e  flow  d ir e c t io n  as  
being everywhere p a r a lle l  to  th e  b is e c to r  o f the a n g le  between th e  tangents  
to  th e  b a l l  and the condu it inner su rface  ( i . e .  th e  flo w  was somewhere 
between ta n g e n tia l to  th e  b a l l  and ta n g e n tia l to  th e 'c o n d u it  su r fa c e ) . The



assumed flow  area  was thus determ ined to  be no worse than 1,2% in  error  and 
was such as to  produce a reduced area , r e su lt in g  in  s l i g h t ly  low er pressu re  
and hence fu r th e r  cou n teractin g  the cause o f the problem. A prototype was 
manufactured and te s te d  under stead y  flow  co n d itio n s  u sin g  w ater. I t  was 
a ls o  decid ed  t o  provide pressu re  tappings the same d is ta n c e s  upstream and 
downstream o f  th e  in l e t  s e c t io n  a s  fo r  the o r ig in a l  d es ig n  in  order to  
in v e s t ig a te  th e  e f f e c t  o f  the m o d ifica tio n  on pressure drop c h a r a c te r is t ic s .

The new d es ig n  was a ls o  m odelled m athem atically using  th e  "Phoenics" f i n i t e  
d iffe r e n c e  procedure running on a Vax 11/785 mainframe computer. This was 
fo r  two rea so n s. F ir s t ly ,  a check was required that th e  pressu re  
d is tr ib u t io n  was no longer such as to  produce a n et backwards fo r c e .
Secondly, i f  th e  pressu re  drop p red icted  by "Phoenics" fo r  a g iv en  flow  r a te  
agreed w ith  th a t  determ ined experim en ta lly  fo r  the con d u it, then  one cou ld  
sim ply run th e  program to  t e s t  subsequent d esign  m o d ifica tio n s  w ithout th e  
n e c e ss ity  o f  b u ild in g  a prototype fo r  each, u n t i l  th e  d es ig n  was f in a l i s e d .
A th ree-d im en sion a l g r id  was f i t t e d  to  the conduit d im ensions. Figure 2 
i l l u s t r a t e s / a t y p i c a l  d iam etral h a lf-p la n e . The r e s tr a in in g  s tr u t s  were 
em itted  fo r  e a s e  o f  m od ellin g , w h ils t  th e  b a l l  was s p e c if ie d  a s  f ix e d  in  
space a t  the f u l l y  open p o s it io n . A uniform in le t  v e lo c i t y  o f  0 .625  m /s was 
s p e c if ie d , corresponding to  a vo lum etric  flow rate  o f  7 .54  1/min and a 
Reynolds number based on condu it inner diam eter o f 10 000, which was w ith in  
the t e s t  range. A ccord ingly , a tu rb u len t so lu t io n  was produced. A long  
i n l e t  s e c t io n  was s p e c if ie d  to  a llo w  fo r  the development o f  a reasonable  
v e lo c i ty  p r o f i l e .  F lu id  p r o p e r tie s  were taken a s  th o se  o f  water s in c e  th e  
i n s t a b i l i t y  problem was observed during t e s t s  in  w ater. A downstream 
p ressure o f  zero  was s p e c if ie d  so  th a t th e  pressure drop a cross th e  v a lv e  
could be read d ir e c t ly  a s  th e  p ressu re  a t  the v a lv e  en try  s e c t io n . The output 
f i l e  contained  a  l i s t  o f  p ressu res and two v e lo c i ty  components, a x ia l  and 
r a d ia l,  fo r  each g r id  c e l l  o f  a d iam etra l h a lf-p la n e . C ircum feren tia l 
v e lo c i ty  was n o t required  s in c e  th e  flow  was assumed axi-sym m etric . A 
program was w r itte n  t o  c a lc u la te  th e  n e t  pressu re and shear fo r c e s  on th e  
b a ll  from th e  p ressu re  and v e lo c i ty  d is tr ib u t io n s  around i t .  C le a r ly , th e  
r e su lta n t  b a l l  fo r c e  was th e  sum o f  th e  two.

F igure 2

R esu lts

T ests o f  the improved prototype over th e  e n t ir e  range o f  flo w ra tes  to  which  
the o r ig in a l  was su b jected  and found t o  be u n stab le  shewed th a t  th ere  was no 
tendency fo r  th e  b a l l  occlu d er to  o s c i l l a t e  nor l i f t  o f f  th e  r e s tr a in in g  
s tr u t s .  F igure 3 shows th e  pressure drop measurements fo r  th e  two v a lv e s .

D iscu ssion

The primary o b je c t  o f  th e  in v e s t ig a t io n  was to  e s ta b l is h  the cause o f  b a l l  
occlud er i n s t a b i l i t y  and to  e f f e c t  i t s  cu re . C lear ly  t h is  has been a ch iev ed . 
However, th e  p ressu re  drop experim ents have in d ica te d  th a t  the r e -p r o f i le d  
downstream s e c t io n  has r e su lte d  in  a red u ction  in  forward flow  e f f i c i e n c y  o f



the v a lv e . The cause could w e ll be sep ara tion  a t  th e  abrupt d ir e c t io n  change 
where th e  ou tflow  p ipe meets th e  v a lv e  body. C le a r ly , t h i s  can be prevented  
by fu rth er  s tream lin in g  -  e ith e r  a b len d in g  rad iu s or  a sm all V enturi th r o a t. 
Further scope fo r  improvement i s  o ffe r e d  by th e  in corp ora tion  o f  a s im ila r  
d esign  procedure fo r  th e  in l e t  s e c t io n , based on m aintain ing a con stan t flow  
area around th e  upstream s id e  o f  the fu lly -o p e n  b a l l ,  improving th e  
stream lin in g  here and thus reducing sep ara tion  lo s s e s  and ensurin g  th a t  a 
se n s ib ly  p r e d ic ta b le  pressure pattern  i s  m aintained throughout. C losin g  
fu n ction  would not be jeop ard ised  s in c e  backward d isp lacem ent o f  the b a l l  
would im m ediately r e s u lt  in  the red u ction  o f  th e  upstream flow  area cau sin g  
increased  v e lo c i t y  and decreased pressu re upstream, thus a s s i s t in g  c lo s u r e .

W hilst th e  forego in g  i s  encouraging fo r  th e  conduit d e s ig n e r , u n fortu n ate ly  
i t  i s  o f  l i t t l e  comfort to  the m anufacturer o f  p r o s th e t ic  h eart v a lv e s  fo r  
stra ightforw ard  replacem ent o p era tio n s , s in c e  here th ere  i s  no scope fo r  
p r o f il in g  th e  h ea rt or the major v e s s e l s .  Indeed, th e  a o r t ic  roo t would seem 
t o  be a case  in  p o in t , where flow  between the o r i f i c e  and occlu d er i s  a t  h igh  
v e lo c i ty  which drops downstream where flow  i s  in to  th e  s in u se s  o f  V a lsa lv a ,  
which c o n s t i tu te  a s ig n if ic a n t  enlargem ent.

C onclusion

I t  has been dem onstrated th a t th e  problem o f  i n s t a b i l i t y  i s  c lo s e ly  connected  
w ith  pressu re d is tr ib u t io n  around the occlu d er and th a t th e  d esig n er  can  
s u c c e s s fu lly  guard a g a in st  t h is  by c a r e fu l s e le c t io n  o f  th e  condu it p r o f i l e  
surrounding th e  occ lu d er . However, th ere  remains a p o te n t ia l  problem w ith  
the u se  o f  caged-occlu der type p ro sth eses  fo r  stra igh tforw ard  v a lv e  
replacem ent, where the downstream area cannot be shaped.

F igure 1
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ABSTRACT

T he d e s i g n  o f  p i v o t i n g  o r  t i l t i n g  o c c l u d e r  p r o s t h e t i c  h e a r t  v a l v e s  

d e l i b e r a t e l y  i n c o r p o r a t e s  a  d e g r e e  o f  l e a k a g e  i n  t h e  " s h u t ” p o s i t i o n  

i n  o r d e r  t o  e f f e c t  a  w a s h i n g  a c t i o n ,  t h u s  p r e v e n t i n g  c l o t  f o r m a t i o n .  

I t  h a s  b e e n  s u g g e s t e d  t h a t  e x p e r i m e n t a l l y  d e t e r m i n e d  r e l a t i o n s h i p s  

b e t w e e n  f r i c t i o n  f a c t o r  a n d  R e y n o l d s  n u m b e r  f o r  l e a k a g e  f l o w  

d e m o n s t r a t e  t u r b u l e n c e  a n d  t h a t  t h i s  c o u l d  r e p r e s e n t  a m e a n s  o f  

i m p r o v i n g  t h e  w a s h i n g  a c t i o n .

T h i s  p a p e r  p r e s e n t s  a  p h y s i c a l  a r g u m e n t  a u g m e n t e d  b y  n u m e r i c a l  

s i m u l a t i o n  u s i n g  t h e  " P h o e n i c s "  f i n i t e  d i f f e r e n c e  c o d e  t o  o f f e r  a n  

a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  f o r m  o f  t h e  f r i c t i o n  f a c t o r  v e r s u s  

R e y n o l d s  n u m b e r  c u r v e .  Some s h o r t c o m i n g s  o f  d e s i g n i n g  f o r  a  

t u r b u l e n t  l e a k a g e  f l o w  a r e  h i g h l i g h t e d  a n d  g u i d e l i n e s  a r e  

r e c o m m e n d e d  o n  t h e  s u i t a b l e  c h o i c e  o f  l e a k a g e  g a p  d i m e n s i o n s .
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INTRODUCTION

T h e  d e s i g n  o f  p i v o t i n g  o r  t i l t i n g  o c c l u d e r  p r o s t h e t i c  h e a r t  v a l v e s  

h a s ,  o v e r  r e c e n t  y e a r s ,  d e l i b e r a t e l y  i n c o r p o r a t e d  a  d e g r e e  o f  ’!

l e a k a g e  f l o w  i n  t h e  " c l o s e d ” p o s i t i o n .  T h i s  i s  i n t e n d e d  t o  i n h i b i t  

t h r o m b u s  f o r m a t i o n  b o t h  b y  p r e v e n t i n g  t h e  b l o o d  f r o m  b e c o m i n g - -  

s t a g n a n t  a n d ,  p r i n c i p a l l y ,  b y  f o r c i n g  a  h i g h  p r e s s u r e  j e t  t h r o u g h  

t h e  l e a k a g e  g a p ,  t h u s  e f f e c t i n g  a s c o u r i n g  a c t i o n .

L e a k a g e  f l o w  h a s  b e e n  s t u d i e d  b y  R i e f  e t  a l  ( 1 9 8 0 )  a n d  G e n t l e  

( 1 9 8 2 ) ,  w i t h  a  v i e w ,  i n  e a c h  c a s e ,  t o  d e m o n s t r a t i n g  t h e  s u p e r i o r  

c h a r a c t e r i s t i c s  o f  o n e  v a l v e  o v e r  a n o t h e r ,  a l t h o u g h  t h e  c r i t e r i a  f o r  

c o m p a r i s o n  d i f f e r .  R i e f  e t  a l  w e r e  a p p a r e n t l y  s e e k i n g  t o  m i n i m i s e  

l e a k a g e ,  w h i l s t  G e n t l e  w a s  c o n c e r n e d  w i t h  c h a r a c t e r i s i n g  t h e  f l o w  

r e g i m e  on  t h e  g r o u n d s  t h a t  t u r b u l e n t  l e a k a g e  f l o w  w o u l d  p r o d u c e  a  

m o r e  e f f e c t i v e  w a s h i n g  a c t i o n  t h a n  l a m i n a r .  B o t h  s t u d i e s  p r e s e n t e d  

e x p e r i m e n t a l  d a t a  i n  t e r m s  o f  p r e s s u r e  d r o p  v e r s u s  f l o w  r a t e  a n d  

b o t h  u s e d  t h e  g r a d i e n t  o f  a  l o g a r i t h m i c  p l o t  o f  f r i c t i o n  f a c t o r  

v e r s u s  R e y n o l d s  n u m b e r  t o  d r a w  c o n c l u s i o n s  a s  t o  t h e  n a t u r e  o f  t h e  

f l o w ,  b y  c o m p a r i s o n  w i t h  t h e  e x p e c t e d  v a l u e s  f o r  f u l l y - d e v e l o p e d  

p i p e  f l o w .  I t  i s  a p p a r e n t ,  h o w e v e r ,  t h a t  t h e r e  w a s  p o o r  

q u a n t i t a t i v e  a g r e e m e n t  b e t w e e n  s u c h  p r e d i c t e d  c u r v e s  a n d  t h e  

e x p e r i m e n t a l  d a t a .  R i e f  e t  a l  s e e m e d  a w a r e  o f  t h i s  p o i n t  a n d  

o f f e r e d  a  p l a u s i b l e  e x p l a n a t i o n  i n  t e r m s  o f  t h e  i r r e g u l a r  p a t t e r n  

o f  l e a k a g e  f l o w .  I n d e e d ,  P a r s o n s  ( 1 9 8 2 )  p r e s e n t e d  a  s i m i l a r  

e x p l a n a t i o n  f o r  h i s  f i n d i n g s  o n  t h e  B j o r k - S h i l e y  v a l v e ’ s  l e a k a g e  

b e h a v i o u r ,  w h i c h  c o u l d  g o  s o m e  way  t o w a r d s  a c c o u n t i n g  f o r  G e n t l e ’ s  

r e s u l t s  w i t h  t h i s  v a l v e .
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A l l  o f  t h e  v a l v e s  s t u d i e d  p r o d u c e d  c u r v e s  w h o s e  g r a d i e n t s  w e r e  l e s s  

t h a n  p r e d i c t e d  a n d  o n e  h a d  a m e a s u r e d  f r i c t i o n  f a c t o r  an  o r d e r  o f  

m a g n i t u d e  l a r g e r  t h a n  e x p e c t e d .  The  e x p l a n a t i o n  o f f e r e d ,  n a m e l y  

t h a t  t h e  h i g h  f r i c t i o n  f a c t o r  w a s  c a u s e d  b y  s u r f a c e  r o u g h n e s s ,  i s  

q u e s t i o n a b l e  w h en  c o n s i d e r i n g  t h e  c u r v e s  f o r  f u l l y  t u r b u l e n t  f l o w  i n  

r o u g h  p i p e s .  T h e s e  a m b i g u i t i e s  a r e  c l e a r l y  a p p a r e n t  when  

e x p e r i m e n t a l  d a t a  a r e  s u p e r i m p o s e d  o n  t h e  Moody c h a r t ,  f i g u r e  1 .

S i n c e  t h e  d a t a  f o r  G e n t l e ’ s  t w i n - f l a p  v a l v e  s h o w s  t h e  f u r t h e s t  

d e p a r t u r e  f r o m  t h e o r e t i c a l  p r e d i c t i o n s ,  a n d  s i n c e  no  o t h e r  p l a u s i b l e  

e x p l a n a t i o n  f o r  t h i s  d i s c r e p a n c y  h a s  b e e n  o f f e r e d  e l s e w h e r e ,  t h i s  

p a p e r  w i l l  c o n c e r n  i t s e l f  o n l y  w i t h  t h i s  v a l v e .  I t s  p u r p o s e  i s  t o  

o f f e r  a n  a l t e r n a t i v e  e x p l a n a t i o n  f o r  t h e  f o r m  o f  t h e  n o n - d i m e n s i o n a l  

p l o t s  o f  e x p e r i m e n t a l  d a t a ’. T h i s  e x p l a n a t i o n ,  i n  t u r n ,  c a l l s  i n t o  

q u e s t i o n  t h e  i d e a  o f  d e s i g n i n g  f o r  t u r b u l e n t  l e a k a g e  a n d  s u g g e s t s  a  

b a s i s  f o r  t h e  r a t i o n a l  s e l e c t i o n  o f  l e a k a g e  g a p  d i m e n s i o n s .  The  

w o r k  a l s o  f o r m s  p a r t  o f  t h e  d e v e l o p m e n t  p r o g r a m m e  f o r  a n  a l l - c e r a m i c  

t w i n - f l a p  m i t r a l  v a l v e  ( G e n t l e ,  1 9 8 0 ,  G e n t l e ,  A r u n d e l  e t  a l , 1 9 8 1  

a n d  G e n t l e ,  J u d e n  e t  a l ,  1 9 8 1 ) .

ANALYSIS

The a c c e p t e d  e q u a t i o n s  d e s c r i b i n g  f u l l y - d e v e l o p e d  l a m i n a r  o r  

t u r b u l e n t  f l o w  i n  s m o o t h  p i p e s  a r e :
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r e s p e c t i v e l y ,  w h e r e  f  i s  t h e  f r i c t i o n  f a ' c t o r ,  d e f i n e d  b y

f  = ■ ( 2 )  ? pu

a n d  t h e  R e y n o l d s  n u m b e r :

" -  ( 3 )

i s  b a s e d  o n  t h e  h y d r a u l i c  d i a m e t e r ,  w h i c h ,  f o r  a s l i t ,  i s  2 6 ,  w h e r e  

i s  t h e  s l i t  w i d t h .  H e r e ,  i s  t h e  w a l l  s h e a r  s t r e s s ,  p i s  t h e

f l u i d  d e n s i t y ,  v i s  i t s  k i n e m a t i c  v i s c o s i t y  a n d  u i s  t h e  mean  

v e l o c i t y .  I n  e a c h  c a s e  t h e  e q u a t i o n  a r i s e s  b y  c o n s i d e r i n g  a f u l l y -  

d e v e l o p e d  v e l o c i t y  p r o f i l e ,  p a r a b o l i c  f o r  l a m i n a r  a n d  x/ 7 t h  

p o w e r  l a w  f o r  t u r b u l e n t .  T h e  p r o b l e m  w i t h  u s i n g  t h e s e  t o  

c h a r a c t e r i s e  l e a k a g e  f l o w  t h r o u g h  a c l o s e d  p r o s t h e t i c  h e a r t  v a l v e  i s  

t h a t  t h e  a x i a l  p a t h  l e n g t h  i s  s o  s h o r t  t h a t  t h e  c o n d i t i o n s  c o u l d  

o n l y  b e  d e s c r i b e d  a s  e n t r y  f l o w ,  a n d  t h e r e f o r e  i t  i s  u n r e a s o n a b l e  t o  

a s s u m e  t h a t  t h e  v e l o c i t y  p r o f i l e  t h r o u g h  t h e  g a p  i s  t h e  s am e  a s  i t  

w o u l d  b e  f o r  f u l l y - d e v e l o p e d  c o n d i t i o n s .  T h i s  w i l l  h a v e  t w o f o l d  

s i g n i f i c a n c e .  F i r s t l y ,  t h e  p r o f i l e  w i l l  b e  c h a n g i n g  t h r o u g h o u t  t h e  

l e n g t h  a n d  s e c o n d l y ,  i t  w i l l  b e  f l a t t e r  t h a n  t h e  f u l l y - d e v e l o p e d  

p r o f i l e  f o r  t h e  s am e  f l o w r a t e  a n d  w i l l ,  t h e r e f o r e ,  g i v e  r i s e  t o  a  

g r e a t e r  w a l l  v e l o c i t y  g r a d i e n t ,  h e n c e  f r i c t i o n  f a c t o r .

