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ABSTRACT

The T h e o l o g i c a l  p r o p e r t y  o f  whole  b lo o d  from v a r i o u s  

human s u b j e c t s  was s t u d i e d  w i th  a  V /e issenberg  R h eo go n io -  

m e t e r ,  m o d i f i e d  w i t h  a  c o n t i n u o u s l y  v a r i a b l e  sp eed  d r i v e .  

E x p e r im e n ta l  d a t a  showed a h y s t e r e s i s  lo o p  i n  t h e  s h e a r  

s t r e s s  v e r s u s  t h e  s h e a r  r a t e  p l o t  and a  t o r q u e - d e c a y  i n  

t h e  s h e a r  s t r e s s  v e r s u s  t h e  s h e a r i n g  t im e  p l o t  which i s  

u n d e r  a  c o n s t a n t  s h e a r  r a t e .  The T h e o l o g i c a l  e q u a t i o n  

p r e v i o u s l y  d e v e lo p e d  by Huang was employed t o  d e f i n e  t h e  

t h i x o t r o p i c  p a r a m e t e r s  o f  each  whole  b lo o d  sample  b a se d  

upon t h e  r e c o r d e d  rh eo g ram s .

The a l t e r e d  t h i x o t r o p i c  p a r a m e t e r s  f o r  t h e  b lo o d  from 

p a t i e n t s  w i th  open h e a r t  s u r g e r y  a t  d i f f e r e n t  c l i n i c a l  

s t a g e s  were q u a n t i t a t i v e l y  d e t e r m i n e d .  The v i s c o s i t y  by 

non-N ew ton ian  c o n t r i b u t i o n  d u r i n g  t h e  s t a g e  o f  c a r d i o 

pu lmonary  b y p a s s  showed t r e m e n d o u s ly  h i g h  v a lu e s :  f o r  t h e  

e x p i r e d  p a t i e n t s .  E f f e c t  o f  t e m p e r a tu re ,  on t h e  b lo o d  from 

norm al  h e a l t h y  a d u l t s  may imply  a  p a r t i c u l a r  t h i x o t r o p i c  

t e m p e r a t u r e  e x i s t i n g  i n  a  t h i x o t r o p i c  sy s te m ,  a t  which t h e  

t h i x o t r o p i c  p r o p e r t i e s  r e a c h  minimum. I t  a l s o  r e v e a l s  t h a t  

37°C i s  t h e  o p t im a l  t e m p e r a t u r e  f o r  human s u b j e c t s  a t  no rm al  

p h y s i o l o g i c a l  c o n d i t i o n s .  The T h e o l o g i c a l  b e h a v i o r s  o f  

b lo o d  a f f e c t e d  by norm al  l i n e a r  a l k a n o l s  were m ain ly  d e t e r m i n e d

i



by t h e  s o l u b i l i t i e s  o f  a l k a n o l s  i n  w a t e r  and c h e m ic a l  

s p e c i a l i t y  o f  t h e  r e d  b lo o d  c e l l .  B o th  h y d r o p h i l i c  and 

hydrophob ic ,  a l k a n o l s  tended^  t o  i n c r e a s e  b l o o d  t h i x o t r o p i c  

p r o p e r t i e s ,  A m p h ip h i l i c  a l k a n o l s  i n c r e a s e d  b lo o d  t h i x d t r o p y  

a t  low c o n c e n t r a t i o n  .and, hem olysed  b l o o d  t o  a  N ewtonian  

f l u i d  a t  h i g h  c o n c e n t r a t i o n .

a  t h e o r e t i c a l  a n a l y s i s  o f  t h e  a r t i f a c t s  o f  t h e  t o r s i o n  

head  t o  t h e  e x p e r i m e n t a l l y  o b t a i n e d  rh eo g ra m s  o f  t o r q u e -  

decay  c u r v e  and  h y s t e r e s i s  l o o p  d e m o n s t r a t e d  t h e  dynamic b e h a v i o r s  

o f  t h e  t o r s i o n  h e ad  a s  w e l l  p r e d i c t e d  t h e  r e a l  rh eog ram s  

o f  t h e  t e s t e d  f l u i d .  The e x p e r i m e n t a l  d a t a  which hav e  been  

p r o v e d  from t h e  s t u d y  a r e  t r u e  h e m o r h e o l o g i c a l  p r o p e r t i e s  

and i n v o l v e  no  a r t i f a c t s .

T h is  i n v e s t i g a t i o n  h as  shown t h e  s i g n i f i c a n c e  o f  t h e  

T h e o l o g i c a l  t e s t  o f  whole  human b l o o d .  I t  can be d e v e lo p e d  

as  a  c l i n i c a l  t e s t ,  which w i l l  s u p p ly  d i a g n o s t i c  i n f o r m a t i o n  

beyond t h e  s t a n d a r d  c l i n i c a l  t e s t s  a v a i l a b l e  a t  t h i s  t im e .
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CHAPTER I

INTRODUCTION

To in d u c e  f lo w  o f  a  f l u i d ,  a  f o r c e  must  be e x e r t e d  

on t h e  f l u i d  so t h a t  t h e  v i s c o u s  f o r c e s  o f  m u tua l  a t t r a c 

t i o n  be tw een  m o le c u l e s  a r e  overcome and t h e  m o le c u l e s  a r e  

d i s p l a c e d  r e l a t i v e  t o  each o t h e r .  Rheology  i s  t h e  s t u d y  o f  

d e f o r m a t i o n  and f lo w  o f  m a t t e r .  The p h y s i c a l  p r o p e r t y  

t h a t  c h a r a c t e r i z e s  t h e  f lo w  o f  s im p le  f l u i d s  i s  t h e  

v i s c o s i t y .  The e q u a t i o n  t h a t  d e s c r i b e s  t h e  r e l a t i o n s h i p  

be tw een  s h e a r  s t r e s s  and s h e a r  r a t e  i s  c a l l e d  t h e  r h e o l o g i c a l  

e q u a t i o n  o f  t h e  f l u i d  a t  t h e  p a r t i c u l a r  s t a t e .

Numerous e m p i r i c a l  e q u a t i o n s ,  o r  m odels  have  been  

p ro p o se d  t o  e x p r e s s  t h e  s t e a d y - s t a t e  r e l a t i o n  be tw een  

s h e a r  s t r e s s  and s h e a r  r a t e  d e p e n d in g  on t h e  r h e o l o g i c a l  

p r o p e r t i e s  o f  t h e  f l u i d  a t  t h e  s t a t e .  The s i m p l e s t  one 

which d e s c r i b e s  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  f l u i d s  i s  

t h e  Newtonian  model .

^  t h e  v i s c o s i t y ,  a  c o n s t a n t .

However, t h e r e  a r e  many m a t e r i a l s  t h a t  f l o w  b u t  f o r  which 

t h e  v i s c o s i t y  i s  n o t  a  c o n s t a n t  and t h e s e  a r e  c a l l e d  n o n -  

Newtonian  f l u i d s .  They need  two o r  more r h e o l o g i c a l

(1 .1 )

where /7Th6 i s  t h e  s h e a r  s t r e s s ,  ~/rg i s  t h e  s h e a r  r a t e  and,
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p a r a m e t e r s  t o  d e s c r i b e  t h e i r  r h e o l o g i c a l  b e h a v i o r s  

such  a s  t h e  Bingham model ,  t h e  O s tw a ld -d e  V/aele model, 

t h e  E y r in g  model ( a l l  b e i n g  two p a r a m e t e r  m odels  ) and 

t h e  E l l i s  m odel ,  t h e  R e i n e r - P h i l i p p o f f  model ( a l l  b e in g  

t h r e e  p a r a m e t e r  m odels  ) ( 1 ) ,  o f  which t h e  a p p a r e n t  v i s c o s i t i e s  

a r e  n o t  c o n s t a n t s  a s  t h o s e  o f  New ton ian  f l u i d s  b u t  a 

f u n c t i o n  o f  s h e a r  r a t e  o r  s h e a r  s t r e s s .  A l l  t h e s e  models  

a r e  m a in ly  t h e s e  d e a l i n g  w i t h  f l u i d s  w i th  a m onoton ic  

r h e o l o g i c a l  p r o p e r t i e s ,  f o r  which t h e r e  i s  one d e f i n i t e  s h e a r  

s t r e s s  a s s o c i a t e d  w i th  each  v a l u e  o f  t h e  s h e a r  r a t e .

Among t h e  non-N ew ton ian  f l u i d s ,  t h e r e  a r e  c e r t a i n  

m a t e r i a l s  which have  more: c o m p l i c a t e d  r h e o l o g i c a l  b e h a v i o r s .  

T h e i r  v i s c o s i t i e s  a r e  n o t  j u s t  a  f u n c t i o n  o f  s h e a r  r a t e  

b u t  a l s o  a  f u n c t i o n  o f  t i m e .  T h is  u s u a l l y  i n d i c a t e s  t h a t  

t h e  f l u i d  p r o c e s s e s  a  s t r u c t u r e  t r a n s f o r m a t i o n  w h i l e  a 

m e c h a n ic a l  d i s t u r b a n c e  i s  in d u c e d  t o  t h e  sy s te m .  The amount 

o f  s t r u c t u r e  change  i s  d e p e n d e n t  on t h e  en e rg y  ( s h e a r  r a t e  ) 

t h a t  i s  f o r c e d  i n t o  t h e  sy s tem  and how lo n g  a  t im e  t h e  

m e c h a n ic a l  d i s t u r b a n c e  a c t s  on t h e  sy s te m .  The t h i x o t r o p i c  

m a t e r i a l  i s  c h a r a c t e r i z e d  by an i s o t h e r m a l ,  r e v e r s i b l e  

s t r u c t u r a l  breakdown due t o  t h e  a c t i o n  o f  a m e c h a n ic a l  

d i s t u r b a n c e  on t h e  m a t e r i a l .  The t h i x o t r o p i c  sy s tem  e x h i b i t s  

t h e  f o l l o w i n g  r h e o l o g i c a l  p r o p e r t i e s  ( 2 ) :

1 .  A t o r q u e - d e c a y  c u r v e  ( F i g . I . l )  w i l l  be g e n e r a t e d  

i f  a  s u i t a b l e  s i n g l e  s t e p  change  s h e a r  r a t e  i s  in d u ce d  

t o  t h e  sy s te m .
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Shea r  s t r e s s

Time

F i g . I . l  T o rq u e -d e c a y  cu rv e

Shear  s t r e s s

Shea r  r a t e

F i g . I . 2 H y s t e r e s i s  lo o p
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2 .  A h y s t e r s i s  l o o p  w i l l  hap p en  ( F i g . i 2 . )  i f  a  

t r i a n g u l a r  s t e p  ch an g e  s h e a r  r a t e  i s  in d u c e d  t o  t h e  

s y s t e m .

3 .  A s h e a r - t h i n n i n g  phenomenon w i l l  h e  b r o u g h t  up 

i f  t h e  m e c h n ic a l  d i s t u r b a n c e  c o n t i n u e s  a s  t h e  2 ab o v e .

T h a t  means t h e  h y s t e r s i s  l o o p  w i l l  become s m a l l e r  and  

s m a l l e r  and ,  f i n a l l y  t u r n  t o  p s e u d o p l a s t i c  b e h a v i o r s .

4 .  Once t h e  m e c h a n i c a l  d i s t u r b a n c e  i s  rem oved,  t h e  

s y s te m  w i l l  r e c o v e r  t o  i t s  o r i g i n a l  s t r u c t u r e  a f t e r  c e r t a i n  

t i m e .  T h i s  means t h a t  t h e  t h i x o t r o p i c  m a t e r i a l  h a s  memory.

5 .  The sys tem  may h a v e  o r  may n o t  h a v e  y i e l d  s t r e s s .

S i n c e  F r e u n d l i c h  i n t r o d u c e d  t h i x o t r o p y  i n  1928 ,  many

. i n v e s t i g a t o r s  (47 t o  53) h a v e  b een  a t t r a c t e d  t o , s t u d y  i t  b o t h  

e m p i r i c a l l y  and t h e o r e t i c a l l y .  Most o f  e q u a t i o n s  a v a i l a b l e  

i n  t h e  l i t e r a t u r e  a r e  u n a b l e  t o  e x p l a i n  t h e  v a r i o u s  

t h i x o t r o p i c  phenomena.  B ased  on i r r e v e s i b l e  therm odynam ic  

p r i n c i p l e s ,u s i n g  a  m o l e c u l a r  a r r a n g e m e n t  p a r a m e t e r  t o  

d e s c r i b e  t h e  s t r u c t u r e  b reakdown o f  t h i x o t r o p i c  m a t e r i a l s  

d u r i n g  s h e a r i n g  Huang (2 )  d e r i v e d  an  e q u a t i o n  c o n t a i n i n g  

f i v e  p a r a m e t e r s  which  i s  s u i t a b l e  t o  d e s c r i b e  t h e  r h e o l o g i c a l  

b e h a v i o r s  o f  t h i x o t r o p i c  m a t e r i a l s .  The f i v e  p a r a m e t e r s  

c a n  b e  u s e d  t o  c h a r a c t e r i z e  t h e  f l o w  p r o p e r t i e s  o f  t h e  

w hole  t h i x o t r o p i c  sy s te m  a nd ,  s i m u l t a n e o u s l y  t o  a v o i d  t h e  

v a r i a t i o n s  i n  r e s u l t s  due t o  t h e  v a r y i n g  c o n d i t i o n s  o f  

t e s t s  a t  d i f f e r e n t  s h e a r  r a t e s .
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Prom a  m a c r o s c o p ic  p o i n t  .of v i e w ,  human b l o o d  i s  a  

c o n c e n t r a t e d  s u s p e n s i o n  o f  fo rm ed e l e m e n t s  ( p r i m a r i l y  

r e d  c e l l s ,  w h i t e  c e l l s ,  and p l a t e l e t s  ) i n  p l a s m a  ( 3 ) .

The p la sm a  i n  t u r n  i s  a  c o l l o i d a l  s u s p e n s i o n  o f  t h e  

p la sm a  p r o t e i n s  ( m a i n l y  serum a lb u m in ,  serum g l o b u l i n s ,  

and f i b r i n o g e n  ) i n  a  weak e l e c t r o l y t e  o f  c o m p o s i t i o n .

The p r e d o m in a n t  fo rm e d  e l e m e n t s  a r e  t h e  r e d  c e l l s ,  which  

a r e  t y p i c a l l y  i n  t h e  form o f  b i o c a v e  d i s c  a b o u t  QJ\ i n  ( 4 2 )  

d i a m e t e r  when r e l a x e d ,  b u t  which  can  u n d e rg o  v e r y  s e v e r e  

d e f o r m a t i o n s .  They t y p i c a l l y  make up  a b o u t  93$ "by number 

o f  t h e  formed e l e m e n t s  o r  a b o u t  40 t o  45$ o f  t h e  b l o o d  

vo lume,  and t h e y  h a v e  v e r y  p ro n o u n ce d  e f f e c t  on b l o o d  

r h e o l o g y .  The p l a t e l e t s  a r e  c o n s i d e r a b l y  s m a l l e r  and  are- 

p r e s e n t  t o  t h e  e x t e n t  o f  o n ly  a b o u t  5$  o f  th 'e  r e d - e e l l  

vo lume.  They h a v e  l i t t l e  d i r e c t  e f f e c t  on r h e o l o g y ,  b u t  

p l a y  an i m p o r t a n t  r o l e  i n  c l o t t i n g .  The w h i t e  c e l l s  o r  

l e u c o c y t e s  o c c u r  i n  a  r e l a t i v e l y  s m a l l  nu m b ers ,  a n d  a r e  

o f  l i t t l e  d i r e c t  i m p o r t a n c e  i n  r h e o l o g y .  The m a j o r  p la sm a  

p r o t e i n ,  f i b r i n o g e n  t h a t  make r e d  c e l l s  t e n d  t o  a g g r e g a t e  , 

a l s o  p l a y  an i m p o r t a n t  e f f e c t  on t h e  r h e o l o g i c a l  p r o p e r t i e s  

o f  b l o o d .

R e c e n t l y  i t  was c o n f i r m e d  t h a t  b l o o d  i s  a  n e a r l y  

N ew ton ian  f l u i d  a t  s u f f i c i e n t l y  h i g h  s h e a r  r a t e s ,  which ' can  

u s u a l l y  be  c o n s i d e r e d  so  i n  a r t e r i a l  f l o w .  However a t  low 

s h e a r  r a t e s  which  a r e  o f  most c l i n i c a l  i m p o r t a n c e  i n  t h e
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m i c r o c i r c u l a t i o n  where  s h e a r  r a t e s  t e n d  t o  low, b lo o d  

i s  a  complex t h i x o t r o p i c  sys tem  ( 3 7 ) .

B a s i c a l l y ,  t h e  b u lk  o f  t h i x o t r o p i c  p r o p e r t i e s  o f  t h e  

b lo o d  a p p e a r  t o  be due t o  t h e  r e v e r s i b l e  a g g r e g a t i o n  o f  

t h e  r e d  c e l l s .  The d e g re e  o f  a g g r e g a t i o n  o f  t h e  r e d  c e l l s  

may be a f f e c t e d  due t o  a  number o f  c a u s e s  such  a s  p h y s i c a l  

( s h e a r  r a t e ,  t im e ,  f o r c e  f i e l d s ,  e t c .  ) ,  c h e m ic a l  ( 

h e m a t o c r i t ,  f i b r i n o g e n ,  c h e m i c a l s ,  e t c .  ) ,  and p a t h o l o g i c a l  

( h e a r t  d i s e a s e s ,  d i a b e t e s ,  e t c .  ) r e a s o n s .  One o f  t h e s e  

i n v e s t i g a t i o n s  which  h a s  been  done i n  t h i s  s t u d y  i s  

r e l a t i v e  t o  open h e a r t  s u r g e r y .  An e x t e n s i v e  r e s e a r c h  on 

i t s  p a t h o g e n e s i s  a t t r a c t e d  many a b l e  i n v e s t i g a t o r s ,  and 

t h e  b i o c h e m i s t r y  and h i s t o l o g y  have  been  s t u d i e d .  Yet a t  

t h e  same t i m e ,  l i t t l e  a t t e n t i o n  h a s  been  p a i d  t o  t h e  r o l e  o f  

t h e  f l u i d  which  h as  been  d r i v e n  t h r o u g h  t h e  h e a r t ,  and 

p a r t i c u l a r l y  t h e  s t u d i e s  o f  t h e  a l t e r e d  r h e o l o g i c a l  p r o p e r t i e s  

o f  t h e  b lo o d  from p a t i e n t s  a t  v a r i o u s  c l i n i c a l  s t a g e s  were a l s o  

n e g l e c t e d .  E f f e c t s  o f  t e m p e r a t u r e  and c h e m ic a l s  on b lo o d  

r h e o l o g y  a r e  a l s o  v e r y  s i g n i f i c a n t .  Based on t h e  Huang model ,  

t h e  r h e o l o g i c a l  p a r a m e t e r s  g e n e r a t e d  from t h e s e  i n v e s t i g a t i o n s  

on- t h e  b lo o d  u n d e r  d i f f e r e n t  p a t h o l o g i c a l ,  c h e m ic a l ,  and 

p h y s i c a l  c o n d i t i o n s  a p p e a r  t o  be t r u l y  m e a n in g f u l  and v a l u a b l e .

T h e o r e t i c a l  s t u d y  showed (9)  t h a t  a  Newtonian  f l u i d  

would g e n e r a t e  a  h y s t e r e s i s  l o o p  p r o v i d e d  t h a t  a  t r i a n g u l a r  

s t e p  s h e a r  r a t e  change  was in d u c e d  t o  t h e  sy s tem .  The a r t i f a c t
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o f  rheogram s due t o  t h e  i n f l u e n c e  o f  t o r s i o n  head  sh o u ld  

he  e l i m i n a t e d ,  o r  a t  l e a s t  m in im iz ed  i n  o r d e r  t o  o b t a i n  

most a c c u r a t e  e x p e r i m e n t a l  r e s u l t s  f rom t h e  s y s te m .  Thus, 

t o  u n d e r s t a n d  t h e  dynamic b e h a v i o r s  o f  t o r s i o n  h e a d ,  a 

t h e o r e t i c a l  a n a l y s i s  o f  t h e  sy s te m  i s  n e c e s s a r y ,  which 

w i l l  p r o v i d e  some c r i t i c a l  i n f o r m a t i o n  i n  t h e  a r r a n g e m e n t  

o f  t o r s i o n  h e ad ,  and  i n  d e t e r m i n i n g  t h e  a c c u r a c y  o f  

e x p e r i m e n t s .

The s i g n i f i c a n c e  o f  t h i s  t h e o r e t i c a l  a n a l y s i s  i s  i t s  a b i l i t y  t o  

p r e d i c t  t h e  r e a l  rheogram s o f  t h e  t e s t e d  f l u i d .  The 

e x p e r i m e n t a l l y  r h e o l o g i c a l  d a t a  f o r  whole  b lo o d  from 

t h i s  i n v e s t i g a t i o n ,  which have  been  p ro v e d  by t h i s  

t h e o r e t i c a l  a n a l y s i s  a r e  t r u e  hemorhe.o logic .a l  p r o p e r t i e s  

w i t h o u t  any  a r t i f a c t s .
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CHAPTER I I  

THEORY

1.. The. Huang Model -  T h ix o t r o p i c .  F l u i d s

S i n c e  F r e u n d l i c h  f i r s t  i n t r o d u c e d  t h e  t e r m  t h i x o t r o p y  

i n  1928 ,  v a r i o u s  a t t e m p t s  hav e  been  made, o v e r  t h e  y e a r s ,  

t o  d e f i n e  " t h i x o t r o p y  " .  Most o f  t h e  model  a v a i l a b l e  

i n  t h e  l i t e r a t u r e  (4 7 ,  48,  49,  50, 51) a r e  o n l y  s p e c i f i c  w i t h  

r e s p e c t  t o  a  “p a r t i c u l a r  t h i x o t r o p i c ;  p r o p e r t y .  O t h e r s  (52 ,  5 3 ) 

which a r e  m ore  g e n e r a l  r e q u i r e  t o o  many c o n s t a n t s  t o  be 

e v a l u a t e d ,  a r e  n o t  q u a n t i t a t i v e ,  o r  h a v e  n o t  b e e n  r i g o r o u s l y  

t e s t e d .

R e c e n t l y  i t  h a s  b e e n  c o n f i r m e d  t h a t  b l o o d ,  m a in ly  due 

t o  t h e  r o u l e a u x  f o r m a t i o n  o f  r e d  c e l l s ,  i s ; a  t h i x o t r o p i c  

f l u i d .  Much o f  t h e  work on b lo o d  and i t s  com ponen ts  

i n v o l v e s  q u i t e  a d v a n c e d  m a th e m a t i c s  a s  w e l l  a  c o n s i d e r a b l e  

knowledge  o f  h a e m a t o l o g i c a l  t e r m s  ( 3 ) .  C a s s o n ' s  e q u a t i o n  

c o u ld  be  o n l y  a p p l i e d  a t  low s h e a r - r a t e s ,  and e s p e c i a l l y  f o r  

b o v in e  b l o o d  w h ich  w i l l  n o t  form r o u l e a x .  Based  on an u n 

s u i t a b l e  a s s u m p t i o n  t h a t  t h e  r e d  c e l l  was a  r i g i d  s p h e r i c a l  

p a r t i c l e  and  t h e  r o u l e a u x  were b ro k e n  i n t o  two ejqual p a r t s  

by s h e a r i n g ,  M u ra ta  (4 )  t h e o r e t i c a l l y  s t u d i e d  t h e  e f f e c t  o f  

r o u l e a u x  on t h e  n o n - F e w to n ia n  v i s c o s i t y  o f  b l o o d  a t  low 

s h e a r  r a t e s .  H i s  d e r i v a t i o n  f i n a l l y  r e s u l t e d  i n  a n  e q u a t i o n  

much t h e  same a s  C a s s o n ' s  e q u a t i o n .

More r e c e n t l y ,  T h u r s to n  (5 )  u se d  a  g e n e r a l i z e d  Maxwell
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model c o n t a i n i n g  N r e l a x i n g  s p r i n g - d a s h p o t  c o m M n a t io n s  

t o  d e s c r i b e  t h e  v i s c o e l a s t i c  b e h a v i o r s  o f  b l o o d .  T h is  

model would in d u ce  u n c e r t a i n  r h e o l o g i c a l  p a ra m e te r s ,  f o r  

d i f f e r e n t  b lo o d  u n d e r  same e x p e r i m e n t a l  c o n d i t i o n s ,  and 

b r o u g h t  d i f f i c u l t i e s  t o  e x p l a i n  t h e  p h y s i c a l  meaning  o f  

b lo o d  t h i x o t r o p y .  B ureau  e t  a l .  (.6) o n ly  chose  t h e  

a c c e l e r a t i o n  c o n s t a n t  and t h e  t im e  a t  t h e  maximum s h e a r  

r a t e  a s  p a r a m e t e r s  from a t r i a n g u l a r  s t e p  change s h e a r  r a t e  

t o  c o r r e l e a t e  t h e  h y s t e r e s i s  shap e  o f  b l o o d .  A ga in ,  t h e s e  

two e x p e r i m e n t a l  p a r a m e t e r s  do n o t  r e v e a l  any t h i x o t r o p i c  

m eaning  o f  b l o o d .

Based  on i r r e v e r s i b l e  thermodynamic  p r i n c i p l e  as

m en t io n ed  r e d  c e l l  r o u l e a u x  d i s s o c i a t i o n  which i s  t h e  b a s i s

o f  the. model  Huang ( 2 ) >who i n t r o d u c e d  a  m o l e c u l a r  a r r a n g e m e n t

p a r a m e t e r ,  g e n e r a l i z e d  a r h e o l o g i c a l  e q u a t i o n  f o r  t i m e -

d e p en d e n t  and t i m e - i n d e p e n a e n t  non-N ew ton ian  f l u i d s .  T h is

e q u a t i o n  c o n t a i n i n g  f i v e  p a r a m e t e r s  w i th  t h e i r  s u i t a b l e  p h y s i c a l

m eanings  i s  a d a p t e d  t o  be u se d  i n  q u a n t i t a t i v e  a n a l y s i s  o f  t h e

h y s t e r e s i s  ( i n c l u d i n g  s i n g l e  and m u l t i p l e )  and to rq u e . -d e ca y

phenomena o f  t h i x o t r o p i c  m a t e r i a l s .

T he  Huang e q u a t i o n  (Appendix: 1 . 2 )  i s :  r ^ , on
-  C irrtl d t

T re = + c A f r,” e  ° (II..1-1)

For a s i n g l e  h y s t e r e s i s  l o o p :  t h e  s h e a r  r a t e  l i n e a r l y  i n c r e a s e s  

from z e r o  t o  a maximum v a l u e  ( a t  t im e  t-^) and t h e n  d e c r e a s e s  

a g a i n  to w a rd  z e r o  ^ a t  time. 2 t n ) .
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when

when

F o r  a

Where

O  i t  i  t |

^  = r .  + / A r n * c A  y ”e € k P e  )

t ,  i  U I . 1 - 2 ) .

-  r ,  + y«V r# + CAVr;

( I I . 1 -3 )

t o r q u e - d e c a y  c u r v e :  a s i n g l e  s t e p  change  s h e a r  r a t e .

r V8 -  X.  / <  + C A Y "  ^ p ( - c y r" t )
( I I . 1 -4 )

-2= VT9-component o f  s h e a r  s t r e s s ,  dyne-cm

~y x r0 -com ponent  o f  s h e a r  r a t e ,  s e c ”^
•<£ s  t im e  o f  s h e a r ,  s ec

_2r g  -  y i e l d  s t r e s s ,  dyne-cm 

/ *  3
Newtonian  c o n t r i b u t i o n  o f  b lo o d  v i s c o s i t y ,  

2d y n e -sec -cm

C = k i n e t i c  r a t e  c o n s t a n t  o f  s t r u c t u r a l  breakdown

o f  r o u l e a u x  t o  i n d i v i d u a l  e r y t h r o c y t e s ,  s e c 11-^ 

s e q u i l i b r i u m  v a l u e  o f  s t r u c t u r a l  a r r a n g e m e n t  

p a r a m e t e r ,  d y n e - s e c - c m “"  ̂

m  =? r e a c t i o n  o r d e r  o f  s t r u c t u r a l  breakdown o f

r o u l e a u x  t o  i n d i v i d u a l  e r y t h r o c y t e s
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T h e o r e t i c a l l y  t h i s  model  can  be  a p p l i e d  t o  any 

r a n g e s  o f  s h e a r  r a t e s  and t i m e .  As t o  t h e  s t e a d y  s t a t e  

v i s c o s i t y  a t  a  c o n s t a n t  s h e a r  r a t e ,  which most  i n v e s t i g a t o r s  

u s e d  t o  t e s t  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  b l o o d , t h i s  to o  

can- be  o b t a i n e d  from t h e  above model a s  t im e  goes  t o  

i n f i n i t y .  The non -N ew to n ian  c o n t r i b u t i o n  o f  v i s c o s i t y  

a t  a  c o n s t a n t  s h e a r  r a t e  i s  d e te r m i n e d  by ^  -  yUL 

where  ^  i s  t h e  s t e a d y  s t a t e  v i s c o s i t y  a t  a  c o n s t a n t  

s h e a r  r a t e .

Most i n v e s t i g a t o r s  i n  r h e o l o g y  have  o n ly  c o n s i d e r e d  

t h a t  t h e  a p p a r e n t  v i s c o s i t i e s  o f  t h i x o t r o p i c  m a t e r i a l s  

( b l o o d  ) a r e  a  f u n c t i o n  o f  s h e a r - s t r e s s  o r ,  s h e a r - r a t e ,  

and hav e  i g n o r e d  t h e  importance ,  o f  t im e  f a c t o r .  To 

em phas ize  t h e  t im e  dependency ,  which w i l l  a f f e c t  t h e  

r h e o l o g i c a l  p r o p e r t i e s  o f  t h i x o t r o p i c  m a t e r i a l s  u n d e r  

a  c e r t a i n  s h e a r  r a t e  i s  one o f  t h e  p a r t i c u l a r  p o i n t s  

i n  t h e  Huang m odel .  The s e p a r a t i o n  o f  m e c h a n ic a l  

d i s t u r b a n c e  ( s h e a r - r a t e  ) ,  t im e ,  and o t h e r  f a c t o r s  

which w i l l  i n f l u e n c e  t h e  t h i x o t r o p i c  b e h a v i o r s  o f  b lo o d  

i s  a n o t h e r  s p e c i a l i t y  o f  t h e  m odel .  So t o  c h a r a c t e r i z e  

t h e  t h i x o t r o p i c  p r o p e r t i e s  o f  b lo o d  q u a n t i t a t i v e l y  and 

q u a l i t a t i v e l y ,  t h e  Huang model i s  a b l e  t o  p r o v i d e  some 

s i m p le  and m e a n in g f u l  i n d e x  t h r o u g h  i t s  r h e o l o g i c a l  

p a r a m e t e r s  which a c t u a l l y  a r e  t h e  f u n c t i o n s  o f  b lo o d  

u n d e r  v a r i o u s  p h y s i c a l ,  c h e m ic a l ,  and p a t h o l o g i c a l



c o n d i t i o n s .  I t  i s  p o s s i b l e  t h a t  t h e  r h e o l o g i c a l  p a r a m e t e r s  

i n t r o d u c e d  t h r o u g h  t h e  Huang e q u a t i o n  c o u ld  be  a p p l i e d  i n  

t h e  v a r i o u s  b r a n c h e s  o f  s c i e n c e  r e l a t e d  t o  t e c h n o l o g i e s  o f  

t h i x o t r o p i c  m a t e r i a l s .
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2 .  Dynamic B e h a v i o r s  o f  t h e  T o r s i o n  Head

I n  most  c o n v e n t i o n a l  v i s c o m e t e r s ,  su c h  a s  two 

p a r a l l e l  p l a t e s ,  two c o a x i a l  c y l i n d e r s ,  cone and p l a t e  

s y s t e m ,  e t c . ,  t h e  t o r q u e  i,s t r a n s m i t t e d  by  t h e  m e a su re d  

f l u i d  t o  t h e  t o r s i o n  b a r  due t o  t h e  a n g u l a r  movement o f  

t h e  r o t a t i n g  p a r t  o f  t h e  v i s c o m e t e r .  C a l i b r a t i o n  -'of t h e  t o r 

s i o n  b a r  c o n s t a n t  i s  u s u a l l y  done e x p e r i m e n t a l l y ,  and 

i t  i s  assumed t h a t  t h e  a n g u l a r  d e f l e c t i o n  o f  t h e  t o r s i o n  

b a r  i s  p r o p o r t i o n a l  t o  t h e  s u p p l i e d  t o r q u e .  Van de  Ven 

( 8 ) a n a l y z e d  t h e  dynamic b e h a v i o r  o f  v i s c o m e t e r  by  

a s su m in g  t h e  h o l lo w  c y l i n d e r  o r  bob i s  su s p en d e d  b y  a  

t o r s i o n  w i r e  which was g i v e n  a  f o r c e d  o s c i l l a t i o n  a t  t h e  

t o p .  He made a ;f l a t e  p l a t e  a p p r o x i m a t i o n  i n  which  he  

f a i l e d  t o  c o n s i d e r  t h e  c u r v a t u r e  o f  t h e  bob.-" A lso  a  

l i t t l e  a t t e n t i o n  h a s  b e en  p a i d  t o  t h e  a r t e f a c t  o f  rh e o g ra m s  

due t o  t h e  i n f l u e n c e  o f  t h e  m e c h a n i c a l  p r o p e r t i e s  o f  

t h e  t o r s i o n  h e a d .  I n  t h i s  a n a l y s i s ,  t h e  a n g u l a r  d i s p l a c e m e n t ,  

a n g u l a r  v e l o c i t y ,  and t h e  a n g u l a r  a c c e l e r a t i o n  o f  t h e  whole  

t o r s i o n  h e a d  in d u c e d  by t h e  r o t a t i n g  cup a l l  a r e  c o n s i d e r e d .  

I n  t h e  f o l l o w i n g  d e r i v a t i o n ,  b o t h  a  s i n g l e  s t e p  r o t a t i o n  

and a  t r i a n g u l a r  s t e p  r o t a t i o n  h a v e  b e e n  f o r c e d  on 

t h e  s y s te m .
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F i g .  I I .  1 -1  S i n g l e  c o u e t t e  c e l l

i.

kR
L

^  = A ngu la r  d e f l e c t i o n  o f  
t o r s i o n  b a r

G

' f

= T o r s i o n  b a r  c o n s t a n t
T o r s io n  head  damping 
c o e f f i c i e n t

I  = Moment o f  I n e r t i a  o f  
t o r s i o n  head

yU = V i s c o s i t y  o f  t e s t e d  f l u i d
R =s R a d iu s  o f  r o t a t i n g  c y l i n d e r
1 = Leng th  o f  i n n e r  c y l i n d e r

_Q- = RPM o f  r o t a t i n g  c y l i n d e r
a  = A c c e l e r a t i o n  ( d e c e l e r a t i o n )  

c o n s t a n t  f o r  a  t r i a n g u l a r  
s t e p  change

t  = Time
= Sh ea r  r a t e

(1)  = S i n g l e  s t e p  change
(2)  = T r i a n g u l a r  s t e p  change

( 1 ) ( 2 )

r0 xrD

tr
■t, 2t,
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E q u a t i o n  o f  m o t io n  o f  t h e  t o r s i o n  head

( 1 1 . 2- 1 )

B.C. oi(.°) -  o • ^ ( c )  -  o

Assume an i n c o m p r e s s i b l e  N ew ton ian  f l u i d  i n  t h e  v i s c o m e t e r .  