F o r  s i m p l i c i t y ,  we w i l l  c o n c e n t r a t e  o n  t h e  e f f e c t  o f  t h i s  ’' f u l l e r ” 

p r o f i l e  a n d  a s s u m e  t h a t  i t s  s h a p e  l i e s  s o m e w h e r e  b e t w e e n  t h e  t o t a l l y  

f l a t  a n d  t h e  f u l l y - d e v e l o p e d  a n d  r e m a i n s  u n c h a n g e d  t h r o u g h o u t  t h e
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l e n g t h  o f  t h e  l e a k a g e  g a p .  T h r e e  f u r t h e r  a s s u m p t i o n s  a r e  m a d e ,  a s  

f o l l o w s : -

1)  S i n c e  t h e  l e a k a g e  g a p  i s  a  t h i n  s l i t  w h o s e  b r e a d t h  i s  s o m e  30  

t i m e s  i t s  w i d t h ,  a  " p a r a l l e l  p l a t e "  a n a l y s i s  i s  m o r e  

a p p r o p r i a t e  t h a n  a " c i r c u l a r  p i p e "  a n a l y s i s .  P l a t e  s e p a r a t i o n  

i s  t a k e n  a s  6 •

2 )  V e l o c i t y  p r o f i l e  i s  d e f i n e d ,  t o  t h e  c e n t r e l i n e ,  a s

-  - Z - 2—rm I (5/2)Ju

w h e r e  u m i s  t h e  maximum ( c e n t r e l i n e )  v e l o c i t y  a n d  y i s  t h e

d i s t a n c e  f r o m  t h e  w a l l .  H e r e ,  t h e  v a l u e  o f  n d e f i n e s  t h e  s h a p e
/

o f  t h e  v e l o c i t y  p r o f i l e :  t h e  l a r g e r  i t s  v a l u e  t h e  " f u l l e r "  t h e  

p r o f i l e .  F o r  f u l l y  d e v e l o p e d  t u r b u l e n t  f l o w ,  n = 7 .

3 )  The  n o n - d i m e n s i o n a l  r e l a t i o n s h i p :

-  ( 5 )

h o l d s ,  w h e r e  u* i s  t h e  " f r i c t i o n  v e l o c i t y " ,  s [ \ 7  i s

t a k e n  a s  a  c o n s t a n t  o v e r  t h e  r e l e v a n t  r a n g e  o f  R e y n o l d s  n u m b e r  

( a l t h o u g h  i t  i s ,  i n  f a c t ,  a  w e a k  f u n c t i o n  o f  R e ) .
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We now f o l l o w  t h e  s c h e m e  o f  D u n c a n  e t  a l  ( 1 9 7 0 )  w i t h  a p p r o p r i a t e  

m o d i f i c a t i o n s  f o r  p a r a l l e l  p l a t e  t h e o r y .  E q u a t i o n  ( 5 )  e v a l u a t e d  a t  

t h e  c e n t r e l i n e  y i e l d s :

l

w h i l s t  t h e  d e f i n i t i o n  o f  mean v e l o c i t y ,  u ,  t o g e t h e r  w i t h  t h e  a s s u m e d  

v e l o c i t y  p r o f i l e  o f  e q u a t i o n  ( 4 ) ,  g i v e s :

u n
um (n + i )  ~ ( 7 )

E q u a t i o n s  ( 6 )  a n d  ( 7 )  c o m b i n e  t o  g i v e :

6 n Ki  -  ( 8 )

a n d  s u b s t i t u t i n g  t h e  d e f i n i t i o n s  o f  f r i c t i o n  f a c t o r  a n d  R e y n o l d s  

n u m b e r  ( e q u a t i o n s  ( 2 )  a n d  ( 3 ) )  y i e l d s  t h e  r e s u l t :

-  _ i= —_ >n+5 —
(n+ i ) n + i  ( n + i )

F = K Se w h e r e  K = 2 (£L ti) -  ( 9 )
n Kj.

T h u s ,  t h e  g r a d i e n t  o f  t h e  l o g ( f )  v s  l o g ( R e )  c u r v e  i s  -  2 / ( n + l ) ,  s o  

t h a t  a  " f u l l e r "  p r o f i l e  ( l a r g e r  n )  r e s u l t s  i n  a s h a l l o w e r  g r a d i e n t .

R e g r e s s i o n a l  a n a l y s i s  o f  G e n t l e ’ s  d a t a  y i e l d s :

- O . i l  31
f  = 0 .2 9 9 8  Re -  (.10)
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s o  t h a t ,  f o r  t h e  t w i n - f l a p  v a l v e  we h a v e ;

n = 16 .7 a n d K 1 = 3 . 1 5

C o m b i n i n g  e q u a t i o n s  ( 4 )  a n d  ( 7 )  y i e l d s :

nu
u -  ( 1 1 )

The  v e l o c i t y  p r o f i l e  d e f i n e d  b y  e q u a t i o n  ( 1 1 )  w i t h  n= 16 ,7  i s  s h o w n  

t o g e t h e r  w i t h  t h a t  f o r  n = 7 ( f u l l y  d e v e l o p e d  t u r b u l e n t )  f o r  t h e  s a m e  

m ean  v e l o c i t y ,  i n  f i g u r e  2 .  I t  i s  a p p a r e n t  t h a t  t h i s  p r o f i l e  i s  

s i g n i f i c a n t l y  f l a t t e r ,  a n d  h e n c e  h a s  a  s t e e p e r  w a l l  v e l o c i t y  

g r a d i e n t  r e s u l t i n g  i n  t h e  e l e v a t e d  f r i c t i o n  f a c t o r  o b s e r v e d  i n  

p r a c t i c e .  F u r t h e r ,  t h e  f l a t  p r o f i l e  r e s u l t i n g  f r o m  t h e  f a c t  t h a t  

t h e  f l o w  i s  n o t  f u l l y - d e v e l o p e d ,  e x p l a i n s  t h e  s h a l l o w  g r a d i e n t  o f  

G e n t l e ’ s  c u r v e .

T h e  h i g h  f r i c t i o n  f a c t o r  c a n  a l s o  b e  e x p l a i n e d  b y  c o n s i d e r i n g  t h a t  

t h e  c l o s e d  v a l v e  c o n s t i t u t e s  a  c o n v e r g i n g  d u c t ,  f o r  w h i c h  t h e  

momentum t h e o r e m  y i e l d s :

w h e r e  p i s  t h e  s t a t i c  p r e s s u r e ,  h t h e  e l e v a t i o n  a n d  z t h e  f l o w  

d i r e c t i o n .  T h u s ,  t o  a s s u m e  f  i s  p r o p o r t i o n a l  t o  AP i s  t o  n e g l e c t  

t h e  v e l o c i t y  a n d  e l e v a t i o n  t e r m s .  O r d e r - o f - m a g n i t u d e  c a l c u l a t i o n  

s h o w s  t h e  v e l o c i t y  t e r m  i s  c o m p a r a b l e  w i t h  t h e  p r e s s u r e  t e r m .  T h u s

( 1 2 )
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f o r  t h e  a n a l y s i s  t o  b e  v a l i d ,  u m u s t  b e  a s s u m e d  c o n s t a n t  t h r o u g h o u t  

t h e  s l i t ,  i . e .  t h a t  t h e  s l i t  i s  o f  c o n s t a n t  w i d t h ,  T h i s  c o n s t r a i n s  

u s  t o  a  s h o r t  l e n g t h  a r o u n d  t h e  f l a p  b a s e  w h e r e  u i s  a l r e a d y  l a r g e  

a n d  s o  t h e  p r e s s u r e  i s  s i g n i f i c a n t l y  l o w e r  t h a n  i t s  a s s u m e d  i n l e t  

v a l u e .  T h u s ,  t h e  q u o t e d  p r e s s u r e  d r o p ,  h e n c e  f r i c t i o n  f a c t o r ,  i s  

t o o  l a r g e .

NUMERICAL MODELLING

L e a k a g e  f l o w  w a s  m o d e l l e d  u s i n g  t h e  " P h o e n i c s "  f i n i t e  d i f f e r e n c e  

p a c k a g e .  S i n c e  q u a n t i t a t i v e  i n f o r m a t i o n  w a s  r e q u i r e d  o n l y  f o r  f l o w  

t h r o u g h  t h e  l e a k a g e  g a p  i t s e l f ,  a  2 - d i m e n s i o n a l  m o d e l  w a s  e m p l o y e d .  

S i n c e  f l o w  i s  s y m m e t r i c a l o n l y  a h a l f - p l a n e  w a s  m o d e l l e d .  The  

f l o w r a t e  w a s  s e t  a t  2 . 5  l i t r e s / m i n  ( 4 . 2 x l 0 ~ 5 m3/ s ) .  A c o n v e r g e d  

s o l u t i o n  w a s  o b t a i n e d  w h o s e  r e s u l t s  a r e  s u m m a r i s e d  o n  t h e  s t r e a m l i n e  

p l o t  o f  f i g u r e  3 .  T h e r e  i s  t u r b u l e n c e  a s  t h e  j e t  e m e r g e s .  W h i l s t  

t h e  h i g h l y  e l l i p t i c  n a t u r e  o f  t h e  f l o w  f i e l d  h a s  p r o d u c e d  

c o n s i d e r a b l e  u p s t r e a m  t u r b u l e n c e ,  f l o w  o v e r  m o s t  o f  t h e  f l a p  

s u r f a c e ,  e x c e p t  f o r  a s m a l l  r e g i o n  a t  i t s  b a s e ,  i s  l a m i n a r .  Two 

s t a g n a t i o n  p o i n t s  a r e  a p p a r e n t  on  t h e  o c c l u d e r  s u r f a c e :  o n e  on  t h e  

d o w n s t r e a m  f a c e  a n d  t h e  o t h e r  j u s t  d i s t a l  t o  t h e  f l o w  s e p a r a t i o n  

p o i n t  a t  t h e  b a s e .  T h i s ,  s i g n i f i c a n t l y ,  c o i n c i d e s  w i t h  a s m a l l  

l o c a l  l a m i n a r  r e g i o n .  T h e  maximum s h e a r  s t r e s s  i n  t h e  g a p  i s  

c a l c u l a t e d  a s  2 . 2  k N / m 2 .
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DISCUSSION,

As d e m o n s t r a t e d  a b o v e ,  f l o w  t h r o u g h  t h e  g a p  i t s e l f ,  a l b e i t  n o t  

f u l l y - d e v e l o p e d ,  d o e s  a p p e a r  t o  b e  t u r b u l e n t ,  w i t h  t h e  a c c o m p a n y i n g  

a d v a n t a g e s ,  b u t  c o n s i d e r a t i o n  o f  w h e r e  on  t h e  o c c l u d e r  s u r f a c e  t h i s  

t u r b u l e n c e  l i e s  r e v e a l s  t h a t  i t  i s  p r i m a r i l y  i n  r e g i o n s  4 v h ic h  a r e  

b e s t  w a s h e d  i n  f o r w a r d  f l o w  a n y w a y  { s e e  f i g u r e  4 ) .  I n d e e d ,  G e n t l e ,  

J u d e n  e t  a l  ( 1 9 8 1 )  r e p o r t  t h a t  t h e  h i n g e s  h a v e  b e e n  d e l i b e r a t e l y  

p l a c e d  s o  a s  t o  e n s u r e  a d e q u a t e  w a s h i n g  a c t i o n  b e t w e e n  t h e  f l a p s  

w h e n  o p e n .  H o w e v e r ,  t h e  t w o  p l a c e s  a t  w h i c h  t h e r e  i s  s t a s i s  when  

t h e  v a l v e  i s  s h u t  a r e  p r e c i s e l y  t h e  s a m e  p o i n t s  m o s t  l i k e l y  t o  

p r o v i d e  s t a g n a t i o n  d u r i n g  f o r w a r d  f l o w ,  n a m e l y  t h e  b a s e  w h e r e  t h e  

d i v i d i n g  s t r e a m l i n e  i m p i n g e s  a n d  t h e  f l a p  t i p  w h e r e  s e p a r a t i o n  w i l l  

o c c u r .

As r e p o r t e d  a b o v e ,  t h e  maximum s h e a r  s t r e s s  w a s  2 . 2  k N / m 2 . The  

p r e s s u r e  d r o p  f o r  t h i s  f l o w r a t e  w as  a p p r o x i m a t e l y  9 k N / m 2 , s i n c e  

t h i s  w a s  c e n t r a l  t o  t h e  r e p o r t e d  t e s t  r a n g e .  R o u g h  c a l c u l a t i o n  

s h o w s  t h a t  a  m o r e  t y p i c a l  p h y s i o l o g i c a l  p r e s s u r e  d i f f e r e n t i a l  o f  17 

k N / m 2 w o u l d  y i e l d  a  w a l l  s h e a r  s t r e s s  o f  4 . 2  k N / m 2 f o r  t h e  t w i n -  

f l a p  v a l v e ,  a s  c o m p a r e d  w i t h  0 . 6 2 k N / m 2 f o r  t h e  B j o r k - S h i l e y  v a l v e  

( f o r  t h e  s a m e  p r e s s u r e  d r o p )  e s t i m a t e d  f r o m  t h e  e q u a t i o n :

s Ap
w ~ 2 ~  -  ( 1 3 )

w h e r e  4 i s  t h e  l e a k a g e  g a p  l e n g t h  i n  t h e  f l o w  d i r e c t i o n .  B l a c k s h e a r  

( 1 9 7 2 )  s t a t e s  t h a t  s h o r t - d u r a t i o n  s h e a r  s t r e s s  o v e r  4 k N / m 2 w i l l  

c a u s e  h a e m o l y s i s ,  p r o b a b l y  b y  c e l l  m em brane  r u p t u r e ,  w h i l s t  t h e r .e  i s
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a  s e c o n d  m e c h a n i s m  r e q u i r i n g  a  s h e a r  s t r e s s  l e v e l  o f  a b o u t  0 . 1  

k N / m 2 s u s t a i n e d  f o r  s e v e r a l  s e c o n d s .  O p i n i o n  i s  d i v i d e d  a s  t o  

w h e t h e r  t h e  r e s u l t i n g  c e l l  d a m a g e  i s  c a u s . e d  b y  m e c h a n i c a l  t e a r i n g  o f  

l o n g  t h i n  p r o c e s s e s  d r a w n  o u t  when  c e l l s  a n c h o r  t o  t h e  w a l l ,  o r  b y  

l a m i n a r  s h e a r  s t r e s s  i n  t h e  b u l k  f l o w .  The  f o r m e r  m e c h a n i s m  i s  

t h o u g h t  t o  b e  t h e  p r i n c i p a l  mode o f  h a e m o l y s i s  a t  p r o s t h e t i c  

s u r f a c e s  a n d  i s  e x t r e m e l y  d e p e n d e n t  o n  s u r f a c e  t r e a t m e n t .  C l e a r l y  

t h e n ,  d e s p i t e  t h e  c h o i c e  o f  p o r o u s  a l u m i n a  t o  e n c o u r a g e  t i s s u e  

g r o w t h  t o  r e d u c e  t h e  c h a n c e  o f  h a e m o l y s i s  a t  t h e  s u r f a c e ,  t h e  v a l u e s  

o f  s h e a r  s t r e s s  p r o d u c e d  m e r e l y  b y  t h e  c h o i c e  o f  l e a k a g e  g a p  a r e  

u r i a c c e p t a b l y  h i g h  f o r  c l i n i c a l  u s e .

F i n a l l y ,  t o  p r o d u c e  t u r b u l e n t  l e a k a g e ,  t h e  g a p  m u s t  b e  w i d e ,  

p r o d u c i n g  l a r g e  b a c k f l o w . ’ F o r  e x a m p l e ,  q u o t e d  f l o w  f o r  a b a c k  

p r e s s u r e  o f  20  k N / m 2 i s  3 . 9 5  l i t r e s / m i n  ( 6 . 6 x l 0 ~ 5 m3/ s ) .

A s s u m i n g  a t y p i c a l  m ean  f o r w a r d  f l o w  o f  25 l i t r e s / m i n  ( 4 . 2 x 1 0 " 4 

m3/ s ) ,  a  r e g u r g i t a n t  f r a c t i o n  w e l l  o v e r  15% i s  r e a d i l y  p r o d u c e d .

LEAKAGE GAP DIMENSIONS

E v i d e n t l y ,  a  w i d e  l e a k a g e  g a p  c a n  h a v e  s e r i o u s  c o n s e q u e n c e s ,  s o  

d e s i g n  c r i t e r i a  a r e  r e q u i r e d .  O b v i o u s l y ,  i t  i s  o f  p r i m e  i m p o r t a n c e  

t o  e n s u r e  t h a t  a n y  p l a n n e d  w a s h i n g  a c t i o n  s c o u r s  t h e  s u r f a c e  r e g i o n s  

w h e r e  t h r o m b u s  f o r m a t i o n  i s  m o s t  l i k e l y .  A l o w e r  l i m i t  on l e a k a g e  

f l o w  m i g h t  b e  s u g g e s t e d  b y  t h a t  n e c e s s a r y  t o  p r e v e n t  c e l l  a d h e s i o n  

t o  t h e  o c c l u d e r  s u r f a c e ,  b u t ,  a s  p r e v i o u s l y  m e n t i o n e d ,  t h e  n a t u r e  o f  

t h e  s u r f a c e  i s  t h e  s i g n i f i c a n t  f a c t o r  h e r e .  H o w e v e r ,  s i n c e  i t  i s
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a g r e e d  t h a t  t h e  w a s h i n g  a c t i o n  o f  l e a k a g e  f l o w  i s  d e s i r a b l e ,  i t  

s e e m s  s e n s i b l e  n o t  t o  l i m i t  t h i s  t o  a  m in im um ,  b u t  r a t h e r  t o  f i x  g a p  

w i d t h  a r o u n d  a n  u p p e r  l i m i t  s e t  b y  c o n s i d e r a t i o n  o f  h a e m o l y s i s  o r  

r e g u r g i t a t i o n .  S u c h  a  c r i t e r i o n  m i g h t  b e  t h e  4 k N / m 2 s h e a r  s t r e s s  

f o r  h a e m o l y s i s  b y  c e l l  m em br ane  r u p t u r e .  T h i s ,  h o w e v e r ,  i s  l i k e l y  

t o  p r o d u c e  a  l a r g e  g a p  a n d  h e n c e  e x c e s s i v e  r e g u r g i t a t i o n .  A l s o ,  

B l a c k s h e a r ’ s  c o m m e n t s  c o n c e r n i n g  t h e  m e c h a n i s m s  o f  h a e m o l y s i s  a t  

p r o s t h e t i c  s u r f a c e s  i n d i c a t e  t h a t  t h e  4 k N / m 2 s h e a r  s t r e s s  

c r i t e r i o n  may b e  t o o  h i g h  i n  t h e s e  c i r c u m s t a n c e s .  S i n c e  t h e  0 . 1  

k N / m 2 s h e a r  s t r e s s  c o n d i t i o n  a p p l i e s  t o  s i t u a t i o n s  i n  w h i c h  t h i s  

l e v e l  i s  s u s t a i n e d  f o r  s e v e r a l  s e c o n d s ,  i t  d o e s  n o t  a p p e a r  r e l e v a n t  

f o r  p u l s a t i l e  c a r d i a c  f l o w ,  a n d  a n y h o w ,  w o u l d  l e a d  t o  l e a k a g e  g a p s  

o n l y  a  f e w  m i c r o n s  w i d e .