E q u a t i o n  o f  m o t io n  o f  t h e  f l u i d

E o r  a  s t e p  change

Ve ( T, o ) ~ 0  t  = o

(-11.2-3)
V « U R , - t y = o  - t t o

Ve( t̂) =-1211 t

F a b i s i a l c  and Huang (S) h a v e  fo u n d  t h a t  t h e  t r a n s i e n t  t e r m s  

a r e  v e r y  s m a l l ,  and c a n  b e  n e g l e c t e d .  The t o r q u e  a p p l i e d  

t o  t h e  i n n e r  c y l i n d e r  i s :

T t t ;  - 2 7 T  £ZR2L / + - f ~ 2 =■ A o  s C o n s t a n t  ( n . 2 - 4 )

S i m i l a r l y  f o r  a  t r i a n g u l a r -  s t e p  c h a n g e  ( h y s t e r e s i s  l o o p  ) ,
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t h e  b o u n d a ry  c o n d i t i o n s  f o r  t h e  f l u i d  w i l l  b e :

Va ( r ,  0 )  =  o 

V e C K ^ t )  = 0

Ve(R,t) = f l V  = <

( I - I . 2 - 5 )
aRt o 4 t 4 t  i

2 A R t | - a R t  ;

where  a  a  a n g u l a r  a c c e l e r a t i o n  c o n s t a n t  o f  o u t e r  c y l i n d e r ,  

I t  was shown (9 )  t h a t  t h e  d i m e n s i o n l e s s  g r o u p ,  m8Jy  be

d e f i n e d :

c i - k.
Hf i t ,  ^  f ;  Z * 1 < <= l ( l l ' 2 : -6>

The t o r q u e  a p p l i e d  t o  t h e  i n n e r  c y l i n d e r  by a n  i n c o m p r e s s i b l e  

N ew ton ian  f l u i d  can  be  s i m p l i f i e d  a s  f o l l o w :

r w  a  ♦ J . a U f e t  0
I   1/1 [I -  K 

& ( -2-1, ~ ± )

( I I . 2 - 7 )

E q u a t i o n  ( I I . 2-1  ) can  be  r e w r i t t e n  a s  f o l l o w :
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2 clV.
6 1

cJ ĉ-
7 t ”

Lt) ( I I . 2 -8)

Boundary c o n d i t i o n s : oL 1°)  *  O 

o l \ o )  = O

Where x  = I X /  <* Time c o n s t a n t

^  j  Z i 1G )^ Z Damping f a c t o r

S u b s t i t u t e  Eq. I I . 2 -4  f o r  a  s i n g l e  s t e p  chan g e ,  (40)  and

Eq. I I . 2-7  f o r  a  t r i a n g u l a r  s t e p  change  ( h y s t e r e s i s

l o o p  ) i n t o  Eq. I I . 2 - 8 .  Then, a p p ly  t h e  method o f  

L a p la c e  t r a n s f o r m a t i o n  t o  s o l v e  Eq. I I . 2 - 8 .  The f o l l o w i n g  

s o l u t i o n s  were o b t a i n e d :

Case 1 : F o r  s m a l l  X  > o r  x  ->  o |  —> o

S te p  change

oL * 4-TT ^ R .2 L /a 4 L  = ^
C i -  K\) G, Q

T r i a n g u l a r  s t e p  change

C t ) r
G 11 J ° 4 t £ t ,

• ± ^ i < 2 ±

Case 2: F o r  s m a l l o r

< 1 1 .2 -9 )

( I I . 2-10)
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Case

S te p  change

ou t )  = A*( 
Cr

-  C°5 ± . )
x '

T r i a n g u l a r  s t e p  change

o<(t) =

A c t  -  r s w t - )  . o i t s t ,G\ X J ) I

( I I  -2—12)

J3_
<S

2t,( i -  C0 5  .  ct  ,

J>. Overdamped, |  >. | 

S t e p  change

t, * t i  2t,

D ir t)  -
A„

2J?
A { ( 5 +i F T ) e ' C!' J 5 M , x

- ($  - J F O  e - c t x T F o - ^ l l ( I I .  2-13:)

T r i a n g u l a r  s t e p  change

oa-fc) = 4 - t - 2 * T  +

0   ̂ t  < t, (11*2-14)
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o/CO = ^ -  Gt

JL
' t, r - ( f i F O

,  l + a - j p {

( 5 +J ^ r r ) e ' ( J 'J r ' U ^ }  j  -  f J V * r t

+ y j = g j  ■[( i f - i  + i ? j T H  ) e

( if-I - i?Jr-l J e
/

M  t ^ 2 t ,
Case 4 . Underdamping,  £ < j

S t e p  change

S 1.0 UP?1 -I -
oat) a-  .A® 4 / J

i/Oher'g 4 1 ~ -I J ir ?  
- ?

( I I . 2—1.5)

T r i a n g u l a r  s t e p  change

o l(± )  -
5
f t

t - 2 | t  t t e

. F T *

2  + ^ " '  C 0 ^ H  t.

( I I .  2-16)



Case 5 . C r i t i c a l  damping, 

S te p  change
S

( .  + £  ) ( I I  J

T r i a n g u l a r  s t e p  change

o l ( t ) j - e " ‘ / T  + 1 - ^ ;

f F , w ; & £  -t

ol(V = . ( I I  -S

•t,

-1 7 )

-1 8 )
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Comparison o f  t h e  t h e o r e t i c a l  s h e a r  s t r e s s  and t h e  

a r t i f i c i a l  s h e a r  s t r e s s

The t h e o r e t i c a l  s h e a r  s t r e s s  i s  d i r e c t l y  from t h e  

s o l u t i o n  o f  E q . I I . 2 - 2 .  w i th  some s u i t a b l e  b ou n d a ry  

c o n d i t i o n s  (Appendix  1 . 1 ) .

S i n g l e  s t e p  change

r=K p.

T r i a n g u l a r  s t e p  change

The t r a n s i e n t  t e r m s  hav e  b een  fou n d  v e r y  s m a l l  (9)> so

At t h e  same s i n g l e  s t e p  change  and t h e  same t r i a n g u l a r  

s t e p  chan g e ,  t h e  r e a l  s h e a r  s t r e s s  due t o  t h e  e f f e c t  o f  

t h e  t o r s i o n  head  w i l l  b e :

T
2TT L (KRj1 ( I I .2 - 2 1 )

Where i  i s  s  ( s i n g l e  s t e p  change)  o r  t  ( t r i a n g u l a r  

s t e p  c h a n g e ) ,  j  i s  t h e  r e a l  Qase N o . ,  f  i s  a  s c a l e
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a d j u s t i n g  f a c t o r  o f  i n s t r u m e n t  f o r  c l e a r  r e a d i n g s  on 

r e c o r d e r .  The a r t i f a c t  w i l l  b e :

( I I . 2-;
\ J  )  ^  J

I t  i s  o b v i o u s l y  t h a t  Case 1 . ,  i n  which t h e  i n f l u e n c e  

o f  t h e  t o r s i o n  h ead  (OC ^  ) i s  a lm o s t  z e ro  i s  an i d e a l  

c a s e .  The s h e a r  s t r e s s  d e r i v e d  from Case  2.  w i t h  v e r y  

s m a l l  damping f a c t o r  (^~>°)  i s  i n  a  c o n t i n u o u s  o s c i l l a 

t i o n  w i t h  r e s p e c t  t o  t im e .  T h i s  can be c o r r e c t e d  by 

a d j u s t i n g  t h e  f a c t o r .

The f o l l o w i n g  t y p i c a l  f i g u r e s  coming from a  computer  

program (Appendix  1 . 2 )  e x h i b i t  how t h e  damping f a c t o r  

combined w i th  a  t im e  c o n s t a n t  i n f l u e n c e s  t h e  rheogram .

T h is  i n v o l v e s  t h r e e  cases-^ -  unde rdam ping  ( % ^ l )»  c r i t i c a l  

damping ( f  = I ) ,  and overdam ping  ( ^  > ! ) .



I n  c a s e  'C, i s  v e r y  s m a l l ,  t h e  sys tem  even w i th  

a  l a r g e  overdamped c o e f f i c i e n t  ( b u t  n e v e r  f o r  c r i t i c a l  

damping) can  p r o v i d e  v e r y  w e l l  r e s p o n s e s  c l o s i n g  t o  t h e  

ones  i n  i d e a l  c a s e  f o r  b o th  a s i n g l e  s t e p  change  and 

a t r i a n g u l a r  s t e p  change  ( s e e  P i g . I I I . 1 -2  a t  ^  -  0 .0 1  s e c '

E x p l a n a t i o n  o f  P i g . I I I . 1 - 2 :

1 .  Upper f i g u r e  : System r e s p o n s e s  due t o  a  s i n g l

s t e p  change .

: System r e s p o n s e s  due t o  a  t r i 

a n g u l a r  s t e p  change .

: Not i d e a l  c a s e s .

: I d e a l  c a s e s .

2 . lo w e r  f i g u r e

3. S o l i d  l i n e s

4.  Dashed l i n e s



1.0

Z - 0 . 1  & 1..0 i n  P i g . I I I .  1 - 3  &' - 5 .s e e
( i d e a l  c a s e )

0 . 5
0

•HQ C0

200 6000 400 - 800 1000
D i m e n s io n l e s s  t im e

B.
V z

% : -Damping c o e f f i c i e n t  - o f  t o r s i o n  head  
£ : Maximum d e v i a t i o n  f rom t h e  t h e o r e t i c a l  l i n e

<D
i .

£

4

CO
CO CO. 
0  CO 

H  0  £ P 
G  -P  
•r-l CO 
CO
6 p0 c3 6 0 •H ^
o  ro

I f
• 1 . 0 '

% = 0 . 0 5  
0 . 7 5

•0 . 8
2 . 0 0
5 . 0 0

• 0 . 6

- 0 . 4

. 0 . 2

=■10.0002 1 
(0..003 
10.08 
| 0 . 0 2  1

i *"0  
r  = 0

( i d e a l  c a s e )

l.o

0 . 2  0 . 4  0 . 6  0 . 8  1..0

D i m e n s io n l e s s  s h e a r  r a t a  ~Ke/(%&'><>,*>

? i g .  I l l . 1 - 2  Dynamic b e h a v i o r s  o f  t o r s i o n  h e ad  a t  XL 
-  0 . o 1 s e c . ( A .  System r e s p o n s e  t o  a  s i n g l e  s tep ,  c h a n g e ,  
B. System r e s p o n s e  t o  a  t r i a n g u l a r  s t e p  ch ang e ;  d a s h e d  
l i n e s  f o r  i d e a l  c a s e s ,  s o l i d  l i n e s  f o r  no i d e a l  c a s e s  
due  t o  t h e  a r t i f a c t s  o f  t o r s i o n  h e a d ;  {.Trt)) (̂Wl and O ' ”,)©,*, 
t h e o r e t i c a l  maximum s h e a r  s t r e s s  and s h e a r  r a t e  f o r  
i d e a l  c a s e s  d u r i n g  a  t r i a n g u l a r  s t e p  c h a n g e ;  C ^r& )0 
t h e o r e t i c a l  s h e a r  s t r e s s  a t  a  s i n g l e  s t e p  c h a n g e ) .
X. is .  t ime, c o n s t a n t  o f  t o r s i o n  h e a d .
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3  £1 . 0 . 
O  - P  •H 0!

' t  = 0
—0

( i d e a l  ca se ) .

D i m e n s io n l e s s  "tj.me 
60 80Ji U  2 0 ' 

s e e  ' [ s  1 . 0  i n  F ig -. I I I .  1 -5
4 0 ' 100

6  =10.031 
(whole, c u rv e )

e, = 10.-005

Z.o

0.5

( i d e a l  c a s e )oi o><D (li 
H O
O  - P  
•H 01

^  % SO. 0$

( down c u r v e )

a u

•H
n co

0 . 4

\  /  (down c u r v e )

Pi si nnifiss, whpar rat $ ( 'Sfo ) o.>

0 . 4  0 . 60 . 2 0.80 1.0
F i g . I I I . 1 - 3  Dynamic, b e h a v i o r s  o f  t o r s i o n  head  a t  t im e  
c o n s t a n t  'X. - O . l s e c . ( ^  , damping c o e f f i c i e n t s  o f  t o r s i o n  
h e a d ;  £ , maximum d e v i a t i o n  f rom  t h e o r e t i c a l  l i n e ;  t h e  
o t h e r  d e s c r i p t i o n s  f o r  t h i s  f i g u r e  a r e  same a s  F i g . I I I . 1 - 2 ) .



26

o. o f

' t - O  
-  ^  a 0  

( i d e a l  c a s e )
1 . 0GO CQ 

CD 00 
H <D
O -P 

• H  00 tQ
c p
0  Cti
s  » 0.5.

«  CQ

P i m e n s i o n l e s s '  t im e  ’t / ' t
10 20

-r- o
> % * 0^ i d e a l  c a se ]

2.o

CQ CQ 
0  CQ 
i-H <D
ri ^
O  - P  

• H  CQ

•H ,C3 
«  CQ

0 . 2-

D i m e n s io n l e s s  s h e a r . r a t e  j ’fra /py 'e )c ^  

0 . 60 . 2 0 . 4 0.8 1.0

P i g . I I I . 1 - 4  Dynamic: b e h a v i o r s  o f  t o r s i o n  h e a d  a t  t i m e  
c o n s t a n t  'Y = 0 . 2  s e e .  ( , damping c o e f f i c i e n t s  o f
t o r s i o n  h e a d ;  the.- o t h e r  d e s c r i p t i o n s  f o r  t h i s  f i g u r e  
a r e  same a s  P i g . I I I . 1 - 2 ) .
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i m e n s i o n l e s s  
s h e a r  r a t e

k / W o ,

P i g . I I I .  1 -5  Dynamic b e h a v i o r s  o f  t o r s i o n  head, a t  time, 
c o n s t a n t  - ^ x l . O  s e c .  ( f o r  d e t a i l s , s e e  P i g . I l l . 1 - 4 ) .



D i s c u s s i o n

Case  1 i s  an i d e a l  c a s e  f o r  b o th  a  s i n g l e  s t e p

change  and  a  t r i a n g u l a r  s t e p  c h an g e .

Case  2 .  S in e  waves a r e  g e n e r a t e d  f o r  b o t h  c a s e s ,

t h e y  can  b e  c o r r e c t e d  by t h e  i n s t a l l a t i o n  o f  a  damping

p l a t e  p l a c e d  i n  a  v i s c o u s  f l u i d  i n  o r d e r  t o  a d j u s t  t h e  

damping f a c t o r .

Case  5* The r e s p o n s e  due t o  a  s i n g l e  s t e p  change  

w i l l  b e  s l o w .  F o r  t h e  t r i a n g u l a r  s t e p  c h a n g e ,  a r t i f i c i a l  

h y s t e r e s i s  l o o p s  w i l l  h ap p en ,  t h e i r  s i z e s  and s h a p e s  

a r e  d e p e n d e n t  on t h e  c o m b i n a t i o n  o f  t i m e  c o n s t a n t  and  

damping f a c t o r .

Case  4 .  I f  a  s u i t a b l e  c o m b i n a t i o n  o f  t im e  c o n s t a n t  

and damping f a c t o r  a r e  s e l e c t e d ,  t h e  a r t i f a c t s " f o r ~ b o t h  

a  s i n g l e  s t e p  change  and a  t r i a n g u l a r  s t e p  change  would 

b e  v e r y  s m a l l  and can  be  n e g l e c t e d .

Case  5 .  The a r t , i  f a c t  may be  v e r y  s m a l l  f o r  a  s t e p  

ch an g e ,  b u t  a lw ay s  g e n e r a t e  t r e m e n d o u s  a r t i f a c t  f o r  a  

t r i a n g u l a r  s t e p  c h a n g e .

So, t o  m in im iz e  t h e  a r t i f a c t s  f o r  b o t h  c a s e s ,  t h e  

t o r s i o n  h e a d  must  b e  a t  u n d e rd a m p in g .  And, a  p a r t i c u l a r  

s e t  o f  t i m e  c o n s t a n t  and damping f a c t o r  o f  t h e  sy s te m  

i s  o n ly  s u i t a b l e  f o r  a  s p e c i f i c  r a n g e  o f  s h e a r  r a t e s  

w i t h o u t  o b v i o u s  e r r o r s  happ en ed  i n  t h e  rh eo g ram s  g e n e r a t e d  

by t h e  v i s c o m e t e r . w i t h  a  s p e c i f i c  damping f l u i d .
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And, from ( 4 0 ) ,  page 8 8 , sy s te m  p a r a m e t e r s  / t  and ^

f o r  t h e  u n d e rd a m p in g  c a s e  can  "be c a l c u l a t e d  from e x p e r i m e n t a l

r e s p o n s e  o f  oJ( t )  i n  a  s i n g l e  s t e p  c h a n g e .
Angle
d e f l e c t i o n

i  o f
t o r s i o n
bar

S te a d y  
—s t a t e

t
(Time)

A/B = o v e r s h o t  = exp ( - F ^ J 1 ■"52 )
C/A = d e ca y  r a t i o  ~ exp ( -2 T T J  J l ~ | 2) = (A /B ) 2 

f  _ f r e q u e n c y  = l / T  

These  r e l a t i o n s h i p s  c an  be f u r t h e r  a p p l i e d  t o  m o d ify  t h e  

t o r s i o n  h e ad  s y s te m .
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CHAPTER I I I  

APPARATUS AND EXPERIMENTAL PROCEDURES

1 . A p p a r a tu s

A m o d i f i e d  V /e is sen b erg  Rhe.ogoniorae.ter Model R-18 

was u s e d  i n  t h e  g e n e r a t i o n  o f  rheogra ras  i n c l u d i n g  a  

h y s t e r e s i s  l o o p  and  a  t o r q u e - d e c a y  c u r v e .  The w ho le  

e x p e r i m e n t a l  s y s te m  i s  shown i n  a  s c h e m a t i c  d i a g r a m  a s  

P i g . I I I . 1 - 1 .  The m ain  f u n c t i o n s  o f  each  p a r t  a r e  d e s c r i b e d  

a s  f o l l o w :

( a ) .  The d o u b l e  c o u e t t e  c e l l

I n  o r d e r  t o  m in im iz e  t h e  u n n e c e s s a r y  c h e m i c a l  r e a c t i o n s  

be tw een  b lo o d  and t h e  c e l l ,  a  g o ld  p l a t t e d  d o u b l e  c o u v e t t e  

c e l l  was d e s i g n e d  a s  shown i n  P i g . I I I .  1-2..-. A l l  t h e  r i n g s  

have  t h e  same w o r k in g  h e i g h t  a s  1  2 . 0 0 3  i n c h e s ,  b u t  t h e i r

i n n e r  and o u t e r  r a d i i  d i f f e r .  The i n n e r  and o u t e r  r a d i i  o f  

t h e  su sp en d e d  h o l l o w  (bob)  were  1 . 1 3 7  i n c h e s  and  1 .2 1 8  i n c h e s ,  

and t h o s e  o f  t h e  a n n u l u s  ( r o t a t i n g  r i n g  o r  cup)  w e re  1 .1 0 4  

i n c h e s  and 1 .2 5 2  i n c h e s .  The d im e n s io n s  were  s e l e c t e d  i n  su c h  

manner t h a t  t h e  s h e a r  r a t e  d e v e lo p e d  a t  t h e  i n n e r  and 

o u t e r  s u r f a c e  o f  t h e  su sp on d ed  h o l lo w  i s  a lw a y s  t h e  same 

(Appendix  I I I ) .  The a c t u a l  gap  b e tw een  t h e  s u r f a c e s  o f  

bob and o f  cup i s  0 .0 1 7  i n c h e s .  The gap  b e tw ee n  t h e  b o t to m s  

o f  t h e  two r i n g s  i s  500 m ic r o m e t e r .  Thus t h e  e r r o r s  

in d u c e d  by  t h e  end e f f e c t  c an  be  n e g l e c t e d  due  t o  t h e



’ T e m p e r a tu r e  
c o n t r o l l e r

Gear
box

S t e p p in g
m oto r .Rheogoni  o m ete r

T r a n s d u c e r  
m e te r______

C o n t r o l
p a n e l

■*. X-Y R e c o r d e r

F i g . I I I . 1 - 1  B lock  d ia g ra m  o f  t h e  m o d i f i e d  
W e i s s e n b e rg  R h e o g o n io m e te r



1 .1 0 4

1 .1 3 72 . .00 3”
1 .2 1 8

1 .2 5 2

_a

F i g . I I I . 1 -2  The. d o u b le  e o u e t t e  c e l l
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l a r g e  r a t i o s  o f  t h e  r i n g  h e i g h t  t o  t h e  g a p s  be tween  bob 

and cup ,  and  o f  t h e  s h e a r i n g  a r e a  o f  t h e  v e r t i c a l  s u r f a c e s  

t o  t h e  s h e a r i n g  s u r f a c e s  o f  t h e  c e l l  e n d s .

A g u a r d  r i n g  was a l s o  e x te n d e d  from t h e  t o p  o f  t h e  

h o l lo w  t o  r e d u c e  t h e  r e a c t i o n  be tw een  b l o o d  and a i r .  The 

h o l lo w  i s  a t t a c h e d  th r o u g h  a u n i v e r s a l  j o i n t  t o  t h e  t o r s i o n  

b a r ,  and i s  f l o a t e d  by a  20 p s i .  d ry  co m pressed  a i r  i n  o r d e r  

t o  e l i m i n a t e  any m e c h a n ic a l  f r i c t i o n .  The volume o f  

sample  n e ed ed  i s  a t  l e a s t  4 .2 0  ml.  I t  must  b e , s t r e s s e d  

t h a t  t h e  s h e a r  r a t e s  g i v e n  by t h i s  r o t a t i o n a l  v i s c o m e t e r  

a r e  homogenous o n e s .  The e q u a t i o n s  u s e d  t o  c a l c u l a t e  t h e  

s h e a r  r a t e  and t h e  s h e a r  s t r e s s  a r e  a d h e r e d  i n  Appendix I I I .

( b ) .  D i r e c t  r e a d i n g  t r a n s d u c e r  m e te r

A t y p e  EP597A Sangamo C o n t r o l s  l i m i t e d  (E ng land)  

t r a n s d u c e r  was u s e d .  A m p l i f in g  r a n g e s  c o n t a i n  5* 20,  50,

200, 500, and 2000 t i m e s .  O u tpu t  o f  t h e  t o r q u e  from c e l l  

can  d i r e c t l y  be  r e a d  o u t  i n  t h i s  m e t e r ,  and can  a l s o  be 

t r a n s f e r r e d  t o  t h e  X“Y r e c o r d e r .

( c ) .  X-Y r e c o r d e r

H e w le t t  P a c k a rd  7045A X-Y r e c o r d e r  was c o n n e c te d  t o  

t h e  sys tem  a s  shown i n  P i g . I I I . 1 - 1 .  The s u r f a c e  a r e a  which  can 

be u t i l i z e d  i s  15 i n c h e s  by 10 i n c h e s  (X by Y).

( d ) .  T em p era tu re  c o n t r o l  chamber

The whole  r h e o g o n io m e te r  was e n v e lo p e d  by a  h i g h l y  

h e a t - r e s i s t a n t  p l a s t i c  cham ber .  E ig h t  60 w a t t  e l e c t r i c
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b u l b s  a s  h e a t  s o u r c e  were  i n s t a l l e d  a ro u n d  t h e  bo t tom  

i n s i d e  t h e  cham ber .  T e m p e ra tu re  c o n t r o l l e r  c an  c o n t r o l  

t h e  v i s c o m e t e r  t e m p e r a t u r e  from room t e m p e r a t u r e  up  t o  

45°C w i t h  an  a c c u r a c y  o f + 0 . .1 ° C

( e ) .  O r i g i n a l  m o to r ,  g e a r  box ,  and d r i v e  u n i t

A SLO-SYN Synchronous,  m o to r  w i th  1500 rpm was

i n s t a l l e d ,  and c o n t r o l l e d  by  a  home-made c o n t r o l  p a n e l .

Gear  box h a s  60 s t e p  s e t t i n g s .  D r iv e  u n i t  i s  c o n t r o l l e d  

by a  c l u t c h  i n c l u d i n g  " D r i v e " ,  " B ra k e " ,  and  " O f f " .

( f ) .  C o n t r o l  p a n e l

A home-made e l e c t r o n i c  d e v i c e  CjQmbining w i t h  . (e)  can 

c o n t r o l  t h e  r o t a t i n g  "speed o f  cup from 0  t o  1 4 6 . 5  rpm 

d i f f e r e n t i a l l y .  I t  a l s o  i n c l u d e d  a  t im e  s e t t i n g .  By 

a d j u s t i n g  t h e  s e t t i n g  i n  t h e  p a n e l  and u s i n g ' t h e  c l u t c h ,  the. 

f o l l o w i n g  f u n c t i o n s  f o r  t h e  r o t a t i n g  p a r t  o f  v i s c o m e t e r  

can  be  g e n e r a t e d :

RPM

Time

T r i a n g u l a r  S i n g l e  Ramp & R e c t a n g u l a r

S te p  Change S t e p  Change S t e p  Change S te p  Change
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( g ) . R e f r i g e r a t o r  was k e p t  a t  4°C f o r  t h e  s t o r a g ef
o f  b lo o d  s a m p le s .  Water  b a th  was u s e d  t o  warm t h e  b lo o d  

sample  a t  t h e  d e s i g n e d  d e g re e  and t i m e .

( h ) .  S y r i n g e :  5 c . c .  s t e r i l e  s i n g l e - u s e  P l a s t i p a k  

B-D s y r i n g e  was u t i l i z e d  t o  i n j e c t  t h e  b lo o d  sam ple  i n t o  

t h e  d o u b le  c o u e t t e .

2.  E x p e r im e n ta l  p r o c e d u r e s

( a ) .  S e t  t h e  d e s i r e d  e x p e r i m e n t a l  t e m p e r a t u r e ,  l e t  

t h e  rh e o g o n io m e te r  ( v i c o m e t e r )  warm o v e r n i g h t  i n  o r d e r  

t h a t  i t s  t e m p e r a t u r e  r e a c h e s  a  s t e a d y  s t a t e . .

( b ) .  Choose a  s u i t a b l e  s e t t i n g  a t  g e a r  box .  For  

b lo o d ,  t h e  s e t t i n g  a t  2 . 3 2 1 8  rpm f o r  t h e  s t e p p i n g  motor 

i s  d e s i r e d ,  S in c e  i t  w i l l  g i v e  t h e  maximum s h e a r  r a t e  a t  

8 .0 3 6 1  s e c - 1  f o r  t h e  d o u b le  c o u v e t t e  (Appendix I V ) .  T h is  (-40) 

low s h e a r  r a t e  would n o t  c a u se  any damage t o  t h e  b loo d  

s u b p h a s e s ,  and would g e n e r a t e  a  c l e a r  h y s t e r e s i s  lo op

f o r  whole  b l o o d .

( c ) .  A d ju s t  t r a n s d u c e r  m e te r  and X-Y r e c o r d e r  t o  a 

s u i t a b l e  s c a l e .

( d ) .  G e n t ly  shak e  and h e a t  t h e  b lo o d  sample  i n  

w a te r  b a t h  a t  t h e  d e s i r e d  t e m p e r a t u r e  and t im e ,  t h e n

g e n t l y  i n j e c t  i t  i n t o  t h e  v i s c o m e t e r .

( e ) .  For  h y s t e r e s i s  l o o p ,  u s e  c o n t r o l  p a n e l  t o  

make a  t r i a n g u l a r  s t e p  change a t  cup ( s h e a r  r a t e  

l i n e a r l y  a c c e l e r a t e s  from 0 t o  8 . 0 3 6 1  s e c - '*'' t h e n

l i n e a r l y  d e c e l e r a t e s  t o  0  ) .

( f ) .  For  t o r q u e - d e c a y  c u r v e ,  u s e  c o n t r o l  p a n e l
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t o  s e t  t h e  s h e a r  r a t e  a t  5 .2 1 4 4  s e c - \  which  w i l l  

g e n e r a l l y  make c l e a r  t o r q u e - d e c a y  c u r v e  f o r  w ho le  b l o o d ,  

t h e n  s u d d e n l y  s w i t c h  t h e  c l u t c h  v/hich o r i g i n a l l y  s e t  a t  

" B ra k e "  t o  " D r i v e " .  A s h e a r  s t r e s s  a t  c o n s t a n t  s h e a r  r a t e  

3 . 2 1 4 4  s e c - ^ can  a l s o  be  o b t a i n e d .

To ch eck  i f  t h e  rh e o g ra m s  can b e  r e p r o d u c e d ,  s e v e r a l  

r u n s  f o r  ( e )  and ( f )  s h o u l d  b e  c a r r i e d  o u t .

( g ) .  The e x p e r i m e n t a l  d a t a  from b o t h  r h e o g r a m s  have  been  

t r a n s f e r r e d  t o  t h e  m o d i f i e d  M arquard t  c o m p u te r  p r o g r a m .  

E v e n t u a l l y ,  t h e  f i v e  t h i x o t r o p i c  p a r a m e t e r s  i n  t h e  Huang 

model h a v e  b e e n  e v a l u a t e d .  Because  o f  i t s  i m p o r t a n c e  f o r  

t h e  m ain  t o p i c  o f  t h e  t h e s i s  and  i t s  c o m p l e x i t y ,  t h e  a c t u a l  

co m p u te r  p rogram  h a s  b e en  i n c l u d e d  i n t o  t h e  t h e s i s  a s  an  

A ppend ix  1 . 3 .  :



CHAPTER IV

EXPERIMENTAL RESULTS

1 . A l t e r e d  t h l x o t r o p i c  p r o p e r t i e s  o f  b l o o d  d u r i n g  

c a r d i o p u lm o n a r y  b y p a s s

V a r i a t i o n s  o f  "blood T h e o l o g i c a l  p r o p e r t i e s  a r e  

a lw ays  acco m p an ied  by  ■ ch an g e s  i n  p h y s i o l o g i c a l ,  

p s y c h o l o g i c a l ,  and p a t h o l o g i c a l  f a c t o r s .  E h r l y  (10)  

e x h i b i t e d  c i r c a d i a n  rhy thm  o f  young f e m a le  b l o o d
f

v i s c o s i t y .  D i n t e n f a s s  ( 1 1 , 1 2 )  c o r r e l a t e d  b e tw ee n  b i o 

c h e m ic a l  and T h e o l o g i c a l  p a r a m e t e r s  i n  p a t i e n t s  w i t h  

m y o c a r d ia l  i n f a r c t i o n ,  h a e m o p h i l i a  and t h y r o i d  d i s e a s e s ;  

a l s o  d e s c r i b e d  t h e  i n f l u e n c e s  o f  ABO b l o o d  g ro u p s  and 

f i b r i n o g e n  on th ro m b u s  f o r m a t i o n  and a g g r e g a t i o n  o f  

r e d  c e l l s  i n  c a r d i o v a s c u l a r  and m a l i g n a n t  d i s e a s e s ( 1 3 ) .
V )

Schonbe in  , e t  a l .  h a d  fou n d  t h a t  p a t h o l o g i c a l  r e d  

c e l l  a g g r e g a t i o n  i n  myeloma p a t i e n t s  p r e s e n t e d  h i g h e r  

abnorm al  s h e a r  r e s i s t a n c e .  Again D i n t e n f a s s  ( 1 4 ,1 5 )  

i n t r o d u c e d  t h e  p s y c h o l o g i c a l  s c o r e  i n d e x  ' r e l a t e d  

t o  t h e  e l e v a t i o n  o f  b lo o d  v i s c o s i t y ,  and  assumed a  

h y p o t h e t i c a l  v i s c o r e c e p t o r  mechanism. E l e v a t i o n  o f  any 

o f  t h e  b l o o d  v i s c o s i t y  f a c t o r s  i s  a  r i s k  f a c t o r  and  a  

w a rn in g  s i g n ,  e s p e c i a l l y  i n  t h e  c a r d i o v a s c u l a r  d i s o r d e r .  

The o r t h o d o x  s t u d i e s  on open h e a r t  s u r g e r y  were-
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m a in ly  w i t h  t h e  p a t h o g e n e t i c  pa thw ays  v i a  a b n o r m a l i t i e s  

o f  b lo o d  p r e s s u r e ,  m e ta b o l i s m ,  d i e t a r y  r e g im e ,  f o r m a t i o n  

o f  a t h e r o s c l e r o t i c  p l a q u e s ,  c h o l e s t e r o l  l e v e l ,  and so  on; 

b u t  t h e  i n t r i n s i c  r o l e  o f  b lo o d  r h e o l o g y  was p a i d  l i t t l e  

a t t e n t i o n ,  o r  j u s t  was p a r t i a l l y  i n v e s t i g a t e d  o n ly  a t  

s t e a d y  s t a t e  s h e a r  r a t e s .  I t s  t h i x o t r o p i c  p r o p e r t i e s  

i n c l u d i n g  h y s t e r e s i s  l o o p  and t o r q u e - d e c a y  c u r v e  were  

r a t h e r  n e g l e c t e d .

T h i s  i n v e s t i g a t i o n  was c o n c e rn e d  w i t h  the :  t h i x o t r o p i c  

p r o p e r t i e s  o f  b l o o d  d u r i n g  c a r d i o p u lm o n a r y  b y p a s s .  The 

b l o o d  was c o l l e c t e d  a t  d i f f e r e n t  c l i n i c a l  s t a g e s  from p a t i e n t s  

from t h e  time, o f  e n t e r i n g  h o s p i t a l  t o  t h e  t i m e  o f  l e a v i n g  h o s p i t a l  

( Dr. J .  Cohn, S t .  B a rn a b a s  M e d ica l  C e n t e r ,  L i v i n g s t o n ,

New J e r s e y ,  1977-79  )•  F o r  each  s t a g e ,  h a e m o a n a l y s i s  was 

done by  r o u t i n e  h o s p i t a l  work. F o r  r h e o l o g i c a l  a n a l y s i s ,  

e ach  sam ple  was c o l l e c t e d  as  7  m l .  a l l o q u o t s  and a n t i 

c o a g u l a t e d  w i t h  1 0 .5  mg. SDTA ( e t h y l e n e  d i a m i n e t e t r a a c e t i c  

a c i d ) .  Then rh eo g ra m s  o f  h y s t e r e s i s  l o o p  and t o r q u e - d e c a y  

c u r v e  were o b t a i n e d  th r o u g h  t h e  m o d i f i e d  W e is s e n b e rg  

r h e o g c n i o m e t e r  a t  room t e m p e r a t u r e .  The t h i x o t r o p i c  

p a r a m e t e r s  w ere  e v a l u a t e d  by a  method o f  n o n - l i n e a r  

l e a s t  s q u a r e  p a r a m e t e r  e s t i m a t i o n  b a s e d  upon a  m o d i f i e d  

M arq uard t  p rog ram  on a  Univac  S p e c t r a  70  d i g i t a l  

com pute r  ( A ppendix  1 . 5  )•
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The d a t a  o f  h e m a t o l o g i c a l  e v a l u a t i o n  have  p ro v ed  t h a t  

t h e r e  a r e  no c o n s t i t u e n t s  i n  b lo o d  from a l l  s t a g e s  from 

a l l  b lo o d  sa m p le s  t h a t  p r e s e n t  any a b n o r m a l i t y  (Appendix

I I . l - A ) .