T h i s  l e a v e s  t h e  a c c e p t a b l e  r e g u r g i t a n t  f r a c t i o n  a s  t h e  c r i t e r i o n  f o r  

an  u p p e r  l i m i t .  U n f o r t u n a t e l y ,  s i n c e  t h e  known p h y s i o l o g i c a l  

p a r a m e t e r  i s  t h e  p r e s s u r e  d i f f e r e n c e  a c r o s s  t h e  c l o s e d  v a l v e ,  

c a l c u l a t i o n  o f  r e g u r g i t a n t  f l o w  p r e s u p p o s e s  a k n o w l e d g e  o f  t h e  Q- p  

r e l a t i o n s h i p .  We h a v e  s e e n  t h a t  a l t h o u g h  c o r r e l a t i o n  w i t h  f u l l y -  

d e v e l o p e d  p r e d i c t i o n s  i s  p o o r ,  i t  i s  b e t t e r  f o r  R e y n o l d s  n u m b e r s  

w e l l  i n t o  t h e  l a m i n a r  r e g i m e  - -  p o s s i b l y  g o o d  e n o u g h  f o r  a  r o u g h  

d e s i g n  c a l c u l a t i o n .  T h u s ,  f o r  s l i t  f l o w :

w h e r e  M- i s  t h e  d y n a m i c  v i s c o s i t j r, Q i s  t h e  v o l u m e t r i c  f l o w r a t e  a n d  w 

i s  t h e  l e a k a g e  g a p  b r e a d t h ,  d i c t a t e d  b y  v a l v e  g e o m e t r y .  E q u a t i o n  

( 1 4 )  c o u l d  y i e l d  an e s t i m a t e  o f  6 r e q u i r e d  t o  p r o d u c e  a n  a c c e p t a b l e

- ( 1 4 )
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l e a k a g e  f l o w  f o r  a  g i v e n  p r e s s u r e  d r o p .  We may a l s o  c h e c k  w h e t h e r  

t h e  R e y n o l d s  n u m b e r :

Re =_ 2 p Q
|i> w -  ( 15 )

i s  s u f f i c i e n t l y  l o w .  E q u a t i o n  ( 1 3 )  c o u l d  t h e n  p r o d u c e  a r o u g h  c h e c k  

o n  t h e  s h e a r  s t r e s s  l e v e l .

CONCLUSION

I n  o r d e r  t o  o b t a i n  a  t u r b u l e n t  w a s h i n g  a c t i o n ,  o n e  m u s t  r i s k  

e x c e s s i v e  r e g u r g i t a t i o n ,  h i g h  s h e a r  s t r e s s  a n d  c o n s e q u e n t  m e c h a n i c a l  

h a e m o l y s i s .  E v e n  t h e n  t h e  t u r b u l e n c e  i s  n o t  n e c e s s a r i l y  p r o d u c e d  

w h e r e  w a s h i n g  i s  m o s t  n e e d e d .  I t  s e e m s  m o re  s e n s i b l e ,  t h e r e f o r e ,  t o  

d e s i g n  f o r  lam inar*  f l o w  t h r o u g h  a  w e l l - p l a c e d  l e a k a g e  g a p  i n  a  v a l v e  

m ade f r o m  a  s u i t a b l e  m a t e r i a l .  T h i s  h a s  b e e n  s e e n  t o  p r o v i d e  

a d e q u a t e  p r o t e c t i o n  a g a i n s t  t h r o m b u s  f o r m a t i o n  a n d  h a e m o l y s i s  i n  

c l i n i c a l  u s e .

I
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Pulsatile flow testing of prosthetic heart 
valve conduits
S E LEEFE, G D TANSLEY and C R GENTLE
Department o f Mechanical Engineering, Trent Polytechnic, Nottingham, UK

SYNOPSIS A pulse duplicator for testing prosthetic heart valve conduits is described. The model 
left ventricle permits the testing of a conduit either as a straightforward valve replacement or as an 
apico-aortic shunt. Drive is provided by a microcomputer-controlled servomotor, operating a piston 
forcing an hydraulic fluid into a chamber surrounding the model ventricle, thus providing direct 
programmable control of ventricular volume throughout the cycle. Pressure and flow signals are digi
tised, stored and processed in a microcomputer to yield performance data in terms of energy loss.

The first phase of the research programme concerns the testing of existing conduit designs. The 
second will incorporate particle image velocimetry for flow visualisation to highlight regions of 
stasis and high shear rate. These findings, in conjunction with the results of the tests oulined 
above, will form the basis for the development of a new valved conduit.

1 INTRODUCTION

Artificial heart valves have been the subject of 
extensive testing and development work over the 
years. Consequently, there is a large array of 
prostheses available to the surgeon and the 
choice of replacement valve can be determined by 
referring to fairly exhaustive in vitro and 
clinical performance data as well as considering 
cost. Unfortunately, the choice of prosthesis 
for conduit operations is not so scientific. Not 
only is there a far more restricted choice avail
able, but the extent of published performance 
data is limited. Indeed, the authors know of no 
references containing pulsatile flow test results 
for prosthetic heart valve conduits. This 
results from a lack of development work, which is 
surprising, given the scope for improvement 
afforded by the absence of geometrical con
straints which the surrounding vessels impose on 
the design of valves for straightforward replace
ment. Instead, the strategy has been to incor
porate a valve , which has been designed to 
separate two chambers, into a length of conduit 
tubing. Clearly, this is a different fluid 
mechanical situation and, as such, is unlikely 
to be optimal. This approach also unnecessarily 
restricts the type of valve which can be 
employed in a conduit. For example, if a Starr- 
Edwards valve were to be sewn into straight 
tubing, in the open position the ball occluder 
would still occupy nearly all of the cross- 
section: a downstream enlargement is essential 
for its efficient operation. Thus we can see 
that a pulsatile flow test facility for valved 
conduits is necessary both to provide the 
surgeon with performance data and to enable 
development work to proceed.

Since valved conduits are employed in a variety 
of ways it is logical to test their performance 
in different modes of usage. For this reason 
the pulse duplicator allows a conduit to be 
tested as an apico-aortic shunt by providing the 
model ventricle with an optional second outflow.

The fluid circuit compliance and resistance can 
be adjusted to model either pulmonary or 
systemic load conditions. Great flexibility is 
also affQrded by the use of computer-generated 
driving waveforms for ventricular volume. One 
is not constrained to a sinusoidal function, 
although, should one wish to use this as a suit
able standardised basis for testing, one is at 
liberty to vary its amplitude and frequency 
virtually continuously. One can employ a physio
logical-type waveform, vary its amplitude and 
frequency, alter the ratio of filling to emptying 
time or even study the effect of arrhythmia. By 
designing versatility into the pulse duplicator 
one has a valuable research tool.

2 DESCRIPTION OF APPARATUS

2.1 Fluid circuit

The heart is essentially a positive displacement 
pump. Changes in ventricular volume determine 
the flow of blood into or out of the chamber and 
pressures throughout the system are a function 
of the load impedance. This standpoint justifies 
the pulse duplicator design. See Figures 1 and 
2. A flexible membrane, semi-elliptical in 
cross-section, cast in cold cure clear silicone 
rubber (MDX-4-4210, Dow Corning) models the 
ventricle walls. This sits inside a cylindrical 
acrylic enclosure and is sealed from above by a 
plate containing inlet and outlet ducts. A pipe 
carries hydraulic fluid from a master cylinder 
to the chamber surrounding the membrane. As 
this fluid is pumped into the enclosure it 
squeezes the membrane, emulating the squeezing 
action of ventricular systole. Further, the 
volume pumped in equals the reduction of 
'ventricular' volume, so, by controlling piston 
position or velocity, one may directly control 
ventricular volume or its rate of change. There 
is a hole through the base of the membrane and 
the cylindrical container. This is normally 
plugged but may be used as a second outflow for 
testing a conduit as an apico-aortic shunt. For
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the basic pulsatile flow testing the conduit is 
attached in the aortic position. Compliance is 
provided by a pressure chamber into which air 
may be pumped through a car tyre valve. Resis
tance is provided by a simple screw clamp. All 
interconnecting tubing is of 22 mm bore clear 
plastic. (Since all the conduits obtained for 
testing are of nominal 22 mm diameter this choice 
of bore is used throughout the circuit.) Down
stream of the impedance elements, the flow drains 
into an open reservoir which feeds the return to 
the pulse duplicator's atrial chamber. A Bjork- 
Shiley mitral valve separates the atrium from the 
ventricle. All circuit elements are fitted with 
standardised flange connectors for ease of inter
changeability. Interconnecting pipe lengths are 
terminated in the same connectors, the tubing 
sliding over an external taper so that the bore 
remains constant throughout the joint. See 
Figure 3- Most conduits are flexible and some
what porous. This raises two problems: firstly, 
how to secure them into position in the test 
apparatus and secondly, how to prevent leakage 
through the conduit walls. Both these diffi
culties may be overcome by mounting the conduit 
inside a length of 25 mm bore plastic tubing, 
securing it by sewing o-rings to both ends of the 
conduit and locating them in grooves machined 
into the tubing. See Figure if. The stiffness of 
the tubing holds the conduit in position, whilst 
the o-rings provide axial location within the 
sheathing and prevent leakage of the fluid which 
seeps through the conduit walls.

The original working fluid was a buffered Ringer' s 
solution (as used by Juden (1)), but this had to 
be abandoned since it caused unacceptable zero 
drift of the electromagnetic flowmeter probe. 
Eventually, a solution of 50g/dm3 of sodium 
chloride in distilled water was mixed with glycerol 
in the ratio 70:30 by volume, giving a conductive 
working fluid, compatible with the flowmeter, 
with a kinematic viscosity (at 19.5°C) of 
3.00 x 10~6m z/s, which is comparable to that of 
blood, and a density of 1.10 x 10 3kg/m3 .

2 .2 Drive System

Mechanical power to the pulse duplicator is 
derived from a linear motion reciprocating pump 
comprising a piston and cylinder arrangement.
The choice of drive system was governed by two 
factors: smoothness of operation and availability 
of existing resources. These considerations led 
to the use of analogue command of a servo-motor 
to control piston velocity. Figure 5 shows a 
schematic diagram of the control system. Drive 
is taken from a low-friction nut running on a 
lead screw which is coupled to a d.c. servo
motor with integral tacho-generator for velocity 
feedback (M670 TE, by McLennon Servo). Velocity 
control is provided by a servo-amplifier (EM 200, 
McLennon Servo) taking its command signal from a 
14-bit digital-to-analogue converter (RS 753^, 
Radio Spares). The signal is generated by a 
dedicated single board computer (1087/05E, 
Antronics Ltd) using sampled waveform data stored 
sequentially in EPROM. The system is capable of 
pumping at a maximum ejection rate of 1 dm3/s at 
pulse rates between 30 and 200/min. Thus, within 
these limitations; any waveform may be output by sel
ecting an appropriately programmed EPROM. One such 
option is a 'physiological' waveform derived from 
a graph of left ventricular volume versus time 
for a typical healthy subject, presented in 
Strand (2). This was reproduced as a 25-term

Fourier series, from which was derived a smooth 
and continuous curve of the rate of change of 
ventricular volume. (The volume curve and its 
inverted derivative are shown in Figure 6.) This 
was sampled at 1024 equally spaced points and the 
values stored in EPROM to generate the piston 
velocity control signal.

A further feature of the control system is the 
'reset' function, which stops the piston dead.
This can be effected manually or on receipt of 
signals from opto-sensors at the lead screw's 
extremities, preventing the possibility of mech
anical damage caused by the nut running into 
either end. There is also a manual override so 
that the nut can be re-positioned after a reset. 
Finally, trigger signals are available to 
initiate and stop a data acquisition cycle and 
to operate a laser or a camera for flow 
visualisation studies.

2.3 Data acquisition system

For reasons discussed by Leefe and Gentle (3), 
conduit performance is to be assessed in terms of 
'energy loss'. This requires the continuous 
measurement, throughout a cycle, of two pressures 
(or one differential) and one volumetric flowrate. 
For tests on a conduit used as an apico-aortic 
shunt, three pressures (or two differentials) and 
two flows are needed. Instrumentation is comp
rised of pressure transducers (22 A-005-G IC- 
Sensors, Computer Controls Ltd), an electro
magnetic flowmeter (SP2202 Research Blood Flow
meter with SP4005 22 mm i.d. cannulating probe 
suppled by Gould Medical) and a turbine flowmeter 
(B / 5/8 / 8, A.O.T Systems). The pressure trans
ducers were calibrated statically, whilst the 
flowmeters were calibrated for steady flows in 
the range - 3 0 to +30 dm3/min in the working fluid. 
The data acquisition system is based around an 
eight channel, programmable gain, 12-bit 
analogue-to-digital converter (ADC) unit (U-A/D, 
U-Microsystems Ltd) under the control of a dedi
cated Apple lie microcomputer. For rapid 
sampling the ADC gain needs to be kept constant, 
but the electromagnetic flowmeter signal is two 
orders of magnitude larger than the pressure 
transducer signals. Also, the turbine flowmeter 's 
output is a small a.c. signal whose frequency is 
proportional to flow. Further, some of the 
signals are negative-going, but the ADC unit is / 
unipolar. For these reasons a signal condition
ing unit was built which also includes a facility 
for auto-calibration under computer control.
Signal sampling is at the rate of ten kHz (with 
five channels this is two kHz per channel) so 
that data for a typical one second cycle, stored 
in bit-form occupies about 20 kilobytes of RAM. 
Data acquisition must .therefore , be controlled 
from an assembly language subroutine, since BASIC 
is too slow and floating point numerical data is 
wasteful of memory. The acquisition cycle is 
initiated and terminated by trigger pulse inputs 
generated by the drive system's computer. At the 
end of a cycle, data is retrieved from memory, 
one channel at a time, converted into values of 
process variables by means of calibration 
equations and stored on disc for subsequent plot
ting, manipulation and analysis. The system is 
shown schematically in Figure 7.

3 PROGRAMME OF WORK

The aim of the programme of research into pros
thetic heart valve conduits, being undertaken at
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Trent Polytechnic, is to develop a prototype 
which demonstrably improves on existing designs. 
To this end, a base of performance data is being 
established for comparison. This primarily en
tails the calculation of ’energy loss’ per pulse 
for each conduit in the aortic position, with a 
given ventricular forcing function. Performance 
may also be evaluated for the conduit used as an 
apico-aortic shunt for the relief of a given 
degree of aortic valve stenosis, by calculating 
the ’energy loss' for a system in which the 
aortic outflow tract incorporates, for example, 
a 70 per cent occlusion representing the 
stenosed valve, and the conduit provides a 
second outflow tract.

The proposed idea for prototype development is a 
variant of the caged ball valve idea, in which 
there is a rigid, ceramic valve-bearing section 
attached at either end to flexible conduit tub
ing. The central section would consist of an 
inlet tract, sealed, under adverse pressure 
gradient, by a spherical occluder, which, under 
forward flow conditions, would move out into a 
diverging section, where it would be restrained 
from sealing the outflow duct by three struts, 
integral to the converging outlet section. See 
Figure 8. Preliminary steady flow tests on a 
rigid mock-up (4) have indicated that consider
able improvements in forward flow pressure drop 
over existing designs are possible, although 
attention is needed with regard to the problem 
of ball instability. An investigation into this 
problem (5), however, has pinpointed the cause. 
Development work will be augmented both by the 
use of numerical flow simulation with the 
'Phoenics' finite difference package and flow 
visualisation studies on transparent prototypes, 
using particle image velocimetry, to highlight 
regions of stasis and high shear rate. This 
technique relies upon the exposure of small

22 HYDRAULIC FLUID INLET/OUTLET COPPER 1
21 B A S E  PLATE PERSPEX 1
2 0 S E C U R I N G  RING B R A S S 1
19 S E C U R I N G  COLLAR B R A S S 1
18 PLUG P E R S P E X P 0 L I 5 F 1
17 0 - R I N G ,  1 / 1 6 "  SECTION RUB B ER 1
16 C 'S ' K  SCREW. 6 BA * 1 / 4 " B R A S S 14
15 C 'S ' K  SCREW. 4  8  A * 3 / 8 ” B R A S S 6
14 WASHER F I B R E 1
13 V E N T  P L U G .  M3 * 6 STE E L 1
12 F L E X I B L E  MEMBRANE R U B B E R 1
11 P R E S S U R E  TAPPING TUBE COPPER 1
10 0 - R I N G ,  1 / 1 6 "  SE C T I O N RUB BER 1
9 O U T L E T  ST U B  P I P E P E R S P E X 1
a SE C U R IN G  COLLAR P E R S P E X POLISH 1
7 I N L E T  STUB P I P E P E R S P E X POLISH 2
6 G RUB S C R E W .  M 4 * 4 1
5 I N L E T / O U T L E T  MANIFOLD P E R S P E X POLISH 1
4 22mm DIA BJORK -SHILEY VALVE 1
3 C ' S ' K  SCREW.  8 B A  3 / 8 B R A S S 27
2 VALVE RING PE R S P E X POLISH 1
1 PUMP BODY P E R S P E X POLISH 1
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DRN. 5.P.L . SCALE 1 ;1 MODEL HEART PUMP 
GENERAL ARRANGEMENT

DRCL Ho.

AFPO. SHEET
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particles (typically five microns) to double 
pulsed ruby laser radiation, for the creation of 
two laterally displaced image matrices on a photo- 
grapic negative. Local velocity vectors are 
derived by analysing the Young's fringes produced 
by the pointwise interrogation of a contact 
printed positive transparency in laser light.
The magnitude of the velocity vector is inversely 
proportional to the fringe spacing, whilst its 
direction is gleaned from the fringe direction.
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THE ROLE OF COMPUTATIONAL FLUID MECHANICS IN 
THE ANALYSIS OF PROSTHETIC HEART VALVE FLOW

G.D, TANSLEY, R.J. EDWARDS and C.R. GENTLE 

The D epartm ent o f M echanical E n g in eer in g , T ren t P o ly te c h n ic , N ottingham  

ABSTRACT

T his p ap er  aim s to  p r e s e n t  th e  s tr e n g th s  and w e a k n e s s e s  o f  
C om putational F luid M echanics (CFM) as  com pared to e x is t in g  in -v itr o  
haem odynam ic te c h n iq u e s  su ch  a s  LDA, hot w ire anem om etry and s ta t ic  
p r e s s u r e  m easurem ent and to  d is c u s s  th e  a p p lica tion  o f CFM to  th e  
a n a ly s is  o f p r o s th e t ic  h ea r t v a lv e  flow . It p r e s e n ts  a b r ie f  sum m ary o f  
e x is t in g  m ethods u se d  in  a n a ly s in g  in -v itr o  h ea rt v a lv e  flow  (a long w ith  
CFM), th e  sp e c ia l p rob lem s in h e r e n t  in  each  m ethod and th e  q u a n titie s  
each  is  cap ab le  o f g iv in g . The a n a ly s is  th e n _ g o e s  on  to  p r e s e n t  exam ples  
o f  in form ation  y ie ld e d  b y  CFM. It a lso  co n ta in s  a b r ie f  d is c u ss io n  o f  
th e  data  req u irem en ts  for  th e  a n a ly s is  o f h ea r t v a lv e  p erform ance and  
th e  c lin ica l r e le v a n c e  o f f lu id  dynam ic o c c u r r e n c e s .

The co n c lu sio n  draw n is  th a t CFM h as a major ro le  to  p la y  in  th e  
a n a ly s is  o f p r o s th e t ic  h ea r t v a lv e  flow  and d e s ig n  b e c a u se  o f th e  
im proved  a v a ila b ility  o f  d ata  a ffo rd ed  and th e  in c r e a se d  co rre la tio n  
b etw een  CFM and c lin ica l flow  reg im es, due to  th e  a b ility  to c o n s id er  
r e a lis t ic  m odels o f b lood.



INTRODUCTION

The d e p e n d e n c e  o f haem olysis and  th rom b osis  on p r o sth e tic  h ea rt  
v a lv e  flow  is  w ell e s ta b lish ed  and m any in -v itr o  s tu d ie s  h ave  been  
c o n d u cted  o v e r  th e  la s t  th ree  d e c a d e s  w ith  th e  aim o f fu lly  d e sc r ib in g  
th e  m echanism s o f su ch  o c c u r r e n c e s . It h as becom e o b v io u s  th at th e r e  are  
se v e r a l m echanism s b y  w hich  h aem olysis  is  in d u ced  v ia  p r o s th e tic  v a lv e  
flow , bu t th o se  o f r e lev a n ce  to th e  flu id  dynam ics realm  are sh ear  
s t r e s s  re la ted ; sim ilarly  th rom b osis is  a s ta s is  or sh ea r  ra te  re la ted  
problem . It is  th e r e fo r e  n e c e ssa r y  th a t d e s ig n e r s  o f h eart v a lv e s  h a v e  
a d eq u ate  sh ea r  s t r e s s  and sh ear ra te  data  p e r ta in in g  to blood flow  
th r o u g h  each  v a lv e . U n fo rtu n a te ly  th e r e  are d iff ic u lt ie s  a sso c ia ted  w ith  
o b ta in in g  th e se  data; none o f th e  p r e s e n t ly  ap p lied  in -v itr o  tec h n iq u e s  
is  cap ab le  o f r e n d e r in g  sh ear  s t r e s s  d ir e c t ly , h a v in g  to  r e ly  on  
a ssu m p tio n s ab ou t th e  n atu re  o f th e  tu r b u len ce , nam ely iso tr o p y . T h is  
r e d u c e s  co rre la tio n  betw een  th e  flow  o c c u r r e n c e s  s tu d ie d  in -v itr o  and  
th e  c lin ica l s itu a tio n ./C o rre la tio n  is  fu r th e r  red u ced  b y  th e  need  to  
m odel in  blood an a logu e  f lu id s , a ssu m in g  th a t th e ir  flow  b eh aviou r  
c lo s e ly  approxim ates th a t o f b lood. T h eo re tica lly , CFM sh ou ld  be ab le  to  
overcom e th e se  prob lem s b y  p r e d ic t in g  d ir e c t ly  th e  sh ea r  s t r e s s e s  and  
r a te s  for f lu id s  o f  com plex v is c o s ity  su c h  a s  b lood. P r e se n tly  th is  so r t  
o f m odelling is  uncommon and a lth o u g h  CFM is  s ta r t in g  to fin d  
a c c ep ta n c e , m uch o f th e  data p r e s e n te d  (eg  v e lo c ity  p r o file s)  could  
eq u a lly  w ell h ave  b een  obta in ed  b y  L aser D oppler Anem om etry. T his may be 
d ue in  p art to th e  fa c t  th a t CFM blood flow  p a c k a g e s  have u n til now b een  
d ev e lo p ed  from  sc ra tc h  e v e r y  tim e. T h is is  d iff ic u lt , slow  and o fte n  
in e ff ic ie n t. H ow ever, p ro p r ie ta ry  p a c k a g e s  su c h  a s  PHOENICS (S p a ld in g  
1981) are now ava ilab le  w h ich  are cap ab le  o f h a n d lin g  blood flow  th r o u g h  
h ea rt v a lv e s  r e a lis tic a lly , Some e n c o u r a g in g  p re lim in ary  r e s u lt s  h ave  
a lrea d y  been  o b ta in ed  in  th e  c u r r e n t  r e se a r c h  program m e u s in g  PHOENICS 
(T an sley  e t  al. 1986 and L eefe e t  al. 1986) and so  i t  seem s an o p p o rtu n e  
moment to  rev iew  how CFM can b e s t  be ap p lied  to  v a lv e  p r o s th e s e s  and how  
it  com p ares w ith  e x is t in g  te c h n iq u e s  for  a s s e s s in g  th e  haem odynam ic  
fa u lts  a sso c ia ted  w ith  p rop osed  v a lv e  m odels,



THE BACKGROUND TO CFM

Due to  th e  com plex n a tu re  o f th e  N avier-S tok es*  p artia l 
d iffe r en tia l eq u a tio n s  d e sc r ib in g  flu id  flow , a p u r e ly  a n a ly tica l  
so lu tio n  is  o n ly  p o ss ib le  for  sim ple c o n fig u r a tio n s  in  lam inar, s te a d y ,  
fu lly  d eve lop ed  reg im es. As su c h  flow  s itu a tio n s  do n ot o ccu r  in  th e  
ca rd io v a scu la r  sy stem  c lo se  to  th e  h ea rt, or in d eed  in  p r o s th e t ic  v a lv e  
flow , w h ich  can  be e ith e r  u n d ev e lo p e d  laminar or tu r b u le n t, th e  u s e  o f  
a n a ly tica l m ethods in  h e a r t  v a lv e  d e s ig n  is  v e r y  r e s tr ic te d . H ence a 
num erical ap p roach  m ust be ad op ted  if  r e le v a n t flow s are  to  b e  a n a ly sed  
n o n -ex p er im en ta lly , In i t s  s im p lest form , com putational a n a ly s is  w ill be  
b ased  on th e  so lu tio n  o f th e  p arab o lised  N a v ie r -S to k e s  eq u a tio n s, 
y ie ld in g  in form ation  ab ou t b o u n d a ry  la y er  ty p e  flow s (L aunder and  
S p a ld in g  1974); if  th e  flow  h as a r e a s  o f stream w ise sep a ra tio n , th e  
fu ll, e llip tic  form  o f th e  N a v ie r -S to k e s  eq u a tio n s m ust be in v o k ed .

Oonffputational num erical m ethods in  th e  form o f f in ite  d iffe r e n c e  or  
f in ite  elem ent approxim ation  p r o c e d u r e s  o ffer  so lu tio n s  to d iffe r e n tia l  
e q u a tio n s  and h ave  b een  o f  im m ense v a lu e  for  some tim e in  th e  f ie ld s  o f  
m echan ical s t r e s s  and v ib r a tio n  a n a ly s is . U n fo r tu n a te ly , s tan d ard  
com putational num erical m eth od s ca n n o t be app lied  to  th e  so lu tio n  o f  
tu r b u le n t flu id  flow  b e c a u se  th e  req u irem en ts  o f e x c e s s iv e  s to r a g e  sp a ce  
and ru n  time make it  im p ractica l on e x is t in g  com p u ters. T his is  d u e to  
th e  n a tu re  o f tu r b u le n t  flow: in h e r e n tly  th r e e  d im ensional, n o n -lin e a r  
and w ith  a v e r y  h igh  sp a tia l and tem poral d e n s ity  o f o c c u r r e n c e  o f 
im portant tu r b u le n t  p r o c e s s e s  (ie p r o c e ss e s  tak in g  p lace  in  sh o r t  
d is ta n c e s  and time p e r io d s) . The r e a so n s  for  th e  o n s e t  o f tu r b u len ce  are  
com plex, b u t g e n e r a lly  tu r b u le n c e  o c c u r s  w hen flow  is  s u f f ic ie n t ly  
d is tu r b e d  at r e la t iv e ly  h ig h  Reynolds* num bers, th o u g h  th is  is  v e r y  
geom etry  d ep e n d e n t. In o r d er  to  overcom e th e  prob lem s o f so lv in g  
tu r b u le n t  flow , t im e -a v e r a g ed  p r o p e r tie s  o f tu r b u len ce  are c o n s id e r e d , 
th u s  elim inatin g  th e  n e c e s s i ty  for  an  ex trem ely  f in e  g r id , b u t th is  
r e q u ir e s  a model to  d e sc r ib e  th e  tra n sp o r t  o f momentum b y  th e  tu r b u le n t  
m otions. Num erous a ttem p ts to d e sc r ib e  tu rb u len ce  p h y s ic a lly  in  term s o f  
ca lcu la b le  p r o p e r tie s  h ave  b een  m ade and can  be c la s s if ie d  in to  two  
co n cep ts; tu r b u le n t (ed d y ) v is c o s ity  and tu r b u len t s t r e s s .  H ere we w ill 
c o n c e n tr a te  o n ly  on  th e  m ost w id e ly  u se d  and a c c e p te d  m odel w h ich  
u t il is e s  th e  tu r b u le n t  v is c o s ity  c o n c e p t and is  know n a s  th e  k -  € m odel 
(Jon es and L aunder 1972). T h is tw o eq u ation  p ro ce d u r e  c a lc u la te s  tw o  
q u a n titie s: k, th e  k in e tic  e n e r g y  and € , its  d iss ip a tio n  ra te , to  y ie ld  
a tim e a v e r a g ed  d e sc r ip tio n  o f tu r b u le n c e . The a p p a ren t or local 
tu r b u len t v is c o s ity  is  th e n  fou n d  from:

m  = CH/»k^
€

w here: is  a c o n sta n t o f tu r b u len ce
f> is  th e  d e n s ity  o f th e  w ork in g  flu id .

An e f fe c t iv e  v is c o s ity  Meff can  th e n  be ob tain ed  from:

Me ff  = M l +

w h ere  ml is  th e  lam inar v is c o s ity  o f th e  flu id .

T his fa c ilita te s  th e  ca lcu la tion  o f tu r b u le n t  s t r e s s e s  from:

r  = Peff d v /d x



When th e  flow  is  p u r e ly  lam inar, th e  tu r b u len ce  m odel is  su p p r e sse d  
and th e  laminar form  o f th e  N a v ie r -S to k e s  eq u a tio n s  a re  so lv e d , th en  
sim ply:

Meff  =  M l

To ob ta in  k and € , em pirical c o n s ta n ts  are r e q u ired  b y  th e  model and  
th e se  h ave  b een  e s ta b lish e d  in  fr e e  tu rb u len t flow s. S u ch  c o n s ta n ts  w ere  
th e  fa ilu re  o f ea r lier  m odels, due to  th e ir  v a lu e s  v a r y in g  so  g r e a tly  
for  d iffe r in g  flow  s itu a tio n s . L aunder and S p a ld in g  (1974) rep o rted  th e  
esta b lish m en t o f a u n iv e r sa lly  ap p licab le  k and € m odel o f reason ab le  
a c c u r a cy  both  in  near w all and fr e e  stream  a n a ly s is . H ow ever, A b ujelu la  
and L illey  (1984) d is c u ss e d  th e  lim itations o f th e  em p irica l c o n sta n ts  
o f th e  k -  € m odel and co n c lu d ed  th a t m odifications w ere  req u ired  in  
ce r ta in  flow s b u t th a t, in  g e n e r a l, r e a lis tic  p r e d ic t io n s  cou ld  be  
ob ta in ed  w ith  th e  stan d ard  m odel. H ow ever, m odelling tu r b u len ce  in  
u n ste a d y  (p u lsa tile )  flow  s itu a tio n s  is  h ig h ly  com plex w ith  much to be  
com p leted  b efo re  sta n d a rd  m odels can  be app lied  w ith  c o n fid en ce . At th e  
p r e s e n t  time em p irica lly  d e r iv e d  m odifications to e x is t in g  m odels  
r e la tin g  to a p a rticu la r  flow  g eom etry  w ill h ave  to  b e  made in  o rd er  to  
num erically  d e sc r ib e  tr a n s ie n t  flow . Morain (1982) an d  Metha and Lomax 
(1982) p ro v id e  som e in s ig h t  in to  th e  cu r r en t s ta te  o f th e  art in  
tu r b u len ce  m odelling and co n c lu d e  th a t c u r r en t r e se a r c h  is  w ork ing  
tow ard s a ca ta lo g u e  o f m odels w h ich  h ave b een  e s ta b lish e d  in  p articu lar  
a r e a s  o f f lu id  flow . B earin g  in  mind th a t se r io u s  r e se a r c h  in  th e  
m odelling o f tu r b u len ce  h a s o n ly  ta k en  p lace o v e r  th e  la s t  s ix te e n  y e a r s  
and th a t th e r e  is  a v a s t  am ount y e t  to  do, it  is  s t i l l  a  m atter o f  
sp e c u la tio n  a s  to w h eth er  a u n iq u e ly  accep ta b le  tu r b u le n c e  m odel w ill 
e x is t  b efore  th e  a v a ila b ility  o f  com p u ters w ith  s u f f ic ie n t  s to r a g e  
ca p a b ility  to  make tu r b u le n c e  m odelling red u n d an t.

B ecau se  o f th e  sp e c ia l req u irem en ts  of tu r b u le n c e  m odels in  
so lu tio n  a lgorith m s, f in ite  d iffe r e n c e  tec h n iq u es  a re  u t ilise d  
s ig n if ic a n tly  more th an  f in ite  e lem en t m ethods. In  p a r ticu la r , f in ite  
elem en t m ethods need  param eter v a lu e s  at nodal p o in ts  w ith in  in d iv id u a l  
e lem en ts , w h erea s su ch  v a lu e s  are  assum ed  c o n s ta n t  w ith in  th e  volum e  
domain in  f in ite  d iffe r e n c e  m ethods. H owever, r e c e n t  d ev e lo p m en ts  in  
f in ite  elem en t te c h n iq u e s  h ave  en ab led  th e ir  a p p lica tio n  to th e  
m odelling o f  both  tu r b u len t flow s (A utret e t  al. 1987) and non_N ew tonian  
flow s (G artling 1986). A lthough  f in ite  elem ent so lu tio n  a lgorith m s  
g e n e r a lly  ob ta in  c o n v e r g e n c e  more s low ly  th an  f in ite  d iffe r e n c e  m ethods, 
th e y  h ave  b een  fa v o u r ed  in  th e  m ajority  o f m athm atically  m odelled  
f ie ld s . The prim ary rea so n  for  th is  is  th e  in h e r e n t  o b tr u s iv e n e s s  o f th e  
tra d itio n a l f in ite  d iffe r e n c e  g r id  in  n o n -o r th o g o n a l g e o m etr ie s  (fig u r e  
l .a )  w h ich  is  r e sp o n s ib le  for  la rg e  in a ccu ra c ies  a t  d isc o n tin u it ie s  in  
th e  so lu tion  domain. It w as su c h  in a d eq u a c ies  in  f in ite  d iffe r e n c e  g r id s  
w h ich  g a v e  b ir th  to  f in ite  e lem en ts , in  ord er  to  a n a ly se  s t r e s s  f ie ld s  
in  a irfram es ( fig u r e  l .c  sh o w s a ty p ic a l f in ite  e lem en t g r id ).
C on siderab le  e ffo r t  has b een  made to  en ab le  n o n - in te r fe r in g  grid  
g en era tio n  b u t it  h as o n ly  b een  in  th e  la st  f iv e  y e a r s  th a t su ch  g r id s  
h a v e  becom e com m ercially  ava ilab le  in  fin ite  d iffe r e n c e  so lu tion  
a lgorith m s, in  th e  form  o f Body F itted  C o-ord in a tes ( f ig u r e  l .b ) .  T his  
s ig n if ic a n t  b r e a k -th r o u g h  h as im portance in a r e a s  o f  r e se a r c h  su ch  a s  
p r o s th e t ic s  w h ere  th e  v a s t  m ajority  o f geom etries are  n o n -o r th o g o n a l. 
S ta te -o f - th e -a r t  f in ite  d iffe r e n c e  c o d e s  can now b o a st  f le x ib ility  in 
gr id  g en era tio n  a s  w ell a s  a ch o ice  o f tu r b u len ce  m odels. Su ch  so lu tion  
p ro c e d u r e s  are becom ing common p lace  in  a irc r a ft  and autom otive  
aerod yn am ics, petroleum  r e se a r c h , w eath er  p re d ic tio n  and n u clear  
e n g in e e r in g .
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ANALYSIS OP THE FLUID DYNAMIC PROBLEM

The a sso c ia t io n s  b etw een  poor haem odynam ics and c lin ica l 
com p lication s h ave  b een  w ell d is c u ss e d  o v er  th e  la s t  th ir ty  y e a r s  or so , 
s in c e  R oss e t  al. (1954) f ir s t  r e p o r ted  on  h aem olysis  ca u sed  by  
p r o s th e t ic  h ea r t v a lv e s . It i s  th e r e fo r e  o n ly  n e c e s s a r y  to  b r ie f ly  
o u tlin e  th e  c lin ica l com p lications th a t are  re la ted  to  flu id  flow  and  
are  c o n se q u e n t ly  o f in te r e s t  w h en  a s s e s s in g  flow  a n a ly s is  te c h n iq u e s  
su c h  a s  LDA or CFM. F iv e  c lin ica l co n d itio n s  d e p e n d e n t on  bulk  blood  
flow  (ie not m aterial or m echan ica lly  re la ted  e tc ,)  h a v e  b een  id e n tif ie d  
a s  b e in g  p o ten tia l c a u s e s  o f fa ilu r e  o f h eart v a lv e  p r o s th e s e s , th e se  
can  be b road ly  c la s s if ie d  as:

1] H aem olysis due to  h ig h  in -b u lk  sh ear  s t r e s s

2] Sh ear s t r e s s  re la ted  h aem olysis  a t th e  b lo o d /p r o s th e s is  
in te r fa c e

3] Damage to  en d o th e lia l l in in g s  d u e to  j e t  im pingem ent

4] Valve d y s fu n c tio n  due to  throm bus form ation  at h in g e  p o in ts

5] Throm bo-em bolism

T h ese  w ill be c o n s id er e d  in d iv id u a lly .

1] To p r e d ic t  th e  d e s tr u c t io n  o f e r y th r o c y te s  in  bu lk  flow  we n eed  to  
e s ta b lish  th e  d ep e n d e n c e  o f haem olysis  on  th e  m agn itude and  
d u ration  o f  h ig h  in -b u lk  sh ea r  s t r e s s .  L e v e r e tt  e t  al. (1972) 
sum m arise th e  f in d in g s  o f v a r io u s  r e se a r c h e r s  -  R ooney (1970), 
B lack sh ear (1972), Williams e t  al. (1970), S h ap iro  and  Williams 
(1970), e tc . and estim ate , g r a p h ica lly , a r e la tio n sh ip  betw een  th e  
th r esh o ld  sh ea r  ’an d  ex p o su re  tim e. L ater, Heliums and Brown (1975) 
con c lu d ed  th a t le v e ls  o f  sh ea r  s t r e s s  s u f f ic ie n t  to  c a u se  in -b u lk  
h aem olysis  are  p r e s e n t  in  norm ally fu n c tio n in g  p r o s th e tic  v a lv e s .  
This s ta tem en t w as b ased  on a d is c u ss io n  o f  data  p r e sen te d  b y  
R oschke e t  al. (1975) who g a v e  c o n se r v a t iv e  e s tim a tes  o f sh ea r  
s t r e s s  b a sed  on w all sh ea r  s t r e s s e s  in  b o u n d a ry  la y er  flow . Heliums 
and Brow n u s e  a s  th e ir  th r esh o ld  for  h aem olysis  a s tr e s s  m agn itude  
and d u ration  o f 500 N/m 2 and l x l0 “3 se c o n d s  r e s p e c t iv e ly , th is , 
th e y  a r g u e  is  r e p r e s e n ta t iv e  o f th e  ’f lig h t  tim e’ o f a blood c e ll  
th r o u g h  a v a lv e  p r o s th e s is .