However, the Theological evaluation indicates that 
the Theological results have shown a significant difference 
between patients and normal healthy people, and the results 
at each clinical stage on. patients are also different.
P i g . I V . 1 -1  sum m arizes  t h e i r  T h e o l o g i c a l  d a t a  (Appendix  I I . l - B ) .

The p a r a m e t e r  A, t h e  e q u i l i b r i u m  v a l u e  o f  s t r u c t u r a l  

a r r a n g e m e n t  i s  p r o p o r t i o n a l  t o  t h e  number o f  e r y t h r o c y t e s  

i n  t h e  form o f  o r d e r e d  r o u l e a u x  f o r m a t i o n .  The d e c r e a s e  i n  t h e  

v a l u e  f o r  t h e  s t r u c t u r a l  a r r a n g e m e n t  p a r a m e t e r  A, i n d i c a t e s  

t h a t  more i n d i v i d u a l  e r y t h r o c y t e s  o r  f ew e r  r o u l e a u x  f o r m a t i o n s  

a r e  p r e s e n t  w i t h i n  t h e  whole b lo o d  sample  a t  t h e  a p p l i e d  

s h e a r  r a t e .

The d e c r e a s e  i n  t h e  v a l u e  f o r  C i m p l i e s  t h a t  t h e  r a t e  

c o n s t a n t  f o r  o b t a i n i n g  e q u i l i b r i u m  be tw een  i n d i v i d u a l  

e r y t h r o c y t e s  and r o u l e a u x  a r r a n g e m e n t  w i l l  s h i f t  to w ard  t h e  

f o r m a t io n  o f  r o u l e a u x  fo rm s .

'X.g i s  a  p h y s i c a l  p r o p e r t y  o f  b lo o d  f lo w  and i s  d i r e c t l y  

r e l a t e d  o r  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  r o u l e a u x .

V a r i a t i o n s  i n  t h i s  v a l u e  f o l l o w  same p a t t e r n s  a s  A. "I 5

and f o l l o w  same p a t t e r n s  o f  v a r i a t i o n  a s  A* n r e f l e c t s

t h e  o r d e r  o f  r e a c t i o n  o f  r o u l e a u x  breakdown, which i m p l i e s  a  

c e r t a i n  r e a c t i o n  mechanism.

O b s e r v a t i o n s  have  been  made t h a t  t h e  h ig h  b lo o d  v i s c o s i t y



i n  non-Newton ian  c o n t r i b u t i o n  from t h e  e x p i r e d  p a t i e n t s  

may be  due t o  an e x c e s s i v e  a g g r e g a t i o n  o f  t h e  r e d  c e l l s .  

However, t h e  h e m a t o l o g i c a l  e v a l u a t i o n  can n o t  p r o v i d e  any 

i n f o r m a t i o n  i n  t h i s  r e s p e c t .  I t  a p p e a r  t h a t  t h e r e  c o u ld  be 

o t h e r  c a u s e s  which e a s i l y  in d u c e  t h e  e x c e s s i v e  a g g r e g a t i o n  

o f  t h e  r e d  c e l l s  when some c e r t a i n  s h e a r  r a t e s  a r e  a p p l i e d  

on t h e  b lo o d  f o r  s p e c i f i c  t im e  i n t e r v a l s .

T h i s  i n v e s t i g a t i o n  i m p l i e s  t h a t  t h e  r h e o l o g i c a l  

p a r a m e t e r s  from t h e  Huang model a r e  n o t  o n ly  fu n d a m e n ta l  

i n  i n d i c a t i o n s  o f  p a t h o g e n e s i s  and c o n se q u e n c e s  o f  h e a r t  

d i s e a s e s ,  b u t  t h a t  t h e s e  p a r a m e t e r s  m ig h t  su p p ly  a s o l u t i o n  

f o r  p r e d i c t i o n  and d i a g n o s i s .  I t  i s  a l s o  s u g g e s t e d  t h a t  

such  r h e o l o g i c a l  t e s t s  w i l l  a l l o w ,  i n  some c a s e s ,  a  more 

r a p i d  d e t e r m i n a t i o n  o f  d i s e a s e  when t h e  c u r r e n t  l a b o r a t o r y  

t e s t s  a r e  i n a d e q u a t e .
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F i g . I Y . 1 —1 R h e o l o g i c a l  p a ra m e te r s  o f  p a t i e n t s  
d u r i n g  c a rd iop u lm o n a ry  bypass
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2 .  E f f e c t  o f  t e m p e r a t u r e  on t h i x o t r o p i c  p r o p e r t i e s  

o f  'blood

T here  a r e  numerous f a c t o r s  t h a t  a f f e c t  t h e  r h e o l o g i c a l

p r o p e r t i e s  o f  human b l o o d .  T em p era tu re  c h a n g e s  may be

r e g a r d e d  a s  a  t h e r m a l  d i s t u r b a n c e .  I n  1963, C o k e l e t  (16)

fo u n d  t h a t  t h e  a p p a r e n t  v i s c o s i t i e s  o f  p la s m a  and  w a t e r

h a d  same t e m p e r a t u r e  d e p en d e n ce  i . e .  t h e y  f o l l o w e d  A r r h e n iu s

liavr with.  . the. same., a c t i v e -  ; e n e r g y  b u t  w i t h  a  d i f f e r e n t

r a t e  c o n s t a n t .  The r e l a t i v e  v i s c o s i t y  o f  b l o o d  ( r e l a t i v e

t o  w a t e r )  was i n d e p e n d e n t  o f  t e m p e r a t u r e  b e tw e e n  10°C and

37°C a t  s h e a r  r a t e s  l a r g e r  t h a n  1 s e c - ^ ,  b u t  t h e  r e l a t i v e

v i s c o s i t y  i n c r e a s e d  w i t h  t e m p e r a t u r e  by a b o u t  2 0 yo a t
“ 1v e r y  low s h e a r  r a t e s  ( l e s s  t h a n  1 s e c  ) .  C h ie n ,  e t  a l .

(17)  and B a rb ee  (18)  a l s o  d i s c o v e r e d  t h a t  th 'e  r e l a t i v e  

v i s c o s i t y  o f  b l o o d  ( r e l a t i v e  t o  p lasm a)  was i n d e p e n d e n t  

o f  t e m p e r a t u r e  b e tw een  20°C and 37°C a t  h i g h  s h e a r  r a t e s  

o v e r  50 s e c ”*̂ :, b u t  had  an  e x p o n e n t i a l  r e l a t i o n s h i p  w i th  

h e m a t o c r i t  a s  f o l l o w s :

^  '  'Ic Exp (bH) ( I V . 2,-1)

Where i s  t h e  a p p a r e n t  v i s c o s i t y  o f  p l a s m a ,  ^  i s  

t h e  a p p a r e n t  v i s c o s i t y  o f  b l o o d ,  H i s  t h e  h e m a t o c r i t ,  and 

b i s  a  c o n s t a n t  which  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  

s h e a r  r a t e .
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A l l  t h e  p r e v i o u s  r e s u l t s  were  c o n s i d e r i n g  o n ly  one 

r h e o l o g i c a l  p a r a m e t e r  ( a p p a r e n t  v i s c o s i t y ) ,  and which 

was e v a l u a t e d  a t  h i g h  s t e a d y - s t a t e  s h e a r  r a t e .  Due t o  

t h e i r  i g n o r a n c e  o f  t h e  h i s t o r i c a l  s i g n i f i c a n c e  and 

h y s t e r e s i s  phenomenon i n  b lo o d ,  t h i s  b r i n g s  much d i f f i c u l t y  

t o  e x p l a i n  i t s  t h i x o t r o p i c  p r o p e r t i e s .  Based on t h e  

Huang m odel ,  an i n v e s t i g a t i o n  i n  t h e  e f f e c t  o f  t e m p e r a t u r e  

on t h e  whole b lo o d  from h e a l t h y  a d u l t s  was a t t e m p t e d .

The s t a t i s t i c a l  r e s u l t s  were  p l o t t e d  i n  P i g . I V . 2-1  and 

P i g . I V . 2 - 2 .  The d e t a i l e d  d a t a  were l i s t e d  i n  Appendix I I . 2.

Prom t h e  two f i g u r e s ,  one may f i n d  t h a t  n i s  c o n s t a n t l y  

i n d e p e n d e n t  o f  t e m p e r a t u r e ,  and C h a s  a s l i g h t l y  e x p o n e n t i a l  

r e l a t i o n s h i p  w i th  t e m p e r a t u r e .  However, t h e  o t h e r  p a r a m e t e r s  

v s .  t e m p e r a t u r e  a lm o s t  p r e s e n t  same sh a p e  w i t h  t h e  l o w e s t  

v a l u e s  a t  37°C. Once a s l i g h t  d e g re e  d e v i a t i o n  from 37°C 

happens  i n  t h e  whole  b lo o d ,  i . e .  t h e  b l o o d  h a s  a b s o rb e d  

o r  r e l e a s e d  a  s m a l l  t h e r m a l  e n e rg y ,  t h e  y i e l d  s t r e s s ,  

Newtonian v i s c o s i t y ,  e q u i l i b r i u m  c o n s t a n t ,  s t e a d y - s t a t e  

v i s c o s i t y ,  and non-N ew ton ian  v i s c o s i t y  w i l l  i n c r e a s e  

t r e m e n d o u s ly .  These phenomena may be e x p l a i n e d  a s  f o l l o w :

S i n c e  b lo o d  i s  a  s o l u t i o n  c o n t a i n i n g  h ig h  m o l e c u l a r  

w e ig h t  s u s t a n c e s ,  such  a s  m a c r o g l o b u l i n s ,  a lb u m in s ,  c e l l s ,  

and e s p e c i a l l y  f i b r i n o g e n ,  e t c . ,  which a r e  s e n s i t i v e  t o  

t e m p e r a t u r e  and a r e  g r e a t l y  a f f e c t e d  by t e m p e r a t u r e  c h a n g e s » 

t h e  t e m p e r a t u r e  c h ang es  may c a u se  a  c e r t a i n  o r i e n t a t i o n  .and
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m o r p h o lo g i c a l  chan ges  o f  t h e  m a c r o m e le c u le s ,  e r y t h r o c y t e s  

and t h e i r  r o u l e a u x .  At 37°C, one may sa y  a s  a  t r a n s i t i o n  

p o i n t ,  t h e  f l e x i b i l i t y  and  d e f o r m a b i l i t y  o f  e r y t h r o c y t e s  

a r r i v e  a t  t h e i r  h i g h e s t  p o i n t s ,  and t h e  i n t r a m o l e c u l a r  f o r c e s  

r e a c h  t h e i r  l o w e s t  p o i n t s .  Thus t h e  r h e o l o g i c a l  r e s i s t a n c e  

o f  b lo o d  d r o p s  t o  i t s  minimum. Once a c o u p le  o f  d e g re e  

o f f s e t t i n g  o c c u r r e d  from t h e  t u r n i n g  p o i n t  0 7 ° C ) ,  t h e  

r h e o l o g i c a l  r e s i s t a n c e  w i l l  i n c r e a s e  q u i c k l y ,  and  t h e n  

r e a c h  t o  a c o n s t a n t  o v e r  c e r t a i n  ra n g e  o f  t e m p e r a t u r e .

I f  t h e  t e m p e r a t u r e  i s  beyond 37°C, t h e  e l e v a t i o n  o f  

t h e  t h i x o t r o p i c  p r o p e r t i e s  o f  b lo o d  may be due t o  t h e  

o r i e n t a t i o n  changes  o f  h ig h  m o le c u le s  such  a s  f i b r i n o g e n ,  

t h u s  c h an g e s  w i l l  make t h e  a g g r e g a t i o n  o f  e r y t h r o c y t e s  

more f i r m l y .  I n  c a s e  t h e  t e m p e r a t u r e  o f  b lo o d  d ro p s  

below 3 7°G, t h e  f l e x i b i l i t y  and d e f o r m a b i l i t y  o f  r e d  c e l l s  

w i l l  i n c r e a s e ,  i . e .  RBC w i l l  become much s t i f f e r ,  t h u s  t h e  

i n t e r c e l l u l a r  f r i c t i o n  among r e d  c e l l s  i n  r o u l e a u x  w i l l  

i n c r e a s e .  T h e r e f o r e  i t  n e e d s  more m e c h a n ic a l  e n e rg y  t o  s h e a r  

t h e  b lo o d  and  t o  b r e a k  i t s  r o u l e a u x .  T h is  i s  p r o b a b l y  why 

t h e  t h i x o t r o p i c  p r o p e r t i e s  o f  b lo o d  a l s o  i n c r e a s e .

I t  i s  w o r th w h i le  i n  a  f u r t h e r  s t u d y  t o  model t h e  t e m p e r a t u r e  

dependence  o f  r h e o l o g i c a l  p r o p e r t i e s  o f  b lo o d  m a t h e m a t i c a l l y .

I n  g e n e r a l ,  i n  g a s e s  a t  low d e n s i t y ,  t h e  v i s c o s i t y  dependence  

on t e m p e r a t u r e  f o l l o w s  t h e  f o l l o w i n g  e q u a t i o n :
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( I V . 2 -2 )

where  a ,  and b a r e  e m p i r i c a l  c o n s t a n t s .  F o r  t h e  p u r e  

N ew ton ian  f l u i d ,  t h e  m ost  commonly u s e d  e x p r e s s i o n  r e l a t i n g  

v i s c o s i t y  t o  t e m p e r a t u r e  ( i n  n o rm al  r a n g e )  i s  t h e  A r r h e n i u s  

e q u a t i o n  ( 1 9 ) .

w here  R i s  t h e  g as  c o n s t a n t ,  E t h e  e n e rg y  o f  a c t i v a t i o n  f o r  

f l o w ,  and A„ a  c o e f f i c i e n t  d e p e n d in g  upon t h e  n a t u r e  o f  t h e  

l i q u i d .  Fo r  n o n -N e w to n ia n  f l u i d s ,  such  a s  c e r t a i n  p o ly m e r s ,  

a n o t h e r  e q u a t i o n  som e t im es  u s e f u l  i n  c o r r e l a t i n g  v i s c o s i t y -  

t e m p e r a t u r e  d a t a  i n  t h e  r e g i o n  o f  N ewtonian  b e h a v i o r  i s  

s u g g e s t e d  ( 1 9 ) :

w h e re  a,  and b a r e  e m p i r i c a l  c o n s t a n t s .

However, t h e o r e t i c a l l y  i t  v / i l l  be v e r y  d i f f i c u l t  t o  

e s t a b l i s h  t h e ' ; t e m p e r a t u r e  d ep en d e n ce  o f  t h e  r h e o l o g i c a l  

p a r a m e t e r s  o f  b l o o d ,  s i n c e  b l o o d  i s  a v e r y  complex ,  

t h i x c x r o p i c  f l u i d  w i t h  s u s p e n d e d  p a r t i c l e s  a b o u t  w h ich  t h e r e  

t h e r e  i s ' r e l a t i v e l y  l i t t l e  knowledge  a v a i l a b l e .  W hile  a  c e r t a i n  

p h y s i c o c h e m i c a l ' . d i s t u r b a n c e ;  i s  in d u c e d  i n  b l o o d ,  : t h e  s u s p e n d e d

^  = Aq Exp -(. :E/RT ) ( I V . 2 -3 )

-  a Exp ( -bT ) ( I V . 2 -4 )
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p a r t i c l e s  may u n d e rg o  r o t a t i o n ,  t r a n s l a t i o n ,  d e f o r m a t i o n ,  

a g g r e g a t i o n ,  d i s a g g r e g a t i o n ,  and o t h e r  i n t e r a c t i o n  o r  

c h e m ic a l  r e a c t i o n  and so on .  But how and why? i t  w i l l  be a  

w o r th w h i l e  s u b j e c t '  f o r  .a f u r t h e r  s t u d y .

The s t a t i s t i c a l  r e s u l t s  show t h a t  n  i s  a lw a y s  a  

c o n s t a n t ,  i n d e p e n d e n t  o f  t e m p e r a t u r e ;  t h e  t e m p e r a t u r e  

d ependence  o f  o t h e r  o a r a m e t e r s  'Y . , A ,, j _ x  , ^  *.

a n d a H  p r e s e n t  a s  a  v a l l e y - s h a p e .  I t  w i l l  n o t  b e  

e a sy  t o  d e v e l o p  a n  e q u a t i o n  t o  f i t  t h e  e x p e r i m e n t a l  d a t a .  

I t  i a  a l s o  a  w o r t h w h i l e  s u b j e c t  f o r  a  f u r t h e r  a t t a c k .

The p a r a m e t e r  G' f o l l o w s  t h e  e x p o n e n t i a l  fo rm  a s  t h e  

A r r h e n i u s  e q u a t i o n :

C = A '  Exp ( -E/RT ) ' (XV.2 -5 )

where E t h e  a c t i v i t i v e  e n e r g y ,  Aq t h e  c o e f f i c i e n t  d e p e n d in g  

on t h e  n a t u r e  o f  whole  bloo.d, R t h e  g a s  c o n s t a n t .  E and  A’ 

can  be o b t a i n e d  by p l o t t i n g  ln ( C )  v e r s u s  l / l .  T h e i r  v a l u e s
n - 1= 1 9 2 . .2  c a l . / m o l e .a r e

3.0+

-L n ( C)

c o n s t a n t
1 . 0-

325 340

( l /T ) x lO ^  , ( T, a b s o l u t e  t e m p e r a t u r e  °K )



A l l  t h e  p r e v i o u s  i n v e s t i g a t i o n s  were b a s e d  upon  the, 

no rm al  h e a l t h y  b l o o d .  F o r  t h e  p a t h o l o g i c a l  b l o o d ,  R e i s  

(43)  d i s c o v e r e d  t h a t  f o r  r i s i n g  t e m p e r a t u r e  from 0°C t o  

50°C, t h e  v i s c o s i t y  o f  b l o o d  serum d e c r e a s e d  p r o g r e s s i v e l y .  

There, was a  t e m p e r a t u r e  e x i s t i n g ,  a b o v e  which  th e :  v i s c o s i t y  

s t a r t e d  t o  i n c r e a s e  due  t o  c e r - t a m  p h y s i c o - c h e m i c a l , ,  and 

p a t h o l o g i c a l  f a c t o r s .  S t o l t z ,  e l  a t .  (44 )  a l s o  showed 

t h e  abnormal  r e l a t i o n  be tw een  p l a s m a  v i s c o s i t y  and 

t e m p e r a t u r e  f o r  t h e  b l o o d  c o n t a i n i n g  e x t r a  m a c r o m o le c u le s .  

The; t e m p e r a t u r e  d e p e n d e n c e  o f  p a t h o l o g i c a l  b l o o d  may have  

d i f f e r e n t  p r o x i l e s  o f  the- r h e o l o g i c a l  p r o p e r t i e s .
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3. C o r r e l a t i o n  o f  t h i x o t r o p i c  p r o p e r t i e s  and c h em ic a l  

t e s t s  o f  whole human b lo o d

T h ere  i s  t o o  much unknown i n  b l o o d .  From t h e  m o l e c u l a r  

l e v e l ,  t h e  whole s t r u c t u r e ^  o f  b l o o d  i s  s t i l l  m y s t e r i o u s  .

The change  i n  p a r t  o r  i n  whole  b l o o d  in d u c e d  by a l t e r e d  

p h y s i c o - c h e m i c a l  e n v i ro n m e n t  h a s  a t t r a c t e d  many i n v e s t i g a t o r s .

A r e l l i e ,  e t  a l .  (20)  d i s c o v e r e d  p l a t e l e t  a g g r e 

g a t i o n  i n  p l a t e t - r i c h  p la s m a  i n d u c e d  by  c a t e c h o l a m i n e s  

( i n c l u d i n g  a d r e n a l i n e ,  n o n a d r e n a l i n e ,  dopamine,  and 

5 - h y d r o x y t r y p t a m i n e ) . Newman (21)  fo u n d  t h a t  t h e  v i s c o s i t y  

o f  whole  M o o d  i n c r e a s e d  a s  a  r e s u l t  o f  an i n c r e a s e  i n  

c h o l e s t e r o l  l e v e l ,  e s p e c i a l l y  more r e m a r k a b ly  a t  t h e  lo w e r  

s h e a r  r a t e s .  Also  d e x t r a n ,  a  p l a s m a  e x p an d e r  which 

i n f l u e n c e d  t h e  whole  b l o o d  v i s c o s i t y  was e x h i b i t e d . b y  

S in g h  ( 2 2 ) .  A n t i c o a g u l a n t  h e p a r i n  was showed t o  r e d u c e  

t h e  s t o r a g e  component  o f  t h e  e l a s t i c  modulus and t o  

i n c r e a s e  t h e  c l o t t i n g  t im e  ( 2 4 ) .  U s in g  e r y t h r o c y t e s  

su s p e n d e d  i n  b u f f e r  and m orpho logy  a l t e r i n g  a g e n t s  

( 2 , 4 ,  6 - t r i n i t r o b e n z e « e j 2, 4 - d i n i t r o b e n z e » e )c h lo r o p r o m a z in e .H C l ,  

and sodium s a l i c y l a t e ) ,  M eise lm an (2 5 )  e x h i b i t e d  t h a t  

t h e  r h e o l o g i c a l  e f f e c t s  o f  t h e  d i s c o c y t e - e c h i n o c y t e  s h a p e  

t r a n s f o r m a t i o n  e x i s t e d  a t  t h e  l o w e r  s h e a r  r a t e s .

Houbouyan, e t  a l .  (2 6 )  i n d i c a t e d  t h a t  some a n t i b i o t i c s  

a f f e c t e d  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  b lo o d  and p l a t e l e t  

a g g r e g a t i o n .
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To d e a l  w i t h  t h e  f i e l d  o f  m o l e c u l a r  r h e o l o g y ,  

s u h p h a s e s  o f  b l o o d ,  m o r p h o lo g i c a l  s t r u c t u r e  o f  c e l l s ,  

v a r i o u s  a m p h i p h i l i c  a g e n t s  may be employed t o  t r a n s f e r  

t h e  norm al  b i c o n c a v e  shape  ( d i s c o c y t e )  i n t o  e i t h e r  t h e  

c r e n a t e d  ( e c h i n o c y t e )  o r  cupped ( s t o m a t o c y t e )  form ( 2 5 , 2 6 ) .  

These a g e n t s  a p p e a r  t o  a c t  a s  t r u e  a n t a g o n i s t s ,  a l t h o u g h  

a t  h ig h  c o n c e n t r a t i o n s  t h e r e  i s  an i r r e v e r s i b l e  p r o c e s s  

o f  smooth s p h e r e  t o  h a e m o ly s i s  ( 2 7 ) .  S h e e tz  and S i n g e r  

(28)  have  p r o p o s e d  a  t h e o r y  f o r  t h e s e  shape  t r a n s f o r m a t i o n s  

b a se d  on an a s y m e t r i c  b i l a y e r  model  o f  t h e  RBC ( r e d  c e l l s )  

membrane; e c h i n o c y t e  a g e n t s  i n t e r c a l a t e  p r e f e r e n t i a l l y  

i n t o  t h e  e x t e r i o r  h a l f  o f  t h e  b i l a y e r  w hereas  s t o m a t o c y t i c  ■ 

a g e n t s  a r e  s u g g e s t e d  t o  a c t  m a in ly  on t h e  i n t e r i o r  h a l f .

The r h e o l o g i c a l  p r o p e r t i e s  o f  whole b l o o d  a r e  m a in ly  

d e te r m in e d  by t h e  s i t u a t i o n  o f  e r y t h r o c y t e s  which  p r e s e n t  

c o m p l i c a t e d  r e s p o n s e  t o  v a r i o u s  c h e m ic a l s .  M o ta is  (29) 

found  t h a t  o r g a n i c  a n io n  ( m a in ly  a c i d s )  t r a n s p o r t  i n  r e d  

b lo o d  c e l l s  was d e te r m in e d  by t h e  membrane s p e c i f i d i t y ,  

M i s s i r l i s ,  e t  a l . ( 3 0 )  u se d  m i c r o p i p e t t e  a n a l y s i s  t o  

e s tm a te  t h e  h a e m o ly t i c  s t r e s s  o f  h y p o t o n ic  e r y t h r o c y t e s  

u n d e r  t h e  i n f l u e n c e  o f  l i p i d - s o l u b l e  compounds. J a i n ,  e t  a l .  

(31)  e x h i b i t e d  t h a t  t h e  d i f f e r e n c e  o f  i n t r i n s i c  p e r t u r b i n g  

a b i l i t y  o f  a l k a n o l s  i n  l i p i d  b i l a y e r s  a r i s e d  from a 

s p e c i f i c i t y  o f  i n t e r a c t i o n  b e tw een  a l k a n o l s  and l i p i d  b i l a y e r .

Systems a r e  s t u d i e d  g e n e r a l l y  a s  a  w hole .  An a t t e m p t



t o  i s o l a t e  c e r t a i n  r h e o l o g i c a l  p r o c e s s e s  f rom i n d i v i d u a l  

f r a g m e n t s  o f  more complex b l o o d  and  t h e n  combine  them i n  

o r d e r  t o  e x p l a i n  t h e  f u n c t i o n s  o f  t h e  whole  b l o o d  can  

n o t  be  e x p e c t e d  t o  s u p p l y  $he whole  t r u t h  I n  t h i s  s t u d y ,  

f i r s t  a ro u n d  s e v e n t y  c h e m i c a l s  which  were  c o n s i d e r e d  

h a v i n g  c e r t a i n  i m p o r t a n t  e f f e c t  i n  b lo o d  h a v e  b e e n  s e l e c t e d  

on a  s c r e e n i n g  t e s t  t o  s e e  i f  t h e y  can  c a u s e  any i n f l u e n c e  

i n  t h e  t h i x o t r o p i c  p r o p e r t i e s  o f  b l o o d .  F i n a l l y  a  s e r i e s  

o f  no rm al  a l k a n o l s  i n c l u d i n g  one (C^) t o  e l e v e n  ( C ^ )  

c a r b o n s  which  were  fo u n d  o b v i o u s l y  c a u s i n g  t h e  t h i x o t r o p i c  

ch an g e s  i n  b l o o d  have  b e e n  chosen,  a s  a  t y p i c a l  example  i n  

t h i s  s t u d y .  The o t h e r  r e a s o n  i s  t h a t  t h e s e  a l k a n o l s  have  

s y s t e m a t i c a l l y  e x h i b i t e d  d i f f e r e n t  m o l e c u l a r  s i z e s  and  

s o l u b i l i t i e s  i n  w a t e r  and  l i p i d s ,  which a r e  m ain  com p o s i 

t i o n s  i n  b l o o d  and r e d  c e l l s  r e s p e c t i v e l y .  ( .3 2 ,3 5 ,3 6 )

To each  5 . 0  ml. o f  b l o o d  which  was o b t a i n e d  f rom  

I'Torthen Mew J e r s e y  B lood  Bank,  E a s t  Orange,  New J e r s e y ,  

a  c e r t a i n  amount ( n o t  e x c e e d i n g  0 . 1  m l . )  o f  a l k a n o l  was 

a d d ed ;  t h e n  t h e  b lo o d  was g e n t l y  sh a k ed  and warmed a t  

37°G f o r  30 m i n u t e s .  Then, t h e  sam ple  was r e a d y  f o r  

r h e o l o g i c a l  t e s t s  a t  37°C. The r e s u l t s  from t h i s  i n v e s t i g a 

t i o n  were p l o t t e d  i n  F i g . I V . 3-1  t o  F i g . I V . 3 - 7 .  The 

d e t a i l e d  d a t a  h a v e  b e en  shown i n  Appendix  I I . 3 .

The A, , C, and n were  p l o t t e d ,  on a  l i n e a r
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s c a l e ,  a g a i n s t  t h e  number o f  c a rb o n  m o le c u l e s  i o r  m o l e c u l a r

a g a i n s t  t h e  number o f  c a r b o n .  One may o b s e r v e  t h e  

f o l l o w i n g  phenomena:

( a ) .  D i f f e r e n t  a l k a n o l s  have  d i f f e r e n t  e f f e c t s  

i n  t h e  r h e o l o g i c a l  p r o p e r t i e s  o f  t h e  same b l o o d .

( b ) .  D i f f e r e n t  b l o o d s  h a v e  d i f f e r e n t  r e s p o n s e s  t o  

t h e  same a l k a n o l .

( c ) .  I n  t h i s  i n v e s t i g a t i o n ,  a l l  b l o o d ,  two n o rm al

and  two abnorm al  s a m p le s  fo l lcw .  a  s i m i l a r  t h i x o t r o p i c  p a t t e r n  

w i t h  r e s p e c t  t o  t h e  e l e v e n  a l k a n o l s .

( d ) .  A lk a n o l s  w i t h  t o  can  change  t h e  t h i x o t r o p i c  

b l o o d  t o  a  N e w to n ian  b l o o d ,  i n  which d r o p s  t h e  

N ew ton ian  v i s c o s i t y  t o  t h e  l o w e s t  p o i n t .

I t  i s  a l s o  o b v i o u s l y  t h a t  t h e  r e s u l t s  c a n  b e  g ro u p ed  

a c c o r d i n g  t o  t h e  s o l u b i l i t y  o f  a l k a n o l s  i n  w a t e r  ( P i g . I V . 3 - 5 ) .  

The f i r s t  g r o u p ,  h y d r o p h i l i c  a l k a n o l s ,  c o n t a i n i n g  m e th a n o l  

(C-^), e t h y l  a l c o h o l  (C £ ) ,  n ~ p r o p y l  a l c o h o l  ( C ^ ) , and 

n - b u t a n o l  (C ^ ) ,  shows e x t r e m e  s o l u b i l i t y  i n  w a t e r ;  t h e  

s e c o n d  g r o u p ,  a m p h i p h i l i c  a l k a n o l s  c o n t a i n i n g  n o rm al  

a l k a n o l s  w i t h  f i v e  t o  n i n e  c a r b o n s ,  shows p a r t i a l . s o l u b i l i t y  

i n  w a t e r  and p a r t i a l . - s o l u b i l i t y ,  i n  l i p i d s ;  w h i l e  t h e '  t h i r d  

g r o u p ,  h y d r o p h o b ic  a l k a n o l s ,  composed o f  1 - d e c a n o l  and 

1 - u n d e c a n o l ,  e x h i b i t s  a  c o m p l e t e  i n s o l u b i l i t y  i n  w a te r , . '  

b u t  i s  s o l u b l e  i n  l i p i d s .

s i z e ) .  The ^  and p l o t t e d ,  on s e m i l o g  s c a l e ,
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Y/ith r e g a r d  t o  t h e  e f f e c t  o f  c o n c e n t r a t i o n ' o f

a l k a n o l s  i n  t h e  b l o o d  r h e o l o g y ,  t h r e e  a l k a n o l s  (C^ C ,
b » 7

and Cg) which  w ere  fo u n d  more a c t i v e  t o  chang e  t h e  

r h o l o g i c a l  p r o p e r t i e s  o f  b l o o d  t h a n  o t h e r s  h a v e  been  

ch o o sen  as  e x a m p le s .  The r e l a t i o n s h i p  o f  , j a  , and 

^  v s .  t h e  c o n c e n t r a t i o n  o f  t h e  a l k a n o l s  were  p l o t t e d  

i n  P i g . I V . 3 -6  and  P i g . I V . 3 - 7 ,  which  h a v e  showed t h e  two 

no rm al  b l o o d  s a m p le s  ( I I  and I I I )  hav e  s i m i l a r  r e s p o n s e s  

t o  t h e  a m p h i p h i l i c  a l k a n o l s ,  b u t  n o t  f o r  t h e  a b n o rm a l  

ones  ( I  and I V ) .  F u r t h e r m o r e ,  i f  look ing  i n  d e t a i l ,  even 

t h e  two s i m i l a r  o n e s  (norm al  b l o o d  I I  and I I I )  h a v e  showed 

d i f f e r e n t  r e s p o n s e s  t o  t h e  same a l k a n o l  ( P i g . I V . 3 - 7 ) .

And, no m a t t e r  w h e t h e r  no rm al  o r  .abnorm al ,  a l l  b l o o d  sam ples  

a r e  much more s e n s i t i v e  t o  a l k a n o l  t h a n  t o  o t h e r s .

To e x p l a i n  t h e s e  phenomena i t  w i l l  be  v e r y  d i f f i c u l t  

from t h e  m i c r o s c o p i c  v i e w p o i n t  o f  b l o o d ,  s i n c e  t h e r e  IS 

t o o  much know ledge  in d e e d  n e e d e d  t o  d e v e l o p  and t o  u n d e r 

s t a n d  t h e  e r y t h r o c y t e  s t r u c t u r e .  Fo r  s i m p l i f i c a t i o n ,  l e t ' s  

s e e  t h e  b l o o d  from a  m a c r o s c o p ic  p o i n t  o f  v ie w .  B lood  

can  be  c o n s i d e r e d  a s  a  p a r t  w a t e r  s o l u b l e  ( p l a s m a ) ,  and a  

p a r t  w a t e r  i n s o l u b l e  ( e r y t h r o c y t e s )  a s  shown i n  P i g . I V . 3 - 8 .

( a )  When t h e  h y d r o p h i l i c  s u b s t a n c e s  (C-  ̂ t o  C^) 

d i s s o l v e  i n  p l a s m a ,  t h e y  may m o d ify  t h e  e x t e r i o r  s u r f a c e  

o f  t h e  e r y t h r o c y t e  membrane i n  some way t o  s t r e n g t h e n  t h e  

r o u l e a u x  f o r m a t i o n .  Thus i t  w i l l  c a u s e  t h e  i n c r e a s e  i n
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Membrane s t r u c t u r e  o f  e r y t h r o c y t e s : 

L i p i d  b i l a y e r  m osa ic  w i th  p r o t e i n s

f
O u ts ide '  c e l l :  
P lasm a (H^O)

I n s i d e  c . e l l :
Cytoplasm^ (HemogLohin)

P r o t e i n s

*1 L i p i d s

I n s o l u b l e  i n  H^O 

(Two p h a s e s  sy s tem  o f  b lo o d )

® A p o la r

P o l a r

P i g . I Y . 3 -8  Mechanisms o f  l i n e a r  no rm al  a l k a n o l s  
r e a c t i n g  w i t h  e r y t h r o c y t e s ; C ’ t o  C-., i n d i c a t e  t h e  
a l k a n o l s  w h ich  have. 1 t o  11 c a r b o n  m o l e c u l e s
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t h i x o t r o p i c  p r o p e r t i e s  o f  whole b lo o d .