2] T here is  no d ou b t th a t h aem olysis  o c c u r s  a t  th e  w all o f a 
p r o s th e s is  in  sh ea r  s t r e s s e s  much low er th a n  th o se  n eed ed  in  th e  
ab ove c a se  (below  150 N/m 2), H ow ever, th e  p r e c is e  m echanics o f  
th is  h aem olysis  are n ot fu lly  u n d er sto o d . T h ere h ave  b een  s e v e r a l  
a p p ro a ch es to  th e  in v e s t ig a t io n  o f su r fa c e  in d u ced  h aem olysis  
in c lu d in g  a n a ly s is  of: th e  ro le  o f su r fa c e  r o u g h n e s s  (Bacher and  
Williams 1970), haem olysis  a t wall c o n ta ct (S o len  e t  al. 1978,
1981), and th e  m aterial form ing th e  p r o s th e t ic  su r fa c e  (Lam pert and  
Williams 1972, Monroe e t al. 1980, Solen  e t  al. 1978) and th e  
su r fa c e /v o lu m e  ra tio  (B e iss in g e r  and Williams 1984). One ca u se  o f  
su r fa c e  in d u ced  h aem olysis, a r g u e s  B lack sh ear  (1972), is  th a t  
ad d ition a l s t r e s s e s  are  e n c o u n tered  b y  e r y th r o c y te s  a s  th e y  a d h e r e  
to and are  s u b s e q u e n t ly  torn  from  th e  p r o s th e t ic  su r fa c e . T h is is  
not a problem  th a t can  be so lv e d  b y  a flu id  dynam ic a n a ly s is  and  
th e re fo r e  w ill not be d is c u ss e d  h ere . What i s  o f flu id  dynam ic  
in te r e s t  is  th e  r ed u ctio n  o f th is  o c c u r re n c e  b r o u g h t about b y  
d e c r e a s in g  sh ea r  s t r e s s e s  near to  th e  wall: B lack sh ear (1972)
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s u g g e s t s  th a t h ig h  sh ea r  s t r e s s e s  n ea r  to  a p r o s th e t ic  s u r fa c e  lead  I 
to  th e  in c r e a se d  p r o b a b ility  o f c e ll c o n ta c t  w ith  th e  w all and -J
h e n c e  an  in c r e a se  in  h a em o ly sis  v ia  th is  m echanism . T h is is  -i
ex a c er b a te d  b y  th e  ex c ita tio n  o f c lo t t in g  a g e n ts  due to  lim ited |
r e le a s e s  b y  e r y th r o c y te s  in  th e  e le v a te d  s t r e s s  r e g io n s  -  s e e  fo r  f
r e fe r e n c e :  B la ck sh ea r  (1972) and J o h n so n  (1970) and for  a m ore J
com p lete  r e fe r e n c e :  B lack sh ear  and  B la ck sh ea r  (1987). \

3] S e v e r a l s tu d ie s  -  e g . F ig lio la  and  M ueller (1981) and F ry  (1968, i
1969), h ave  d is c u s s e d  th e  p o s s ib il ity  o f  dam age to th e  e n d o th e lia l .§
lin in g  o f th e  aorta  due to  th e  im p lan ta tion  o f p r o s th e t ic  h ea r t |
v a lv e s . T h is dam age is  r e p o r te d  b y  F ry  (1968,1969) to  o ccu r  in
sh e a r  s t r e s s e s  a s  low a s  40N /m 2. The p h en om en on  is  h ig h ly  |
d e p e n d e n t  u p on  th e  d ir ec tio n  o f b lood  is s u in g  th r o u g h  th e  o r if ic e s  
o f a p r o s th e t ic  h e a r t  v a lv e ,- p a r t ic u la r ly  arou n d  a ball or d isc  
o cc lu d er , or th r o u g h  th e  m inor o r if ic e  o f  a t ilt in g  d isc  v a lv e , b u t  
is  e s p e c ia lly  s e n s it iv e  to  th e  m agn itu d e  and d u ra tio n  of th e  sh e a r  
s t r e s s  im p in gen t on th e  w all. D ew ey e t  a l. (1981) and Nerem e t  al.
(1984) d is c u s s  c h a n g e s  in  e n d o th e lia l c e ll  o r ie n ta tio n  and  
r e g e n e r a tio n  fo r  s t r e s s e s  a s  low a s  0 .5N /m 2. More s ig n if ic a n t  to  j
th is  p ap er  is  th e  w ork o f V a ish n a v  e t  a l. (1983) w ho exam ine th e  
e r o sio n  of ca n in e  en d oth eliu m  u n d er  c o n d it io n s  o f v a r y in g  sh e a r  i\
s t r e s s  and p r e s e n t  an em p irica l e q u a tio n  to d e sc r ib e  th e  |
r e la tio n sh ip ' b e tw e e n  a p p a r e n t e r o s io n  s t r e s s  and tim e. h

a
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4] P o ss ib ly  a more im p ortan t c a u se  o f v a lv e  u n a c c e p ta b ility  is  
d y s fu n c tio n  due to  o c c lu d er  im m obilisa tion  b y  th e  form ation o f  
th rom b u s a t c r it ic a l  s i t e s ,  e s p e c ia l ly  th e  h in g e  p o in ts  o f tw in  ,;|
f lap  or t ilt in g  d isk  v a lv e s . T h ere  is  am ple c lin ica l d ocu m en tation  j
o f th e  o c c u r r e n c e  o f  su c h  p rob lem s (r e f s  : N ard u cci e t  al, (1986), |
N unez e t  al. (1980), A ston  and  M ulder (1971), e tc .) .  C lots are
know n to form  in a r e a s  o f h a e m o sta s is  or  low sh e a r , th e  m echan ism s  
b e in g  d is c u s s e d - b y  D in te n fa ss  (1964) w ho p r e s e n ts  data on th e  tim e  
re la ted  a s p e c ts  o f c lo t t in g  u n d er  d if fe r in g  sh e a r  ra te  c o n d itio n s .  
D in te n fa ss  (1964) a lso  p r e s e n ts ,  a s  it  w ere , a c r it ic a l low er sh e a r  
ra te  (of o rd er  o f m agn itu d e o f  7 sec"1) w h ere  c lo t t in g  due to th e  
low sh e a r  m echanism  is  a c c e le r a te d  b y  a s  m uch a s  on e th o u sa n d  fo ld , "v

T h rom bosis can  a lso  be c a u se d  b y  h ig h e r  sh e a r  r a te s  a s  th e  f
a g g r e g a tio n  o f c e lls  ta k e s  p lace  in  e d d ie s  and in  an en v iro n m en t o f %
th e  c o n te n ts  o f dam aged e r y th r o c y te s  (in  a sim ilar m anner to th a t  
d is c u s s e d  e a r lie r ) . T h ese  m echan ism s are  fu r th e r  ex a cerb a ted  b y  th e  |  
com plex, n on -N ew ton ian  v is c o s i ty  o f b lood , w h ich  a s  it  s ta r t s  to  4
slow  dow n, is  fu r th e r  slow ed  b y  th e  in c r e a s e  o f v is c o s ity  -  s e e  Js
W hitmore (1968) for a more com p lete  d is c u s s io n  o f blood v is c o s i ty .

5] T h is f in a l c a te g o r y  o f bu lk  flu id  r e la ted  p r o s th e t ic  h ea r t v a lv e  %
fa ilu r e  is  ca u se d  b y  th e  sam e m echan ism s a s  th e  p r e v io u s , ie  low J
sh ea r  r a te s  a t s ta s is  p o in ts  or h ig h e r  r a te s  c lo se  b y , b u t th e  |
s i t e s  may be d iffe r e n t , and v a lv e  d y s fu n c t io n  d oes not n e c e s s a r i ly  
o ccu r . T hrom bus can  form  both  u p strea m  and dow nstream  o f th e  v a lv e , |
a s w ell a s  at th e  o c c lu d er  and may be a p p a r e n t a t a n y  p o in t w h ere  -|
low sh ea r  r a te s  o c c u r  -  som e p o s s ib il it ie s  b e in g  c lo se  to th e  4
se w in g  r in g , u p stream  o f th e  o c c lu d e r  and sh ie ld e d  from a w a sh in g  -|
a c tion  b y  th e  o c c lu d e r , or a t th e  ap ex  o f  a ba ll v a lv e  cage . |
T hrom bosis in  i t s e l f  in th e se  a r e a s  is  not o f g r e a t  co n cern  (if ^
s te n o s is  d oes not e n s u e  b e c a u se  o f it) , b u t th e  m obilisation  o f th e  
th rom b u s lea d in g  to  throm bo-em b olism  at a d ow nstream  s ite  c a n n o t be |
to le r a te d . *
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It m ust be r e iter a te d  th a t th e  aim of th e  ab ove d is c u ss io n  is  not 
to  p ro v id e  a d e f in it iv e  w ork on  th e  m echanism s of h aem olysis  and  
th rom b osis , but sim ply  to  e s ta b lish  th e  need  to know th e  m a g n itu d es o f  
sh ea r  s tr e s s  and sh ea r  ra te  th a t e x is t  in  an y  v a lv e  flow  co n d itio n . One 
may th en  avoid  know n c r it ic a l v a lu e s , and th u s  red u ce  th e  throm botic  and  
haem olytic p o ten tia ls  o f  a p r o s th e s is  a t th e  d e s ig n  s ta g e . H aving  
e s ta b lish e d  the im portance o f haem odynam ic param eters on c lin ica l  
co n d itio n s  one m ust th e n  a sc e r ta in  th e  actu a l v a lu e s  o f th e s e  p aram eters  
in  a p articu lar  v a lv e . T h is m ust be done by in -v itr o  exp er im en ta tion  and  
h e n ce  it  in v o lv e s  m odelling o f th e  flow  reg io n  and o f th e  blood it s e lf .  
S in ce  th is  m odelling lea d s  to m any problem s of flow  a n a ly s is , th e  n ext  
se c t io n  will c o n s id er  c r it ic a lly  th e  te c h n iq u e s  ava ilab le .



IN-VITRO PLOW ANALYSIS TECHNIQUES

T h ere are s e v e r a l in -v itr o  tec h n iq u es  a v a ila b le  cap ab le  o f y ie ld in g  
in form ation  ab ou t a v a lv e 's  haem odynam ics. Each h a s  i t s  ow n sp ec ia l  
d iff ic u lt ie s  and a d v a n ta g e s  and each  can g iv e  o n ly  c e r ta in  data, b u t b y  
u s in g  se v e r a l te c h n iq u e s  in  a com plem entary m anner, m ost (b u t b y  no  
m eans all) a s p e c ts  o f  a v a lv e ’s  flow  b eh aviou r can  be e s ta b lish e d . The 
te c h n iq u e s  com m only ap p lied  to  th e  s tu d y  o f h ea rt v a lv e  flow  are:

1] L aser D oppler Anem om etry -  th is  can y ie ld  fu ll f ie ld  v e lo c ity  
v e c to r s  (ex c e p t near wall) if  c r o sse d  beam s a re  u se d , tu r b u len ce  
in te n s it ie s  (sc a la r ), R eyn o ld s s t r e s s  in  b o u n d a ry  la y e r s .

2] U ltrasou n d  D oppler -  th is  tech n iq u e  can  y ie ld  v e lo c ity  
in form ation  an d  sh ea r  s t r e s s  in  blood and  can  be em ployed  b o th  in -  
v iv o  and in -v itr o

3] Hot W ire/ Hot Film' Anem om etry -  th is  y ie ld s  V elocity  v e c to r s  and  
tu r b u len ce  in te n s it ie s  in  b ou n d ary  la y er  flow  reg im es.

4] P ito t tu b e  m easu rem en ts -  th e se  y ie ld  V elocity  v e c to r s  in  
stream w ise  dom inant flow .

5] Flow v isu a lisa tio n  S tu d ie s  -  y ie ld  stream lin e  tr a c in g s  and , w ith  
ce rta in  te c h n iq u e s , a q u a n tita tiv e  in d ica tion  o f  v e lo c ity .

6] S ta tic  P r e s su r e  M easurem ents -  y ie ld  th e  p r e s s u r e  drop a c r o ss  a 
v a lv e  or se c t io n  and p r e s s u r e  r e co v e r y  data. When u se d  in  
c o n ju n ctio n  w ith  flow  m eterin g , e n e r g y  lo s s e s  ca n  be in d ica ted .

7] Flow m eter in g  -  y ie ld s  a m easure o f bu lk  flu id  flow , b u t no 
in d ica tio n  o f lo ca lised  flow  r a te s , e n e r g y  lo s s e s  can  a lso  be  
a s s e s s e d  (se e  ab ove)

T ak ing each  in  turn :

1] LASER DOPPLER ANEMOMETRY (LDA)

The T e ch n iq u e: A la se r  beam is  sp lit  and b r o u g h t to g e th e r  aga in  
(se e  f ig u r e  2 ), both  p ath  le n g th s  b e in g  th e  sam e. As th e  p a th s  
c r o s s  an  in te r fe r e n c e  p a tte r n  is  crea ted  (as in  f ig u r e  3), an y  
p a rtic le  c r o s s in g  th is  p a tte r n  w ill r e f le c t  a "dopp ler burst"  o f  
l ig h t  (f ig u r e  4) w h ich  is  d e te c te d  b y  a p h o to -m u ltip lier . By 
m easu rin g  th e  time p eriod  b etw een  th e  p e a k s  o f th e  b u r s t  th e  
v e lo c ity  o f th e  p a r tic le  can  be d ed u ced .

The A d v a n ta g e s : T h is tech n iq u e  is  w ell e s ta b lish e d  and n o n -  
in tr u s iv e , ie  it  w ill n ot d is tu r b  th e  flow  fie ld . The sp a tia l 
reso lu tio n , ie  th e  data  y ie ld ed  p er  u n it area , is  h ig h . A b solu te  
v e lo c it ie s  are  m easured  a lle v ia tin g  th e  need  fo r  ca lib ra tion . LDA 
len d s  i t s e lf  v e r y  w ell to autom ation v ia  com puter co n tro l for th e  
e sta b lish m en t o f both  v e lo c it ie s  and tu r b u le n c e  in te n s it ie s  and  
w ill y ie ld  v e lo c it ie s  fr e e  from d irection a l am b igu ity . LDA can a lso  
be u se d  in  a p u lsed  mode for  th e  a n a ly s is  o f p u lsa tile  flow  f ie ld s .

The D isa d v a n ta g e s : S e ttin g  up  an LDA sy stem  can  be v e r y  time 
con su m in g , a s  can  i t s  a p p lica tio n , e sp e c ia lly  in  th e  p u lse d  mode. 
The tec h n iq u e  can n ot be u se d  to map flu id  v e lo c it ie s  in  opaque  
media and th e r e fo r e  can n ot be u sed  in  c o n ju n c tio n  w ith  blood. The
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geom etry  o f th e  te s t  se c tio n  can  c a u se  u n to ld  problem s b eca u se  o f 
in a c c e s s ib il ity  both  o f th e  co n tro l volum e and o f th e  p h oto 
m ultip lier. D istortion  o f th e  c o n tro l volum e b y  r e fr a c tiv e  in d ex  
m ism atching can  o c c u r , lea d in g  e ith e r  to  m easu rin g  in  th e  w ro n g  
place or , e v e n  w o rse , a d is to r tio n  o f th e  c o n tro l volum e and  
c o n se q u e n tly  a v e lo c ity  o f fs e t .  T h is te c h n iq u e  a lso  s u f fe r s  b e c a u se  
o f i t s  in a b ility  to ob ta in  data c lo se  to  w a lls  and b lo ck a g es.

2] ULTRASOUND DOPPLER

The T ech n iq u e: Like LDA th is  m ethod o f a n a ly s in g  v e lo c it ie s  r e lie s  
on th e  d op p ler  p r in c ip le : a s  p a r t ic le s  (in  th is  c a se  norm ally  
blood) c r o s s  th e  r e fe r e n c e  beam a d op p ler  s h if t  i s  in tro d u ced  in  
th e  r e fle c te d  beam. The m agn itude o f th is  s h if t  is  p rop ortion al to  
th e  v e lo c ity  o f th e  p a r t ic le s . U ltrasou n d  d op p ler  d iffe r s  from LDA 
in  th a t th e  beam is  n o t o f la se r  l ig h t , b u t o f  u ltra so u n d  w a v es , to  
w hich  s p f f  body t is s u e s  and blood are tr a n s lu c e n t .

The A d v a n ta g e s: The a b ility  o f U ltrasou n d  D oppler to s e e  th r o u g h  
bod y t is s u e s  a llow s th e  p o s itio n in g  o f th e  co n tro l volum e in p la c e s  
su c h  a s  th e  a sc e n d in g  aorta  or w ith in  th e  v e n tr ic le s  and th u s  
y ie ld in g  inform ation  ab ou t h ea rt v a lv e  flow . The u se  o f U ltrasou n d  
D oppler in -v itr o  allow s th e  m easurem ent o f v e lo c ity  and sh ear  
s t r e s s e s  in  blood f ille d  t e s t  s e c t io n s  th u s  elim inatin g  th e  n eed  to  
model u s in g  blood an a logu e  so lu tio n s  (Mann e t  al. 1987)

The D isa d v a n ta g e s: The n eed  to  assu m e iso tr o p y  o f tu r b u len ce  is  
p o ss ib ly  th e  m ajor draw back  o f th e  te c h n iq u e . I n -v iv o  th ere  i s  no  
so lu tion  to  th is  problem , b u t in -v it r o  a th r e e  beam s e t  up  cou ld  do  
aw ay w ith  th e  need  for  th is  a ssu m p tion . The s iz e  o f th e  co n tro l 
volum e is  la rg e  and d iff ic u lt  to  c o n tro l due to  th e  sp r ea d in g  o u t  f
o f th e  u ltra so u n d  w a v e s , th is  m eans th a t a lo t o f th e  sm aller s c a le  
tu r b u len ce  in form ation  ca n  n ot be a s s e s s e d .

3] HOT WIRE/HOT FILM ANEMOMETRY

The T ech n iq u e: An e le c tr ic a l c u r r e n t  is  c a u se d  to  flow  th ro u g h  and  
heat a w ire, c r o ss  w ires  or film p ro b e  o f h ig h  e le c tr ic a l  
r e s is t iv i ty  w h ich  is  p laced  in to  a m oving flu id . The con d u ction  o f  
h eat aw ay from  th e  p rob e  is  d e p e n d e n t  u p on  th e  v e lo c ity  o f f lu id  
p a ss in g  o v e r  it  and th e  c u r r e n t  draw n is  p rop ortion a l to th e  
coo lin g  e f fe c t  on th e  p rob e . C o n seq u en tly , b y  m onitoring th e  
c u r r e n t  n e c e s s a r y  to  m aintain a c o n s ta n t  p rob e tem p eratu re , th e  
v e lo c ity  o f th e  flu id  p a ss in g  o v e r  it  can  be d ed u ced  fo llow ing  
ca lib ra tion  a g a in s t  a know n flu id  v e lo c ity . A more com plete  
d isc u ss io n  o f hot film  anem om etry ap p lied  to  blood flow  can  be  
found  in  w ork s b y  P a u lsen  e t  al. (1983 and 1987) and Tillmann e t  
al. (1984).

The A d v a n ta g e s: Hot w ir e /h o t  film  anem om etry is  v e r y  well 
e s ta b lish e d  and r e la t iv e ly  ch ea p  to in s ta ll, i t  is  a v e r y  sim ple  
tech n iq u e  to u se  and can  be u sed  in  op aq u e media.