( b ) .  While  t h e  h y d ro p h o b ic  s u b s t a n c e s  (C-^q t o  

f a v o r a b l y  j o i n  i n  t h e  e r y t h r o c y t e  membrane i n  l o o s e  p a r t  

t o  r e i n f o r c e  i t s  s t r e n g t h ,  and make t h e  r e d  c e l l s  much 

s t i f f e r .  I n  o t h e r  words ,  t h e  d e f o r m a b i l i t y  o r  f l e x i b i l i t y  0f  

e r y t h r o c y t e s  and r o u l e a u x  w i l l  d e c r e a s e ,  t h a t  means t h e  

t h i x o t r o p i c  p r o p e r t i e s  o f  b lo o d  w i l l  i n c r e a s e .

( c ) .  W hile  t h e  a m p h i p h i l i c  s u b s t a n c e s  (C^ t o  G^) 

d i s s o l v e  i n  b l o o d ,  t h e i r  a p o l a r  t a i l s  w i l l  i n s e r t  i n  t h e  

e r y t h r o c y t e  membrane, and t h e i r  p o l a r  h e a d s  w i l l  suspend '  

on t h e  e x t e r i o r  s u r f a c e  o f  t h e  membrane. At low c o n c e n t r a 

t i o n s ,  t h e y  a c t  a s  a  c o m b in a t io n  o f  h y d r o p h i l i c  and 

h y d ro p h o b ic  s u b s t a n c e s .  Once t h e i r  c o n c e n t r a t i o n  p r e s e n t e d  

i n  blood, i s  beyond a  c e r t a i n  l e v e l  a t  which t h e  membrane 

i s  a l r e a d y  s a t u r a t e d  by t h e  s u b s t a n c e s .  The r e s i d u a l  

a m p h i p h i l i c  m o le c u l e s  i n  p lasm a  w i l l  c o n t i n u o u s l y  a t t a c k  

t h e  membrane. The h a e m o ly s i s  w i l l  occu r  u n t i l  t h e  i n t r a 

m o le c u l a r  f o r c e  be tw een  t h e  m o le c u l e s  i n  p la sm a  and t h e  

m o le c u le s  i n  - . th e ! . sa tu ra ted  e r y t h r o c y t e s  overcomes t h e  

i n t e r m o l e c u l a r  f o r c e  which h o l d s  t h e  whole  membrane as

a u n i t .

( d ) .  The d i f f e r e n t  r e s p o n s e s  from d i f f e r e n t  b lo o d s  

t o  t h e  same a l k a n o l  may im ply  t h a t  each i n d i v i d u a l  b lo o d  

h a s  i t s  own s i g n a t u r e  ( i n t r i n s i c  u l t r a s t r u c t u r e  o f  t h e  

e r y t h r o c y t e )  and c h e m ic a l  s e l e c t i v i t y  which  were  found  

most f a v o r a b l y  t o  a m p h i p h i l i c  C^. The d i f f e r e n t  Newtonian



b e h a v i o r s  from t h e  h a e m o ly s i s  c a u s e d  by t h e  a t t a c k  

o f  Cr- t o  Cn may r e v e a l  t h e  d i f f e r e n t  s i z e  o f  f r a g m e n ts
o y

b ro k e n  from e r y t h r o c y t e s .
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CHAPTER V 

CONCLUSIONS

T r a d i t i o n a l l y , m o s t  i n v e s t i g a t o r s  u se d  a p p a r e n t  

v i s c o s i t i e s  a t  v a r i o u s  c o n s t a n t  s h e a r  r a t e s  t o  e v a l u a t e  t h e  

T h e o lo g ic a l ; . . ,p ro p e r ty  o f  f l u i d ,  i t  would be okay i f  t h e  f l u i d  

were  ' j u s t  s h e a r  - r a t e  d e p e n d e n t ,  o r  a  m o n o to n ic  s y s te m .  

However, t o  a  m u l t i t o n i c  sy s te m  such  a s  b l o o d -  a  t h i x o t r o p i c  

f l u i d ,  t h e  t r a d i t i o n a l  method would n o t  be  s u i t a b l e  t o  

e v a l u a t e  i t s  T h e o l o g i c a l  p r o p e r t i e s ,  s i n c e  such  a  sy s te m  i s  

j u s t  d e p en d e n t  upon t h e  s h e a r  r a t e  b u t  a l s o  t h e  t i m e .

To c o r r e c t  t h e  t r a d i t i o n a l  m ethod ,  t h e  Huang model 

which  can  be  a p p l i e d  t o  v e r y  w ide  r a n g e s  o f  s h e a r  r a t e s  

and t i m e ,  e m p h a s ize s  t o  u s e  T h e o l o g i c a l  p a r a m e t e r s  t o  

c h a r a c t e r i z e  t h e  f l o w  p r o p e r t i e s  o f  t h i x o t r o p i c  sy s te m  

from i t s  h y s t e r e s i s  l o o p  and t o r q u e - d e c a y  c u r v e .  Once t h e  

p a r a m e t e r s  a r e  d e t e r m i n e d ,  t h e  a p p a r e n t  v i s c o s i t y  c a n  be 

e v a l u a t e d  a t  any s h e a r  r a t e  and a t  any t im e  o f  s h e a r i n g .  

Thus ,  t h e  u s e  o f  t h e  p a r a m e t e r s  w i l l  a l s o  e l i m i n a t e  t h e  

u n c e r t a i n t y  o f  t h e  a p p a r e n t  v i s c o s i t y  o f  a  s e n s i t i v e  

t h i x o t r o p i c  sy s te m  such  a s  b l o o d  t e s t e d  a t  v e r y  low  s h e a r  

r a t e , ,  o b t a i n e d  by  d i f f e r e n t  i n v e s t i g a t o r s .

P h y s i o l o g i c a l l y ,  low v e l o c i t i e s  o f  b lo o d  f lo w  

o c c u r i n g  i n  t h e  m i c r o c i r c u l a t i o n  i n  c a p i l l a r y  o r  s m a l l  

v e s s e l s  would b e  m a i n l y  i n f l u e n c e d  by  t h e  p r e s e n c e  o f
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aggregates of the red cells, which in turn depend on 
the shear rate and, on the history of the blood and 
the originate of the blood, low shear rates also exist 
particularly in pathological conditions such as circulatory 
shock and thrombosis. The Theological parameters are 
relevant to the practice of clinical medicine.

The study of open heart surgery during cardiopulmonary 
bypass is a typical example, which brings ‘•together "informa
tion essential to clinicians and medical workers studying 
the causes for circulatory diseases, and for engineers who 
want to apply concepts of the more developed sciences to 
the so complex problems of medicine. If a simulation study 
could be made prior to the operation, it might probably have 
saved the lives of patients who were expired after open heart 
surgery. In other words, the highly abnormal Theological 
syndrome which might be of clinical and diagnostic importance 
could be -predicted.. A series of tests might help to discover 
early or silent conditions of hematological disorders or 
malignancy. The complex clinical tests could be supplemented, 
and sometimes replaced , by the new Theological methods.

Although changes in Theological parameters may play an 
important role in clinical medicine or pathophysiology that 
exists within blood flow, the diagnostic value is sometime 
difficult to be specific since different causes of illness 
may lead to same changes in Theological properties. However,



t h e  r h e o l o g i c a l  p a r a m e t e r s ,  i n  c o m b in a t io n  w i t h  o t h e r  

ch an g e s  i n  t h e  b lo o d  su ch  a s  c h an g es  i n  t e m p e r a t u r e ,  

inducem en t  o f  c h e m ic a l s  o r  o t h e r  p h y s i o - c h e m i c a l  f a c t o r s ,  

s e r v e  t o  n a r ro w  t h e  r a n g e  o f  d i a g n o s i s  r e q u i r e d .

The r h e o l o g i c a l  s t u d y  o f  b lo o d  added w i th  d i f f e r e n t  

c h e m ic a l s  a l s o  imply  i t s  a p p l i c a t i o n s  t o  o t h e r  s c i e n c e s  

such  a s  pharm oco logy ,  t o x i c o l o g y ,  and u l t r a s t r u c t u r e s  o f  

b l o o d ,  and so on. The e f f e c t  o f  t e m p e r a t u r e  on b lo o d  

t h i x o t r o p y  shows, a t  l e a s t  t h a t  a  l i v i n g  t h i n g  c o n t a i n i n g  

a  t h i x o t r o p i c  b lo o d  c i r c u l a t i n g  t h r o u g h  i t s  o rg an s  h a s  

i t s  own body t e m p e r a t u r e ,  a t  which  t h e  r e s i s t a n c e  f o r  

b lo o d  f lo w  i s  g o in g  t o  be minimum, and a t  which i t s  

p h y s i o l o g i c a l  f u n c t i o n s  a r e  o p e r a t i n g  n o r m a l l y .  I t  f u r t h e r  

i n d i c a t e s  t h a t  each  i n d i v i d u a l  t h i x o t r o p i c  sys tem  may 

have  i t s  own t h i x o t r o p i c  t e m p e r a t u r e ,  a t  which i t s  f lo w  

p r o p e r t i e s  t u r n  t o  minimum. The t e m p e r a t u r e  s t u d y  a l s o  

p a v e s  a way t o  s o l v e  c e r t a i n  thermodynamic  p rob lem s  i n  

t h e  t h i x o t r o p i c  sy s tem .

The s t u d y  o f  dynamic b e h a v i o r s  o f  t h e  t o r s i o n  h ead  

i n d i c a t e s  t h a t  t h e  rheogram  i s  c o n t r o l l e d  by t h e  t im e  

c o n s t a n t  and damping f a c t o r  o f  t h e  h e ad ,  which  i n  t u r n  

a r e  d e te r m i n e d  by t h e  t o r s i o n  b a r  c o n s t a n t  and t h e  

g e o m e t r i c a l  and p h y s i c a l  p r o p e r t i e s  o f  t h e  h e a d .  T h is  

p r o v i d e s  an  i n f o r m a t i o n  i n  i t s  i n s t a l l a t i o n ,  o f  which



t h e  damping f a c t o r  can  be  a d j u s t a b l e  by c h a n g in g  t h e  

v i s c o s i t y  o f  damping f l u i d .  To m in im ize  t h e  a r t e f a c t  o f  

rh eo g ra m s ,  which i s  m a in ly  dom ina ted  by t h e  t o r s i o n  head  

p r o v i d e d  t h a t  t h e  i n e r t i a  c o n s t a n t  and damping c o e f f i c i e n t  

o f  t h e  t e s t e d  f l u i d  com par ing  w i t h  t h o s e  o f  t h e  h ead  can  

be  n e g l e c t e d ,  a  s u i t a b l e  underdam ping  f a c t o r  com bin ing : 'w i th  

a  p a r t i c u l a r  t im e  c o n s t a n t  i s  n e c e s s a r y  i f  b o th  a  s i n g l e  

s t e p  change and a t r i a n g u l a r  s t e p  change  i n  t h e  r o t a t i n g  

p a r t  o f  t h e  v i s c o m e t e r  a r e  a s s i g n e d  t o  a  s p e c i f i c  rpm 

r a n g e .



69

CHAPTER VI

RECOMMENDATION

1 .  Some u n u s u a l  lump^ i n  h y s t e r e s i s  lo o p  and 

t o r q u e - d e c a y  c u r v e  were  o c c a s i o n a l l y  found  f rom t h e  

p a t h o l o g i c a l  b lo o d  d u r i n g  ca rd iop u lm o n a ry ' ;  b y p a s s .  ..A 

s i m u l a t i o n  a p p ro a c h  by a s s u m in g  t h e  i n c r e a s e  o f  

c a t c h a m i n e s  i n  b lo o d  owing t o  c e r t a i n  p h y s i c a l  o r  

p s y c h o l o g i c a l  s t r e s s  t h a t  o c c u r r e d  i n  t h e  p a t i e n t .  , was 

a t t e m p t e d ,  b u t  f a i l e d  t o  p r o d u c e  r e s u l t s .  These  lumps 

may im p ly  some v e r y  i m p o r t a n t  p a t h o l o g i c a l  f a c t o r s .  A 

f u r t h e r  i n v e s t i g a t i o n  f o r  t h e i r  s o l u t i o n  would p r o b a b l y  

b r i n g  a b o u t  s i g n i f i c a n t  im pro v em en ts  i n  p r e v e n t i v e  

m e d i c i n e .  -

2 . B lo o d ,  e s p e c i a l l y  f o r  t h e  p a r t i c u l a r  p a t h o l o g i c a l  

c o n d i t i o n s ,  u s u a l l y  i s  n o t  e a s y  t o  o b t a i n .  I n  o r d e r  t o  

f a c i l i t a t e  t h e  r e s e a r c h ,  u s i n g  the .  s i m u l a t e d  b lo o d  from 

n o rm a l  p e o p l e  o r  o t h e r  l i v i n g  s u b j e c t s  i s  recommended.

5 .  I t  t a k e s  a lm o s t  5 ml,,  o f  b l o o d  sample  i n  t h e  p r e s e n t  

c e l l  f o r  each  e x p e r i m e n t .  A s p e c i f i c ;  p a t h o l o g i c a l  b lo o d  

i s  h a r d  t o  a c q u i r e .  I n  o r d e r  t o  expand  i t s  u s e f u l n e s s ,  t o  

reduce-  t h e  s i z e  o f  c e l l  ( m i c r o v i s c o m e t e r )  i s ;  t h e r e f o r e  

recommended.

4., The ch em ica ls ,  i n  b l o o d  i n  v i t r o  a r e  more s t a b l e  

a t  4°C t h a n  a t  37°C. The l a t t e r  t e m p e r a t u r e  may c a u s e  t h e i r  

d e n a t u r a l i z a t i o n ,  and a f f e c t  t h e  b l o o d  r h e o l o g y .  A lso
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R e is  {A3)  and  S t o l t z  (44)  i n d i c a t e d  t h a t  t h e  v i s c o s i t y  

o f  b lo o d  was much h i g h e r  a t  4°C t h a n  t h a t  a t  37°C:. Then 

t h e  r h e o l o g i c a l  p a r a m e t e r s  o b t a i n e d  a t  4°C i n  p l a c e  o f  

37°C would p r o v i d e  c l e a r  and b e t t e r  r e s u l t s .  T h i s ,  i n  

t u r n  a u t o m a t i c a l l y  i n v o l v e s  t h a t  a  c o o l i n g  sys tem  i n s t a l l e d  

i n  t h e  rh e o g o n io m e te r  i s  n e c e s s a r y .

5. There  i s  need  f o r  more r e s e a r c h  t o  f i n d  ou t  i f  t h e r e  

a r e  any c h e m ic a l s  which a r e  w id e ly  i n v o l v e d  i n  our  o r d i n a r y  

l i v e s ,  such  a s  environmental  p o l l u t e r s : ,  p h a r m a c e u t i c a l s ,

and  fo o d  a d d i t i v e s  and e t c . , t h a t  p r e s e n t  any i n s t a n t a n e o u s  

o r  p o t e n t i a l  d an g er  t o  t h e  human b lo o d  o r  o u r  h e a l t h  ( 3 8 ) .

6 . Though t h e  r e c o v e r y  o f  h y s t e r e s i s  phenomena i n  

b lo o d  i s  f a s t ,  i t  h a s  b een  o b s e r v e d  t h a t  t h e  sp e ed  sometimes 

i s  d i f f e r e n t  due t o  d i f f e r e n t  b lo o d  s a m p le s .  T h is  may 

i n d i c a t e  t h e  memoria l  p r o p e r t y  o f  b lo o d ,  how t o  d e f i n e  i t ?  

How t o  f i n d  i t ?  What i s  i t s  r e l a t i o n  w i t h  r e s p e c t  t o  o t h e r  

v a r i a b l e s  e x i s t i n g  i n  b lo o d ?  A l l  t h e s e  p ro b lem s  a r e  worh ty  

o f  a  f u t u r e  i n v e s t i g a t i o n .

7 .  TO accelerate to obtain the experimental results, an 
automation of the whole system is absolutely necessary.

8 .  S y s t e m a t i c  d i c t i o n a r i e s  o f  t h e  r h e o l o g i c a l  p a r a m e t e r  

v s .  v a r i o u s  p h y s i c a l ,  c h e m ic a l ,  and p a t h o l o g i c a l  f a c t o r s  

which a f f e c t  b lo o d  w i l l  b r i n g  a  g r e a t  a d v a n ta g e  t o  l i f e  

s c i e n c e s .
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Appendix  0 .  N 'oraenclature

A E q u i l i b r i n m _ ^ a l u e  o f  s t r u c t u r a l  a r r a n g e m e n t  p a r a m e t e r ,  
d y n e - s e c - c m - .

- 2a : A c c e l e r a t i o n  c o n s t a n t  f o r  a  t r i a n g u l a r  s t e p  c h a n g e ,  cm-sec

C : K i n e t i c  r a t e  c o n s t a n t  o f  s t r u c t u r a l  breakdown o f  
r o u l e a u x  t o  i n d i v i d u a l  e r y t h r o c y t e s ,  s e c n - l .

(J : T o r s i o n  b a r  c o n s t a n t ,  d y n e -c rn /m ic ro m e te r .
p

I  •• Moment o f  i n e r t i a  o f  t o r s i o n  h e a d ,  d y n e -c m -se c  / m i c r o m e t e r ;

L •. L eng th  o f  t h e  i n n e r  c y l i n d e r  o f  t h e  s i n g l e  c o u e t t e  
c e l l ,  cm.

n R e a c t i o n  o r d e r  o f  s t r u c t u r a l  b reakdown o f  r o u l e a u x ,  t o  
i n d i v i d u a l  e r y t h r o c y t e s .

R i R a d iu s  o f  t h e  r o t a t i n g  c y l i n d e r ,  o f  t h e  s i n g l e  c .o u e t te  
c e l l ,  cm.

t  : Time, s e c .

o* : A n g u la r  d e f l e c t i o n  o f  t o r s i o n  b a r ,  m ic r o m e t e r ,  

r e - c o m p o n e n t  o f  s h e a r  r a t e ,  s e c - '1'* .
2r e - c o m p o n e n t  o f  s h e a r  s t r e s s ,  dyne-cm- .

—2Y ie ld  s t r e s s ,  dyne-cm-  .
_2

/ l  N ew ton ian  v i s c o s i t y ,  d y n e -s e c -c m  -.

' ’f : T o r s i o n  h e a d  damping c o e f f i e i e n t .

JTL;RPM o f  t h e  r o t a t i n g  c y l i n d e r  i n  t h e  s i n g l e  c o u e t t e  
c e l l .



Appendix 1 . 1  -  M a th e m a t ic a l  D e r i v a t i o n  f o r  t h e  Dynamic 
B e h a v io r  o f  T o r a io n  Head

I n  a r o t a t i n g  v i s c o m e t e r  such  a s  c o u e t t e  » cone and 

p l a t e  and e t c . ,  a  t o r q u e  T ( t )  i s  t r a n s m i t t e d  by t h e  t e s t e d  

f l u i d  t o  t h e  t o r s i o n  b a r  due t o  t h e  a n g u l a r  movement o f  t h e  

bo t tom  s h a f t  ( B i g . I I . 1 ) .  Bor  most  v i s c o m e t e r  d e s i g n ,  i t  i s  

assumed t h a t  t h e  t o r q u e  i s  p r o p o r t i o n a l  t o  t h e  a n g u l a r  

d e f l e c t i o n  o f  t h e  t o r s i o n  b a r

I n  t h i s  d e r i v a t i o n ,  t h e  a n g u l a r  v e l o c i t y  and  a n g u l a r  

a c c e l e r a t i o n  a r e  a l s o  b e i n g  c o n s i d e r e d .  Brom t h e  d e r i v a t i o n ,  

we can e s t a b l i s h e d  u n d e r  what  c o n t i o n s ,  t h e  a s s u m p t io n  o f  

T ( t )  i s  l i n e a r  w i t h  r e s p e c t  t o  oiCt^ is  h e l d  f o r  b o t h  a 

s i n g l e  s t e p  change and a  t r i a n g u l a r  s t e p  chan g e .

E q u a t io n  o f  m o t io n  o f  t h e  t o r s i o n  head

g>. C. oU°) - O ; ol'co) 3 o

D ef ine  new p a r a m e t e r s :

  c h a r a c t e r i s t i c  t im e  c o n s t a n t

damping f a c t o r

Then t h e  e q u a t i o n  can  be  r e a r r a n g e d  a s  f o l l o w :
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2 Sr #  t o t  =
-T(t) ( a .i . l - i )

Assume an i n c o m p r e s s i b l e  N ewtonian  f l u i d  i n  t h e  v i s c o m e t e r .  

E q u a t io n  o f  m o t ion  o f  t h e  f l u i d

(A .1.0. -2 )

( A) . For  a s i n g l e  s t e p  change

B.C. Ve O', 0 )  = O t = o

V , U R , i )  = °  ; -t ^ ( A . I  . 1 - 3 )

v9 (&» t ) - iz n  ' t  ̂o

The s o l u t i o n  o f  E q .A I .1 - 2  f o r  (A) i s  shown i n  ( 9 ) :

&  -  ( i ) f  + 2l<i ' R. v  J - « [ 2  > | r •n=|

( B ) . For  a t r i a n g u l a r  s t e p  change

S • C. Vn C I", 0 ) = O (A.I.1-4)

V e = 0

V„ C P-, t ; - RXUt; - <

CKRt o £ t £ t,

2«-Rt,-aRt : t.  ̂t  ̂  2t,



where a  i s  a n g u l a r  a c c e l e r a t i o n  c o n s t a n t  o f  

r o t a t i n g  c y l i n d e r .

The s o l u t i o n  o f  E q .A I .1 - 2  f o r  (B) i s  a l s o  shown i n  ( 9) s  

When 0  ̂"t ^

v. =4 -nnr* - +| ,  ^ e » ( 1 -

When t , < t < 2 t ,

V ~ a. ( ———■ — — —) ( 2 t , -  t )  
e '  I -  Kz | '  K2- r  ' 2

n=l f n

Where g  = ( P / / < ) ^  J ©„ = 3  P"

i x % n  = x ( e nr ) X i s M )  -

w i th  and Y,Cdn r )  b e i n g  B e s s e l ' s  f u n c t i o n s

o f  t h e  f i r s t  and second  k i n d  r e s p e c t i v e l y .

The e i g e n v a l u e  s a t i s f y  t h e  f o l l o w i n g  r e l a t i o n s h i p :

J . C e n K R ^ Y  (.0nR) =  T i ( ® " R )  Y, (SnKR.)

The c o e f f i c i e n t  o f  E^:
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E . - p W l Z „ ( e „ B - ;  -  „(e»R) - Z c( e ^ w ]

i w [ z > . ^ )  -  ^ z / c e n K R ) )

The s h e a r  s t r e s s  d i s t r i b u t i o n  and t h e  t o r q u e  a p p l i e d  t o  

t h e  i n n e r  c y l i n d e r  :

; T(tj =2 irKRL(-rJ-Kd

( A ) . F o r  a  s i n g l e  s t e p  change

T W  = 2TT̂ r\/u - ^ L  - 2, e,t„ e " ZaC©^R)j

The t r a n s i e n t  t e r m  may b e  n e g l e c t e d  i n  most v isco m e te r . - ,  

c a l c u l a t i o n  ( 9 ) ,  t h e r e f o r e

| ( t )  -  2TTKRl-yU ^  A  o -  C o n s t a n t  ( A .1 .2 - 5 )

( B ) . F o r  a  t r i a n g u l a r  s t e p  change  

When O ^  ‘t  ^  ' t j

y(t) = +

2Tra.LK?RiJyZ £  J | .  z o(e„K£) (i -  e ^  )



76

When t, < t <

T(t; 3 4-ira.L KdM C2ti - t ) +
I -  K 2-

2 T T a L K * R » J ^  Z - ^ ( W ( | - 2 A  e ' ^ )
Kl-I p r .  /

I t  was shown ( 9 ) ,  i f  t h e  d i m e n s i o n l e s s  g roup

Jvj =  - i - L z J < ! 2 E _ g  J j- 2  ( e , k H )  < <  I
HF 2 t f'

t h e .  summation te r ra s  o f  T ( t )  can  he n e g l e c t e d ,  and s i n c e  f d r  most  

v i s c o m e t e r s ,  N^j, «  1 ,  so

B t o  ̂t £ t,

T(t) = <*

where B = 4  TTa.LKzz zM
_  i s  2 .I ~ K

S u h s t i t u e  l ( t )  ( E q .A I . 1 - 5 ,  A I .1 - 6 )  i n t o  E q . A I . 1 - 1 ,  and u s 

in g -  t h e  method o f  L a p l a c e  t r a n s f o r m a t i o n  t o  s o l v e  E q . A I .1 - 1 ,  

t h e  f o l l o w i n g  s o l u t i o n s  have  been  o b t a i n e d :



Gase 1 .  For  sm a l l  'X  and ^  , o r  X

S i n g l e  s t e p  change
%

oU S )  =
G S

A 0o U t J  =
; G

T r i a n g u l a r  s t e p  change

oLO5) c 3
S2-

2 t i

ot C± > = JS-j

Case 2 . Fo r  sm a l l  £ o r  ^ ->• o 

S i n g l e  s t e p  change

o 4 ± $ t,

t,< t $2t, 

0 « t < t,

cU 5 ;  = Aq/G_________ Ao/fi _ (AcXVG ) 5
S C W + i ) + I

^ c ± )  = - A s  (■ | _  c o s c t / r ; )
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T r i a n g u l a r  s t e p  change

I

dL(S> x &/6 
r 2s z+1

x<

2 ti

o U t ;  -  —i - * <

$ s2-
( t  - t s ; „

o^< t  « t .

j t ,  ^  t  ^  2 t ,

,« - X )

Case 5 . Overdamped, ^  ;> | 

S i n g l e  s t e p  change

U(s) = ________Ao/Ci  _ _Ao(  J _  Xz5 + 2 3 T
s c o c 2s 1+ 2 | ' t s  + 1 ;  q  \  5  /r 2s 1-+2 f^ r s  + i)

From ( 45) ,  page  556

l ( f + I f ^ O e
M

T r i a n g u l a r  s t e p  change 

When O ^  t  ^  t |

t f t S )  = —
& / G X
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Prom ( 4 6 ) ,  page  203

o i ( t J t - 2 S ' V - ^ = ( 2 S i- l + 2 ? J j ^ T ) e

- ( 2 5 2 - 1 - 2 ? J J - 0 e " ^  ' ^ T'> ^

When t ,  ^  t  ^  2 t ,

( 2 1 ,
t 2s 2 t 2 5 r 5  + i 5

2 t , $ / G T 4 B/6
5 [ s  + -7̂ - (-5 [ s  + ^  C S 51( T J51+2fT 5+i;

Prom ( 4 6 ) ,  page  195

o / ( t )  = O r

e>

I +*
2JFi

(? -J F T je
- C S + J F o *

- I ?

t  * 2 j - r  +
2 J F a

( i j -  I + 25 j f ^ ) e-

re
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Case 4 . Underdamping, -g < | 

S i n g l e  s t e p  change

 -------------------A o /-G ___________
s ('tis z + 2 furs + i J>

From (4 6 ) ,  page  192

okt; =_ A.

kv)i+h <$> =  ' t a n J i - S *  

- 1

T r i a n g u l a r  s t e p  change 

When o £  t  ^  1 1

o*cs; = g/g
S1C t iS1 -c 2 f H 5  + I )

From (4 6 ) ,  page  201

- i i
t - 2jr + ? e - - -s .v, (ji  

Ji - 5 2

When t, ^  t £ 2t,



JB/ff  / 2±,
^ ZS2‘ + 2 | ' T 5 - f  ! S

From ( 4 6 ) ,  page 192

ol(±) = — I + e ^ s x J l

Case 5 . C r i t i c a l  damping, J  =r 

S i n g l e  s t e p  change

oUS) r Ao / 6
s ( /r i s i  + 2 T 5  + 1;

o ic t ;

T r i a n g u l a r  s t e p  change 

When o il ^ t . |

ft/<9
Sa( T 25 2 + 2 T S  + I )



When

6 f ( s ;  =

i ( ^ t

e>/6 / 2±,  i >
T25 z + 2 T S  + | ^ s 54 '
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A ppendix  1 . 2  -  M a th e m a t ic a l  D e r i v a t i o n  o f  t h e  Huang E q u a t io n

A b r i e f  m a t h e m a t i c a l  d e r i v a t i o n  o f  t h e  Huang e q u a t i o n  

i s  d e s c r i b e d  a s  follows ( 2 ) :

Although  t h e  sys tem  o f  a  t i m e - d e p e n d e n t ,  homogeneous,  

and non-N ew ton ian  f l u i d  i s  u n d e r  n o n - e q u i l i b r i u m  c o n d i t i o n s  

d u r i n g  s h e a r i n g  a t  i s o t h e r m a l  s t a t e ;  b a se d  on i r r e v e r s i b l e  

the rm odynam ics ,  i t  can  be assumed t h a t  t h e r e  e x i s t s  w i t h i n  

s m a l l  mass a  s t a t e  o f  l o c a l  e q u i l i b r i u m .

T h e r e f o r e ,  t h e  r a t e  o f  g e n e r a t i o n  o f  e n t r o p y  d u e  t o  

t h e  s h e a r  s t r e s s ,  f o r  a f l u i d  w i th  s t r u c t u r a l  change a s  

modeled by Huang i s :

t e n s o r ,  t  is: t h e  time., and T i s  t h e  a b s o l u t e  t e m p e r a t u r e .

Huang t h e n  r e l a t e s  t h e  c o n t r a v a r i e n t  t e n s o r  o f  f i r s t  

and second  o r d e r  i n  t h e  above; e q u a t i o n  t o  t h e  r a t e  o f  

s t r a i n , ,  and  t h e  r a t e  o f  m o le c u l a r  r e a r r a n g e m e n t  p a r a m e te r  

by the: f o l l o w i n g  p h e n o m e n o lo g ic a l  e q u a t i o n s :

( A I .2 - 1 )

w here  ^  i s  t h e  s t r a i n ,  t e n s o r ,  {2,*. i s  t h e  H u ang 's  

m o le c u l a r  r e a r r a n g e m e n t  p a r a m e t e r ,  'X.v i s  t h e  s t r e s s

( A I . 2 - 2 )

5 dt
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where JU. i s  t h e  a p p a r e n t  v i s c o s i t y ,  and. ^  i s  t h e  

m o l e c u l a r  r e a r r a n g e m e n t  c o e f f i c i e n t .  Fo r  a t h i x o t r o p i c  

f l u i d ,  Huang t h e n  assumed:

^  J = -*£, I f o r  | T “J I 7 0  ( A I .2 - 3 )
v '

^  = c i  C p*eJ -  f o r  | y : j l = 0  ( A I . 2 - 4 )

where i s  t h e  e q u i l i b r i u m  v a l u e  o f  j*>u) a t  t  = 0 ,  and 

and C2 a re ;  r a t e  c o n s t a n t s ,  and n i s  t h e  o r d e r  o f  t h e  r a t e  

e q u a t i o n .

An o v e r a l l  a p p a r e n t  v i s c o s i t y  <*[ can be d e f i n e d  which 

w i l l  r e l a t e  t h e  s h e a r  s t r e s s  t o  t h e  r a t e  o f  s t r a i n  by c o n s i d e r i n g  

b o th  t h e  r a t e  o f  s t r a i n  e f f e c t  and t h e  r a t e  o f  m o le c u l a r  

r e a r r a n g e m e n t  e f f e c t  a s  f o l l o w :

M -  rvf -  n  _ a  d  ^
L “ 1 i t  A  i t  ^i t  ^  i t

nf -  ,U -  -* (A1..2-5)

I f  t h e  f l u i d  h a s  a  y i e l d  s t r e s s  ; combin ing  t h e

e q u a t i o n s  ( A I . 2 - 2 ) ,  (A I . .2 -3 ) ,  and (A I . ,2 -5 ) ,  the. Huang 

e q u a t i o n  i s  o b t a i n e d :

Pt
. „ - c W y V c l t  

T"J = T S  +yti7'-J + cA|y‘J| e (AI>2_6)

where C = C^, t h e  r a t e  c o n s t a n t ;  A . t h e  m o le c u l a r  

r e a r r a n g e m e n t  p a ra m e te r ;  t h e  s h e a r  r a t e .
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FORTRAN IV (VER 45 ) SOURCE LISTING; 05/26/78 15;35i56 P

I
1________PROGRAM BLOOD2

( 3 C THIS PROGRAM WAS WRITTEN BY WALTER FABISUK, THIS PROGRAM
4 c UTILIZES A N0N~LINEAR REGRESSION ALGORITHM DEVELOPED BY
5 c D, W, MAROUARDKMARQUA'rdT, D.W,, J, soc, INDUST, AND APPL.

f 6 c MATH,, 11, NO.2, (1963) 431-441). THIS PROGRAM WAS SPECIFICALLY
7 c DESIGNED TO CALCULATE THE BEST ESTIMATES OF THE ADJUSTABLE
8 Q parameters Found in the huang rheological equation of state

r 9 c for thixotropic fluidsjhuang, c , r,, the chem, eng; journal,
10 c 3. 100C1972).
11

f 12 COMMON Y(100),X(100,5)7PARAM(10),PRNT(5),CONST<4>
13 DIMENSION INFO <20)
14 124 READ<5,890,END-123)INFO

C 15 89o FORMAT(20A4) ' . ^
.1.6 C READING IN THE DATA SET INFORMATION
17 C INFO IS THE NAME OF THE DATA SET BEING USED

C 18 WRITE(6,891)1NFQ
19 891 FORMAT(1H1,35X»20A4)
20 5 READC5,892)C0NST(1),C0NST(2)»C0NST<3)

r 21 892 FORMAT(3F10.3)
22 C CONST(I) is A CONSTANT used in thf model: BRING TfStEDI
23 C . .. .r C v
24 CALL FITIT ■.
25 c FITir IS THE NONLINEAR REGRESSION SUBROUTINE
26 c , , , ,

f 27 WRITE(6,893)INFO
28 893 FORmaT(/30X,6HEND 0F.20A4)
29 GO TO 124 ......

c 30 123 STOP
31 END

c

c
c

Appendix  1 . 5 .  M o d i i i e d  M a rq u a rd t  com puter  program 
f o r  H u a n g 's  p a r a m e t e r s

$ ( S in c e  t h i s  program i s  v e r y  c o m p l i c a t e d ,  i t  i s  b e t t e r
____________  t o  k eep  t h e  o r i g i n a l  program  i n  p l a c e  o f  a  f lo w  c h a r t )

1

c

£

C

a
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■f

FORTRAN IV (VER 45 > SOURCE L IS T I N G :  0 5 / 2 6 / 7 8  1 5 : 3 5 1 5 6  p,
K

1 SUBROUTINE F I T l T
2

f i 3 c NONLINEAR REGRESSION SUBROUTINE
1 - 4. C THIS SUBROUTINE IS A MODIFICATION OF THE SUBROUTINE

5 C SNOWJO WRITTEN BY R, ROBERTSON( M. S . CHE. 7 1 9 7 2 , N. C. E . ) .
f 6 c MODIFIED VERSION PROGRAMMED BY WALTER FABISlAK

7 c THE FOLLOWING COMMENTS ILLUSTRATE THE OPERATIONAL

f
r 8
I 9

cc,M; SEQUENCE QF THE NONLINEAR REGRESSION SUBROUTINE,

L  i o c CALL SUBZ(Y#X,PARAMf PRNTiNPRNT*NDATA)
11 c CODING FOR CASE I N I T I A L I Z I N G  GOES HERE

f" 12 c NPRNT IS THE NUMBER OF OTHER TERMS TO BE PRINTED
13 c THE TERMS TQ BE PRINTED ARE IN PRNT( 1 > . , PRNT<5)
14 c c a l l  m o d e l ( Y # x »p a r a m , p r Nt , f c n / I ,RESDUE)

( 15 c CODING TO MAKS FCN GOES HERE
16 c THE EQUATION TO BE TESTED IS WRITfEN HERE
17 c IT IS SET EQUAL TO FCN<Y MAT)

f 18 c CALL DERlV(PARTL,XfPARAMf PRNT,FCNf I >
19 c THIS SUBROUTINE IS FOR THE USE OF
20 C .............. .......a n a l  y r i  c p a r t  i  aL" d e r t v a  t t v  e s ....................................  '

c 21 c CODING To MAKE (PARTIAL FCN/PARTI aL PARAM) GqES HERE
22 c MAKE NPARAM OF THEM AND CALL THEM PARTL(J)
23 c, , , ,

c 24 c read  FIRST card  OF THE NEXT CASE
25

■ 2S COMMON Y ( 1 0 0 ) , X ( l d O , 5 ) ; p A R A M < l O ) » P R N T ( 5 ) , C O N S T ( 4 )
c 27 INTEGER I D A T A ( 5 ) / »  * , » 0 ' , ' P * » * Y * , f X r f

28 .EQUIVALENCE ( I BOH, I D A T A ( l ) ) , ( I 0 C H , T D A T A ( 2 ) ) » ( I PCH» f DATA ( 3 ) )  #
29 K I Y C H , I D A T A ( 4 ) ) , ( I X C H , I D A T A ( 5 ) )

c 30 DIMENSION SPARAM( IO) , DPARAM<I Q > , BpARAM( I Q ) , G ( l o i . I P A R A M ( 9 ) ,
31 1 S A ( 1 0 ) , P A R T L ( 1 0 ) # A ( l o ; i l ) , P M A X ( l O > , S P R N T ( 5 ) , P M i N ( l O >
32 re a l  L a m b d a , l e n g t hc 33 NPRNT=0
34 651 ICOUNTb O
35 IBOUT?0

€ 36 1 r .5AD(5,90  0»END = 660 )NDATA,NpARAM,NplXED,NVARf IFPLOT
37 900 FORMAT( 1 0 1 3 )
38 C READING IN THE PROGRAM CONTROLS

c 39 c NDATA IS THE NUMBER OF DATA POINTS, THE MAXIMUM
40 c NUMBER OF DATA POINTS IS 1 0 0 ,
41 c NP AR’AM" IS THE TOTAL NUMBER OF P'ARTMETERS' In ' T H e ' W D E L

€ 42 c TO Be TESTED, the  MAXIMUM NUMBER OF PARAMETERS IS 1 0 ’,
43 c NFIX6D IS THE NUMBER OF PARAMETERS WITH FIXED VALUES,
44 G t h e  maximum number  q f  f i x e d  p a r a m e t e r s  i s  9 , n f i X e d

€ 45 c MUST ALWAYS be LESS THAN NPARAM,
46 c NVAR IS THE NUMBER OF INDEPENDENT V A R IA BL E !  IN THE
47 c MODEL TO BE TESTED, THE MAXIMUM NUMBER OF INDEPENDENT
48 c v a r i a b l e s  IS 3',
49 c IFPLOT IS AN OUTPUT CONTROL VARIABLE, A VALUE OF ZERO

~50Tt r  " ... -GIVES TABULATED 'RESULTS','" "“ A V'AXUF OF' ONE "GIVES PLOTTED .........
c

<



FORTRAN IV <VER 45 ) SOURCE LISTING? plTlT SUBROUTINE 09/26/70 15:35*56 P
____ 51 C________________RESULIS,.

52 IF(NDATA,GT,Q> GO TO 2
53 C THE PROGRAM WILL TERMINATE THE PRESENT CASE IF NO DATA
54 C POINTS HAVE BEEN SUPPLIED
55 WRITE(6i940)
56 940 F0RMAT(//20X,40HCASE TERMINATED? NO DATA POINTS SUPPLIED)
57 GO TO 660
58 2 READ<5,900)NSW1,NSH2,NSW3,NSW4#NSW5#NSW6
59 C READING in the sense SWITCH controls
60 C SETTING of the SENSE :SWITCMES<NSW>
61
62 c NSW EQUAL TO ZERO NOT EQUAL TO ZERO
63 C» , , , 1 1 1 ) 1 1 1 « 1 • * M t ) • 1 • 1 ■ ) 1 1 1 1 f ) • 1 ' > 1 1 • 1 • > 1 1 M • , t » ■ • • 1 1 1 • 1 ■ 1 1 • . 1 1 I 1 ■ ■ 1 •
64 c 1 DETAILED OUTPUT ON NO DETAILED OUTPUT ON
65 c ONLINE PRINTER ONLINE PRINTER .
66 c 2 ANALYTIC DERIVATIVES ESTIMATED-DERIVATIVES
67 c 3 DETAILED PRINTOUTS NSW3 ABBREVIATED PRINTOUTS
68 c ON OUTPUT UNIT ON OUTPUT UNIT
69 c 4 FORCED BRANCH TO

[ 70 C CONFIDENCE REGION
71 C CALCULATIONS

1 72 c 5 FORCED BRANCH TO
73 c NEXT CASE
74 c 6 CONFIDENCE REGION CONFIDENCE REGION
75 c DESIRED NOT DESIRED??;!)
76 C***« »*■»•*********■*###*#««■#»# a*#### #•### #*»*###•*###■##■»**.#»»##•#**##*#••«>#•»#
77 c TESTING FOR PLOTTING OR TABULATING OPTIONS
78 IF? IF PLOT . LE i 0 > GO TO 22 - r-r-
79 READ(5,930)YMIN,SPREAD
80 c READING in THE PLOTTING CONTROLS .
81 c THE PLOTTING CONTROLS ARE REQUIRED ONLY IF IFPLQT IS SET
82 c EQUAL TO ONE,
83 c YMIN IS THE VALUE OF THE LEFT SIDE OF THE PLOT,
84 c SPREAD IS THE SPREAD OE THE PLOT,
85 930 FORMAT< 2F10,0 )
86 C TESTING FOR MODEL PARAMETERS WITH FIXED VALUES
87 22 IF (NFIXED, LE Q > GO TO 32
88 24 READ(5>900)(IPARAM( I) , Is 1 , NFIXED)
89 C reading in the subscripts of the model parameters

. 90 C having fixed values,
91 C " IPA'RAMTrri'S 'THE' SUBSCRIPT OF THE ffODEL~~P”\RyM E TE R .....................
92 C having a fixed value
93 DO 26 Is?!,NFIXED
94 IF? IPXRAMiD  , GT', OT GO' TO 26...... ' ............ " .................. .................. " "
95 29 WRITE < 6♦926)
96 926 format( / / iox»47Hbad data? fixed parameters have zero subscripts)
97 l e d u m
98 26 CONTINUE
99

loo U THE FOLLOWING AHE INHUI CONSTANTS SUPPLIED By THE PHQGRAM
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FORTRAN IV (VER 45 ) SOURCE LISTING? FITIT SUBROUTINE 05/26/78 15J35?96 1

101 32 FFs4.
1 0 2 C FF IS A VARIANCE RATIO STATISTIC,

( 103 36 E?, 0000005
104 C E IS A CONVERGENCE CRITERION,
105 38 TAUs.OQl

c 106 c TAU IS A CONVERGENCE CRITERION
107 40 T = 2.
106 c T IS THE STUDENTtS T.

< 109 51 GAMCR=?45,
110 c gamcr is the critical angle.
111 DELTAS,00001

C: 112 c DELTA IS A MULTIPLIER USED IN THE FINITE DIFFERENCE
113 c DERIVATIVES.

r i'i4 :ZETAs.lE-30
C 115 c ZETA IS A SINGULARITY CRITERION FoR MATRIX INVERSION.

116 LAMBDAsO.Ol
117 c LAMBDA IS A PROGRAM PARAMETER

I 118 53 XKDBsl.O
119 c XKDB IS A MULTIPLIER USED Tq INCREMENT THE PARAMETERS
120

c 121 READC5.901><PARAM(I ) , Ul,NPARAM)
122 c READING IN THE INITIAL VALUES OF THE MODEll ‘PARAMETERS 1
123 c THEY ARE READ SEVEN IQ THg CARD,

f 124 c PARAM(I) I S  THE VALUE OF THE MODEL PARAMETER,
125 901 FORMAT(7F10 ,0 )
126 "R E A'D'C 579 01") < P M IN'<! T )I '= 1»NP"A R'A’M') ‘ ........... ................ ...........

c 127 c READING IN THE MINIMUM VALUES OF THE MODEL PARAMETERS
128 c PMIN(I) IS THE MINIMUM VALUE OF THE PARAMETER
129 READ(?,901)(PMAX( I ) , 1 si,NPARAM)

r 130 c READING IN THE MAXIMUM VALUES OF THE MODEL PARAMETERS
131 c PMAX( I ) IS THE MAXIMUM VALUE OF THE PARAMEfER
132 DO 56 I=1,NDATA

c 133 56 READC5,901)YU>, <X< I,L),L = 1,NVAR>
134 C READING IN THE DATA POINTS_ .._f 3 r 0 Y< I) i s  THE VALUE OF THE INDEPENDENT VARIABLE

c 136 c X(I,L> IS THE VALUE OF THE dependent variable
137
■138' c ....starting" the nonlinear -regr es sto n~‘s eoue"n'C's ...........  .........

f 139 - call subz<y, x, param, prnt, nprnt, ndata)
140 c

, s t r • * •» * • > > t i » « > , * , * - T r .• • j •
m ~ '9999 " NSW33¥NSN'3 ' “ ............ ..... ....... " " ~ ' ......... .............. . ™...........

f 142 ntilda=?ndata
143 XNT=?NTILDA
W NSW44̂ NSW4

r 145 nndata=ndata
146 ICOUNTsO

- 147' IBKT̂ l
( 143 NSWllsNSWl

149 NSW22=NSW2

! c
~T5(T Nsw55s»NSW5 ....................... .........  ........ .... "" 7  "

(

(
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FORTRAN IV

8 9(VER 4 5  ) SOURCE u I STIWGJ F l U T  SUBROUTINE 0 5 / 2 6 / 7 8  1 5 J3 5 1 3 6  P/
1 5 1 IFPP-IFPLOT . . . . . . . . . . . . . . . . . . .

(
1 5 2
1 5 3
1 5 4

59
I F ( IBOUT.NE.O) QQ TO 6 6 0  
IBKAsl
IFCIFPLCT.LE.Q) GO TO 61

(
1 5 5
1 5 6
1 5 7 9 0 7

w r i t e ( . 6 , 9 q7 ) n d a t a , n p a r a m , n f i x e d , n v a r ,  i f p l o t . g a m c r , ' d e l t a .
1 f f . t . e . t a u . l a m b d a . z e t a

FORMAT</5 X , 8 MNDATA = , 1 3 . 4 X, 9 HNPARAM = . I P. 4 X . 9 HNFIXED st .
C

1 5 8
1 5 9
1 6 0

1 U . 4 X . 7 HNVAR a » 1 1 . 4 X*9 HIFPLQT a . 1 4 X, 1 3 HGAMMA CRIT 3 ,
2 1 PE1 0 . 3 , 4 X , 8 HDELTA 5 7 1 PE1 0 , 3 , / 5 x , 5 RFF s , I P E i 0 , 3 7 4 X , 4 HT 3 ,
3 1 PE1 0  , 3 . 4 X» 4 HE 3 . I PE i Q, 3 . 4 X , 6 HTAU 5 ^ l PEl O. 3 '.4 x 7 9 HLAMBnA -s-T

c
1 6 1
1 6 2
1 6 3

60
4 1 PE1 0 . 3 . 4 X» 7 HZETA s , 1 PE1 0 . 3 ) 

NSW3 sNSW3 » l  
NSW3 3 MAX0 <NSW3 #0 >

c
1 6 4
1 6 5
1 6 6

C
61

START THE CALCULATION OF THE PTP MATRIX 
DO 6 2  i??l,NPARAM 
G ( I ) 3 0 .

c
1 6 7
1 6 8  
1 6 9

62
DO 6 2  J 3 l ,NPARAM 
A{ 1 » J ) 3 0 ,
WRI TEC 6 . 9 4 1 )< PM IN( I ) , Isl .NPARAM)

c
1 7 0
1 7 1
1 7 2

9 4 1

9 4 2

FORMATC/5 X . 1 8 HPARAMETER MlNIMUMS.iP5 E l 0 , 8 / < 2 3 X';iP5 B1 8 , 8 ) ) WRITE( 6 . 9 4 2 ) (PMAXCl) . Is l .NPARAM)
FORMATC5 X»1 8 HPARAMETER M A X I M U M S . l p S E l B . e / i ^ X . l p S S i ' e l a ) )

c
1 7 3
1 7 4
1 7 5

70
9 0 8

WRITE(6 #9 0 8 ) !COUNT»(PARAMtJ)»Jsl .NPARAM)F0 RMATC/5 X»1 H ( . I 2 . 1 9 H) MODEL PARAMETERS . 1 P5 E1 8 1 8 / C2 5 X. 1 P5 E1 8 ; 8  ) )  
! F ( NSW3 »EQ. Q) GO TO 73

c 1 7 6
1 7 7
1 7 8

71C
6 7

IF<IFPLQT,LE;o> GO TO 68THE FOLLOWING STATEMENTS INITIALIZE THe PLOT 
WS=YMIN*SPREAD

c
1 7 9
1 8 0  
1 8 1

9 0 6
•WRITEC 6 . 9 0 6 ) YMJNi Ws '■ r ' : FCRMAT(/7 X . l p E 9 , 2 »9 0 Xi' lpE9 *2 » / l QX»l H + »9 9 X#lH+)
GO TO 73

c
1 8 2
1 8 3
1 8 4

68
9 1 0

7 3

WRITEC 6 . 9 1 0 )FORMATC/ ioX.9 HOBSERVED;9 X , 9 HPREDlCTED,8 X,ioHDlPFERENCE)  
I 31

c
1 8 5
1 8 6  
1 8 7

C PH I 3 0 , PHI IS THE SUM OF THE SquaRES QF fHE RESIDUALS
PHIN3 0 .

c
1 8 8
1 8 9
1 9 0

c ........
C

72

TESTING Fq'R ANALYTIC OR ESTIMATED PARTIAL d e r i v a t i v e  
OPTIONS 

IFCNSW2 . E0 . 1 ) GO TO 6 0 2

c
1 9 1
1 9 2
1 9 3

c , ; . ; 
c

J ' * >
CALL MODEL(Y,X.PARAM.PRNT,FCN,I.RESDUE)

THIS IS THE ANALYTIC PARTIALS OPTION

c
1 9 4
1 9 5
1 9 6

cQ, , , ,
. . . . . . .  " GET' PARTIALS AND FUNCTION. . . . . . . . . . . . . . . . . . . . . . . .  . . ..  "  . . . . . . . . ... .  .4 . ., , , - ; • • * ■ * « » • • • - < t * « n < i ‘ ' * v * * • ‘ ♦ '

CALL DERIVCPARTL.X»PARaMi PRNT,FCN,I)

c
1 9 7
1 9 8
1 9 9

c , , , ;
75

76
lF(NFlXED,LEiO> 60  TO 60  
DO 7 7  I I s l . NFIXED

c
. . . . .  20-Q

'  i w s s t p a r a m c i m ........  ...... .............. . /

c

c

6



FORTRAN IV (VER 45 ) SOURCE LISTING? FITIT SUBROUTINE 05/26/78 15?35?S6 F
201 _ 77 PARTL(tWS)?0,
202 c ....... THIS IS thE END OF THE ANALYTIC PaRTIALS OPTION
203
204 GO TO 80
205
206 c THIS is the estimated PARTIALS OPTION
207 c MAKE NPARAM OF THEM AND CALL THEM PARTL(J)
2 0 8 ~ tr THEY ARE MADE FROM XU»L> AND PARAMU)
209 602 call model<y,'x»param, prnt, fcn, i , resdue>
210 c . . , ;

4 • • *■ •- T » > r 1 * ' ■ * ' * # ' » *  - * - *  >*

211 606 RWSsRESDUE
212 fsave=fcn
213 DO 607 1 1 = 1 , NPRNT
214 607 SPRNT( 1 1)aPRNT<In
215 J =1
216 608 IF<NFIXED.LE,0> GO TO 618
217 610 DO 612 I I = 1 »NFI XED
218 I F < < J « I P A R A M U n > . E G , 0 > GO TO 621
219 612 continue

1 220 618 D3W-PARAM<J)*DELTA
| 221 TWS=PARAM(J)
j 222 PARAM<U>=PAR4M<J>+DBW

223 C , . , ,
224 call model<y,'x»paramiPrnt f̂cn, i , resdue)
225 C, . , . ‘ < r * *
2 2 < r --6 gO- PARAM(J)=TWS ■ ......... ................................ ...........
227 IF(DBW.EQ,0>DBW=DELTA
228 PARTLCJ)=w{R6SDUE«RWS)/DBW
229 GO TO 622 ' ‘
230 621 PARTL(J>=0,
231 622 J=J+1
232 IF < < Ĵ NPARAM) , LEQ ) GO TO 6Q8
233 624 RESDUE=RWS
234 FCN=FSAVE
2'35~ DO 625 IIsliNRHNf
236 625 PRNTdDsSPRNTdl)
237 C THIS IS THE END OF THE ESTIMATED PARTIaLS ROUTINE "

r~ 2 J ETt ; # * # * # * * * * * * *  ***##*#*#*#*##*### fr####*#**#####**#######.####*##.#######*#
239 C NOW USE THE PARTIALS TP MAKE THE PARTIALS MATRIX
240 80 DO 82 J J = 1 1NPARAM

“2 *37 G ' Q 7 ) ^ P 'n J 7 )+RESlTaEttPARTL“( ' J J >  ............... .... ~ ~ ...................
242 DO 82 JIsJJ,NPARAM
243 A<II,JJ)3A(II,JJ)*PARTL(II>*PARTL(JJ)
244 ■ -$2 A( JJ, I I  > s A U  J, J'J> ...............................
245 IF(IFPL0T,LE,0) GO TO 318
246 IF<NSW3,EG.0fQR,i,GT.NDATA> GO TO 314
247
248 C STARTING THE PLOTTING SEQUENCE
249 C PLOTTING Y<I>, FCN
25-0-----SO 2~T 0=TTYTIT-Y MIN'mT077SP R i=A'DT+TO
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FORTRAN IV <VER 45 ) SOURCE LISTING? FITIT SUBROUTINE 05/26/78

91
15 ? 35 ? 56 P

P51 rppsf(FON-YMIN)#lpO,/SPREAD>+lQ
c

252
253
254 C

IFUO.EQ.IPP) GO TO 808 
IFCIQ.GT, JPP) GO TO 8l2 

Y(I) OUT FIRST

c
255
256
257

804 IPl = IOCH 
IP2=IPCH 
113 I 0

c
258
259
260 C

12=IPP 
GO TO 816

ONLY ONE CHARACTER

c 261
262
263

008 IPlsIYCH 
IP2=I8CH 
11 = 10

c
264
265 
.266 C

I 23IPP 
GO TO 816

FCN OUT FIRST

c:
267
268 
269

812 IPlsIPCH 
IP2sIQCH 
Il=IPP

c
270
271
272

C
C

12 = 10
ZERO PLOTS IN THE LEFT HAND COLUMN 
U IS ITS OWN BLANK COUNTER

c
273 

. 274 
275

C
C
816

OVERFLOWS PLOT X IN COLUMN 112 
UNDERFLOWS ALSO PLOT X IN COLUMN TEN 

IF(12 * LE»111) GO TO 819

c;
276
277
278

817 12=111
IP2=IXCH
iFfI1»LT t i l l )  GO TO 819

J

c.
279
280 
281

018 - l i s l l l  r - •i?i=rxcH
lP2=iaCH

c
282
233
284

819
822

GO TO 825
IFU1.GE.10) GO TO 825 
11 = 10

c
285
286 
287 823

ip1 = j
IF(I2,GT.10) GO TO 825 
* 2 = 1

c
288
289
290

825
iP2 =iacH......................
UMlsJl
UM2=I2-I1»1

£
291
292
293

8 2 0

824

IFC UMl.GTtO) GO TP 832 
lF(IlM2»GT.0> GO TO 828 
WRITE(6#928)IP.1»IP2

c
2W
295
296

928

828

FORMAT<1HT!20'A1)~ ..... "
GO TO 844
WRITE<6#928)I PI,( IBCH,TI = 1,I1M2)#IP2

c
297
298 
299

832
836

GO TO 844
IF(11M2*GT.0> GO TO 840 
WRITE(6,928>< IBCH, I Ib17UM1), IP1» IP2

£
300 GO TO 844

* -.j/.

c.

£

£



FORTRAN IV (VER 45 ) SOURCE LISTING: FITIT SUBROUTINE 05/26/78 15 l 3 ^ 5 6  PA
3 01__ 840 WRITE<6#92 B )(IBCH,I I ?ll11M1 )»I P I > (IBCH,II s i ,11M 2 ).IP2

r 3 02 C END OF PLOTTING SEQUENCE
303
304 844 GO TO 314
305 318 WSsRESDUE
306 IF(NSW3.EQ,0,QR,I.QT.NDATA) Gq TO 314
307 308 IF( NPRNT, GT,0 ) GO TO 312

r~ 308 310 WRjT6(6»925)VU)#FCN,WS
I 309 925 FORMAT(;5X» 1P6E18 J8/59X# 1P2E18, 8 )
L  3JL0 GO TO 314

311 312 WRITE < 61925)Y( I)»FCN•WSi(PRNT(JJ j , Jj s l #NPrNT)
312 314 WSsRESDUE
313 PHIsPHI+WS»WS
314 “IFCI.OT.NdATA) GO TO 313
315 PHINsPHIN*WS*WS
316 GO TO 315
317 313 CONTINUE
318 315 1 = 1+1
319 IF(KLE.NTILDA) GO TO 72

' 320 “ 81 IF(NFIXED»LE,0) GO TO 88.......... ......................  ......................
321 85 DO 87 Js)=?l» NPIXED
322 IWSbIPaRAM(OJ)
323“ DO 86 II=1,NrARAM
324 A(IWS#II)sO,
325 86 A( 11»IWS > sO i
326 87 A t i w s , i w s ) s i ,
327 89 GO TO (90,704,703),IBKA
328 90 DO 92 1=1,NPARAM
329 C SAVE SQUARE ROOTS OF -DIAGONAL ELEMENTS
330 92 SACI>=SQRT (A( Ii I))
331 DO 106 1=1,NPARAM
"332 DO too j=i »nparam
333 MS3SA(I)*SA(J)
334 IFC WS»GT,0 ,) GO TO 98
335“......96" A( I, J ) bd,
336 GO TO 100
337 98 A(I»J)sA(I»J)/W5
338 100 CONTINUt
339 IF(SAU) ,GT,0, > GO TO 104
340 102 G(1)50.
"3"4T GO TO 106
342 104 G<I)=G(I)/SA<I>
343 106 CONTINUE
344“ DO 110 I=1jNPARAM
345 110 A(I,I)sl.
346 120 PHIZsPHI
347 U we Now Have phi (zero) ... .............. ....
348 1132 DO 1133 II=1,NPARAM
349 111=11+25

 35-0-------------D0^T3T-Tl-jslT^P'ATrAM
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\

f 352 ! 353 
354

A(III»JJ)=A(II»JJ)

€
1134 CONTINUE

IF( I COUNT.NE,Q ) GO TO 163

C
355
356
357

c
152
154

STARTING THE FIRST ITERATION 
LAMBDA=0,01 
DO 161 J =; 1 # NPARAM

C
359
359
360

161
C

163

SPARAM<J)=PARAM(J)
s p a r a m<j > co rr esponds tq phiz

I BKl=?i

c
361
362
363

WSsNDATA-NPARAM*NFIXED
ic ou nt- ic o u n t*i
SE*SQRT(PHIN/WS)

c
364
365
366

C
160
162

SE IS THE STANDARD ERROR QF THE ESTIMATE 
IF(NSW3»GT»0) GQ TO 165 
IF(NSW2.EQ.0) GO TO 168

c
367
368
369

167
911

WRITE(6»911)PH IZ,SE,LENGTH,GAMMA,LAMBDA
FORMAT</l4X,3HPHl,15X;3HS E,12xf6HLENGTH,7X,5HGAMMA,7X,

1 6HLAMBDA,10X,24HESTIMATED PARTIALS USBD/SX,1PpE18:B,1P3E13.3>

c
370
371
372

168
912

GO TO 169
WRITE(6,9l2)PHrZ,SE,LENGTH,GAMMA,LAMBDA 
F0RMATf/14X,3HPHl,l5X,3HS E,12X,6HLENGTH,7X,5HGAMMA,7X,

(
373
374
375 165

1 6HLAMBDA,iOX,22HANALYTlC PARTIALS USED/5X«lP2Ei8.8,iP3El3,3)
GO TO 169
co nt in ue !

c
376
377
378

166
939
111

WRITE(6»939) 1 
F0RMAT</34X,22HPTP CORRELATION MATRIX)
.DC 114 I =51,NPARAM ...

c
379
380
381

114
937

WRITE(6,937) I, (A<I,J),J?1,NPARAM) 
FORMAT <10X» J5»2x »1QF10,4/(1Qx.,10F10,4)) 
IF(N3W2.EQ,0) GO TO 1161

(
302
383
304

9Q3
WRITE(6,903)PHTZ,SE,LAMBDA
FCRMAT</i4X,3HPHI,l5X,3HS E,12*,6HLAMBDA,JoX,

1 24HESTIMATED PARTIALS USED/5X,.lP2El8,8*lPEl3»'3)

c
385
386
387

1161
9o9

GO TO 169
;RITE(6,909)PHIZ,SE,lambda
F0RMAT</14X,3HPHI,15X,3HS E,12*,6HLAMBDA,i qX,

c
380
309
390

169
164

1 22HANALYfrC PARTIALS USED,/5X‘, 1P2^10 1 8 , iPEl3,3) 
GO TQ 200 
PHIL-PHI

c
391
392
393

C WE NOW HAVE PHI(LAMBDA >
DO 170 Jsl,NPARAM
IF(A9S(DPARAM(J)/(ABS(PARAM(J))+TAU)),QE,E) GO TO 172

c
~ “394"

395
396

170

923
CONTINUE 
WRITE(6,923)
F0RMAT(lHi,50X,19HPASSED EPSILON TEST)

c
397
398
399

172
1720

GO TO 700 ... "".. • ........................
IF<NSW5»EQ»0) GO TO 1720 
IF(NSW4,EQ 1 0) GO TO 173

c
400 IFTNSW4", EQ »Tf W  TO 171"" ' ..

c:

--------- .. ...... ......... ......... .....  .............  ...........................  .....  .....  _ _................ .

c

6
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401 NSW4=NSW4~1

c
r 402 

403 
4 0  4

171
924

GO TO 173 
WRITE<6»924)
FORMAT(1H1,30X*40HCASE TERMINATED; REQUIRE MORE ITERATIONS)

c 405
406
407

173
GO TO 700 
XKDBsl.O
IF(PH IL1 GT * PH IZ) GO TO 190

409 174 XLSslAMBDA
c 409 DO 176 -Jai,NPARAM

410 BPARAM(J > aPARAM(J)
411 176 PARAM(J)“SPARAM(J)

€ 412 IF(LAM8 DA.GTi,00000001) GO TO 175
413 1175 DO 1176 J=l.NPARAM
414 PARAM(J)sBPARAM(J)

<r 415 1176 SPARAM(J)=PARAM(J)
416 GO TQ 60
417 175 UAMBDAaLAMBDA/10i

€ 418 IBKls2
419 GO TO 200
42 0 177 PHL4sPHI

€ 421 C WE NOW HAVE PHI(LAMBDA/JO)
422 IF CPHL4, GT, PH IZ) GO TO 184
423 182 DO 133 U=l»NPARAM

f 424 183 SPARAM(J)=PARAM(J)
425 GO TO 60
426 134 LAMBDAsXLS j

f - 427 DO 136 J=l,NPARAM
428 SPARAM< J)aBPARAM( J) ......
429 1 8 6 PApAM(J)=BPARAM(J)

f 430 GO TO 60
431 190 lBKl-4

" 432 XLS?LAMBDA
€ 433 ■LAMBDAsLAMBDA/10i

434 DO 135 J=l,NPARAM
435 185 PARAM<J)aSPARAM(J)

€ 436 GO TO 200
437 187 1 F(PH I, LE, PH IZ) GO TO 196
W m LAMBDAsXLS

€ 439 IBK1s3
440 192 LAMBDAsLAMBDÂ lOi

'  m 195 00 193 J=l» NPARAM
f 442 193 PARAM(J>aSPARAM<J)

443 GO TO 200-- - 4 -4 - 4 194 FHIT4=PHI
f 445 c WE NOW HAVE PH!<LAMBDA*1Q>

446 180 IFCPHIT4.GT.PHIZ) GO TO 198
4 "47~ 196 DO 19/ Jsl.NPAKAM

( 449 197 SPARAMIJ)?PARAM(J)
449 GO TO 60

c
• 450 “198 " IF(QAMMA,gE,uAMCr) go tO 192

c
/'V.
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4 5 1 1 9 9  X K D B - X X D B / 2 .

c
4 5 2
4 5 3
4 5 4 1 1 9 9

DO 1 1 9 9  J - l * N P A R A M
I F < A B S < D P A R A M < J ) / C A 0 5 <PARAM<U ) > + T A U ) ) , Q E . E >  0 0  TQ 1 9 5  
CONTI NUE

c
4 5 5
4 5 6
4 5 7

1 2 0 0
DO 1 2 0 0  J  = l , N P A R A M  
P A R A M ( J ) s S P A R A M < J )  
W R I T E < 6 . 9 3 4 )

€' "
4 5 8
4 5 9
4 6 0

9 3 4

C

f o r m a t <i h i » 5 o x # 2 5 H P a s s e d  g a mm a  e p s i l o n  t e s t )
GO TO 7 0 0

S E T  UP FOR MATRI X I N V E R S I O N

r
4 6 1
4 6 2
4 6 3

2 0 0
1 1 0 2

c o n t i n u e
DO 1 1 0 3  I I ^ l i N P A R A M  
1 1 1 = 1 1 + 2 5

c
4 6 4
4 6 5
4 6 6

1 1 0 3
1 1 0 4

DO 1 1 0 3  J J s i i N P A R A M  
A ( I I » . J J ) a A < I I I * j J )  
DO 2 0 2  I a l . N P A R A M

c
4 6 7
4 6 8

2 0 2 A ( I , I ) s A ( I # I ) + L A M B D A
i B K M a l

4 6 9 C • ■ ■ • 1 1 »  » 1 • 1 « I 4 1 t 1 « 9 M  * 1 1 1 1 1 1 ( 1 1 t 1 * t » f » 1 • 1 1 « » 1 « * 1 1 t 1 i • 1 « < • 1 1 t 1 . ■ 4 • 1 • • • 1

c
4 7 0
4 7 1
4 7 2

4 0 4
C
C

CALL G J R < A . N P A R A M , Z E T a ; M S I N G )
G E T ' I N V E R S E  OF A AND SOLVE FOR DPARAM< j > » S 
T H I S  I S  THE MATRI X I N V E R S I O N  R O UT I N E

c
4 7 3
4 7 4
4 7 5

C
C . . ,  ,

NPARAM I S  THE S I Z E  OF THE MATRI X

GO 1 0 ( 4 1 5 , 6 6 0 ) , M s i N G  !

€
4 7 6
4 7 7

4 1 5
C

GO TO < 4 1 6 , 7 1 0 > »  IBKM . j 
T H I S  I S  THE END OF THE MATRI X I N V E R S I O N ;

4 7 8 C * «  * * # * , , * * * » * * * • » * # * * * * * #  * # # * * # #  * * * * # ■ # *  # * * # # * #  a * # # * # * # # # *

c
4 7 9
4 8 0
4 8 1

C 416
S OL VE FQR D P A R A M ( J )  

DO 4 2 0  1 = 1 , NPARAM 
DPARAM < I ) = 0 ,

f
4 8 2
4 8 3
4 8 4

4 2 1
4 2 0

DO 4 2 1  J = l , N P A R A M  
D P A R A M < I ) q A < I , J ) * G < J ) + D P A R A M < I > 
D P A R A M < I > = X K D B * D P A R A M < I )

c
4 8 5
466
4 0 7

C DPARAM I S  THE I NCREMENT OF THE PARAMETER 
L E N G T H = 0 .
D T G = 0 ,

€
4 8 8
4 8 9
4 9 0

G T G = 0 .
DO 2 5 0  J a l , N P A R A M
LE NGTH= LENGT H + DPARAM< J ) # D P A R A M< v l )

c
4 9 1
4 9 2
4 9 3

DTGs D T Q + D P A R A M C J ) # G < J )
GTG = GTG + G < J ) * * 2
I F ( S A < J ) tEQ.O,) GO TO 6 9 9

c
4 9 4
4 9 5
4 9 6

D P A R A M < J ) = D P A R A M ( J ) / S A < J )
I F C P A R A M < J ) + D P A R A M < J > , L T ( P M I N ( J ) >  D P A R A M ( J ) = A B s < DP AR a M ( J ) ) 
I F ( P A R A M<  J ) * D P A R A M <  J )  . G T . P M A X ( J ) ) DPARAM <j ) ==>  DP AR AM< J )

c
4 9 7
4 9 8
4 9 9

250
P A R A M < J ) - P A R A M < j > + d p a r a m < J )  
CONT I NUE
k i p = n p a r a m « n f i x e d

-- 5 0 O I F <L E N G T H w G I G , Lfc i 0 1 ) GO TO x z ? 7  ' /

c
■ - !7 .

c

c
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501

(VER 4? ) SOURCE LISTING? FITIT SUBROUTINE 05/26/78 15:35136 

IF(KIP,EQ,1) GO TO 1257
r 5q2

503
504

CGAM*DTG/SQRT(UENGTH*GTG)
JGAM-1
IF(CGAM. GT•i0) GO TO 253

505 251 CGAH=ABS(CGAM)
506 JGAM*2
507 253 GAMMAq57.2957795*(lt57o728B+CGAM*(-0.2121l44+CGAM#(0.074261
506 1-CGAM#,0187293)) )#SqRT( 1.*CGAM)
509 GO TO (257,255), JGAM
510 255 GAMMA31S0,"GAMMA
511 IF(LAMBDA.LT,1.0) GO TO 257
512 1255 WRITE<6»922>XL»GAMMA
513 922 FORMAT(1H1»30X,24HPASSED GAMMA LAMBDA TEST, 5X»ip2Ei3.3)
514 GO TO 700
515 1257 GAMMAaO.
516 257 LENGTH = SQRT(l,ENGTH>
517 1BK2=?1
518 GO TO 300
519 252 IF(NSW3 ,EQ,0) GO TQ 256
520 WRITE(6,905)PH I,LAMBDA,GAMMA*LENGTH
521 905 F0RMAT(/15X,3HPHI,12X,6HLAMSDA,7X,5HQAMMA,8X,6HLENgTh»/6X,
522 1 lPEl8.8,lP3il3,3)

' 523 254 W RIT E (6,9 0 4)(D P A R A M (J j", J=T, N P"A H A M) .........................  —...... ' “
524 904 F0RMAT(/5x,20HPARAMETER INCREMENTS,1P5E18;8 , / ( 25X,“1P5E18.8))
525 256 GOTO (164,177,194,187),IBK1
523" C calculate phi
527 300 1*1
528 PHI?0, XV.:.