The D isa d v a n ta g e s: The u se  o f p rob e  b a sed  anem om etry n e c e s s a r ily  
com p licates th e  t e s t  se c tio n  geo m etry  b e c a u se  o f th e  need  to  p lace  
a probe in to  th e  flow . The w ires  o f a h ot w ire  p rob e  are of v e r y  
f in e  g a u g e  and th e r e fo r e  can n ot be u se d  in  a two p h a se  flow  
co n ta in in g  la rg e  so lid  p a r t ic le s , a s  th e se  w ould break  th e  p rob e  
w ires, th is  can  be overcom e b y  u s in g  a h ot film probe* P rob ab ly  th e  
fa cto r  th a t m ost r e s t r ic t s  h ot w ire and hot film  anem om etry is  th e
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in tr u s iv e  n a tu re  of th e  p r o b e s  th e m se lv e s . T his m akes m ea n in g le ss  
a n y  v e lo c ity  data r e co v e r e d  from  r e c ir c u la t iv e  flow  b e c a u se  o f th e  
in te r a c tio n  of th e  p rob e  and m ount w ith  th e  flow . The p r o b e s  
b e c a u se  o f th e ir  s iz e  h ave  a lim ited sp a tia l r e so lu tio n  of 
ap p lica tion  and can n ot be u se d  in  v e r y  c lo se  proxim ity to w alls and  
o b s tr u c t io n s  th o u g h  film can  be wall m ounted to y ie ld  in form ation  
ab ou t b ou n d ary  la y er  flow .

41 PITOT TUBE MEASUREMENTS

The T ech n iq u e: S ta tic  and dynam ic p r e s s u r e s  are ob ta in ed  b y  a  
p rob e , w ith  p e r p e n d ic u la r ly  o p p o sed  p r e s su r e  ta p p in g s , p laced  in to  
th e  flow  fie ld . The d iffe r e n c e  b etw een  th e se  tw o p r e s s u r e s  is  
p rop ortion a l to  1 /2  />v2 -  k n ow in g  the d e n s ity  o f th e  flu id , th e  
v e lo c ity  can  be d eterm in ed .

The A d v a n ta g e s: A v e r y  sim ple tech n iq u e  y ie ld in g  v e lo c it ie s  and  
s ta tic  p r e s s u r e s , i t s  c o s t  is  v e r y  low and a n a ly s is  o f r e s u lt s  is  
s tr a ig h t  forw ard .

The D isa d v a n ta g es: P ito t tu b e  m easurem en ts can  o n ly  be ap p lied  
s u c c e s s fu lly  to stream w ise dom inant flow  and have lim ited sp a tia l  
re so lu tio n , due to th e  d im en sion s o f th e  p rob e , th is  a lso  lim its  
n ea r-w a ll m easurem en ts. Flow se c t io n s  are  n e c e ss a r ily  com p licated  
to  allow fo r  prob e in tr u s io n .

5] FLOW VISUALISATION STUDIES

The T e c h n iq u e s: T h ere are s e v e r a l flow  v isu a lisa tio n  te c h n iq u e s .  
T h ese  b a sica lly  all c o n s is t  o f sm all tra cer  p a r tic le s  (p ow d ers, 
em u lsion s, g a s  b u b b les  or b ea d s) b e in g  added  to  th e  bu lk  f lu id . As 
th e  tr a c e r s  p a ss  th ro u g h  an  illum inated  se c t io n  th e  p a th s  th e y  
p r e sc r ib e  are  ca p tu red  on  a r e co rd in g  medium -  g e n e r a lly  
p h o to g ra p h ic  film or v id eo . The data y ie ld ed  is  g e n e r a lly  o n ly  
q u a lita tiv e , sh ow in g  strea m lin es , bu t b y  u s in g  str o b o sc o p ic  
l ig h tin g  w ith  u n eq u a l r a tio s  o f illum ination  and ex tin c tio n  and  
th en  by  m apping th e  le n g th  o f s tr e a k  ob ta in ed  in  a know n film  
ex p o su re  tim e, a q u a n tita tiv e  d e sc r ip tio n  o f th e  v e lo c ity  f ie ld  can  
be g a in ed . A r e c e n t  d evelop m en t in  flow  v isu a lisa tio n  te c h n iq u e s  is  
P artic le  Im age V elocim etry (PIV), w h ere  a h ig h  co n cen tra tio n  o f  
v e r y  sm all p a r t ic le s  (10Mm diam eter) is  u se d  to  seed  th e  flow . 
M ultiple e x p o su r e s  o f  th e  p a r t ic le s  p a ss in g  th ro u g h  a th in  s h e e t  o f  
la ser  l ig h t  are  ta k en  in  rap id  s u c c e ss io n . V elocity  v e c to r s  are  
y ie ld ed  b y  th e  in te r r o g a tio n , b y  la se r , o f  th e  co n ta ct p r in ted  
p o s it iv e  tr a n sp a r e n c y  of th e  p a r tic le  im ages. V elocity  v e c to r  
m agnitude is  in v e r s e ly  p rop ortion a l to  th e  Y oung’s  fr in g e  sp a c in g  
s e t  up  b y  th e  in te r r o g a tio n  and v e c to r  d irec tio n  is  p e r p en d icu la r  
to th e  lay  o f th e  fr in g e s .

The A d v a n ta g e s : The tec h n iq u e  can  be a s  com plicated  or sim ple a s  
th e  o p era tor  r e q u ir e s  (at th e  e x p e n se  o f data) and can  be v e r y  
in e x p e n s iv e  u s in g  r ea d ily  a v a ilab le  m ateria ls. G eom etrical 
c o n s tr a in ts  are  not so  s tr in g e n t  as for LDA and in itia tion  and u se  
are not tim e con su m in g . None o f th e  d iffe r e n t  form s o f th e  
tech n iq u e  are  in tr u s iv e  and a ll g iv e  fu ll flow  fie ld  inform ation . 
U sin g  th e  r ig h t  mode of flow  v isu a lisa tio n , v a r y in g  am ounts o f  
q u a n tita tiv e  data can  be ob ta in ed .
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The D isa d v a n ta g e s: M ost flow  v isu a lisa tio n  te c h n iq u e s  are on ly  
q u a lita ta tiv e  and th e r e fo r e  o n ly  g iv e  lim ited u n d e r s ta n d in g  o f a 
flow  regim e. Q u an tita tive  flow  v isu a lisa tio n  te c h n iq u e s  r eq u ire  a 
la rg e  in p u t o f tim e in  th e  a n a ly s is  o f p h o to g ra p h ic  r e c o r d in g s  and  
th e  in sta lla tio n  o f PIV for  th e  a n a ly s is  o f tu r b u le n t  flow  is  v e r y  
e x p e n s iv e  and n ot an e s ta b lish e d  tech n iq u e .

6] STATIC PRESSURE MEASUREMENTS

The T ech n iq u e: A sm all p r e s su r e  ta p p in g  is  made in  th e  s id e  o f th e  
t e s t  se c tio n  w all, g e n e r a lly  on e  b efore  th e  v a lv e  and  one a fte r . A 
p r e ssu r e  m easu rin g  d e v ic e  (’U ’- tu b e , v a r ia b le  r e lu c ta n c e  tr a n sd u c e r  
or sim ilar) is  c o n n e c te d  to  th e  ta p s  to m easure e ith e r  d iffe r en tia l  
p r e s s u r e s  a c r o ss  th e  v a lv e , or g a u g e  p r e s s u r e s  a b o v e  a tm osp h eric . 
E n ergy  lo s s  m easu rem en ts are  e ffe c te d  b y  g a th e r in g  P r e ssu r e  d ro p s  
and Flow R ates th r o u g h o u t a s e r ie s  o f com p lete  h e a r t  c y c le s ,  
a lth ou gh  r e c e n t  a n a ly s is  (L eefe  and G entle 1986) h a s  show n th a t  
th is  is  b y  no m eans a s  sim ple a s  is  c u r r e n tly  su p p o se d .

The A d v a n ta g es: T h is form  o f  m easurem ent is  v e r y  sim ple and ch eap  
to a c h iev e  and h as fo r  a lon g  time been  u se d  a lm ost a s  th e  
d e fin it iv e  c la s s if ie r  o f v a lv e  haem odynam ic p erform an ce.

The D isa d v a n ta g e s: S ta tic  p r e s s u r e  m easured  in  th e  a b o v e  w ay is  
v e r y  p ron e  to  in a c cu ra c ie s  b e c a u se  o f th e  assu m p tion  th a t th e  
p r e ssu r e  d is tr ib u tio n  w ill be th e  same th r o u g h o u t th e  rad ia l p lan e. 
T his is  n o t th e  c a se  in  flow s w h ere stream lin es  are  s tr o n g ly  c u r v e d  
-  th e  flow  regim e th a t is  dom inant in  m ost c a s e s  o f  h ea rt v a lv e  
flow .

7] FLOW METERING

The M ethods: T h ere are  tw o v e r y  p opu lar flow  m eter ty p e s  ap p lied  to  
flow  ra te  m eter in g  in  p r o s th e t ic  h eart v a lv e  flow; e le c tr o -m a g n etic  
and tu r b in e . The e le c tr o -m a g n e tic  m eter w ork s b y  th e  Hall e f fe c t  
w here an  e le c tr ic a lly  c o n d u c tin g  flu id  p a ss in g  th r o u g h  a fie ld  o f  
m agnetic flu x  in d u c e s  an  EMF. The m agnitude o f th is  in d u ced  v o lta g e  
is  d ir e c t ly  p rop ortion a l to  th e  flow  v e lo c ity . The tu r b in e  flow  
m eter r e lie s  on  th e  m ovem ent o f a tu rb in e  in s e r te d  in to  th e  flow .
The m ovem ent o f th e  tu r b in e  c a u s e s  a sm all c u r r e n t  to  be d ev e lo p ed  
in  an  a tta ch ed  g e n e r a to r  in d ica tin g  flow  ra te .

The A d v a n ta g e s ; Both m eth od s o f m easu rin g  flow  r a te  are  r e la t iv e ly  
in e x p e n s iv e  and e a s ily  ap p lied  in -v itr o . S ig n a l c o n d itio n in g  and  
a n a ly s is  a re  s tr a ig h t  forw ard  and qu ick , a c c u r a cy  can  be h ig h  b u t  
is  d e p en d en t on c o n d itio n s  su c h  a s  flow  sym m etry  and  w ork in g  flu id .

The D isa d v a n ta g e s: T u rb ine m eters can  be slow  to  r e a c t  to small 
va r ia tio n s  in  flow  ra te  due to  th e ir  in er tia  and c o n se q u e n t ly  can  
lag  beh ind  th e  f lu id , or com p lete ly  m iss sm all f lu c tu a tio n s .  
E lectro -m agn etic  flow  m eters do not s u ffe r  from  in e r tia  prob lem s as  
th ere  are no m oving p a r ts , b u t d e v ia tio n s  o f th e  flow  p ro file  aw ay  
from sym m etry  w ill c a u se  e r r o r s . T his a lso  o c c u r s , th o u g h  m uch l e s s  
s ig n if ic a n tly , in  tu r b in e  m eters. E lec tro -m a g n etic  flow  m eters can  
a lso  be a f fe c te d  be e le c tr ic a l n o ise  and b y  th e  ch o ice  o f w ork in g  
flu id  and v e s s e l  m aterial.
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The a b ove  m eth od s o f flow a n a ly s is  are all a p p lied  to in -v itr o  
m odels o f h ea rt v a lv e  flow  w ith  v a r y in g  d e g r e e s  o f s u c c e s s .  H ow ever, in -  
v itr o  m odelling i t s e l f  s u f fe r s  from  s e v e r a l prob lem s, m ost notab ly:

1] th a t o f u s in g  blood a s  a flow  medium b e c a u se  o f th e  o b v io u s  
h an d lin g  d if f ic u lt ie s , e v e n  w ith  an ticoagu la tion  or  w ith  th e  
p la te le ts  rem oved , and b eca u se  it s  opaqu e n a tu re  p r e v e n ts  th e  u se  
o f th e  m ost p op u lar  flow  s tu d y  m ethods,

2] If blood is  n o t to  be u se d , b u t i s  to  be rep la c e d  b y  an an a logu e  
so lu tio n  th e r e  i s  a red u ctio n  in  th e  co rre la tio n  o f in -v itr o  flu id  
b eh av iou r  to  th a t in -v iv o  b e ca u se  o f th e  com plex v is c o s ity  o f  
blood. T h is, a r g u e  Chmiel and Walitza (1980), is  s ig n if ic a n t  in  
com plex flow  g eo m etr ie s . M oreover a n a ly s is  e v e n  o f a  regim e a s  
sim ple a s  fu lly  d e v e lo p ed  lam inar p ipeflow  can  p o in t to  th e  
in tr o d u ctio n  o f s ig n if ic a n t  e r r o r s  due to th e  u s e  o f an a logu e  
so lu tio n s . It i s  sh ow n  in  tab le  1, d isp la y in g  data  g e n e r a te d  b y  th e  
CFM te c h n iq u e  d e sc r ib e d  la te r ,th a t  a v a lv e  w ill h a v e  g e n e r a lly  
p oorer  haem odynam ic c h a r a c te r is t ic s , (ie. h ig h e r  throm botic  and  
h aem olytic  p o te n tia ls )  th an  w ill be p red ic ted  in  a n a lo g u e  flow  
exp er im en ts ,

TABLE 1

A com parison  o f flow  p r o p e r tie s  in  a p ip e . The a n a logu e  flu id  u se d  w as a 
30% a q u eo u s g ly c e r o l so lu tio n  o f d e n s ity  1170 k g /m 3 and  dynam ic  
v is c o s ity  3,006xl0~6 m2/ s .  The ’blood* flow  is  m odelled  on  th e  
C asson eq u a tio n  fo r  th e  data  p r e se n te d  b y  Charm and Kurland and Rand e t  
al. (se e  below ).

Param eter A n alogue Rand e t  al. Charm and K urland U n its

d p /d x 47.617- 68.00 63.02 Pa/m

max 3.587 3.133 3.316 mPa s

V max 68.28 71.83 71.78 s -1

V rain 3.569 0.5119 0,5339 s _1

T wax 0.2269 0.3281 0.2995 Pa

T min 0.01186 0.02214 0.02011 Pa

Vm ax/V 1.996 1.841 1.842



MODELLING BLOOD FLOW USING CFM

Many o f th e  a b ove  d iff ic u lt ie s  seem  to  be surm ou ntab le  b y  th e  
ap p lica tion  o f CFM. T here are  no prob lem s r e la tin g  to th e  a c c e s s ib il ity  
o f t e s t  equ ipm en t or con tro l vo lu m es, no d iff ic u lt ie s  o f m odelling p o sed  
b y  op aq u e f lu id s  (s in ce  no a c tu a l v isu a lisa tio n  is  req u ired ) and h en ce  
th e r e  is  no n eed  to model in  a f lu id  o th er  th an  b lood , u n le s s  tr y in g  to  
v e r ify  h y d ra u lic  t e s t  data or sa v e  com puter tim e b y  o n ly  s tu d y in g  a  
sim ple m odel. CFM can  y ield  fu ll  f ie ld  in form ation  ab ou t an y  flow  
param eter; th o se  th a t can be y ie ld e d  b y  o th er  te c h n iq u e s  -  v e lo c it ie s ,  
tu r b u len ce  in te n s it ie s , p r e s su r e  d r o p s  and strea m lin es  and th o se  th a t  
ca n n o t -  tu r b u le n t  v is c o s it ie s  and h e n ce  re lia b le  m easu res o f tu r b u le n t  
sh ea r  s t r e s s e s ,  n ear-w a ll v e lo c it ie s  and p r e s s u r e s  th ro u g h o u t a rad ia l 
se c tio n . S ev e r a l CFM stu d ie s  h a v e  b een  ca rr ied  o u t to  date , b u t m ost 
h ave  o n ly  c o n s id er e d  lam inar flow  (U nderw ood and M euller 1977 and  1979, 
Id e lso h n  e t  al. 1985, P esk in  1982), th o u g h  a r e c e n t  p ap er  by  
T h a la sso u d is  e t  al. (1987) p r e se n te d  a s tu d y  o f  tu r b u le n t  fldw th r o u g h  a 
B ou ndary F itted  C oordinate m odelled  S ta rr-E d w a rd s valV e. H ow ever, a s  y e t  
no s tu d y  h as a d d r e sse d  th e  non -N ew ton ian  a s p e c t  o f  blood flow . G raphical 
data can  be p ro d u ced , once th e  flow  so lu tio n  h as b een  a r r iv ed  at and  
a rea s  co n ta in in g  v a lu e s  o f p a rticu la r  in te r e s t ,  su c h  a s  h igh  sh ea r  
s t r e s s  and s ta s is ,  can  be h ig h lig h te d . D ep en d in g  on  th e  p ack age  u se d ,  
h o w ev er , th is  can  be d ifficu lt . Flow se c t io n s  can  r e a d ily  be a ltered  a s  
p a rt o f th e  d e s ig n  p r o c e ss  and flow  d ata  can  be r e tr ie v e d  w ith ou t  
a c tu a lly  m an u factu rin g  a p h y s ic a l m odel.

As th e  rh e o lo g y  o f blood is  th a t o f  a P la stic  flu id  a c o n s t itu t iv e  
eq u ation  i s  n e c e s s a r y  to d e sc r ib e  th e  sh ea r  s t r e s s /s h e a r  ra te  
r e la tio n sh ip , b u t d u e to th e  com p lex ity  o f blood flow  i t  is  not p o ss ib le  
to  d e r iv e  a n y  su c h  eq u ation  from  f ir s t  p r in c ip le s , each  th en  h as a 
ce r ta in  am ount o f em pirical in p u t; C ok elet (1987) r e v ie w s  se v e r a l su c h  
eq u a tio n s. Most o f th e  c o n s t itu t iv e  e q u a tio n s  are su ita b le  for  
ap p lica tion  to CFM s tu d ie s  w ith  on e n o tab le  e x cep tio n  -  th a t o f  Chmiel 
and W alitza (1980), w h ich  r e q u ir e s  fo re k n o w led g e  o f  th e  sh ear  s t r e s s  in  
ord er  to  ca lcu la te  th e  sh ea r  ra te . The o th er  e q u a tio n s  b a se  th e ir  
ca lcu la tion  o f sh ea r  s tr e s s  on a p r e -d e te r m in e d  sh e a r  ra te . The eq u a tio n  
u se d  b y  th e  a u th o r s  in  th is  p r e s e n t  s tu d y  w as th a t o f  C asson (1959):

J T =  J ( a o )  +  | ( a i V )

Where: r  = sh ea r  s tr e s s  

V = sh ea r  ra te

ao and ai are em pirical c o n s ta n ts  fou n d  b y  f it t in g  th e  C asson  
eq u ation  to o b se r v e d  blood flow  data. T ak ing an a v e r a g e  o f each  
of th e se  c o n sta n ts  p r e se n te d  b y  Charm and K urland (1965) fo r
blood at 37 °C from a r a n g e  o f d o n o rs, p u ts  th e  v a lu e s  a t ao =
10.726xl0"3Pa and ai = 52.367xl0"3Pa s . By w ay of  
com parison , f it t in g  data  p r e s e n te d  b y  Rand e t  al. (1964) g iv e s  
s lig h t ly  d iffe r e n t  v a lu e s  o f th e  c o n sta n ts ;  ao = 12.0341x10"

3Pa and ai = 54 .636x l0“3Pa s (to  y ie ld  S .I. u n its )  for  blood  
of 40HCT at 37 °C.