“ 529“ FHINaQ,
530
531

c , . , ,
800 CALL MODEL<Y,X»PARAM,PRNT,FCN,I,RESDUE)

532 c , . . .
533 IF(RESDUE,GE;i ,.E33) GO TO 699
534 IF(I.GT.NDATA) GO TO 305

“535“ PHlNsPHIN+RESDUg#RESPUE
536 305 1*1+1
537 iF(I.LEtNTlLDA) GO TO 800

““538“ "FHTSPFTN
539 316 GO TO (252,780,704,7627766,772), IBK2
540-  5 4 i c THIS IS THE CONFIDENCE LIMIT CALCULATION
542 699 WRITE(6# 943)

. 543 943 FORMAT(//30X,38HCASE TERMINATED; RESULTS HAyE BLOWN UP)
544 GO TO 660 “ ’ ".... “.... ”
545 700 DO 702 Jal,NPARAM
546 702 PARAM(J)sSPARAM(J)

“5”T7“ WRITET&', 93 3TN D AT A', NP A R A M, NFIXE D', NV AR, FF, T 7 E, TATT ' “ ..........
548 933 F0RMAT(/5X,8HNDATA = , 13, 4X,9HNPARAM f , 12, 4X, 9HNFIXED a ,
549 1 11, 4X, 7HNVAR * ,U,/5X,5HFF a , IPEIQ, 3 , 4x, 4HT -  VlPElO .3,
550 2 4x»4HE * »1PE1Q* 3, 4X»6HTAU ^  »1PE1Q,3)
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*
5*51 lRKAs2

c
552
553
554

C
NTILDA=?NDATA

THIS WILL PRINT THE Y, YHAT, DELTA Y • 
ICOUNTsjICOUNT-1

c
555
556
557 704

NSW3-1 
GO TO 61
IF(IFPLOT.LE.O) GO TO 703

c
558
559
560

705 IBKA-3 
IFPLOTsQ 
GO TO 61

c
561
562
563

703
706

CONTINUE
WSbNDATA~NPARAM*NFIXED 
IF(WS.LE.O) GO TO 660

c
564
565
566

SBsSQRT(PHl/WS>
PHIZ=PHI
IF(NSW2,EQ#0) GO ‘TO 709

c
567
568
569

70 7 

709

WRITE(6,903)PHIZ,SE,LAMBDA 
GO TO 708
WRITE(6»909) PHIZ,SE,LAMBDA

(
570
571
572

708 DO 1123 Ilsl,NPARAM 
111=11+25 ■'
DO 1123 JJ51',NPARAM ...............

(
573
574
575

1123
C
1124

A(III,JJ)bAUI» JJ>
WE NOW HAVE MATRIX A

13KM=?2 ;

t
576
577
578

C
710.

GO TO 404
we now Have c â inverse

DO 711 J = l» NPARAM ; :• -  •

' ' / . '■'."'■C'y.

r
579
580
581

711
IF(ACJ,J),LE» t0) GO TO 713 
SACJ)=SQRT(A(J,J))
GO TO 715

c
532
583
534

713
715

IB0UTS1
KST=«4
WRITEC6»916)

c
585
586
587

916
234

F0RMAT(/40X,llHPTP INVERSE)
KST=KST+5
KEND=KsT+4

c
588
589
590 719

lF(KEND.LT,NpAftAM) GO TO 719
KENDsNPARAM
DO 712 1̂ 1* NPARAM

c
591
592
593

7J2
918

WRITEC6#918)I,(A(I,U),JbKST, ÊND> 
F0RMAT(5X,I 3 i 1 P 5 E 1 0 , 8 )
IF(KEND,LT,NPARAM) GO TO 234

c
"594
595
596 936

IF< I BOOT'. EQ,DT G'O T0 717 .................... .... " "
WRITE(6,936)
F0RMAT(//25X,25HNEGATIVE DIAGONAL ELEMENT)

c
1F9T
598
599

717
GO TO 660
DO 718 If?l»NPARAM
DO 718 Jai,NPARAM

c
"TOO HSsSA<I)*SA<J)

i
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,r
601 IF(WS * GT t 0 «> GO TO 716

(
r 6 0 2

603
604

714 AUiJJsO.
GO TO 718 

716 A<I,J)=A<I»J)/WS

c
605
606 
607

7 1 8  CONTINUE
DO 720 Jsl.NPARAM 

720 A(J.J)3l.

r
608
609
6 1 0

WRITE<6,917)
917 rORMAT(/23X»28HPARAMETER CORRELATION MATRIX) 

KSTs-9

c
6 1 1

6 1 2

613

721 KST=KST+10 
KEND=KST+9
IFtKEND.LT,NPARAM) GO TO 722

f 614
615
616

KEND=NPARAM 
722 DO 724 1=1,NPARAM 

724 WRITE(6 , 935)1,<A(I»J)73=KST,KEND)

c
617
618 
619

935 F0RMAT<5X,t3,2X,lQFlQ.4>
IFIKEND.LT,NPARAM) GO TO 721 

C GET T#SE*SQRT<C(I,I>>

■<:
6 2 0

621
622

DO 726 j=l,NPARAM 
726 SA(J>- SE**SA ( J) 

1112 DO 1113 II«1,NPARAM

c
623
624
625

IIlVlI+25
DO 1113 JJsl,NPARAM 

1113 A < ! I , J J > s A U l I r J J )

€
626
627
6 2 8

1114 CONTINUE 
740 WRITE(6,919)
919 ..F0RMAT(/i6X,3HSTD,19X,i3H0NE-PARAMETER,23X,13HSUPP0RT PLANE/4X,

C
629
630
631

1  4wpARA,7X,5HERROR,13X,5HLOWbR,13X,5HUPPER,13X;5HLOWER,13X,
2 5HUPPER)
WS?NPARAM«NFJXED

(
r 6  32

633
634

DO- 750 J=l» NPARAM 
IFCNFJXED.LEJO) GO TO 743 

741 DO 742 I=1 ,NPIXED

f
'635~
636
637

IFC J.EQ, IPARAMU >) GO TO 746 
742 CONTINUE 

743 hjtd=sqrt<ws#ff)*sa<J)
" ~6 T8

639
640

STE=SA(U)
OPL=SPARAM(J)-SA(U)4T 
OPU=SPARAM<J)*SA<J)4T

c

c

641
642
643
-6 -4 -4 “
645
646

spl=sparam<j )»hjtd
SPU=SPARAM(J)+HJTD
WRITE( 6 ,927)J,STE(0PL,0PU,SPL,SPU

927 FORMAT(9XTI2ilPSElB, 8 ) ........................■""" .............. ..... ~~
GO TO 750 

746 WRITE(6,913)J
fi.

647
6 4 8

913 Format(5X,!2»iox,22hparameter was not used) 
750 CONTINUE

c
649
650 C“ .............  ' -N0N»UNE7R CON FT D E N C 6 LI M IT "CA'L C UFA T I ONI................ .........  ,

c

c
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651 !F(NSW6.EQ.l) GO TO 660

r
652
653
654

ws* n p a r a m~n f i x e d
WS1=*NDATA-NPARAM*NPIXED
PKNsWS/WSl

655
656
657 920

p c =p h j z m i , + f f * p k n >
WR1TE(6 * 920)PC
FORMAT ( /15X#27HN0NLINEaR CONFIDENCE LIMITS.10X7

c
659
659
660 9?1,

1 15HPHI CRITICAL = ,!PE15t8)
WRITE<6»921)
FORMAT(/5X»4HPARA*6Xi7HL0HER B. 11X.9HL0WER PHi;9X7

(
661
662
663

1 7HUPPER B.11X.9HUPPER PHI> 
IFS53=1
DO 790 J=t,NPARAM

c
664
665
666 752

IBKP-I .
DO 752 g j a l #NPARAM 
PARAM(Jj)sSPARAMt'jJ)

c
667
6 6 8  
669

754
IF(NFIXED.LE,0> GO TO 758
DO 756 JJal.NFlXED
IF(J.EQ.IPARAM(JJ)) GO TO 707

f
670
671
672

756
753

CONTINUE , 
DDs-l.
I3KN=1

c
673
674
675

760 D = DD
PARAM<J)gSPARAM(J)*D«SA(J> i 
18X2-4

(
676
677
678

762
GO TO 300 
PHU*PH|
■IF( PH 1 1 ,GE iPC) GO TO 770 “ r

(
679
680 
681

764

765

D=D+DD
IF(D/DD * GE15 , ) GO TO 788 
PARAM(J)=SPARAM(J)+D*SA(J)

c
632
683
634 766

13X2=5 
GO TO 300 
PHID=PHI

(
635
686
607 770

IF(PHlDtLT.PC) GO TO 764 
IF(PHID.GE.PC) GO TQ 778 
D •? D / 21

(
688
689
690

771
IF(D/DD.LE.,001) GO TO 788 
PARAM<J>3SPARAMU)*D*SA<J> 
I Bl<2 = 6

(
691
692
693

772
GO TO 300 
PH ID = PHI
IFIPHID.QT.PO) GO TO 770

c
694
695
696

778 XKisPHiZ/D+PHli/(l.-D)*PHID/(D*(D-l,)>
■XK2s-<PHlZ*<l.+D>/D*D/<l.«D>*PHIi+PHlD/<D#<D-l.) ) i 
XK3sPHIZ"PC

c
697
698
699 779

BC=(SQRT(XK2#XK2m4,#XKl#XK3)-XK2)/(2,#XKl) 
GO TO (779.704).IBKN 
PARAM(J)3SPARAM(J)-SA<j)*bc

c
7T0 GO TO 781 ........................

c
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.5
701 784 PARAM(J)=SPARAM(J)*SA(J)#BC
702 781 IBK2=2

c 703 GO TO 300
704 780 GO TO (732,736)»IBKN
705 782 IBKN?2

c 706 DDsl.
707 BLj;PARAH< J)
708 PL=?RHI

€ 709 GO TO 760
710 786 BUaPARAM(J)
711 PU*PHI

c: 712 GO TO (783,795,785,789),IBKP
713 783 WRITE(6,918)J,Bl,RL»Bu7PU
714 GO TO 790

c 715 795 WRITE(6,915>J,BU,'PU
716 9i5- FORMAT(2X,l2,36X»lP26i8»8)
717 GO TO 790

f 718 785 WRITE(6,918)J,BL> PL
719 GO TO 790

1 720 787 ~WR i TE ("67913) U
f 721 GO TO 790 .

722 739 WRITE(6,914)J
723 914 FORMAT(2X, 12»10X,i “0HNONE FOUND)

f 724 GO TO 790
725 783 GO TO (791,792),IBKN
726 c— DELETE "LOWER print

f 727 791 IBKP=2
720 GO TO 780
729 792 GO TO (793,794),IBKP

r* 730 C DELETE UPPER PRINT
731 793 IBKP=3
732“ “GO TO- 780... .." ........... . "

( 733 C lower is already deleted, so DELETE BOTH
734 794 IBKP?4735- GO TO 780

f 736 790 continue
737 C this the end of the nonlinear regression sequence

”  738'
€ 739 6 6 0 continue

740 NSW3sNSW33
" 741 I COUNT == 0 ” ..... " ' “ ' . .........  r .............""... ......... "

f 742 NSW4=NSW44
743 IFPLOT sIFPP
74~4 NDATAsNNDATA

f 745 NSWisNSWll
746 NSW2sNSW22

’74 r NSW5;;NSW55
C 743 I BOUTKO

749 READ(5,900)ININ

c
'750 c...... '"READING IN'THE PROGRAM CONTROL 'VARIABLE...  " .......... ....  . ... .

c;

c ■



FORTRAN IV (VER 45 ) SOURCE LISTING; PITIT SUBROUTINE 05/26/78 15;35*S6 P
75̂ _______GO T0(662»9998>651) i ININ_______________________________,________:________
752 9998 R6AD<5#901><PARAM<Jj>iJJ=1»NPARAM)
753 C READING IN NEW VALUES OF THE MODEL PARAMETERS
75 4_______GO TO 9999_______________________________________________________________
755 662 RETURN
756 END
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(VER 45 ) SOURCE LISTING? GJR SUBROUTINE 05/26/78 15J35J56 PA 

SUBROUTINE GJR(A, N»EPS7MSING>

(
2
3
4

»*»*#*#»»«**•»»##■»*#•#•»*•»■•*»#•#»»#*•#•*##* » » » # # « # » » » » # » # { ) # # » » « « » «  
c gauss«jqrdan rutishauser matrix inversion
C WITH DOUBLE PIVOTING

5
( 6 DIMENSION A<10,10),B(10>,C(10)»P<10>,Q(10)

7 INTEGER P.Q
8 MSING91

C 9 DO 10 k*i , n
10 PIVOTsO,
11 DO 20 I*K,N

c - 12 DO 20 J=K,N
13 IFC ABS< ACIfJ)>"ABS(PIVOT))20* 20,30
14 c determination of the pivot element

c 15 ■30 PIVOTsACI,J>.
16 P(K>5l
17 Q(K)'aJ

( 18 20 CONTINUE
19 IF(ABS(PIVOT)-EPS>40,40»50
20 50 IF(PEKN”K)60,80,60

f 21 60 DO 70 J3l,N-
22 LsP(K)

' 23 Z=A(L»J)
€ 24 A<L.J>sA(K»J)

25 70 A( K » J) =Z
26 80 IFCO(K>-K>85#90,83

c 27 85 DO 100 Jsl»N
28 -L.= G ( K)
29 Z = A( I * L)

( 3 0 c EXCHANGE of the pivotal COLUMN with the kth column
31 A<I,L)sA<I»K)
s r Torcr A(ii«>=z ~  :

( 33 90 CONTINUE
34 DO 110 JsliN
35“g JORDAN STEP ....... ..... .

< 36 iF(J»K)13Q»12Q»13Q
37 120 B(J)sl,/PIVOT

7B " C<J>*1.
i 39 GO TO 140

40 130 B(J>5f*A(Kf JJ/PIVOT
41 C < j  > s A (J , K) .........

< 42 140 A( K,  J ) s»Oi
43 110 A<J»K)=0,
4~4 DO 10 1*1,N

( 45 DO 10 J=1,N
46 10 A ( l , J ) 3 A ( I » - J ) + C ( I ) * B ( J j
47 DO 155 M ~ 1» N ..............

f 48 c REORDERING the matrix
49 KaN-M+l

c
50 IF(PCK)"*K)160» 170,160

<

(
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51 4 60 DO 180 1=1.N

c
52
53
54

L=P(K)
7 = A <11L) 
A(I.L)sA(I.K>

c 55
56
57

180
170
190

A ( I. K)=Z
IF(Q<K)»K)190.155.190 
DO 150 Jai.N

c
58
59
60

l=Q(K>
ZsAIL.J)
AfL»J)=?A(K»J)

c
61
62
63

150 
155
151

A(K.J)?Z 
CONTINUE 
RETURN

c;
64
65
66

40
45

WRITE!2,45)P(K)iQ(K),PIVOT 
FORMAT(16HQSINGULAR MATRIX3H 
MSING52

I = 13»3H J?I3.7H PlV0Ts6l6t8/)

c
67
68

GO TO 151 
END

c

c

i :

c

c

i

t

c

c
c

c

I -
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1 SUBROUTINE SUBZ<Y, X, PARAM, PRNJ,NPRNT, NDATA)

c

C

€

r

c

c

c

t 

i

c

c

c

(

i 2
i 3 COMMON V<100),X(100,5)7PARAMUO),PRNT<5),cON5T(4)L  4_______NPRNT51___________________________ _____________________________________

5 RETURN
6 END

L_

C
r
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 1________ SUBROUT I NE MODEL( Y, X.PARAM,PRNT,FCN, 1, RESnUE)  i___ _______
2 C***********“■ * * * * * * * * * # # # # * # # * # » * » # # * . * # # # * # * # # ■ » # » # #
3 COMMON Y ( 1 0 0 ) , X ( 1 0 0 , 5 ) ; P A R A M ( 1 0 ) » P R N T ( 5 ) , C O N S T ( 4 )
_4._C________________ TESTING OF THE THIXQTROPIC MODEL
5 C THIS SUBROUTINE Will TEST A HYSTERESIS LOOP AND A
6 C torque- decay CURVE

 7__£L_____________EARAMj 1J_REP.RE.seNTS THE YIELD. STRESS_____________________
8 C PARAMC2) REPRESENTS THE VISCOSITY
9 C PARAM<3) REPRESENTS A RATE CONSTANT

1_Q__C___________ :__PARAM( 4)  REPRESENTS A LUMPED PARAMETER_________________ _
11 C PARAM<5> REPRESENTS~THE ORDER OF THE RATE EQUATION
12 C X(I,i> IS THE SHEAR RATE AND POSITIVE WHEN USED
13 C IN THE UPCURVE OR DqW|\|CURVE
14 C : XTTTTnS~THE'TrFOTH'ER̂ USE'D IN THE TQRGUE«DECAY CuRYE-
15 C XU,2) IS A VARIABLE WHICH TESTS THE DAfA POINT TO
X u
17 C u c i c n r u i i B '  ' ' n c i n c n  n c r n c a c i u A !  * V C

DOWNCUHVE, or the TORQUE-DECAY curve
U r  1 " R  u r u U n v . C i

18 c CONST(l) is THE MAXIMUM SHEAR RATE FOR THE UPCURVE OR DOWN
19 c C0NST(2> is the constant shear rate for the torque- deacy c
20 c C0NST(3> IS A PROPORTIONALITY 'CONSTANT between the
21 c SHEAR RATE AND TIME
22 T=X(I»1) * ' ■‘■ U

23 PRNT(1>sT
24 Tl»C0NST(1)
25 T2sC0NST(2>
26 ALPHA=C0NST(3>
27 c THE FOLLOWING VARIABLES ARE DEFINED TO SIMPLIFY THE
28 c MODEL TO BE TESTED ■ ■ .-'..'r'-'iys

29 AQNE=PARAM<5)+1,0 , i - v •

30 ATWC-ALPHA#A0NE
31 ATHREE=T**A0NE
32 AFOUR?T#*PA'RAM(5)
33 AFIVE=T1**A0NE
34 ASIX=T2**PARAM<5>sr ASEVEN=PARAM(3)*PARAM(4>»AF0UR
36 AEIGHT5PARAM(3)*PARAM(4)#ASIX
37 A.VINE3PARAM(3)#ASIX»X( 1,1)
38 ATEN?PARAM(3)/ATW0
39 BONE5ATEN*ATHREE
40 BTWO"2tO*AFIVE’"ATHREE
41 BTHREE3ATEN»BTW0
42 BF0UR?PARAM(4)*AF0UR
43 BFIVEqPARAM(3)*AFQUR
44 BSIX =  BONE#ALO(3(T)

-  45 BSEVEN5BONE/A0NE :
46 BEIGHT32.0*AFIVE*AL0G(T1)
47 BNINEs?ATHREE»ALOG(T)
48 BTENrATEN#(B6IGHT»BNINE)
49 CONE-BTHREE/AONE
50 C T W CjYP A R AM C47YAS IX
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FORTRAN IV <VER 45 ) SOURCE LISTING! MODEL SUBROUTINE 03/26/76 15!35*56 P,

51 CTHREE=PARAM<3>*ASIX
52 “C'FOURbALOG < T 27*(T,13"ANTN'E1
53 C THE FOLLOWING STATEMENTS TEST THE DATA POINT TO

i 54 C DETERMINE WHETHER IT IS REPRESENTATIVE OF- THE UPCURVE;
55~C DOWNCuRVE, OfTTHE TORQUE-DECAY CURVE
56 IF(X<I»2).GT.10,0) GO TO 40
57 lnX(I,2>,GT;2.0;AND,X(I,2),LT,3.0> 00. TO 20

— 57t~c-------------------------TwiT“ETJijrrroio>EF̂ 6'sws~rHe"(JPT2UWE — ^ -------:---------------
59 FCNsPARAM<l)*PARAM<2>*T*ASeVEN*EXp<«BQNE>
6 0_______ GO TO 3 0 ______________;_________________________________________________ _:
61 C THIS EQUATION REPRESENTS thE DQWNCURVE
62 20 FCNsPARAM<i)*PARAM<2)#T*ASEVEN*EXP<-8THREE>
63 GO TO 30

— "6 -4 - 0 —-------------------TH'rS~̂ gXTOiri?EFRÊ WrsrTHÊ TWQlJÊ ECAY~WRVE ~  ■ ' ” ■'
65 4 0 'FcNsPARAM(l)+PARAM<2)#T2*ABlGHT*EXPC-ANiNE>
66 30 RE5DUEaYCI)*PCN________ ' ■ o"
67 RETURN
68 END
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FORTRAN IV (VER 45 ) SOURCE LISTING! DERIV SUBROUTINE 05/26/78 15!35;56 I
 1______ SUBROUTINE DERI V ( PARTLVX, PARAM, P RNT, FCN, I) n ;__ ;_______ __ _

2
1\j

3
4
5
6 
7

C
COMMON YUOO),X<100,5)7PARAM<10),pRNT<5>,CQNST<4>

INSERT THE VARIOUS PARTIAL DERIVATIVES IN THIS
C SUBROUTINE ONLY IF ANALYTIC PARTIaLS ARE TO BE USED 

DIMENSION PARTL(IQ)
TaX< III)

iJ 8 TlsCONST(l)II 9 T2=C0NST<2>
10 ALPHA.-5G.QNST (3)
11 C the following variables are defined to simplify the
12 C MODEL TO be TESTED
13 AONE3PARAM<5)+1,0
14 ATWO=ALPHA#AONE
15 ATHREE=sT**AONE
18 AFOUR5?T**PARAM(5)
17 AF!VEsTl»*AONE
18 ASIX=5T2**PARAM(5)
19 ASEVENaPARAMf3>*PARAM<4)*AF0UR
20 AEIGHT=PARAM(3>»PARAM(4)*ASIX
21 ANINE5PARAM(3)*ASIX*X<I,1>
22 ATENsPARAMĈ J/ATWO
23 8QNEsATEN*ATHREE
24 BTW0 = 2.0*AFIVE’-ATHRE6
25 btwree=aten#btwo

1
1 26 BF0UR?PARAM(4)*AF0UR
> 27 BFlV5sPARAM(3)*AF0UR I

28 BSIX=3QNE*AL0G<T>
29 -,.B S E V E N = 3 0 N E / a 0 N E = —
30 BEIGHT-2,0*AFIVE#AL0G(Tl)
31 3N!N5=ATHREE*AL0G(T)
32 BTEN?ATEN*(BEIGHTwBNINE)
33 CONEsBTHREE/AQNE
34 CTW0=fPARAM<4)-*ASIX
35 CTHREE=PARAM(3)*ASIX
36 CFOUR??ALOG(T2)#(1iO-ANINE)
37 m0NE=PARAM<5)+1,0

\» 38 ATWO«ALPHA*AQNE
39 ATHREE5T*#A0NE
40 AF0UR*T**PARAM<5)
41 AFIVE=;T1**A0NE
42 ASIX*T2**PARAM<5>
43 ASEVEN=PARAM(3>*PARAM(4>#AFQUR
44 AEIGHT=PARAM(3)#PARAM(4)̂ ASIX

" 45 ANINE3PARAM(3)»ASIX#X( 1,1)
46 ATEN=PARAM(3)/ATWQ
47 BONEsATEN#ATHREE
48 BTW0-2, 0#AFJ VE"ATHREE
49 BTHREÊ ATEN*BTWO
50 BF0URsPARAM<4)*AFQUR



Tf
FORTRAN IV 

51

(VER 45 ) SOURCE LISTING? DERlV SUBROUTINE 05/26/78 

BFIVE«PARAM(3)*AF0UR
15 ? 35156 P

C
52
53
54

BSIXsBONE#ALOG(T)
bseven b̂one/ aqne
BEIGHTs2.0*AFlVE*AL0G<Tl>

55 BNINE=!ATHREE#ALQG(T)
( 56 RNINEbATHREE*ALOG<T)

57 BTENsATENa(BeiGHT-BNINE)
55 conê bthreE/aqne

C 59 CTW0*sPARAM<4)#ASIX
60 CTHREEsPARAM(3>#ASIX
61 CF0UR3AL0G<T8)*<i.d»ANINE>

r 62 C THE FOLLOWING STATEMENTS TEST THE DATA POINT TO
63 C DETERMINE WHETHER IT IS REPRESENTATIVE OF the upcurve;
64 C 0QWNCURVE, OR.THE TQKGUE"DeCAY CUrVE

( 65 IF(X(I»2).GT»10,0> GO TO 40
66 lFCX(I*2).GT;2* 0 iAND »X<I#2) .LT•3.0) GO TO 20
67“tz THE FOLLOWING PARTIAL DERIVATIVES ARE FOR the UPCURVE

( 68 PARTUUat.O
69 PARTL<2>aT
70 PARTL<3)5BF0gR*ixP<-B0NE)*(1.0"BONE)

( 71 PARTL<4>3BF>IVE»EXP(«B0NE)
72 PARTL<5)sASEVEN#EXPC«.B0NE)#{AL0G<T)-BSlXtBSEVEN)" "73 GO TO 30

c 74 c THE FOLLOWING PARTIAL DERIVATIVES ARE FOR the downcuRve
75 20 ?ARTL(1>=1,0 j
76 partl<2>?t . j

c 77 PASTLC3)sBFOUR*EXP<-BTHREE)*(1.0-BTHREE>
78 . .PARTL<4)b b FIVE»EXP<-BTHREE>
79 PARTLC5j«!ASEVEM*EXP(--BTHREE)#<ALbG<'T>-BfBN*CdNE>

r* 80 PARTLC5)a-BSEVEN#ATW0*EXP(»ATHREE>
81 GO TO 30
8'2 c THE FOLLOWING PARTIAL DERIVATIVES ARE FOR the torque-
83 c DECAY CURVE
84 40 PARTLI1)S1.0
85 PARTL(2)=T2

c 86 PARTL(3)8CTWO«EXPt-ANlNE)»(1.0-ANINE)
87 PARTL(4)aCTHREE*EXP(«ANlNE)
88“ PARTL(5)sAEIGHT̂ EXP<i=AnINE) #CKQUR
89 30 continue
9 0 RETURN
V i------------ETNTf



FORTRAN IV (VER 45 > SOURCE LISTING?
109

01/04/80 111 06: 01 PAGE
1 DIMENSION TAV(50),FN<30),EV(50),.ASS<50), ASR(50).GS(50)» TTS(50>, — 2----- l-T-SS-(- 5-Q-)- ,-G-a- (--54 , 5-0-)~rG'D~('5&~r-5-Q-)-rG Q Q (■ UvU-)-,---
3 2GCC5Q>,GV(50).WC90>,WN<lD0),YW(100),WSl<lQ0>,W52(lQO),WRl(100)v
4 3A32(50 )-,A-Rl(50),AP2C50)-'#ASlC50-)»WR2(100).-DLeC(50>*-

 --------5---------- -4B-b^S-S45^>T etrÂ -S-f5̂ ->xb-lrT-S-R-(-5-e--)-f-Dfc:A-SR-(-5-0-hrDtOQ-L5-(mPti3S-(-^^)TDtGV(5-0-)-----■
6 5.DLW<loO),DLWW(loo),DLYW(loO) »
7 6 D L A S K 5 0 )  ,DLAS2(50) , D L A R K 5 0 )  ,DLAR2(50)—  a------ E-Q U-I-V-A-bE-N-OS— (-W- (-t-Vr-T-S-S-I-r (-W-fg-2->-rA-S-S-)- - - - - - - - - - =-- — --- — -   — ---- r
9 EQUIVALENCE CWW<1 )»TSR)v<WW<2 2 ),ASR) . - , .

10 EQUIVALENCE C Y#< i > »G C ) ,' < YW < 2 2 ) , G V )   - - -
 — 44------ EQ4mA{^?Vgg-(^UUfl4^&b^-S4^feirW-Egg4r&bVVS-S-4-- ----- - - -  - -.  ■! ' - ’ ^

12 EQUIVALENCE (DLWW(1),D L T S R ),(D L W W (22),DLASR>
13 EQUIVALENCE <DLYW(1 ),D L G C ),<DLY W <22),DLGV)

----- J4.---- -&gu4AAAU^44UE— ... .... v ■.
15 EQUIVALENCE ( W R i M )  ,DLTSR)»< W R K 2 2> , Q L A R D  ~ . . • . ~ - T:

. 16 r ^EQUrVALENCE ' <WS2 < D . D L T S S Q c W S 2 < 22)*DLAS2)
 --- 1-7-- ;— _-.^&U-m-LE-UUE-LW-R^4-l->-r&L--'FS-R-)-r-(-WR2-(--2-24>-DL-A-R-g-)----------  1--- -----

13 633 FORMAT (///,3 0 X ,‘RELATIONSHIP OF INPUT SHEAR RATES VS. TlME*/>
19 634 FORMAT (1 5 X ,»TI M E <S E C ) * , 1  Ox» ’D L ,T , 1,8X ,*D L .S h .R .<STEp CHANGE)*,4X,

- - - - - 2-0---- — I^WtU^R-t-LLR-I-AN-G-UUAR-S-TEP-C-UA^GE-HV-)— -------  — :- ------ ----- -— r.—
21 3C*50- FORMAT (13X *. tFOR^TAaO . 0»E = 0 >0 DL... T • -TI ME/2*T1 • >

. 22 . -1 FORMAT (6F 10,4 FTm- ■ ■ - • , : -  >■ 4,M, w.
----- 2-3--- -irir-FORMA-T— f£F4-8-,45fMhJr4i- — — —  ------  :------ _ -- — —

24 30 FORMAT ( ’1' )
25 983 FORMAT ( U 0 . 1 F 1 0  ;4) !----- g 6-- 9&2-FG-F4A^--(48-r-9F^8-.-4-)— ---- — -- — - - - - - - - - - - - - - - - - - - - - -.---- ___— _______—

- 27 1C0.F0RMAT CI10, 3 F 1 0 M )  C  4/:,/ -v
28 301. FORMAT C ’ 3',/////,10X, 'R l -»F1Q .4,4 X , fR2= ' F10 ,4V4X <•-'9= ' FlO , 4 , 4 X ,---- g O------ 1 ,..TK:=..f:1.î r4./y../„)-----   ;-— -- l- -- - - :---   ^
30 302 FORMAT (10X , ' N R = * 110,5X , 'NI = ’ 110»5 X ,*S =*F 1 0 .4,5 X . fM M = * 110,5 X ,
31 1' N N = ' 110 / / / )

 .32-- 3^U-FUliMvU^.4-i4TX-^-i4J^H-4-.-4-r4X-,-LA-î F4.-0̂ -4-̂ 4-X-,-LWU^F10-4-,4-X-r-,-T-l-=:-»-F-l-0-r4-)- - - - >— -
33 4 0 5 F 0 P. M A T ( • 1 *, 3 0 X ,, M  A = 0 . 0 *, 1X , • S E C M  0 X , »E = 0 .0 »//) - .. -34 4C6. FORMAT < *1»,3QX, « T A ' FI0 . 4. IX, ' S E C - M 0X , 'E=0,0’//> .

 35-- 2 O-l-F-O-TMA-T— FLl-i-r-FO'X-r-̂ FEFI-NI-T I-O-N-?-’-)— — --- ---- ........ ------ -- - -36 66 FORMAT ( 'O'»10X,'TTls'FlOM.lX''SEC»,i0Xf ,TSS(1 ) = *F10.4 , ’DYNE/CM*.
37 ICM'lOX,,TSR(MAX)='F10,4,’DYNE/CM-CM»/>

 3-8-- 6-6-6— F-Q-S-M-A-I— (-lS-i-̂ -1-O-X, *-T-A a '-F44ir4-r-l-X-,- -S E-&-' ,-5-X-.— £---'-F40i~4'~,~—5~X~»~'~G S-(-f-) - 'F9-.-4-- —
39 1 , ’/ S E C ',5X r 1G V (MAX > a ? F 9 .4 *•/SEC »/5 :
40 2Q2 FORMAT.ClQX,'RlsRADIUS OF THE STATIONARY CYLINDER? CM') - -

 ... -4.1-- ZO-3— F-OS-M4X— C-lUlX,-i-R-2-=-R-A D4U S— O-F— T-M E— R O-T-Al-TN G— C-Yl-I NDER-,-CMj->----------------
42 205 FORMAT <10X,'R =ARBITRARY RADIUS BETWEEN Rl AND R2, CM')
43 208 FORMAT (1(!X , ' A = ACCELERAT I ON CONSTANT OF THE ROTATING CYLINDER')

 44-- 2~G~9— FO-RUA-T-4-l̂ -X-tJ-B--WeNG-TH-0F-4H&-C OLWE-T-T-E-M—  ----- -- - - - - --- ..
45 210 FORMAT . <10Xf 'Q = TI.ME, SEC» >
46 219 FORMAT <10X, 'T1=TIME AT MAXIMUM S H E A R •RATE,SEC,»)

 — 47--- 22XL-F-0-RMA7— ^U-UXfJU-I-^S^SEC-T^TUN-A-b—UO-N-S-T-Â -T— FOR— T-I-M E-r-Q-M ;----------------
48 221 FORMAT (10X, »NR = SECT IONAL CONSTANT FOR RADIUS,!)’)
49 222 FORMAT <1 0 X ,'U A ,UB,UC=DELTA FUNCTIONS IF (UA,ETC.) 0.0,1')

---- 5-0-- 214-FORH/lT-<-14X-,-'-G^SHEA'R--RA-T-E,47S&CJ-)------- --- — - - -- — — -- -— ~.

Appendix 1 .  4 .  Computer n rogram f o r  t h e  dynamic b e h a v i o r  
o f  t o r s i o n  head



FORTRAN IV (VEf? 45 ) SOURCE l ISj INgs 1 1 001/04/80 111 06:01 pAGt
51 2121 FORMAT (10 X ,* AS = DE F LE C T 10 N OF THE T O R S I O N  BAR AT A C O N S T A N T I X ,

 52--- -- 4-A-R0-TA^N.a--RA-r-E-R0-rM-|-GfT0'-’'-)--      — - ---- - - - - - - - - - - - - - - - -53 2122 FORMAT < 9 X . *A R = D E F L E C T I O N  OF THE T O R S I O N  BAR DU R I N G  A L I N E A R ’,IX,54 I ' A C C E L E R A T  ION OF T H E '/.1 2 X , 'R Q T A T I N G  C Y l I N D E R ,M I C R O * )
 £ 5   2-1-4- F-O RM A-T— (1 n X r ’-U =-NE-FlT-ON-I-AN— VT-SCO S I-fY-r PO I S E ' )—  - - - - - - - - - - - - - - - - - ------

56 215 FORMAT <13 X W 0 = C O N S T A N T  R E V O L U T I O N  RATE OF THp R O T ATING CYLINDER,
57 1 1 / S E C ) — 53-- 21&-F0RMrA-'F-M-A-X-r-l-T-K--T-efTS-IrO-N^&AR-C Q N-S-T-A Nf-.DYME-CVMlU-RC-) ---- :— --- -- - -
59 217 1  F O R M A T  < 9 X . ’T S R = T H E O R E T I C A L  S HEAR S T R E S S ,D Y N E / C M .C M ’ )
60 2172 FO R M A T  ( 1 0 X f ’A S R = A R T r F l C l A L  SHEAR S T R E S S , D Y N E / C M , C M ’)

 64--3-13— FQ-RH-A T- (14-X-r-t-T-A ̂ Pl-0^4^±01fiJ -E--0--r (HA) - ------------------- --- — — -- -
62 402 FORMAT ( 3 0 X , ’ST E A D Y  STATE FLOW AT C O N S T A N T  R O T A T I N G  R A T E ’,IX,
63 1 ’AFTER A STEP C H A N G E ’/)

-6-4 4-C-3-1— FOTrM-A-T— (■4-5-X-,-^HrH6-f-jr3r3-X-7-LS44gAR— -FA-T-E-Lrl'Q‘X-r F-TH€-Q--^SHE-AR— S-T-RFsS'Lrl'G-'X-?----------
65 1 ' A R T I - S H E a R S T R E S S ’/)66 5131 FORMAT ( /, 15X , ’ DL,I, t #1 2 X7 »D L , S H ,R A T E ’,9X, ’ D.L'-i T H E O > S H .ST R E S S  ’ , 9 X ,

----- 6-7------ Jr’-DirrA-frT-I , S H y S T-R E-S-S ’-/-)- - - - - - - - - - - - - - - - - - - J----- ------------ ----- ----- -6 g 4c,32 FORMAT (1 O X , F 10 , 4 , 10X , FI 0 ; 4, 1 5 X , FI 0 , 4 ,15X , F10 , 4 )
69 4.133 FORMAT ( 1 0 X . U 0 ,  10X 1 F10 . 4 , 15X , F10 . 4 ,15X * F10 . 4 )----- 7-0-- 4-0-4— F-QRMAJ— — r3-Q_X_r-i4;.f1j_s_T-E-AD-Y— S-T-A-TE-F-L-OW— DU-R-I-N-G— A— L-I-MEAR-*-l-X-,— :---  —
71 1 ’A C C E L E R A T I O N  AND D E C E L E R A T I O N ' / )  ...72 501 FORMAT < ’0 ’,10'X, ’P LOT OF SHEAR S T R E S S E S  (Y-A.XJS) VS, T I M e

 7 3  l^.FJrFR_/V-5XE.B_.C-l4ANG-C->— ---- :— ;--- : — - :— ----- — ---- -— -—74 504 FORMAT ( • 0 ’,1 0 X , ’PLOT OF SHEAR S T R E S S E S  (Y-AXIS) VS, SHEAR RATE
75 1DURING A L I N E A R  A C C E L A R A T I o N AND D E C E L E R A T  I O N ’)

 7.6__ 505— EilRMA.T— .(JLilJL̂ lllK.r-LF.LO-T— O F — SHE-A-R— RATES— <-Y-«-AXI-S-)— V-S-i-— T-I-Mg— (-X» A-X-I-S-) J -)----
77 600 FORMAT (5 0 X , ’U N D E R D A M P I N G ’/) . /
78 601 FORMAT (S O X , ‘ CRITTCAL" D A M P I N G ’/) Z.9-- 66-2-XomU.T— (̂ -lX-̂ J-O.V-e Ste-A-KP-I-N G-V-) -— ---------
80 206 FORMAT (l o X , ’TA = TI ME CONSTANT OF THE T O R S I O N  HEAD,SEC')
81 2 C7 FORMAT < m x ,  *E = D A M P I N G  C O E F F I C I E N T , O ' >

 aa---.3-,-51-.-F-0RMA-T - T-1̂ X-̂ J.-DL-.-T--,-( D-I-MET']S-IONLES.S--T-1KlE-T4-|1E-(-10S!?,C.)./-T4ME-CON-S-T-r-T-A-’-)---
•83 3 ,52 FORMAT <1 0 X , ’D L ,S ,P .(DI MENS IONLESS S H E A R  R A T E = S H E A R  RATES ( S T E P S /
84 1 . 1 3 X , ' C H a N G E / T R I a NGULAR S T E P > / C C O N S T ,/MA X  .) SHEAR P a YE (AFTER A ’,/ . 85------ 2-,-13X,-,-S-TE-P._C.HANGi-/DUR-I-N-G— A--TR-I-A-N-G41L-A-R— STE-P--CHANGE-)-1-)— -— :— — L__---- —
86 3 15 5 3 F O R M A T d O X , ' D L .  (THEO/ARTE) S . S , ( D I MENS I ONL.ESS S HEAR STRESS',/,87 .1.13X, '< T H E O R E T I C  A L / A R T E F A C T  )-SHEAR S T R E S S  (THEORgT I C A L / A R T g F A C T )  ’,/,

 36------ 2-l-3-X-,--/-T-HE-G-RE-T-I-GAb— SHFAR~S-T-RESS~A-1l-M-A-Xy— SHE-AR--R-A-T-E-*-)---- -- — — —  89 901 FORMAT (1 OX , « GS (1) =?SHEAR RATE FOR A STEP CHANGE') -
90 902 FORMAT (10X, ’ GV(MAX)i=MAX. SHEAR RATE D U R I N G  A L I N E A R  A C C L E R A T I Q N -9-1-.. ... -1-AND--DE-CEL-&FA-T-I-0Aj-’-/-rt2X-r-!-T-R-I-ANG-llL-A-P— S-T-EP— CHA-NGE-*--)- - - - - - - .— -— — — -— —
92 903 FORMAT ( 1 0 X , •T T l = T O T A L  TIME FOR A T R I A N G U L A R  STEP C H A N G E ’)
93 904 FORMAT ( 1 0 X , 'T S S (1)= T H E O R E T I C A L  S HEAR S T R E S S  FOR A STEP CHANGE')

 9.4--- .9-0-5~-F£RM-A-T— (4-0-X-,-1-T-S-R-(-M-AX-)-rr;FflEGRE-T-I-CAL— MA-X-SH-E-A-F4— ST-R ESS--F-QR— A— T-R-I-A-NGUL---95 1AR STEP CHANGE.’ ) xv
96 1234 FORMAT (10X, ' MM = N O , OF T A ’ )

 9 7 - 12 3 5- F O-RM A-T— -( -l-HX-rJ N N =-NG- , - 0  F— £■’-)— --- ---- ---- --- — — ------ :---- -----------98 WRITE (6,201)
99 WRITE (6,202)

 tao- —  -_W.R-I-T.E--(6-,-2-0-3-)----------------- -- ------------ - ------------ --------- -



FORTRAN IV (VER 45 ) SOURCE LISTING!
Ill

01/04/80 H I  06 SOI
101 WRITE (6,205)

— 1-0 2------ W FH'T-E— (-6-,-2-0-8-)—103 WRITE (6,209 >
104 ■ W R I T E  (6,210.)

— 105------ W Ri"T E— (- 6,-211)—10 6 WRITE (6,2121)
107 WRITE (6,2122)

— l-Q-8--- — — W-RT-T-E— (-6,-21-4->—
109 WRITE (6,215)-
110 WRITE (6,216)
11-1- - - - - - - WR-I-T-S— f6-,-2-l7-l-l-- -
112 WRITE (6,2172)112 WRITE (6,219)

-14.-4- - - - - - - WR4~£i— (-6^2-2-04-
115 W R I T E  (6,221)
116 WRITE (6,222)
-1-1-7------- WR-I-T-E— (-6-»-2-0-6-)—118 WRITE (6,207)
119 W R I T E  (6,1234)-120------- WR4-TE— (-6-,-1-2-3-50-
121 W RITE (6,901)
122 WRITE (6,902)
-12-3------- W-R-f-T-E— (-6-r9D-3->—124 WRITE (6,904)
125 W RITE (6,905)
-12-6------- WR-I-7-E— (-6-,-34-5-l-)-
127 W RITE (6,3050)128 W RITE (6,3052)
-1-2-9---- — ---WTH-T-E— f-6-r3£-53->-130 1980 READ (5,1) U ,Rl,R2» B,TK,A
131 READ (5,11) N R ,N I ,W Q ,S » T1-1-32 9 EZo- P. E ID— (-5>-lTUL L._1MM.r_W'-A-V-(-MT. A-)-̂ MT-̂ -̂l-,-f4Wl-
133 999 READ ( 5 , 982 ) N N , ( EV (NE )-, NEs'l, NN )134 WRITE (6,301). R 1 , R 2 , B , T K  ...
-13-5-- - -- WR4-m-( 4,-3 0-2-)— N R-rN-I-r-5-i-M M-r N N— — --- -
136 WRITE (6,303) U,A,W0,Tl137 RK=R1 / R 2

1-41-6-
139 CSs4*PI*Rl*Rl#B#Ll#WO/.( (1.0wRK«RK)*TK)140 CRs4*Pl#Rl*Rl*B*U*A/<(l.Q*RK*RK)#TK)

 1.4__ _____ CXs-sJ-K /.(-2̂ R-I-A-Rl-iM?4-̂ -8-)- - - - ----- -— ;___
142 DO 1000 N T A " 1 , M M
143 TA?TAV(MTA )

-14 4- - - - -- DO-l-im-tlE-sH-KW- - - - - - - - - - - - - - - - - - - - -
145  e = e v < n e ) i---' .. -..i,: w . , . :
146 DO 2 I =1, N I

—147------------ G = S-*C-I— 1- î)-)— --------  — -------- ------------------
148 QTuQ/T A149 QA=G.-1.5.0______ Q&s-Q-A^Xl-



Fo r t r a n iv (v e r 45 > s o u r c e  l i s t i n g : 01./04/80 111.06:01
151
1-52-
153
154
1-55-
156
157 -1-5 8-- 
159 
1 60 .

A-O-U-A-^VQ------
GO TO 42 

41 U A = 1 .0
-42—I-F—f U-j-r~£-i-9-)— 5-9-r-&tj-r-5-l 
50 UB= 0 * 0

 U&=Q9-

_.._T-T-l=-2*-T-l-

UC = QC
UAsQA
J=(NI+l)/2
QC=QA-2*T1

IF (UA-0,0) 4 0 » 4 0 # 41

-16-1
162
163 GO TO 52- - - - - 1.64--- 5-1— -UB-i=4.-»-Q--- — ------   -;----- - - - - -- ----- _ _ _ _ _ _ —
165 52 IF (UC-O.O):- 60*60.61
166. 60 UC = 0.0 ' vl X  X

- - - - - 1-67-- ---- G-O— T-9— 62—  • - ' -  -----    :--- ------ — ---- :---- :— -168 61 UC=1.0169 62 E=EV(NE)
----- 4-7-0- - - - - - - 1 f— (- £■•»-!■ , a ) 7 0 .71-.-72— ----- ------- --- =— :------- -- - - — ---

171 70 X = S Q R T (1« q -E*E>
172 XT = X*GT- ■

_— --- 1-Z3- - - - - - - P-=a T-AN-(-̂ -X-/-E->— -- — — — -L— -̂ - - - - --- :— — -— — ; — - — -—174 E C = E X P ( - E » Q T )
175 C CASE T H R E E » TA IS NOT EQUAL TO Z E R O * E < 1 ,Q »U N D E R D A M P I N G  _____ 1-2-6_ _ _ _ _ _ _ A S=JlS_sjLl-_il^Ea*.S-I- ttt-X -T- «P~1)-/-X-)- - - - - - -   ;------- -------
177 A A = C R * ( G - 2 * E * T A  + ( T A # E C / X ) * S I N ( X T - 2 * P )  > 4
178 AD = CR*2*.r.l*(1.0 + (EC#siN(XTrP.) )/X>- .

---- 1.7.9----- l-CRU-â 5-#-F-*-TA-*-C-T-A-»-Ê -/-X-)-̂ S-I- N4XT-- 2-4 P-> 4 ----
13G AR = AA« <UA-UB> + AD*(UB-UC>
lol ATS=CT*AS 182______ -AXBjsI X U A R — ._____ _ _ _ _ _ _ __________________    ____ ;____
183 GO TO 80 . -V .... i.184 71 EC=EXP( - Q / T A ) .-

 185-0-- — -C-A-S E--FTUAR r T A- - IS — M 0-T-— ET3 U41— T- 0— 7 E R 0-r E-— 1--,-Q-*-C R -I-T-I-O-A-L— D A-H-P
186 A S = C S # ( 1 , 0 - ( 1 , 0 + 0 / T A ) * E C >
187 F A = Q * E C + 2 * E C / T A + Q ~ ? / T A

_______________ 1 3 8 .................... .....................F . D  g - 2 l X l * - L L J l ^ - L l t l - + - Q / - T A T - f t E . G . )   ---------------- ;_______________________ .______________ - _________________

139 a a = c r *f a /
190 - AD=CR-» (FO-F A ) : 191- - - - - - - AR-s-AA*-(-U-A-U@-M-AD-M-UB~UC) - - -- - - - -- -- ;— -—  : —
192 ATS-CT #AS
193 A T R ? C T # A R_____ 19-4_ _ _ _ _ _ _ G-Q— T-O— 8-0— ______ -___________________      —
195 - 72 X B SGRT<E#E"1;'0>- ''■■. a ..:.-.196 XP=E+X ■ I,.; . . . ,.1'-

- - - - - 1-9.7------- X-N=B-“X--- :-- — — --- ------ :— -- -- -- ------ --- -------198 EP = E X P ( - X P * Q T )
199 E N = E X P < - X N * Q T )

 2-0 U_C______ 1 A S.E_F-1VE«_T-A_LS_MCH-E-&UA.I TO— Z E-EUl-E-Xl -*--0------------ ------------------



(

( '

FORTRAN

201 
? n ?

IV (VER 45 ) SOURCE LISTING;

AS = CS*U, 0«(XP*EN-XN*EP)/<2*X) )
PftTA

113
01/04/80 11*06:01

r  ; 203
204OOR

TE=TA/( X#2 ) ........ - ' • ■"
DP=2»E«E-1 «Q + 2*E*XnM.o w.c .. c-4 0-0 a-P m' V  ...........................

( 206
207
2 R 8

■ LMn 5 K-* C■W* 1 v c A.....
AAsCR*<QE+TE» <DP*EP-DN*EN)) 
AD"2*Tl*CR*<l,G+<l/(2*X) )*(XN*Ep~XP#EN))-1 r,n*/nc + Tp*(npjtCp„r<M,cMi \

C L. 209
210

^ vjyn^or frfrlT/7 1 • ..■ * ••■■■•
AR=?AA*(UA-UB>*AB*(UB'*UC) ' ..
ATS=CT*A5 **>
ATR~CT» AR.... . . •............................

. .rv; :.,;7 ,

(
£«!. «L 
212
213214 c

80 ASS(I)sABS(ATS)
ASR(I)=ABS(ATR)
THEORETICAL SHFAR STRESS- and s hf ar r at f

( ' ! :: . 215. -
216,.:-217 ■RsRl;!f.«M-l)»0Ll*CR2*Rl) ' . *■gnM5=p n. ........ ..........................................

- '

C"
218
219
220

GS(M)=2*Rl't*Rl*W0/( (l ,0-,RK*RK)#R#R) + SUMS 
TTS(M>=~U*G5<M)
TSS(I)-ABSCTTStl11f. ■

c r :
ir

221 . 
222 
pr?T

SUMA=0,0 ^ K •
GAtMfDs(2*Rl#Rl»A/< Cl»Q-RK*RK>*R*R) )*Q+SlJMA 
gijMn = o 0 ...........  .... ■ ' ■ '• ■ ■ S 3

(.
224
225
226

GD C M , I)s(2*Rl*Rl#A/((1. 0-RK#RK) #R#R))*(«QC) + 
GR£M,l)=GA(M,I>* MJA-UB)+GD(M» I)« <UB^UC >
G V fI) = G R ( t • I ) .......

SUMO
/

(  I ; : ;
227
228 • 
n 9  0

K~I+NI • * .
SVCK.)5GR(i*-n--TTrj/M 1 \  fl +*■ P F? V M *- ? V .. ■ ■ '■

I

....... c c  7
2 3 0
231

f ■ rr \ n j  i  W^ulTv lTr I /
TSRCI)=ABS(TTR(1,I>)
QQtI ) =QT
l ~ l * ri x ■ -

C i
233
234
p-?R

2
QQCUsQQCl)
CONTINUE
nr> rtf,£, I n i  .NT

* ;.vy

c

’ cO J--- -
236
237
2 3 8

u\j £Uw jr** i, j i\ *
J = (N I +1 ) /  2 
T T 1 = 2 # t 1
DlTSSfIlrTSS(Ii/TSSMl

( '  Ir: •
239
240
? 4 1

DLASS( I )=ASS(I.)/TSS(l) . ... .,.YV. ' • 
DLTSRCI ) = TSR.(I)7ISR(J)
0! A?R ( I 1 ~ ASP ( T 1/ T ? f ?  1 . 1 1

•' J ‘‘ • •.■.’v.'.-i.-''

c
242
243

DLQQ(I)=QQ( n / T T l  
DLGS(I)aGS(l)/GS(l)
PLGP(I ) =DLGS< I )

(  I
245
246
247

266
DLGV < I ).=?.GV Cl )/GV ( J ) - . . . 
CONTINUE
WRITE ( 61 3n ) ............ -

c
248
249 
? 5 n

WRITE (6*666) TA.E*GS(1)*GV(J) 
WRITE (6*66) TT1, TSS(1) *TSR(J) 
IF (E-lrO) 7(10.711,712

c r: ■t
L —

^ - - -

I



1 1 4FORTRAN IV (VEER 45 ) SOURCE LISTING: 01/04/80 ll|06:0i
251 700 WRITE (6,600)

— 2 5-2------- G Q— T-0—6-77-
253 711 WRITE (6,601)254 QO TO 677
-2-55--- 7-12— WR-I-T E— (- 6-,-6-0-2-)-
256 677 W R I T E  (6,402)
257 C WRITE (6,4031) -2-5-8— G- - - - - IKE-3— Kl-rN-I-
259 C Q*S*( 1 - 1 , 0 )  ...
260 C QQCI)=Q
*26i— e — ---- — -— — ----------- — — — --
262 C QQ(L)= Q O ( I)
263 C GC(I) = GS(1)
-2-64— G---- WR-Î E--(-6̂ 4Ĝ 2-)— ----—
265 C 3 CONTINUE
266 WRITE (6,-5031) ■

-2 67---------— DO ^ -6-3—I- l rfM-268 Q = S * ( I - 1 . 0 )
269 Q Q (I )=Q/T A-278- - - - - - - L — I-+N-I-
271 D l G C C L > - D L G C (  I) ' :-7
272 W RITE (6,4032) Q Q ( I ) , D L G C ( I ) ,D L T S S ( I ),DLASS(I)— .223— ,3.63. CQNTJLN.U.E-.
274 WRITE (6,404)
275 C DO 4 1 =1,N I- 22-6- C----- n^SJtU^U-Q-)__
277 C G Q ( I )= Q
278 C L=I+N I
-27-9- C dQ4-L-)--aQ-(-I-)-
230 C GV{ I )~ G R ( 1 » I )
281 C K=I+NI

-2 c 2—C------ -_0.\UJa.^GR.(l-,-I-)-283 C WRITE (6,4032) Q Q (I ),G V (I),T S R (I ),A S R (J)
284 c 4 CONTINUE ._ 2 a 5 ______ GQ-4-6.4— 1=.JL,.N.I__________  _ ____ : : ... 2 . . -  . ' -■'-v
286 Q = S*( 1-1,0 >.
287 0Q(I)=0/TA

—2 as------ 2u&-V-(-l)-̂ (LV-t-I-l/-G-V-(-l7----------- --- -— — ------ --
289 L=I+NI ./■ ....  , :
290 DLGV(L)=DLGV(I) .

-. 291-- -- - -WR-1XE— (-6-,-40-3-2-)--QQ-(-I-), DLG-V-(-1.7,-DL-TSR-(-I-) ,-D!.ASR-(--B--
292 464 CONTINUE
293 NP = 2*M_...2-9-4------ WR-U-E— (6-^30-L
295 C CALL XY P L O T  (NP,Q0,W>296 C WRITE (6,30) ■
.2.9.7-— — _ _ _ CALL-X.xaULL_CN.2,.G CU-&LW-)-
298 WRITE (6,501)299 WRITE (6,30)

-3-ac_C- - - - - CA-Lt— X-YRLO-T— tMP-,a5At,-W-W-)—



F o r t r a n  IV (VER 45 ) S O U R C E  LISTING: 01/04/80
115 

1110 6:01
301 
3 it? C WRITE (6,30)Paii v v P I—(VT_ t N P-l. pi I (1 \i .. n t 1111 ̂

/ \ 303
304. __■« (IK—

wfltt. n rr Lu 1 U ' n  l)L«v»ijLWw rWRITE (6,504)
WRITE (6,30)/i 11 1 VVDI n r  i MQ nn. .n.i.i.lnt

f ' 3 06 
3073 0 8

/\«« l-U' # Wtff LIUHW/W RITE (6,504)
1000 CONTINUEA7C1 lilPTTP ...., ...

309
310i 311

- snĵ rjr~lrn i 1 \ y f v? UWRITE (6,633) . .
W R I T E  (6,634) . a i k -j nn 3^i. r . w t . - .

. --I
■> ■'■■■■ . Li- ri’SLs

( 312
313314

Q = S * ( 1-1.0)
Q Q ( I ) = Q / T T 1  D L G C t M - G G d  )/ G O (1 1

c : . 315:, 
• . , 316317

DLGV.C I ) =GV (I ) /GV (J ) . .
L=I+NI - ■ *. n o (1 >- n n ( I)

J ■ V. ■ .. i" ■. . L

( 318319
3? 0 351

WRITE (6,4032) Q , Q Q ( I ) , D L G C ( I ) , D L G V ( I )
C O N T I N U EWRITE (6.30)

c ■ 321 
* 32 21 323

3522 NP=2*NI 
G = S * t 1-1.0}
q q i r )-n/Tii ......  ■ .  ■ •

( 324
325326

CALL XY P L O T  (N P ,Q Q ,d L Y w )
WRITE (6,505)RPAD (5.100) M M . ( T i V f M T A ) MTArl MM)

;

C L ,  327. 
} 328“I ->o

DO. 1 0 0 1  M T A s i , mm.-• .. l. L 
DO. 1001. I =1,NI \ .. ■ '>1"2 • • ; • ■; :.r • ' .’-r.ij.,A v. .

c
*. . . .  -OC j

33 0 331 
3 7 2

U 2 3 * v 1 X V w # QA = Q
C3=QA-Tl p r - n A - *3 * T1

V
1 333 
t- 334 i *:*<=;

UA = QA - .
u b =Q8 ;
U C=0C ■ ■■■-■ '■■■'■" ...  ■

C
336337
338

43
IF (UA-0.0) 4 3 , 43,44
UA = 0 . 0 
GO TO *5

c
k .. 339 
L  340 
’ 3 4 1

44
45 53

UA-1.0 /  ,.l;. 
I F . ( U B p O ,0 ) 5 3 , 5 3 , 5 4
L ) R r 0 , 0 '

. . P -•••;. ■ • -

C'
342343344 54

55
GO TO 55 
UB=1.0
IF (UC-1,0) 6 3,63.64

(
I ' 345 
| 346 347

63 u c = 0 . 0  . d ,  '■ -,r: L
GO TO 65 V". ■ ■■■• : 
110=1 , n .. ........

- . . ■!

c
348
349350

C
65

CASE ONE TA = 0 . 0 » E = 0 , 0 AS = CS A A =OR-» Q A
I"

i.
i

.. ... .. ,--- '■ *
. ______ , . ... ■■ ___ ;_;............ . .. .... .. .

. !sv .p ;) ;■ .. 
....r ‘

c

O



1

<

(

1 1 6
FORj RAN IV (V ER 45 ) SOyRCE LIST ING: 01/04/80 11* 06:81

( '  351 AD=eR*<~QC>
 3.5.2-

(
353 A T S s CT *AS
354 ATR = C T M R
. 3.5.5------- A Sl-(-B =A-BS-(-Â -S-)--- :------ -- - -- -- -  -— - -
356 A R K I  >s ABS(ATR>357 C CASE T W 0 , T A IS NOT E Q U A L  TO ZERO.E = 0,0 -3-58------- T / 4 A » f - r - r  _ _ _ _ _ - - - ----- ---
359 QTsQ/TA
360 A S = C S * U tO - C Q S ( G T ) )
_3 6"!-------

(  362 AD=CR*(2*T1»(1.0-COS(QT))-<G-TA*SIN(QT)))
v 363 AR=AA*(UA-UB)+AD«(UB-UC>

_-------- -3 64-C-------- NAWftAt-WE4U&N€Y-
365 F N ( M T A ) - l , Q / t 2 * P r * T A ' K366 . A T S = C T » A S36-7--- --- A^R^e-T-tr/rR-

C

(

C

c:

(

c

c
c

(.

(

368 AS2 ( I)= ABS(ATS)369 A R 2 <I)=ABS<ATR)-3-7-0-- i-^01-O04LT-I-fLU&-
371 WRITE (6.405) ,
372 WRITE (■ 6*402)
.37 3— - - - - WR-1XE— (-6-̂ 5413-1-4-
3>’4 DO 703 I n # N I
375 Q = S * ( I - 1 ,0 )

- 3 Z 6 ----------------0 0 4 -U - = 4 } A m --------
L=I+NI ..QQ<U>=OQ< I )
_nLOS4-U-=-asl-l-X/G S4-1-)- D L G C d  )=ni.GS(I ) 
D L G C ( L ) = D L G C ( I )
WRITE (6.4032) QQ(I ),D L G C C I ) » D L T S S < I ),D L A S 1 (I ) C O N T I N U E  . •' A  ■

..WR_I_I£_C_6-̂ 4iL4-)—__    -.... ....
DO 704 Isl.NI Q = S * ( 1-1.0)— QQ.(..I-l=qAW--
L=I+NI

390 0Q<L)=QG'U>. . - i v
.391------- 1) WG-V- (4-)-=4JJV-(-U/G-V-(-J-)--—   -— - - - - - ----- -----
392 D L G V ( L ) = D L G V ( I )
393 D L A R K I ) - A R l < I ) / T S R < J )-3-94- - - - - - - WiU-I^4-6-^UlZ2->--Q.5(-I-)^DLG-V-<-I-^D-US.R-C-I4-l-[JL;-AR-l-C-I4-395 7 0 4  CONTINUE' • . -.. •396 WRITE (6.30) ..
39 7----------..C.AUL-X.7RL.0X_(4CR-f-g.G-f.W.S.i-)----;— ---------------------398 WRITE (6.501)
399 WRITE (6,30)
-4.0.0-_____ _ CALt-X-XP-L.QX_CMP.,4iLG.V-^WRl-)-- - - - - - - - - - - ---- ------

(.



FORTRAN IV (VEr 45 ) SOURCE LISTING!
117

01/04/80 11106:01
401----- 4-0-2-
403
404

----- WRITE (6,505)
DO- 7-0-9-ffWrsl. MH- -- - :— ;—  “ . “ . , ~
T A - T A V  (NTA) - - - ....  ;W R I T E  (6,406) TA-  ̂  ̂

406
407 4 0 fi

W |\ I I U ( 0 M  /
W RITE (6,5031)DO 705 1=1,NIn - c * n  1 n > ...

409
4104 11'

•W — "Art tJ ....  -
Q Q ( I ) - Q / T A  ^L - I + N I  - #

412
413
414

W U VfcV‘-HsrU*\ I ) " ...........
D L G C ( I )= D L G S ( I ) 
D L G C C L ) s D L G C ( I )111 IC9M l:»CO( O l/TPCM 1

415
416417 705

W R I T E  (6,40321. Q O ( I ). DlGC C I ) , D L T S S  (I ) , DLAS2 ( I) . , . . .  —
CONTINUE.. - * . r , -
u p  t TP , A. 40 44 ... - -' .................................. ...............  ..................

418
419 4?n

DO 706 In»NI Q = S * ( 1-1,0)
n n n i - n / T »

.. 421 
. . 422

4  7 T

U L t N l  * . . ^  - 
QQ(L-) = OQ(I) . . .  *
m  n \ t  f t \ -r>\/ / t v y n u t  }\  i  •. . . .  -- ‘t-ffl?---

424
425 4?6

D L G V ( L ) = D L G V ( i )
DLAR2( I )=AR2(I)/TSR( J) i 
W R I T E  (6. 403?) D Q (  I ) . m RV( T ' . nLTSR( I Dl AP2( I )

: 427 4284 7 0
706 CO NT I MU 5 . ■ .;:: . I::-;' . ': ;>W R I T E  (6,30)

r At 1 VVDI AT t Nip , n r  * III .  - .i* . ,,
43 0 
431

v5t;,i,i,,rtTr,L,y r ,,m\ !vrj Islvr Wirc /WRITE (6,501)
WRITE (6,30)CALL V V P L Q T ( N P . n 1 G \/ . M R P )

433434 
4  3  ^

W R I T E  ( 6 , 5 0 5 ) ........  .WRITE, (6,30).
r ai » yvpi nT imp nn hro» ..

436
43743p, 70 9

WRITE (6,505) 
CONTINUE GO TO 198 0

439
: 440 9666 STOP. . ...