The ¥ term  w ill u su a lly  be ava ilab le  in  CFM c o d e s  a s  it  is  th e
g e n e r a tio n  term  u se d  in  th e  tu r b u le n c e  m odel. The com plex blood
v is c o s ity  jua r e p la c e s  th e  lam inar v is c o s i ty ,  th u s:

ML = Ma = r / V
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and so  the blood v is c o s ity  is  a c tiv a te d  both in  lam inar m odelling and  
tu r b u len t m odelling w here:

Meff  =  M l +  M t

The re a so n s  for  s e le c t in g  th e  C asson  eq u ation  in  p r e fe r e n c e  to  a n y  of 
th e  o th er  c o n s t itu t iv e  e q u a tio n s  w ere:

1] Ease o f ap p lica tion  to CFM s tu d ie s

2] Ease o f determ in ation  o f th e  em pirical c o n sta n ts

3] A ccuracy  is  h igh  -  w ith in  5% erro r  o v er  th e  ra n g e  o f sh ea r  r a te s  
0 -  100 000 s"1 {Charm and K urland 1965)

4] Good agreem en t w ith  exp erim en ta l s tu d ie s  (error  o f 4.5% com pared  
w ith th e  work o f H ersh ey  artH Cho (1966)

T h rou gh ou t th e  s tu d ie s  blood w as assu m ed  to  be a continu um , s u g g e s te d  b y
th e  f in d in g s  o f Chmiel and W alitza (1980), a s  th e  s tu d ie s  h a v e  b een
r e s tr ic te d  to  flow  reg im es o f  d im en sion s not le s s  th an  0,5mm. T his 
assu m p tion  w ould need  m odification  if , for  exam ple, ca p illa ry  flow  w as  
b ein g  m odelled.

The D isa d v a n ta g es o f CFM

U n d ou b ted ly  th e  m ajor d isa d v a n ta g e  o f CFM is  th e  in a d eq u a cy  of 
c u r r e n t  tu r b u len ce  m odels. A lth ou gh  s ig n if ic a n t  p r o g r e s s  h as b een  made 
in  th is  area  and good r e s u lt s  are  b e in g  record ed  in  tu r b u le n t  flow , 
u n til tu r b u len t phenom ena can  be so lv e d  in  th e  prim ary s ta te , CFM can n ot  
o ffe r  a to ta lly  accu ra te  so lu tio n  in  a ll flow  s itu a tio n s . Of p a rticu la r  
c o n cern  is  th e  a p p lica b ility  o f a n y  o f th e  c u r r e n t s ta t e -o f - th e - a r t  
tu r b u len ce  m odels to  u n ste a d y  flow . T his is  a major lim itation  in  h e a r t  
v a lv e  w ork. A lthough  a so lu tio n  cou ld  be attem pted  fo r  su ch  flow  th e  
a u th o r s  would n ot be ab le  to  q u a n tify  an y  le v e l o f c e r ta in ty  on  th e  
r e s u lt s  o f su c h  an a n a ly s is  and h a v e  th e re fo r e  r e s tr ic te d  s tu d y  to  
s te a d y  s ta te  prob lem s. R elated prob lem s are th e  la rg e  am ounts o f  
com puter s to r a g e  n e c e s s a r y  and th e  tim e tak en  for  a com plete so lu tio n  to  
be rea ch ed , e v e n  w ith  th e  s im p lify in g  ap p lication  o f tu r b u len ce  m odels.
The ex p e n se  o f  in s ta llin g  an d  m ain ta in in g  a CFM p ack age  may be 
p r o h ib itiv e  and th e  c h e a p er  m icro com p uter o p tio n s  are  o n ly  o f lim ited  
v a lu e  w hen m odelling la rg e  th r e e  d im ensional flow  f ie ld s . M ost ’b o u g h t-  
in ’ CFM p a ck a g e s  do n ot accom m odate th e  u se  o f su c h  m odel com p lex ities  
a s  non-N ew ton ian  f lu id s  or d is te n s ib le  b ou n d aries and tim e m ust 
n e c e ss a r ily  be exp en d ed  in  w r itin g  a lgorith m s to allow  for  th e se . The  
need  to in co rp o ra te  su c h  a lgorith m s m ight r e s tr ic t  th e  ch o ice  of 
su ita b le  p a ck a g es .

A CASE STUDY TO ILLUSTRATE THE USE OF CFM

The aim o f th is  c a se  s tu d y  is  to  d e sc r ib e  one p a rticu la r  flow  
s itu a tio n  w h ere th e  a d v a n ta g e s  o f CFM o v er  experim en ta l m ethods can  be  
b e s t  a p p rec ia ted . The s tu d y  is  co n c e rn ed  w ith  an a n a ly s is  o f lea k a g e  
flow  th ro u g h  a G entle tw in  fla p  m itral v a lv e  (G entle e t  al. 1981),

As p art o f th is  v a lv e ’s d eve lop m en t an en la rg ed  gap  w as in tro d u ced  
b etw een  th e  c lo sed  f la p s . The in te n tio n  w as to  allow a co n tro lled  volum e  
o f blood to  flow  in th e  r e v e r s e  d ir ec tio n , th rou gh  th is  gap  and th u s  
e ffe c t  a w a sh in g  actioh , red u b in g  th e  likelihood  of c lo t form ation. T h is

14



w a sh in g  action  w ould be fu r th e r  en h an ced , a r g u e s  G entle (1982), if th e  
blood flow in g  th r o u g h  th e  gap  w as tu rb u len t. The g a p  d e s ig n  cr iter io n  
w as in it ia lly  b a sed  a n a ly tic a lly  on  R eynolds' n u m b ers and  sk in  fr ic tio n  
fa c to r . T his p ro v ed  not to  be a su ita b le  c r ite r io n , a s  d is c u ss e d  by  
L eefe e t  al. (1986), w ho a lso  d is c u ss e d  th e  m any s e v e r e ly  r e s tr ic t in g  
a ssu m p tio n s n e c e s s a r y  to  s im p lify  th e  problem  dow n to  an a n a ly tica lly  
ap p roach ab le  on e and th e  poor corre la tion  b e tw een  th e  a n a ly tica l m odel 
and  exp erim en tation .

If th is  flow  w ere  to  be a n a ly sed  exp er im en ta lly  on e  m ight be  
ju s t if ie d  in  a ssu m in g  two d im en sion a lity  b e c a u se  o f  th e  geom etry  o f th e  
ga p , and so  a two beam , fr e q u e n c y  sh ifte d  LDA sy s te m  sh o u ld  y ield  
s a t is fa c to r y  sh ea r  s t r e s s  data  in  an a logu e flo w s. I f  th e  LDA m easurem ent 
w ere  to be made on  th e  v a lv e  i t s e lf  and not on  a tw o d im ensional mock up  
th e n  c o r r e c tin g  le n s e s  w ould be n e c e s s a r y  if  m easu rem en ts w ere  req u ired  
aw ay from th e  ax is  o f th e  v a lv e , or com plicated  c o n tro l volum e  
d isp lacem en t and in te r s e c t  a n g le  co r re c tio n  c a lc u la tio n s  w ould be  
n e c e ss a r y . F u rth er  exp erim en ta l r e s tr ic t io n s  w ould  be p r e se n te d  b y  th e  
r e la t iv e ly  poor sp a c ia l r e so lu tio n  o f LDA (as com pared w ith  CFM), 
b ea r in g  in  mind th a t  th e  gap  is  o n ly  0.5mm w ide. One fu r th e r  lim itation  
to  th e  exp erim en ta l p r o c e d u r e  i s  th e  need  to  u se  a blood analogue  
so lu tio n , w h ich  m ust s u r e ly  lim it th e  d eg r e e  o f c o n fid e n c e  in  
p r e d ic tio n s  o f th e  sh ea r  s t r e s s  and sh ear  r a te s . If U ltra  sou n d  D oppler J
w as em ployed  in s te a d  o f LDA, th e  la tte r  problem  m igh t be overcom e, b u t 1
sp a tia l r e so lu tio n  o f  m easurem ent w ould be lik e ly  to  s u f fe r  fu r th e r , and |
th e  ch o ice  o f m ateria ls from  w h ich  th e  t e s t  s e c t io n  cou ld  be  
m anufactured  w ould be s e v e r e ly  r e s tr ic te d  b y  th e  n eed  for  'u ltra so u n d  
tr a n sp a r e n c y ’. Hot film  anem om etry w ould not b e  u s e fu l  b e c a u se  o f th e  %
r e c ir c u la t in g  n a tu re  o f th e  flow .

In th e  com p u tation a lly  m odelled  v e r s io n  o f L eefe  e t  a l., th e  
problem  w as c o n s id er e d  tw o -d im en sio n a lly  for  s im p lic ity  and to  red u ce  
th e  req u irem en ts  fo r  com puter tim e and s to r a g e , b u t  in  p r in c ip le  it  :|
cou ld  e q u a lly  w ell h a v e  b een  c o n s id er e d  th r ee -d im e n sio n a lly . The flow  
r e g io n  is  w ell su ite d  to  a p p lica tio n  o f th e  sta n d a rd  k -  € m odel so  h ig h  
a c c u r a cy  w as e x p e c te d  c o n f id e n t ly  e v e n  th o u g h  som e r e d u c tio n  o f a c c u r a c y  ^
w as ex p e c te d  a t th e  wall. The a ssu m p tion  o f s te a d y  flow  w as n ot s e v e r e ly  i
lim itin g  b e c a u se  back flow  o f th is  n a tu re  is  e s s e n t ia lly  m uch c lo se r  to  f
b e in g  s te a d y  th an  forw ard  flow . F urtherm ore th e  sam e assu m p tion  w ould  
p ro b a b ly  h a v e  b een  made fo r  th e  experim en ta l s tu d y .

The r e s u lt s  o f  th is  CFM s tu d y  are p r e se n te d  g r a p h ic a lly , F igu re  5 
p r e s e n ts  a schem a o f  th e  tw o-d im en sion a l flow  r e g io n . F ig u re  6 sh ow s  
com p u tation ally  p r e d ic te d  strea m lin es  for  lea k a g e  flow  th r o u g h  tw in flap  
m itral v a lv e . F ig u r e s  7 and 8 p r e s e n t  sh ea r  s t r e s s  p lo ts  in  a lte r n a tiv e  
form s; e ith e r  a s  v e c to r s  or c o n to u r s . F inally  f ig u r e  9 sh o w s g ra p h ica lly  
th e  p red ic tio n  o f th e  o n se t  o f tu r b u len ce . The a n a ly s is  o f th e se  r e s u lt s  
h ig h lig h ts  th e  s e v e r e  lim itations o f  an a ly tica l a p p r o a c h e s  to the  
in v e s t ig a tio n  o f lea k a g e  flow . A lso h ig h lig h te d  in  th is  s tu d y  w as the  
u n e x p e c ted ly  h ig h  h aem olytic  p o ten tia l o f th e  v a lv e  in  th e  leak age  flow  
mode.



DISCUSSION AND CONCLUSION

When ap p lied  to  p r o s th e t ic  h ea rt v a lv e  ev a lu a tio n  no in -v itr o  
tec h n iq u e  is  cap ab le  o f  y ie ld in g  a ll th e  data n e c e s s a r y  to d e sc r ib e  
fu lly  a flow  fie ld . Not e v e n  w hen se v e r a l o f th e se  te c h n iq u e s  are u se d  
to g e th e r  can  fu ll  fie ld  sh ea r  s t r e s s e s  be ob ta in ed . F urth erm ore, in -  
v itr o  m odelling in  i t s e l f  is  not w h olly  su ite d  to  th e  a n a ly s is  o f blood  
flow  d ue to  p rob lem s r e la tin g  to  th e  o p a q u e n e ss  o f b lood and its  
c lo tt in g  fu n c tio n .

The u s e  o f C om putational F lu id  M echanics a lle v ia te s  th e se  m odelling  
prob lem s and p erm its th e  eva lu a tio n  o f blood flow , u n a ffec te d  b y  b lood 's  
op aq u e n a tu re  or b y  c lo t t in g , a s  no p h y s ic a l m odelling i s  n e c e s s a r y . The  
g r e a te s t  a d v a n ta g e  CFM h a s  o v e r  th e  in -v itr o  te c h n iq u e s  is  th e  a b ility  
to  p r e d ic t  fu ll  f ie ld  a t tr ib u te s , e sp e c ia lly  sh ea r  s t r e s s e s  and  
tu r b u le n t v is c o s it ie s .  CFM, h o w ev er , i s  not w ith ou t i t s  lim itations, th e  
major on e b e in g  th e  n eed  for tu r b u len ce  m odelling b e c a u se  o f th e  lim ited  
c a p a b ilit ie s  o f e x is t in g  d ig ita l com p u ters . T h is is  th e  s in g le  la r g e s t  
ca u se  o f erro r  in  p r e d ic t io n s  and can  r e s tr ic t  th e  a p p lica tion  o f  th e  
tec h n iq u e  to  c e r ta in  flow  reg im es, m ost n o ta b ly  to  s te a d y  flow  a n a ly s is .  
F u rth er  lim itation s o f CFM are th e  e x p e n se  in  terras o f f in a n ce , com p uter  
time and s to r a g e  and th e  e x p e r tise  n eed ed  to  w rite  ' in -h o u se ' CFM c o d e s  
or m od ification s for  'b o u g h t-in ' p a c k a g e s , for  exam ple to allow  th e  
s tu d y  o f non -N ew ton ian  flu id  flow  or d is te n s ib il ity .

The m ajor a d v a n ce  CFM is  cap ab le  o f m aking to  h ea r t v a lv e  r e se a r c h  
is  a g r e a te r  co rre la tio n  b etw een  m odelled flow  and th e  u n d e r s ta n d in g  o f  
c lin ica l com p lica tion s, th a n  is  p o ss ib le  w ith  in -v itr o  m odelling . T his  
is  b r o u g h t ab ou t b y  th e  a b ility  o f CFM to y ie ld  v a lu e s  fo r  th e  c r it ic a l  
flow  a t tr ib u te s , tu r b u le n t  v is c o s ity  and R eyn o ld 's  s t r e s s e s ,  w ith ou t th e  
n eed  for  in fe r e n c e  from  sca lar  fa c to r s  su ch  a s  tu r b u le n c e  in te n s ity . CFM 
can  be b a sed  on  a c lo se r  r e p r e se n ta tio n  of th e  c lin ica l flow  regim e th a n  
i s  g e n e r a lly  p o ss ib le  ’u s in g  in -v itr o  m odelling b e c a u se  o f th e  prob lem s  
a sso c ia ted  w ith  p h y s ic a lly  m odelling in  blood. T h is a lso  im p roves th e  
co rre la tio n  w ith  in -v iv o  flow  a s  th e  non-N ew ton ian  v is c o s i ty  o f blood  
p la y s  a v e r y  im portant ro le  in  r e g io n s  o f h aem ostasis  and c o n se q u e n t ly  
h a s a b ea r in g  on throm botic  com p lications.

In  c o n c lu s io n , th e  a u th o r s  b e lie v e  th e r e  is  g r e a t  p o te n tia l for  
im provem en ts in  p r o s th e t ic  v a lv e  haem odynam ics v ia  th e  ap p lica tion  o f  
e x is t in g  CFM te c h n iq u e s  a lon g  w ith  th e  com plem entary in -v itr o  a n a ly s is  
m eth od s. H ow ever, in  r e a lis in g  th e  prob lem s p o sed  c u r r e n tly  b y  th e  n eed  
for  tu r b u len ce  m odels, on e  m ust look forw ard  to th e  tim e w h en  a 
u n iv e r sa lly  a p p lica b le  tu r b u le n c e  m odel is  d ev e lo p ed , or th e  
c a p a b ilit ie s  o f  com p u ters are  so  im proved  a s  to  make su c h  m odels 
r ed u n d a n t.
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The P red ictio n  o f haem odynam ic c h a r a c te r is t ic s  o f  
p r o s th e t ic  h ea rt v a lv e  flow  u s in g  PHOENICS

G. D. T a n sley

D epartm ent o f M echanical E n g in eer in g , T ren t P o ly tech n ic , N ottingham

T h is ..paper stem s from c u r r e n t  r e se a r c h  p r o je c ts  a t T ren t P o ly tech n ic  
ajfrfied a t op tim izin g  th e  d e s ig n s  o f a h ea r t v a lv e  co n d u it  and tw in  flap  
m itral v a lv e .

ABSTRACT

The c lin ica l a c c e p ta b ility  o f h ea r t v a lv e  p r o s th e s e s  is  in e x tr ica b ly  
lin k ed  to  th e  v a lv e ’s  haem odynam ic c h a r a c te r is t ic s . More sp e c if ic a lly , 
th e  prob lem s o f h aem olysis  (th e  d e s tr u c t io n  o f  red  blood c o r p u sc le s )  h a v e  
b een  re p o r te d  b y  se v e r a l r e se a r c h e r s  to  be a p ro d u ct o f h ig h  sh ea r  
s t r e s s e s  in d u ced  in  th e  blood b y  th e  im plantation  o f a p r o s th e t ic  v a lv e .  
T h rom b osis, ie  th e  form ation  o f c lo ts  h as b een  a ttr ib u ted  to  th e  
e x is te n c e  o f h a em o sta sis  or a rea s  o f low sh e a r  ra te  in  r e g io n s  in  c lo se  
p roxim ity  to a p r o s th e s is .

U n fo r tu n a te ly , sh ea r  s t r e s s e s  and r a te s  are  tw o haem odynam ic
c h a r a c te r is t ic s  w h ich  are  m ost d iff ic u lt , if  n ot im p ossib le , to  a sc er ta in
w ith  a n y  d e g r e e  o f c o n fid e n c e , d u e to  th e  lim ita tion s o f in -v itr o  
m odellin g  and c u r r e n t  flow  m easurem ent te c h n iq u e s . It is  for  th e se  
r e a so n s  th a t th e  PHOENICS cod e h as b een  ap p lied  to  th e  a n a ly s is  o f h ea rt  
v a lv e  blood flow  and p r o s th e s is  d e s ig n . PHOENICS is  em in en tly  su ite d  to  
th e  p r e d ic tio n  o f  blood flow , n e e d in g  o n ly  th e  s l ig h te s t  m od ifica tion s to  
th e  ’g r o u n d ’ f ile  to  in tr o d u ce  th e  non -N ew ton ian  e f f e c t s  o f blood w hich  
is  m odelled  on th e  C asson  equation :

/ r  = s / T  + c

w here: th e  c o n s ta n ts  ’s ’ and *c’ are d e p e n d e n ts  o f th e  blood  
tem p era tu re  and com p osition , e tc .

’V’ is  fou n d  in  ’gro u n d ' v ia  th e  fu n c tio n  ’FNGENK’ and V /¥ ’ is
u se d  to  m odify 'ENUL\



INTRODUCTION

Valve im plantation

1] What are  h eart v a lv es?

B asica lly  h ea rt v a lv e s  are  p a s s iv e  n o n -r e tu r n  v a lv es:

A] N atural th e y  are  b icu sp id  or tr ic u sp id  and are form ed of l iv in g  
t is s u e .

B] M echanical th e y  c o n s is t  o f a sew in g  r in g  su r r o u n d in g  a prim ary
o r if ic e  w hich  is  m echan ica lly  o cc lu d ed , commonly b y  a t ilt in g  d isc ,
tw in  f la p s , or a ca g ed  ball or d isc .

C] B io p ro sth etic  v a lv e s  are made from  p orc in e  or b o v in e  m ateria ls and
g iv e n  a form sim ilar to  th e  n a tu ra l v a lv e , b u t u su a lly  a s te n t  is
in c lu d ed  to  su p p o rt th e  v a lv e .

Dj C on duits -  th e se  c o n s is t  o f a se c tio n  o f flex ib le  tu b in g , in to  
w h ich  a m echanical or b io p r o sth e tic  v a lv e  is  m ounted .