.END • . T:  : ; .. '



R1 = RAD I US C ^ H E  I J a ^I O N A R Y  C Y L I N D E R , C M  
R 2 = R A D I U S  OF THE R O T A T I N G  C Y L I N D E R , C M

; A  P-D-L-T R A RX-PJtm-US— S 6-T-W-EE N-R 1— AM4J-R 2- *-C M-
a = a c c e l e r a t i o n  c o n s t a n t  o f  t h e  .r o t a t i n g  c y l i n d e rB = L E N G T H  o f  t H E jC O u VETTE V

_0=-TI-f4E^S&G-G = S H E a R  RATE,1/SEC
a s = d e f l e c t i o n  o f  t h e  t o r s i o n  o a r  a t  a c o n s t a n t  R O T A T I N G  R a t e  w o ,m i c r o

A R=-D s.FLE-C-Uj^LJTHJ HE— TQ-aS-LoN-BTtR-ITUIiL^G-A-L-I-N&ArUACCEE&aMiTaN-O F— T-kE-— — - 
R O T A T I N G  C Y L I N D E R , M I C R O  •- • . -- - * '• ' --'■'v'" • . ' - ' .U = N E W  TON I AN,-,.VISCOSITY , F O l S E  - - ' - v

_ H a^C&fcmANX-^EJAaUUXT0J4-R-A^E--&F^LH.E-RTFFA^mG-C-Y4T-NfiER-r-lV-SEC-^-^-:.'. L ;":>
TK=TORSION BAR CONSTANT,DYNE-CM/M1CRQ

t s r - t h e o r e t i c a l  s h e a r  s t r e s s ,d y n e / c m .c m
-ASR-^MT^L^EG4-.M=--S-HE-A-R-S^R€S-S->-DYN-E-/-G-Wt-GH 
T1 = TIME-at -MAXIMUM-SHEARfRATEVSEC "
N I , S L S E C T  I ONALi-rCCNSTA NT OR;'; TI M E
UA.UB,UC=DELTA FUNCTIONS IF <UA,ETC.) 0,0,1 
TA = TI#ME CONSTANT OF THE ToRSloN HEAD,SEC
M.M-NO , • OF TA..-.
NN=NO„. OF. E - 

-GS-Fl-L-S-HF-AR— R-Â FE— FOR— A— S-TEP— GHAW&t-G V ( M A X ) = M A X ,  S H E A R  RATE D U R I N G  A L I N E A R  A C C L E R A T J O N  AND D E C E L E R A T I O N  
T R I A N G U L A R  STEP C H A N G E  

X-ir,=-IHl-Ai I. I ..M-E— LC R — A— T-R-LA-N GUL-A fi-S-IE P--CHAKG &.
TSSCi)=T:-EC.RETICAL S H E A R  STRESS. FOR iAl S J E P  VCHANGE . . « , . n . *
T S R ( M A X >  = T H E C R E T I C A L . M A X ; .  S H E A R  - S T R E S S . T D R ^ A  T R I A N G U L A R - S T E P  C H A N G E

- D g ^ IUXVWE-SS--W.&=-T-I-M E-(-l-fAS E-C-)-/-t-I-ME-CONS-T-pT a — , -
. FOR T a = ?.O,E = 0 . 0 , D L , t ; = T I H E / 2 » T 1  *

D L .S ,R , ( C l P E N S I O N L E S S  S HEAR R a TE = S H E A «  R A T E S  (STEP 
 CTLAMS5ZliUJ,USiiLAa_S-T-&P-XA(-CoMS-I-.VT-1.AX-(a--S-HEAR_RA-T-E---UF-TBFA-A-

STEP CHANGE/DURING-A,TRIANGULAR. STEP.CHANGEI •. - - - ■
DL, (THBO/ARTE) S, S. (DlMEfiSl.CNLESSY S H E A R  -STRESS ' .. - r

 {XHECR E-J.TCAU-A RXE-FA CT4--S H-E-AR-̂ S-T-R E-SS-LT-HE 0 RE-W-CA L/ARTEFAC-T-)--------------
/ T H E O R E T I C A L  S H E A R  S T R E S S  AT MAX. S H E A R  RATE
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A p p en d ix  I I . l - A  H e m a t o lo g i c a l  P a r a m e te r s  D u r in g
C a rd io pulmonary Bypass

PP a ra m e te r Sample N X S.D.

hemoglobin

IT
1
2
3
4
5

18
6

13
11

8
4

1 5 .2
1 4 .7  
1 3 .0

8 . 1
1 0 .8  
1 2 .0

1 . 2
1 . 3
1 .2
0 .9
1 .9
0 .5

0 .0 1  
< 0 .0 1  
< 0 .0 1  
<0 .01

IT 18 4 5 .7 3 .5 —

1 6 4 3 .3 3 . 3 -
2 13 38 .1 3 .3 < 0 .0 1

h e m a t o c r i t 3 11 2 5 .6 2 .7 < 0 .0 1
4 8 31 .7 5 .3 ( 0 .0 1
5 4 3 5 .6 1 . 2 ( 0 .0 1

il 18 ' 4 .8 0 0 . 5 4
............7

1 6 4 .9 1 0 .2 7 -

2 13 4 .4 7 0 .4 8 < 0 .0 5
r e d  b loo d  

coun t 3 11 2 .6 6 0 .3 5 < 0 .0 1
4 8 3 .51 0 .6 7 < o.oi
5 4 4 .0 9 0 .1 0 < 0 .0 2

IT 18 216 58 —

1 6 297 92 (  0 .0 2
2 13 298 53 < 0 . 0 1

f i b r i n o g e n 3 11 154 34 < 0 .0 1
4 8 293 63 < 0 . 0 1
5 4 489 71 < 0 .0 1

t o t a l  p r o t e i n

N
1
2
3
4
5

18
6

13
11
8
4

7 . 4  
7 . 7
6 .5  
4 .2
5 .4
7 . 4

0 .5
0 .6
0 . 4
1 .0
0 . 4
0 . 4

C o . 01 
< 0 .0 1  
CO. 01
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■Appendix I l . l - A  -  C o n t in u e d

P a r a m e te r ■Sample N X S.D. P
N 18 58.9 5 .0 —

1 6 54 .8 1 .8 -

a lbum in
2 13 55 .9 3 .6 -
5 11 5 6 .0 5 .6 —

4 8 6 1 .9 6 .7 -
5 4 4 9 .8 3 .0 < 0 .0 1

N 17 2 .7 0 . 8 —

1 6 3 .4 0 . 4 < 0 . 0 5
2 13 3 .3 0 .7 < 0 . 0 5

o^| g l o b u l i n 3 11 3 .2 0 .7 < 0 .0 5
4 8 4 . 2 1 .1 < 0 .0 1
5 4 4 .8 0 . 8 < 0 .0 1

N 17 8 . 5 1 . 3
1 6 10 .7 1 0 .0 < 0 .0 1

g l o b u l i n
2 13 1 0 .0 2 .1 < 0 . 0 2
3 11 1 1 .4 6 .8 —

4 8 7 . 3 1 .8 -
5 4 1 2 .1 3 .4 <0 .01

N 17 11 .9 1 .1 _

1 6 1 2 .7 0 . 5 -

2 13 12 .7 1 .3 _

j3  g l o b u l i n 3 11 11 .6 1 .8 —

4 8 11 .1 2 .3 -
5 4 13 .5 0 . 8 A

.
o . o H-

1

N 17 17 .7 4 . 4
1 6 1 8 .4 1 .7

"Y g l o b u l i n
2 13 1 8 .1 3 .7
3 11 1 7 .9 3 .9 —

4 8 15 .5 2 .3 -
5 4 19 .8 2 .6 -
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Appendix I I . l - B  R h e o l o g i c a l  P a r a m e te r s  D u r ing
C ard io p u lm o n a ry  Bypass

R h e o l o g i c a l
P a r a m e te r Sample N X S.D. P

N 21 0 .1 9 6 0 .0 4 2 -
1 6 0 . 1 6 8 0 .0 5 4 -

2 13 0 .1 4 1 0 .0 4 0 < 0 .0 0 1

' A 3 12 - - -

4 8 0 .06 9 0 .0 3 5 < 0 .0 0 1

5 4 0 .12 7 0 .0 17 <0 .01

N 21 0 . 1 1 6 0 .0 1 6 -

1 6 0 .1 1 6 0 .0 2 5 -

p
2 13 0 .0 9 1 0 .0 1 5 -

3 12 0 .0 4 7 0 .0 1 0 < 0 .0 0 1

4 8 0 .0 6 6 0 .0 1 5 < 0 . 0 1 0

5 4 0 .0 9 3 0 .0 0 7 -

N 21 0 .1 2 5 0 .0 3 8 —

1 6 0 .1 1 1 0 .0 2 1 -

c 2 13 0 .1 1 1 0 .0 3 4 -

3 12 - - -

4 8 0 .1 0 7 0 .0 4 1 -

5 4 0 .0 8 0 0 .0 2 5 < 0 .0 5

N 21 0 .4 0 7 0 .1 0 1
--------— '—— .............................1

1 6 0 .3 7 7 0 .1 5 2 -

A 2 13 0 .3 5 0 0 .1 4 3 -

3 12 - - -

4 8 0 .1 8 2 0 .0 4 7 0 .0 0 1

5 4 0 .2 7 6 0 .1 1 4 < 0 .0 5
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A p p en d ix  I I . l - B  -  C o n t in u e d

R h e o l o g i c a l
P a r a m e te r Sample N X S.D. P

N 21 1 .6 6 1 0 .3 4 0 -
1 6 1 .6 46 0 .13 7 -

2 13 1 .5 7 8 0 .2 7 5 -

/H 3 12 - - -

4 8 1 .5 2 6 0 .1 5 5 -
5 4 2 .048 0 .6 2 7 -

N 21 0 .1 8 4 0 .03 9 —

1 6 0 .1 7 4 0 .0 4 3 -

%
2 13 0 .1 3 8 0 .0 2 9 < 0 .0 0 1

3 12 0 .0 4 8 0 .00 9 < 0 .0 0 1
4 8 0 .0 9 0 0 .0 2 5 < 0 .0 0 1
5 4 0 .1 3 6 0 .0 1 4 -

N 21 0 .0 6 8 0 .0 2 2 —

1 6 0 .0 5 8 0 .0 1 8 -
2
3

13
12

0 .0 4 8
0 .0 0 0 4

0 .0 1 6
0 .0007

< o . o i r  
< 0 .0 0 1

4 8 0 .0 2 4 0 .0 1 0 < 0 .0 0 1
5 4 0 .0 4 4 0 .0 0 8 < 0 . 0 5
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Appendix  I I . l - B  Comparison o f  R h e o l o g i c a l  P a r a m e te r s
Between 13 P a t i e n t s  Who S u r v iv e d  and Two 
P a t i e n t s  Who E x p i r e d  A f t e r  C a rd io  S u rg e ry

Rh.P . P r e - O p e r a t i v e  S tudy P o s t -C a r d io p u lm o n a ry  Bypass  s t u d y

X 1 2 1 1 2

'T o 0 .1 4 1 0 .1 3 7 0 .1 3 3 - - -

M 0 .091 0 .0 9 0 0 .097 0 .0 4 7 0 .0 7 0 0 .0 4 1

C 0 .11 1 0 .0 8 4 0 .16 2 - - -

A 0 .3 5 0 0 .2 9 3 1 .945 - - -

o t 1 .578 1 .78 6 0 .4 0 3 - - -

I 0 .13 8 0 .12 9 0 .1 9 4 0 .0 4 8 0 .2 0 4 0 .1 5 3

"Is")* 0 .04 8 0 .03 9 0 .097 0 .0 0 0 4 0 .1 3 4 0 .1 1 2

R h .P .  : R h e o l o g i c a l  p a r a m e t e r s .

T : Mean v a l u e  o f  13 s u r v i v o r s .
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Appendix  I I . 2 R h e o l o g i c a l  P a r a m e te r s  from the E f f e c t  
o f  T em p e ra tu re  on Blood

R h e o l o g i c a l
P a r a m e te r T em p era tu re N X S.D. P

22.8°C 21 0 .1 96 0 .0 4 2 -
2 8 .0 10 0 .1 7 2 0 .0 4 4 0.00&6
3 2 . 0 10 0 .1 7 8 0 .0 4 1 0 .0 0 0 4

' t O 3 5 .0 10 0 .1 8 3 0 .03 8 -
3 7 .0 10 0 .1 2 0 0 .0 3 3 -
3 9 .0 10 0 .1 8 3 0 .0 3 8 -
4 1 .0 10 0 .18 1 0 .0 3 9

. . .  v
0 .0 0 0 2

2 2 .8 21 0 .1 1 6 07016 0 .0 5
2 8 .0 10 0 .1 1 2 0 .01 9 0 .0 0 02
3 2 .0 10 0 .10 6 0 .015 0 .0 0 0 1

/O t 3 5 .0 10 0 .097 0 .0 1 6 0 .0 5 2
3 7 .0 10 0 .0 8 4 0 .0 1 3 -
3 9 .0 10 0 .0 9 3 0 .0 1 0 0 .1 2
4 1 .0 10 0 .097 0 .0 1 3 0 .0 5 2

2 2 .8 21 0 .12 5 0 .03 8 0 .5 2 9
2 8 .0 10 0 .1 2 2 0 .02 0 0 .34 7
3 2 .0 10 0 .139 0 .026 0 .7 2 0

0 3 5 .0 10 0 .167 0 .0 4 8 0 .0 8 1
3 7 .0 10 0 .1 3 4 0 .0 3 4 -
3 9 .0 10 0 .1 5 3 0 .0 5 3 0 .3 4 3
4 1 .0 10 . 0 .1 5 2 ...... 0.033. ......0.215
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A p p en d ix  I I . 2 -  C o n t in u e d

R h e o l o g i c a l
P a r a m e te r T em p era tu re N X S.D. P

2 2 .8 21 0 .407 0 .1 0 1 -

2 8 .0 10 0 .3 0 0 0 .0 9 0 0 .009
3 2 .0 10 0 .3 3 3 0 .06 6 -

A
3 5 .0 10 0 .3 7 4 0 .1 2 8 0 .0 0 0 2
3 7 .0 10 0 .2 1 3 0 .056 -

39 .0 10 0 .399 0 .196 0 .0 0 4
4 1 .0 10 0 .356 0 .109 0 .0 0 1 4

2 2 .8 21 1 .661 0 .3 4 0 0 .3 0 3
2 8 .0 10 1 .70 1 0 .2 6 2 0 .4 7 8
3 2 . 0 10 1 .6 2 3 0 .2 2 3 0 .1 5 3
3 5 .0 10 1 .4 9 0 0 .36 9 0 .0 4 5
3 7 .0 10 1 .790 0 .2 9 5 -

3 9 .0 10 1 .514 0 .2 9 8 0 .1 8 4
4 1 .0 10 1 .5 95 0 .1 5 8 0 .0 3 3

2 2 .8 21 0 .1 8 4 0 .0 3 0 -

2 8 .0 10 0 .1 7 1 0 .0 3 5 0 .0 0 0 2
32 .0 10 0 .1 7 1 0 .0 27 -

% 3 5 .0 10 0 .1 6 6 0 .0 2 9 -

3 7 .0 10 0 .1 2 1 0 .0 2 3 -
3 9 .0 10 0 .1 6 3 0 .0 2 4 -

4 1 .0 10 0 .169 0 .0 2 5 “ *

2 2 .8 21 0 .06 8 0 .0 2 2 -
2 8 .0 10 0 .0 5 9 0 .0 1 5 0 .0 0 0 2
3 2 .0 10 0 .06 5 0 .0 1 3 -

V /
3 5 .0 10 0 .0 68 0 .0 1 7 -

3 7 .0 10 0 .0 3 7 0 .0 1 2 -

5 9 .0 10 0 .0 7 1 0 .0 1 7 -

4 1 .0 10 0 .0 7 2 0 .0 1 6
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Appendix  I I . 3 R h e o l o g i c a l  P a r a m e te r s  from t h e  E f f e c t  
o f  A lk n o ls  on Blood

N o t e :
t o  : No. o f  Pu re  B lood  Sample ( C o n t r o l ) .

1 t o  11 : The number i n d i c a t e s  t h e  c a rb o n  number
o f  t h e  a l k a n o l  which h a s  b een  added  t o
5 .0  ml.  o f  t h e  p u r e  b lo o d  sam p le .

0 . 1  t o  0 .00 5  : m l .  o f  t h e  p u r e  a l k a n o l  added t o
5 .0  ml.  o f  t h e  p u r e  b lo o d  sam p le .

I n c u b a t i o n  : a t  37°C f o r  30 m i n u t e s .
S : Sample.
V : ml.  o f  a l k a n o l  added t o  t h e  c o n t r o l .

Sample & A lk a n o ls R h e o l o g i c a l  P a r a m e te r s
r

5 V ' t o C A 'Yl %

c i
' _■ 0 .0 8 4 4 0 .0 8 0 0 0 .0 5 4 7 0 .0 6 2 2 3 .1840 r 0 .10 5 9 "O’, 0^59

l 0 .1 0 0 .0 9 6 3 0 .0 6 8 2 0 .0 2 0 6 0 .1258 2 .6984 0 .1059 0 .0377
2 0 .1 0

0 .0 5
0 .1 7 0 2
0 .0 9 1 3

0 .1 1 45
0 .0867

0 .0 7 3 8
0 .0 8 0 5

0 .2885
0 .0521

1 .3385
3.1817

0 .1 8 5 3
0 .1 1 47

0 .0 7 08
0 .02 80

3 0 .1 0
0 .0 5

0 .1377
0 .0 9 7 4

0 .10 3 7
0 .0 8 6 0

0 .0 4 5 6
0 .08 0 9

0 .0915
0 .1 3 5 4

3 .2345
1 .9355

0 .18 1 5
0 .12 3 5

0 .0481
0 .0 3 75

4 0 .1 0
0 .0 5

0 .20 7 2
0 .1 0 3 3

0 .1 3 5 5
0 .0 8 9 1

0 .0759
0 .0 3 6 1

0 .4315
0 .0 6 3 4

1 .2 9 00
3 .6344

0 .2 2 5 0
0 .1 2 5 3

0 .08 9 5
0 .0 3 4 4

5 0 .1 0
0 .0 5

0 .15 3 6
0 .1169

0 .1 9 0 4
0 .1 0 5 5

0 .02 6 9
0 .0 4 1 2

0 .3 4 40
0 .1628

1 .9676
1 .7969

0 .2 5 5 8
0 .1 5 0 0

0 .0 6 8 4
0 .04 4 5

6 0 .1 0
0 .0 5

0 . 0 0 0 0

0 .1 2 6 1
0 .0 4 2 3
0 .1 1 9 0

0 . 0 0 0 0

0 .0 0 9 1
0 . 0 0 0 0

0 .1427
0 . 0 0 0 0

2 .7400
0 .0 4 2 3
0 .1 6 76

0 . 0 0 0 0

0 .0 4 8 0
7 0 .1 0

0 .0 5
0 . 0 0 0 0

0 .08 9 6
0 .0 3 5 3
0 .09 4 5

0 . 0 0 0 0

0 .0 0 4 0
0 . 0 0 0 0

0 .0631
0 . 0 0 0 0

3.9301
0 .0 3 5 3
0 .1 2 3 5

0 . 0 0 0 0

0 .0 2 9 0
8 0 .1 0

0 .0 5
0 . 0 0 0 0

0 .1 0 4 6
0 .0 9 8 8
0 .1 2 08

0 . 0 0 0 0

0 .0 3 4 4
0 . 0 0 0 0

0 .2595
0 . 0 0 0 0

1 .7266
0 .09 8 8
0 .16 7 6

0 . 0 0 0 0

0 .0468
9 0 .1 0

0 .0 5
0 . 0 0 0 0

0 .13 0 8
0 .1 5 8 8
0 .14 0 9

0 . 0 0 0 0

0 .03 0 1
0 . 0 0 0 0

0 .0706
0 . 0 0 0 0

3.1957
0 .15 8 8
0 .1 8 5 3

0 . 0 0 0 0

0 .0 4 4 4
10 0 .1 0

0 .0 5
0 .0 7 6 4
0 .0 8 7 3

0 .1 2 6 8
0 .0 8 87

0 .0 5 0 2
0 .0 5 9 2

0 .0881
0 .5127

3 .0723
0 .8 4 9 4

0 .1 5 4 4
0 .1 3 6 8

0 .0 2 7 6
0 .0481

11 0 .1 0
0 .0 5

0 .0999
0 .1 2 71

0 .0 9 0 3
0 .0 9 6 3

0 .0 4 9 7
0 .04 8 7

0 .2085
0 .27 1 2

1 .6492
1 .5707

0 .1 3 3 2
0 .1 5 0 0

0 .0429
0 .0537
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A p p en d ix  I I . 3 -  C o n t in u e d

5 V Z o C A

°2 - 0 .0 8 0 6 0 .0 6 0 0 0 .0425 0 .1196 2 . 2 5 3 6 0 .0 9 0 0 0 .0 3 0 0
1 oI—f •o

0 .0 8 2 8 0 .0 8 37 0 .0401 0 .1 2 6 0 2 . 1 3 9 0 0 .1 1 6 4 0 .0 3 2 7
0 .0 5 0 .0 9 69 0 .0 7 1 1 0 .03 9 4 0 .1 0 81 2 .5765 0 .1 0 9 4 0 .0 3 8 3

2 0 .1 0 0 .08 6 5 0 .0900 0 .0647 0 .0 9 1 0 2 .2829 0 .1 2 17 0 .0 3 1 7
0 .0 5 0 .0 7 36 0 .0 7 7 2 0 .07 7 3 0 .1 0 2 8 2 .1026 0 .1 0 5 8 0 .0 2 8 6

3 0 .1 0 0 .0969 0 .0901 0 .0581 0 .1 0 89 2 .0269 0 .1 2 5 2 0 .03 5 1
0 .0 5 0 .09 2 6 0 .0812 0 .05 6 4 0 .08 5 6 2 .5970 0 .11 4 7 0 .0 3 3 5

4 0 .1 0 0 .0 9 4 2 0 .1 0 0 1 0 .0707 0 .16 1 5 1 .9 8 0 5 0 .1 3 9 3 0 .03 92
0 .0 5 0 .1 1 5 2 0 .1049 0 .0721 0 .2189 1 .4041 0 .1 4 6 4 0 .0415
0 .0 2 0 .0956 0 .0818 0 .0725 0 .1 5 3 3 1 .60 8 2 0 .1 2 0 0 0 .0 3 8 2

5 0 .1 0 0 .00 0 0 0 .1 5 8 8 0 .0000 0 .0 0 0 0 0 .0 0 0 0 0 .15 8 8 0 .0 0 0 0
0 .0 5 0 .0945 0 .1018 0 .0521 0 .0 8 1 0 2 .7056 0 .1 3 6 8 0 .0 2 5 0

6 0 .1 0 0 .0 0 0 0 0 .0 3 5 3 0 .0000 0 .0 0 0 0 0 .0 0 0 0 0 .0 3 5 3 0 .0 0 0 0
0 .0 5 0 .0 0 0 0 0 .1199 0 .0000 0 .0 0 0 0 0 .0 0 0 0 0 .11 9 9 0 .0 0 0 0
0 .0 2 0 .1 1 7 8 0 .1135 0 .0185 0 .0 5 8 6 3 .9991 0 .1 5 0 0 0 .0 3 65

7 0 .1 0 0 .0 0 0 0 0 .0325 0 .0000 0 .0 0 0 0 0 .0 0 0 0 0 .0 3 25 0 .0 0 0 0
0 .0 5 0 .0 0 0 0 0 .0649 0 .0 0 00 0 .0 0 0 0 0 .0 0 0 0 0 .06 4 9 0 .0 0 0 0
0 .0 2 0 .0257 0 .0 5 96 0 .0155 0 .0 4 9 1 2 .4 5 6 3 0 .0 7 0 6 0 .0 1 1 0
0 .0 0 5 0 .1 1 18 0 .1028 0 .1 2 3 3 0 .1 4 6 4 1 .7576 0 .1 4 1 2 0 .0 3 8 4

8 0 .1 0 0 .0 0 0 0 0 .0466 0 .0000 0 .0 0 0 0 0 .0 0 0 0 0 .0 4 6 6 0 .0 0 0 0  1

0 .0 5 0 .0 3 98 0 .0 9 12 0 .0620 0 .34 4 5 1 .4685 0 .11 1 1 0 . 0 1 9 9
9 0 .1 0 0 .0 0 0 0 0 .0 5 6 4 0 .0000 0 .0 0 0 0 0 .0 0 0 0 0 .0 5 6 4 0 .0 0 0 0

0 .0 5 0 .1 1 0 4 0 .1105 0 .0627 0 .2897 1 .5 7 9 3 0 .1 6 4 0 0 . 0 5 3 5
0 .0 2 0 .1 0 9 8 0 .0885 0 .0468 0 .1 2 8 8 2 .5020 0 .1 2 7 9 0 . 0 3 9 4

10 0 .1 0 0 .0 8 6 0 0 .0705 0 .0645 0 .1 0 81 2 .47 8 0 0 . 1 0 2 3 0 .0 3 1 8
11 0 .1 0 0 .0 6 0 8 0 .0 7 4 3 0 .0670 0 .26 9 7 1 .3 0 9 4 0 .1 0 9 4 0 . 0 3 5 1
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A p p en d ix  I I . 3 -  C o n t in u e d

s V C A ryi- % %  7̂
c3 - 0 .0 7 1 6 0 .0 5 6 3 0 .1 0 7 8 0 .1237 2 .1768 0 .0 8 1 1 0 .0 2 4 8
1, 0 .1 0 0 .1 2 6 6 0 .0 8 8 1 0 .1 0 3 3 0 .2 1 84 1 .6 2 6 3 0 .1 3 4 1 0 .0 4 6 0

0 .0 5 0 .0 5 65 0 .05 2 7 0 .0 9 05 0 .0899 2 .4550 0 .07 7 6 0 .0249
2 0 .1 0 0 .1 0 8 8 0 .0 8 4 0 0 .06 6 7 0 .1902 2 .0729 0 .1 2 8 8 0 .0 4 4 8

0 .0 5 0 .03 6 9 0 .0 3 8 2 0 .0 3 0 1 2 .2631 0 .3 5 6 2 0 .0829 0 .0 4 47
3 0 .1 0 0 .1 3 6 4 0 .0 8 39 0 .0 5 8 5 0 .1627 2 .36 9 0 0 .1 3 7 6 0 .0 5 4 0

0 .0 5 0 .0 7 2 0 0 .0 7 41 0 .0 8 27 0 .1451 1 .9 0 8 3 0 .1 0 5 8 0 .0317
4 0 .1 0 0 .0 6 2 5 0 .0 7 5 0 0 .0 2 9 4 0 .0777 4 .0 8 22 0 . 1 0 2 3 0 .0 2 7 3

0 .0 5 0 .0 3 7 9 0 .0 5 0 3 0 .0 6 8 1 0 .0765 2 .0545 0 .0 6 4 2 0 .0 1 39
3 0 .1 0 0 .0 0 0 0 0 .0 7 06 0 .0 0 0 0 0 .00 0 0 0 .0 0 0 0 0 .0 70 6 0 .0 0 0 0

0 .0 5 0 .1 7 0 2 0 .1 3 3 7 0 .02 6 9 0 .2685 2 .0898 0 .2029 0 .0 6 9 2
0 .0 2 0 .1 0 0 2 0 .0 8 2 2 0 .0 6 0 3 0 .1945 1 .94 4 1 0 .1 2 0 0 0 .03 78

6 0 .1 0 0 .0 0 0 0 0 .0 3 9 6 0 .0 0 0 0 0 .0 0 00 0 .0 0 0 0 0 .0 3 9 6 0 .00 0 0
0 .0 5 0 .0 0 0 0 0 .0 6 35 0 .0 0 0 0 0 .0000 0 .0 0 0 0 0 .0 6 35 0 .0 0 0 0
0 .0 2 0 .0 8 0 4 0 .0 8 29 0 .0 3 9 6 0 .0896 2 .8835 0 .11 2 9 0 .0 3 0 0

7 0 .1 0 0 .0 0 0 0 0 .0 2 8 2 0 .0 0 0 0 0 .00 0 0 0 .0 0 0 0 0 .0 2 8 2 0 .0 0 00
0 .0 5 0 .0 0 0 0 0 .0 7 0 6 0 .0 0 0 0 0 .0 0 00 0 .0 0 0 0 0 .0 7 0 6 0 .0 0 0 0
0 .0 2 0 .0 4 7 2 0 .0 7 9 6 0 .0 2 9 4 0 .0762 2 .1098 0 .0 9 7 0 0 .0 1 7 4

8 0 .1 0 0 .0 0 0 0 0 .04 6 6 0 .0 0 0 0 0 .0000 0 .0 0 0 0 0 .04 6 6 0 .0 0 0 0
0 .0 5 0 .0 3 5 1 0 .06 7 9 0 .0 7 9 5 0 .0918 2 .0166 0 .0 8 19 0 .0 1 4 0

9 0 .1 0 0 .0 0 0 0 0 .0 5 2 2 0 .0 0 0 0 0 .0000 0 .0 0 0 0 0 .0 5 2 2 0 .0 0 0 0
0 .0 5 0 .0 4 4 9 0 .08 4 6 0 .0 5 3 2 0 .1351 1 .6 3 2 0 0 .1 0 4 1 0 .1 0 95
0 .0 2 0 .06 5 8 0 .0 6 45 0 .0 2 6 3 0 .08 2 2 2 .8 2 02 0 .0 9 2 4 0 .0279

10 0 .1 0 0 .0 2 7 6 0 .04 1 5 0 .0 2 4 3 1 .5 4 84 0 .4 7 3 1 0 .0 7 5 8 0 .0 3 4 3
11 0 .1 0 0 .0 4 4 6 0 .0 6 07 0 .0 4 76 0 .0461 3 .1744 0 .0 7 58 0 .0 1 5 1
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A p p en d ix  I I . 3 -  C o n t in u e d

5 V 'To C A o'Z %

C4
- 0 .37 3 6 0 .1 6 1 4 0 .0 7 7 3 0 .5 0 5 0 1 .5 9 8 2 0 .30 8 8 0 .2 4 7 4

1 0 .1 0 0 .5 7 4 3 0 .2 3 6 2 0 .0685 0 .7 5 3 1 1 .3 8 4 0 0 .45 8 8 0 .2 2 2 6
0 .0 5 0 .4371 0 . 1 9 0 0 0 .0 7 78 0 .5 3 2 7 1 .6269 0 .3617 0 .17 1 7

2 0 .1 0 0 .74 0 9 0 .2 3 4 3 0 .0 9 0 3 0 .6 8 5 2 1 .64 6 3 0 .50 2 9 0 .26 8 6
0 .0 5 0 .46 9 8 0 .18 4 0 0 .0 6 3 2 0 .5 4 7 8 1 .94 2 6 0 .3617 0 .17 1 7

3 0 .1 0 0 .4 1 7 3 0 .1 9 5 0 0 .0 81 0 0 .7 8 6 0 1 .3 3 58 0 .37 0 6 0 .17 5 6
0 .0 5 0 .3 6 4 0 0 .1835 0 .0838 0 .6 7 7 8 1 .37 4 7 0 .3 3 5 3 0 .1 5 18

4 0 .1 0 0 .5 7 85 0 .2 6 8 4 0 .0611 0 .9 1 8 3 1 .5 3 0 0 0 .4941 0 .2 2 57
0 .0 5 0 .4 0 4 8 0 .1 9 61 0 .0 8 5 8 0 .8 2 9 1 1 .4055 0 .3 7 06 0 .1 7 4 5

5 0 .1 0 0 .2 4 9 2 0 .3 6 95 0 .0838 0 .4 2 5 4 1 .2335 0 .4 6 58 0 .0 9 6 3
0 .0 5 0 .7 2 1 3 0 .4439 0 .0351 1 .1 4 5 6 1 .7 8 90 0 .7 4 11 0 .2 9 7 2
0 .0 2 0 .5 4 3 4 0 .2 3 31 0 .0 5 6 3 0 .8 3 4 5 1 .6 1 5 3 0 .4367 0 .2036
0 .0 1 0 .4 9 3 0 0 .2186 0 .0 8 3 3 0 .8 7 7 7 1 .3885 0 .4235 0 .2049

6 0 .1 0 0 .0 0 0 0 0 .1059 0 .0 0 00 0 .0 0 0 0 0 .0 0 0 0 0 .1059 0 .0 0 0 0
0 .0 5 0 .6 9 8 3 0 .1955 0 .0137 0 .1 2 2 5 2 .4727 0 .2206 0 .03 5 1
0 .0 2 0 .4 1 4 4 0 .19 9 1 0 .04 0 6 0 .4 9 5 5 1 .9768 0 .3 5 7 3 0 .1 5 8 2

7 0 .1 0 0 .0 0 0 0 0 .1059 0 .00 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .1059 0 .0 0 0 0
0 .0 5 0 .0 0 0 0 0 .1 5 88 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .15 8 8 0 .00 0 0
0 .0 1 0 .5 9 1 3 0 .2 5 0 3 0 .0640 0 .5 4 0 8 1 .6445 0 .4 5 88 0 .2 0 8 5
0 .0 0 5 0 .3 9 28 0 .1928 0 .0 8 27 1 .0 3 6 2 1 .10 5 8 0 .3661 0 .1 6 3 3

8 0 .1 0 0 .0 0 0 0 0 .13 0 6 0 .00 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .13 0 6 0 .0 0 0 0
0 .0 5 0 .0 0 00 0 .2117 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .2177 0 .0 0 0 0
0 .0 1 0 .5619 0 .2158 0 .0 6 2 4 0 .5 6 6 2 1 .7319 0 .4235 0 .2077
0 .0 0 5 0 .44 1 9 0 .1 9 1 4 0 .0 7 9 4 0 .6 8 8 2 1 .3571 0 .3 7 2 3 0 .1 8 09

9 0 . 1 0 0 .0 0 0 0 0 .2117 0 .0 0 0 0 0 .0 0 0 0 0 .0 0 0 0 0 .2117 0 .0 0 0 0
0 .0 5 0 .14 8 1 0 .1 8 8 1 0 .0047 0 .02 7 9 0 .0 0 1 4 0 .2 2 9 4 0 .0 4 1 3
0 .0 1 0 .4 8 9 4 0 .21 3 6 0 .0657 0 .7 3 4 3 1 .7 7 8 2 0 .4147 0 .2 0 1 1

10 0 .1 0 0 .2 8 8 4 0 .4 2 1 3 0 .0 5 2 2 0 .3 4 8 1 1 .6 2 3 4 0 .5 2 9 4 0 .1 0 81
0 .0 5 0 .4 6 2 1 0 .2 4 69 0 .0 9 77 0 .9 6 4 0 1 .4437 0 .4367 0 .19 0 1

11 0 .1 0 0 .4 1 8 2 0 .2 1 4 2 0 .0 9 6 3 0 .7 8 0 2 1 .7 3 5 6 0 .3 8 1 0 0 .1 6 6 8
0 .0 5 0 .3 6 11 0 .1915 0 .0 9 16 0 .5 3 9 4 1 .89 0 6 0 .3309 0 .1 3 9 4
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Appendix I I I .  E q u a t io n s  f o r  t h e  C a l c u l a t i o n  o f  Sh ea r  R a te  
and S h e a r  S t r e s s  on a  Double

The d o u b le  a o u e t t e  was shown i n  P i g . I I I . 1 - 2 .  

Assuming an i n c o m p r e s s i b l e  Newtonian  f l u i d  f lo w s  

a t  s t e a d y  s t a t e  i n  0  - d i r e c t i o n  o n ly  i . e .  vV- ”  Vg. ^  O 

E q u a t io n  o f  m o tion  o f  t h e  f l u i d  i n  0 -  d i r e c t i o n

,, __ d 
0  '  I h r  d r ( A . I I I - l )

(A) I n n e r  c o u v e t t e  • r~ ^  r  ^  IT
^ i

(3 X .  \/e c r{ )  = Z i r  r f S l  With S I  r a J / s e . c

The s o l u t i o n  o f  E q .A I I I - 1  i s

V9C r ;  =  2T T r,^ jI (_ g _  _
r  -  p"

re) d r ' "
r= n r  = r ,

4-it r r „ sec. " 
r: - rr2

r&
r~ r .

re r= r2

Tj. =2TTiiL r r9 | - r ,
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(B ) .  O u t t e r  c o u e t t e -  , r  ^  ^  r
J 3 4

B.C. v e c r5) = o

V 6 ( n )  = 2 T T ^ i I

The s o l u t i o n  o f  E q .A I I I - 1  i s

V&( r) =■ - -2.X ,t4. ( r*-

r=5.

q 2 -  13'

r d r ^  r  '

2.

r

4 -T r t^ A  5 e  c 1
r i2 -  rv

re
r «*4 =

B2 ^i ;  = 2 T r r ; u ( - T re) ■ r3 r  4 ttU ( A
^ Ir*r5  '  4* ”  3

(C ) .  Design  c o n d i t i o n

I n  o r d e r  t o  have t h e  same 'y' and same rK^) on t h ere -re
s u r f a c e s  a t  jr  and r  > t h e  d o u b le  c o u e t t e  sh o u ld  have2- 3

r re y  s o  t-Ka.f
re r=r3

-re = - t re-
*■*5

o r
IS2 -  t?2-

u- 2* w-1' 2
r4  ~  *3
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(D ) .  C a l c u l a t i o n  o f  s h e a r  s t r e s s  from t o t a l  t o r q u e

7  r  + T j  -  T o t a l  to rque :  a p p l i e d  t o  b o th

r 0 & r ,  su r fa c .e s

i - i i - ^'2 ' I '4 ' i

U  -

V  r /  +
c> m 2.

T ,  = T ( q ^ r )  -  i T T U » i  ( t r e )
J- = fi

i r j ( - r n ) T
2 T r L ( i i 1 -t-1^2-;

( s ) .  C a l c u l a t i o n  o f  t o t a l  t o r q u e  from t h e  measurement o f  

Y i n  X-Y r e c o r d e r

L e t  R -  s e t t i n g  o f  ran g e  o f  t h e  maximum d e f l e c t i o n  

i n  m ic ro  o f  t h e  t r a n s d u c e r  m e t e r .

Ym=: t h e  r e a d i n g  i n  Y o f  t h e  X-Y r e c o r d e r  c o r r e s 

pond ing  t o  t h e  maximum a n g le  d e f l e c t i o n  o f  t h e  

t o r s i o n  b a r .

Y = r e a d i n g  o f  Y a t  t h e  X-Y r e c o r d e r .

G- r  t o r s i o n  b a r  c o n s t a n t .

oi = a n g le  d e f l e c t i o n  o f  t o r s i o n  b a r .

T  = 3-o (  = G-R.- - X -
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so ,

r * n
g - R -  r / r ~

2 T T L (  r ^ + r ^ )

r=r. rrr3

- - 4-tt r ,  i l  
^  -  r ; *

For  f l  , s e e  n e x t  Appendix .



Appendix  IV. C a l c u l a t i o n  o f  t h e  RPM o f  v i s c o m e t e r  i n  
W eis sen b e rg  R h e o g o n io m e te r . Model 18

C.ouette

ReducerMotor Gear box

I n p u t  s h a f t  C o u e t t e

1500 rpm (m oto r  ) n—»a 0 rpm

I s P x ' l o o 0 * 5 5 8 5 - 9 J  r Pm -& ■  ?
( c o n t r o l  p a n e l )

N o te :

1 .  C o n s t a n t  sp e e d  o f  m otor  i s  1500 rpm.

2. C o n t r o l  p a n e l  s e t s  a t  99999 w i t h  h i g h  s w i t c h  

5 ( low s w i t c h  l )  g i v i n g  t h e  new im p u lse  

d r i v e n  m otor  a t  t h e  ahove  sp e e d  (5 8 5 .9 3  rpm).

3. S L o i s  d e te r m in e d  by t h e  g e a r  box s e t t i n g  

( s e e  W eis sen b e rg  m anua l ,  Appendix 1 ) .
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