2] Im plantation  s it e s

T h ere are  fo u r  s it e s  in  th e  h eart w h ere  n atu ra l v a lv e s  are s itu a te d  (see  
f ig . 1). In g en e r a l h ow ever , o n ly  th e  v a lv e s  in  th e  le f t  h ea r t are  
rep la ced , ie  th e  A ortic and M itral v a lv e s . The r ig h t  h ea rt v a lv e s  
(tr ic u sp id  and pulm onic) w h ich  s u f fe r  o n ly  l / 5 th th e  p r e s s u r e  s e e n  in  th e  
le f t  h ea rt are  not so  prob lem atic  so  th e ir  rep lacem en t i s  rare .

C on duits are  im planted ty p ic a lly  a s  A p eco-A ortic  s h u n ts , ie  b e tw een  th e  
apex  o f th e  h eart and th e  d e sc e n d in g  aorta  (fig . 2).

3] R eason s for im plantation

A] To rep la ce  s te n o se d  n atu ra l v a lv e s  (v a lv e s  in  w h ich  th e  prim ary
flow  o r if ice  h as becom e p a r tia lly  b lock ed  -  c a u s in g  an e x c e s s iv e
p r e s s u r e  drop a c r o ss  th e  v a lv e ) . T h is co n d itio n  can  lead  th e  h eart  
becom ing c o n s id er a b ly  en la rg e d  (h y p e r tr o p h y ) w h ich  can  be fa ta l, 
and a lso  to  a  poor q u a lity  o f life  -  a s  c ircu la tio n  is  r e s tr ic te d .

B] T o ,r e p la c e  r e g u r g ita n t  v a lv e s  (v a lv e s  th a t allow e x c e s s iv e
b ack flow ). S e v e r e  r e g u r g ita tio n  can  lead to th e  fa ilu re  o f upstream  
v a lv e s  and to th e  dam age o f th e  lu n g s  due to an in c r e a se  of 
p r e s su r e  in  th e  c ircu la tio n  of th e  r ig h t  h eart.

C] As A p eco -a o rtic  sh u n ts , c o n d u its  are u se d  to b y -p a s s  p a rtia lly
b lock ed  a o r ta s , th is  im p roves th e  c ircu la tio n  of blood to  th e  
abdom en.



PROSTHETIC HEART VALVE FAILURE

T h ere are many r e a so n s  w h y h e a r t v a lv e s  fa il in  se r v ic e :  m echanical 
fa ilu r e , ca lc ifica tio n  and tea r in g  o f b io p r o sth e tic  m aterial e tc . Here, 
h o w ev er , o n ly  fa ilu r e s  due to  haem odynam ic fa c to r s  are  o f in te r e s t . T h ese  
can be d iv id ed  in to  5 c a ta g o r ie s :

1] H aem olysis in  bu lk  flu id

T his is  th e  d e s tr u c t io n  o f  red  blood c o r p u sc le s  due to  h ig h  sh ea r  
s t r e s s e s  in  th e  bu lk  o f  th e  flow . To avoid  th is  co n d itio n , w h ich  
can  lead to  Anaemia and d e a th , a v a lv e  sh ou ld  not in d u ce  sh ea r  
s t r e s s e s  h ig h er  th an  500 N /m 2 (f ig . 3) th is  is  th e  H aem olysis  
th r esh o ld  in  v a lv e  flow  (Helium s and  Brown 1975).

2] H aem olysis a t th e  b lo o d /p r o s th e s is  in te r fa ce

blood c e lls  are m uch m ore p ron e  to  dam age a t th e  p r o s th e t ic  su r fa c e
d ue to a d h esio n  to  th e  su r fa c e . H aem olysis can  occu r  at sh ea r  
s t r e s s e s  a s  low a s  150 N /m 2. To red u c e  th is  problem  sh e a r  s t r e s s e s  
in d u ced  c lo se  to  th e  v a lv e ’s  p r o s th e t ic  su r fa c e s  sh ou ld  be 
m inim ised.

3] Damage to  en d o th e lia l l in in g  d u e  to  je t  im pingem ent

The lin in g  o f th e  A orta is  p ro n e  to  dam age b y  th e  im pingem ent o f  
j e t s  o f blood is s u in g  from  a v a lv e . D irection a lity  o f th e  j e t s  is  
im portant and so  is  th e  le v e l  o f s t r e s s  (dam age o c c u r s  a t v a lu e s  a s  
low a s  40N/m2).

4] Valve d y s fu n c tio n  due to  th rom b u s form ation at h in g e  p o in ts

T hrom bus form s in  a r e a s  o f  h a em o sta sis , th e se  a r e a s  are  lik e ly  to  
o ccu r  near to  h in g e  p o in ts . The throm bu s form ed can  c a u se  to ta l or  
p artia l r e s tr ic t io n  to  o c c lu d e r  m ovem ent. At sh ea r  r a te s  below  7s"1 
throm bus form ation  is  a c c e le r a te d  (D in ten fa ss  1964).

5] Throm bo-em bolism

Throm bo-em bolism  is  a lso  c a u se d  b y  h aem ostasis . The s i t e s  of
throm bus form ation m ight n o t be cr it ic a l b u t th e  p a ssa g e  o f
throm bus dow nstream  le a d in g  to  em bolism  is  p o te n tia lly  fa ta l.

sum m arizing:

It is  im portant to  e s ta b lish  th e  m a g n itu d es o f sh ea r  s t r e s s e s  and Shear  
r a te s  and th e  areas in  w h ich  c r it ic a l  v a lu e s  may o ccu r  a s  th e s e  y ie ld  a 
q u a n tita tiv e  m easure o f a v a lv e ’s throm bo-em b olic  and haem olytic  
p o ten tia l.



THE RHEOLOGY OF BLOOD

The a b o v e  prob lem s are  in c r e a se d  b y  th e  rh eo log ica l b eh av iou r  o f b lood, 
th e  sh e a r  r a te /v is c o s it y  r e la tio n sh ip  o f w hich  is  th a t o f a p la stic  
f lu id .

Blood may be c o n s id er e d  a continuum  w h ils t  flow in g  th r o u g h  tu b e s  o f a 
diam eter g r e a te r  th a n  ,5mm (Chmiel and Walitza 1980) and s e v e r a l  
d e s c r ip t iv e  e q u a tio n s  h ave  b een  form ulated  to d e sc r ib e  th e  flow  o f blood  
u n d er  th e se  co n d itio n s . (C okelet 1987 r e v ie w s  th e se  e q u a tio n s .)  In  th is  
c u r r e n t  w ork th e  C asson  eq u a tio n  w as em ployed  b ecau se:

1] The c a sso n  eq u a tio n  i s  e a s ily  ap p lied  to  PHOENICS

2] The c o n s ta n ts  a re  e a s ily  d eterm in ed

3] A ccu racy  is  good -  w ith in  5% erro r  o v e r  th e  r a n g e  o f sh ea r  r a te s  
0 -  100 000 s _1 (Charm and K urland 1965)

4] Good agreem en t w ith  exp erim en ta l flow s (an e r ro r  o f 4.5% in  
p r e s su r e  w as p r e d ic te d  in  th e  c u r r e n t  w ork b ased  on th e  
exp erim en ta l w ork o f H ersh ey  and Cho 1966)

The C asson  Equation:

= s  v r +  c

W here *c* and ’s ’ are  c o n s ta n ts  d e p e n d e n t on th e  blood haem atocrit 
and  tem p era tu re  e tc .

U s in g  Normal blood o f h aem atocrit 45 a t b od y  tem p era tu re  (37 C elcius):

s * 0.053

c  0.107

T h ough  th e s e  v a lu e s  may v a r y  d ue to th e  sam ples o f  blood te s te d .

W hitm ore(1968) r e -w r ite s  th e  C asson  eq u a tio n  ta k in g  in to  a cco u n t the  
v is c o s i ty  o f p lasm a(*•»<>), w h ich  it  is  fa ir  to  assu m e, is  N ew tonian at b od y  
tem p eratu re:

\ J r  /  y*o = 1.53 v/T  +2.0

U sin g  PHOENICS to Compare N ew tonian f lu id s  w ith Blood m odels for a regim e  
as sim ple a s  lam inar p ip e  flow  in d ic a te s  th a t if  N ew tonian f lu id s  w ere  
u se d  to a s s e s s  k ey  flow  p aram eters su c h  a s  sh ear  s t r e s s ,  s e r io u s  u n d er  
p r e d ic t io n  of th e  th rom b o-em b otic  and heam olytic p o te n tia ls  o f v a lv e s  
w ould  r e s u lt  (fig . 4).

In a n a lo g u e  flu id:

Minimum sh ea r  ra te  is  u n d er  p re d ic te d  b y  600%

Maximum sh ea r  s tr e s s  is  u n d er  p r e d ic te d  b y  28%



IN-VITRO MEASUREMENT OF FLOW CHARACTERISTICS

P r e se n te d  below  is  a b r ie f  sum m ary o f  c u r r e n t  exp erim en ta l te c h n iq u e s  
w h ich  are ap p lied  to  th e  a n a ly s is  o f  blood flow  and  s p e c if ic  d iff ic u lt ie s  
w h ich  lim its th e ir  u se fu ln e ss :

TECHNIQUE MEASUREMENTS LIMITATIONS

L.D.A. Full fie ld  e x c ep t near w alls
v e lo c it ie s

T u rb u len ce  n e e d s  3 beam s e t  up
I n te n s it ie s  R eynolds* sh ea r  s t r e s s  or assu m ed

3rd dijjietision

A c c e ss  is  o fte n  r e s tr ic te d  and le n g th y  c o r r e c tio n s  for  th e  beam in te r s e c t  
a n g le  are  n e c e s s a r y  in  com plex g eo m etr ie s . The flow  m edia m ust be  
tr a n sp a r e n t  to th e  illum inatin g  so u r c e  -  th is  r e s t r ic t s  m easurem ent in  
blood .

ULTRASOUND F ull f ie ld  v e r y  lim ited re so lu tio n
DOPPLER v e lo c it ie s  I n -v iv o  s e v e r e  a c c e s s

r e s tr ic t io n s

U ltrasou n d  D oppler anem om etry is  cap ab le  o f y ie ld in g  rea l-tim e  in -v iv o  
v e lo c ity  f ie ld s , o b v io u s ly  m odelling is  n ot n e c e s s a r y  and blood is  th e  
f lu id  u se d , b u t 3 d im ensional m easu rem en ts are  n o t p o ss ib le  in -v iv o  so  
th a t tu r b u le n c e  in te n s it ie s  an d  R ey n o ld s’ sh ea r  s t r e s s e s  are  o f v e r y  
lim ited u s e . I n -v itr o  U ltrasou n d  D oppler m easu rem en ts s u f fe r  from  a poor  
r e so lu t io n  and th e  need  for  th r e e  beam s.

HOT WIRE/FILM V elocity  v e c to r s  n ot near w all and w ith  
ANEMOMETRY lim ited r e so lu tio n  an d  a c c e s s

T u rb u len ce  in  ax ia lly  a lig n ed  flow s on ly
I n te n s it ie s

A nem om etry o f th is  k ind  is  not w ell su ite d  to  ap p lica tion  in  r e c ir c u la tin g  
f lo w s b e c a u se  o f i t s  in tr u s iv e  n a tu re  and d irec tio n a l am b igu ity . P rob es  
are  s u s c e p tib le  to dam age b y  p a r t ic le s  in  th e  flu id .

PITOT TUBE V elocities o n ly  in  ax ia lly  a lig n ed  flow  and
w ith  lim ited r e so lu tio n

P ito t tu b e s  can  be b lock ed  b y  blood c o r p u s c le s  and a c c e s s  in  h eart v a lv e  
f lo w s is  o fte n  lim ited for  in tr u s iv e  te c h n iq u e s .



FLOW str e a m -lin e s  g e n e r a lly  o n ly  q u a lita tiv e
VISUALISATION p a rtic le  im age can  y ield

q u a n tita tiv e  d isp lacem en t v e lo c ity  
inform ation

Flow v isu a liz a tio n  can  be v e r y  u s e fu l g iv in g  a g en e r a l a p p rec ia tio n  o f a 
flow  reg im e, if  P artic le  Im age D isp lacem ent V elocim etry (or S p eck le ) is  
a p p lied  it  i s  p o ss ib le  th a t tu r b u len ce  in form ation  cou ld  be ob ta in ed  from  
th e  la rg e r  e d d y s

STATIC PRESSURE P r e s su r e  drop  a ssu m es p r e s s u r e  is  c o n sta n t
P r e ssu r e  r e c o v e r y  th ro u g h o u t rad ia l s e c t io n s

S ta tic  p r e s s u r e  m easu rem en ts~are  g e n e r a lly  n e c e ss a r y  -  if  o n ly  to v e r ify  
com p utational prediction^;'

FLOW METERING Volume flow  r a te s  a ssu m es axisym m etric v e lo c ity  
p ro file

E n erg y  lo s s e s  u se d  in  c o n ju n ctio n  w ith
s ta t ic  p r e s su r e  m easu rem en ts

P opu lar flow  m etering  te c h n iq u e s  are E lectrom agn etic  and tu r b in e  flow  
m eters both  o f th e se  r e q u ire  th e  flow  at th e  p o in t o f m easurem en t to  be 
axisym m etric .

sum m arizing:

All o f th e  a b ove  te c h n iq u e s  are  o f g r e a t  v a lu e , b u t each  h a s  i t s  own  
sp e c ia l d if f ic u lt ie s  o f ap p lica tio n  and e v e n  w hen se v e r a l te c h n iq u e s  are  
u sed  to g e th e r  it  is  u n lik e ly  th a t th e  same am ount o f in form ation  w ill be  
p ro d u ced  a s  b y  C om putational F luid M echanics. One Major problem  th a t can  
not be a d d r e sse d  b y  a n y  o f th e  te c h n iq u e s  is  th e  a b ility  to  y ie ld  
R e y n o ld s’ s t r e s s e s  in  bulk  blood flow , th is  i s  th e  param eter a b o v e  all 
e ls e  w h ich  w ill d ic ta te  th e  lik e ly  c lin ica l a c c ep ta b ility  a v a lv e .



PHOENICS PREDICTIONS

The C asson  eq u ation  w as u sed  in  th e  ’Ground* file  to  m odify th e  laminar 
V isc o sity  ’ENUL’, b y  se tt in g :

ENUL = r/V

w h ere  th e  local sh ear  ra te  u se d  (Y) w as th e  sq u a re  root o f th e  local 
v a r ia b le s  o f th e  arra y  s e t  up b y  th e  sta tem en t ’GENK = T .’ in  ’S a tlit ’

V erifica tion  w as b y  w ay  o f c h e c k s  on  th o se  p aram eters w hich  cou ld  be  
a s s e s s e d  a n a ly tica lly :

1] The sh e a r  s t r e s s  d is tr ib u tio n  in  lam inar flow  reg im es (fig . 5 )

2] V elocity  p r o f ile s  in  lam inar flow  (fig , 6)

3] S h ear  s tr e s s  p r o f ile s  in  tu r b u le n t  flow: (fig . 7)

H aving v e r if ie d  th a t th e  sh ea r  s t r e s s e s  (and th e r fo r e  sh ea r  r a te s )  w ere  
b e in g  c o r r e c t ly  p r e d ic te d  th e  Blood flow  m odel w as v e r if ie d  a g a in s t  
exp erim en ta l f in d in g s  o f H ersh ey  and Cho (1966), th o u g h  o n ly  th e  p r e s su r e  
g r a d ie n t cou ld  be com pared.

By w ay o f  a ca se  s tu d y , an a n a ly s is  o f lea k a g e  d e s ig n  in  th e  G entle tw in  
fla p  m itral v a lv e  (G entle e t  al. 1981) is  g iv e n  below:

A c e r ta in  am ount o f backflow  is  d e s ig n e d  in to  th is  v a lv e  to  a lle v ia te  
h eam ostasis  w hen  th e  v a lv e  is  c lo se d , th u s  p r e v e n tin g  c lo t form ation . It 
w as in te n d ed  b y  G entle th a t th e  backflow  sh ou ld  be tu r b u le n t  to  en h a n ce  
th e  w a sh in g  action .

R e su lts  o f  a n a ly s is  b y  PHOENICS confirm ed  th a t th e  b ackflow  w as tu r b u le n t  
( f ig . 8).

b u t a maximum sh ea r  s t r e s s  o f 2 .2kN /m 2 e x is te d  -  th is  w ould lead  to  
h aem olysis  and u n fo r tu n a te ly  th e  a r e a s  o f s ta g n a tio n  in  b ackflow  
c o r re sp o n d ed  to  th o se  in  forw ard  flow  (fig . 9) -  s e e  L eefe  e t  a l.(1986).

F ig u re  10 sh ow s a co n to u r  p lo t o f  sh ea r  s t r e s s  u n d er  a r e d u c e d  backflow  
p r e s s u r e  -  th e  s tr e s s  m agn itu d e k e y  is  in  kN /m 2.



CONCLUSIONS

When a p p lied  to  p r o s th e t ic  h ea rt v a lv e  ev a lu a tio n , no in -v itr o  tec h n iq u e  
is  cap ab le  o f y ie ld in g  a ll th e  d ata  n e c e s s a r y  to d e sc r ib e  fu lly  a flow  
f ie ld . Not e v e n  w hen  s e v e r a l o f th e se  te c h n iq u e s  are u se d  to g e th e r  can  
fu ll  fie ld  sh ea r  s t r e s s e s  be o b ta in ed . F urtherm ore, in -v itr o  m odelling in  
i t s e l f  is  not w h olly  su ite d  to  th e  a n a ly s is  o f blood flow  due to prob lem s  
r e la t in g  to  th e  o p a q u en ess  o f blood and i t s  c lo tt in g  fu n ctio n .

The u se  o f C om putational F luid M echanics a lle v ia te s  th e se  m odelling  
p rob lem s and p erm its th e  ev a lu a tio n  of blood flow , u n a ffec te d  b y  b lood 's  
op aq u e n a tu re  or by c lo tt in g . The g r e a te s t  a d v a n ta g e  CFM h as o v e r  th e  in -  
v itr o  te c h n iq u e s  is  th e  a b ility  to p r e d ic t  fu ll f ie ld  a t tr ib u te s , 
e s p e c ia lly  sh ea r  s t r e s s e s  and sh ea r  r a te s , th e se  are th e  q u a n titie s  w h ich  
b e s t  p r e d ic t  a v a lv e 's  lik e ly  c lin ica l p erform ance. H ence a g r e a te r  
c o r re la tio n , b etw een  th e  flu id  dynam ic te s t in g  o f a va lve^ an d  it 's  in  
s e r v ic e  s itu a tio n , is  a ch iev e d  b y  th e  a p p lica tio n  of CFM'~than is  p o ss ib le  
w ith  in -v it r o  m odelling.
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A COMPARISON BETWEEN BLOOD AND 
NEWTONIAN FLUID FLOW

PARAMETER ANALOGUE
P̂/clz 47.617

)JL max 00.3587
•

Y max 68.28
Y min 03.569
T max 00.2269
X min 00.01186
U) max 01.996

RAND CHARM
68.00 63.02
00.3313 00.3316
71.83 71.78
00.5119 00.5339
00.3281 00.2995
00.02011 00.02214
01.841 01.842

RAND : i/t  = 0 - 0 5 4 6 / V  + 0-110 

CHARM : 7x = 0 - 0 5 2 4 +  0 1 0 4

FIGURE 4
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