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Some o f  t h e  r e s u l t s  d e s c r i b e d  i n  C h a p te r s  4 a n d  5 h a v e  b e e n  p u b l i s h e d  i n  

t h e  J o u r n a l  o f  C h em ica l  T h erm o d yn a m ics  (vo lu m e  1 1 ,  8 8 7 -8 9 5 ,  1979) and  

tw o  p a p e r s  b a s e d  on C h a p te r s  3 ,  4 and  6 h a v e  b e e n  a c c e p t e d  f o r  p u b l i c a t 

i o n  i n  vo lu m e I V  o f  t h e  I n t e r n a t i o n a l  J o u r n a l  o f  T h e r m o p h y s i c s .

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

C o n fe r e n c e s  :

( i )  M e e t in g  o f  t h e  S t a t i s t i c a l  M e ch a n ic s  and  T herm odynam ics  Group  

o f  t h e  C h em ica l  S o c i e t y ,  L o ndon , A p r i l  1 9 8 0 .

( i i )  6 t h  I n t e r n a t i o n a l  C o n fe r e n c e  on T h e rm o d y n a m ic s , M e r s e b u r g ,

A u g u s t ,  198 0 .

( H i )  J o i n t  M e e t in g  o f  t h e  E uropean  H igh  P r e s s u r e  R e s e a r c h  Group and  

t h e  H igh  P r e s s u r e  T e c h n o lo g y  A s s o c i a t i o n , A m s te rd a m ,  S e p te m b e r  

1 9 8 0 .



SUMMARY

A c c u r a te  m e a su r e m e n ts  o f  v i s c o s i t y  c o e f f i c i e n t s  h a v e  b e e n  made f o r  

l i q u i d  h y d r o c a r b o n  m i x t u r e s  o v e r  a w id e  ra n g e  o f  t e m p e r a tu r e  and  

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

w ere  u s e d  t o  m ea su re  t h e  v i s c o s i t y  c o e f f i c i e n t  o f  b i n a r y ,  t e r n a r y  and  

q u a t e r n a r y  n - a l k a n e  m i x t u r e s , o f  b i n a r y  m i x t u r e s  o f  f i v e  n - a l k a n e  p l u s  

b e n z e n e  s y s t e m s  a n d  o f  b e n z e n e  p l u s  c y c l o h e x a n e  f r o m  283 K t o  393 K, 

w i t h  an e s t i m a t e d  a c c u r a c y  o f  +_ 0 . 5  p e r c e n t .  A t  e l e v a t e d  p r e s s u r e s , 

a f a l l i n g - b o d y  v i s c o m e t e r  w i t h  s e l f - c e n t r i n g  s i n k e r  was u s e d  t o  m ea su re  

t h e  v i s c o s i t y  c o e f f i c i e n t  o f  n - h e x a n e , n - h e x a d e c a n e  an d  f o u r  b i n a r y  

m i x t u r e s  w i t h  an e s t i m a t e d  a c c u r a c y  o f  +_ 3 p e r c e n t  f r o m  298 K t o  373 K 

a t  p r e s s u r e s  up t o  500 MPa o r  t h e  f r e e z i n g  p r e s s u r e . To o ve rco m e  c e r 

t a i n  w e a k n e s s e s  i n  d e s i g n  o f  t h i s  i n s t r u m e n t ,  a new v i s c o m e t e r  was d e 

s i g n e d ,  b u i l t  and  t e s t e d .  The a c c u r a c y  o f  d e n s i t y  m e a su re m en t  u n d e r  

e l e v a t e d  p r e s s u r e  was a l s o  s i g n i f i c a n t l y  im p r o v e d .

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

and  t h e o r e t i c a l  r e l a t i o n s h i p s . The H i l d e b r a n d  e q u a t i o n  i s  shown t o  

b e  v a l i d  o n l y  up t o  90 MPa, a n d  r e a s o n s  f o r  t h e  f a i l u r e  o f  t h e  B e r t 

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

G ru n b erg  a n d  N i s s a n  e q u a t i o n  i s  fo u n d  t o  r e p r o d u c e  t h e  p r e s e n t  d a ta  

s a t i s f a c t o r i l y , p r o v i d e d  t h a t  t h e  c o n s t a n t  i s  a l l o w e d  t o  v a r y  w i t h  tem 

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

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

d a t a ,  b a s e d  on t h i s  m o d e l ,  i s  shown t o  w ork  s u c c e s s f u l l y  n o t  o n l y  f o r  

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

The r e s u l t s  a r e  s a t i s f a c t o r i l y  e x p r e s s e d  b y  a f r e e - v o l u m e  fo r m  o f  e q u a t 

i o n  w h ich  i s  s t r o n g l y  recom m ended f o r  t h e  c o r r e l a t i o n  and  p r e d i c t i o n  o f  

v i s c o s i t y  c o e f f i c i e n t s .
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SYMBOLS AND ABBREVIATIONS 

E x c e p t  w h ere  s p e c i f i e d  o t h e r w i s e  t h e  s y m b o ls  u s e d  h a v e  t h e  f o l l o w i n g

m e a n in g :

A V i s c o m e te r  C a l i b r a t i o n  C o n s ta n t

B V i s c o m e te r  C a l i b r a t i o n  C o n s ta n t

C C h a n d le r  T r a n s l a t i o n a l - R o t a t i o n a l  C o u p l in g  C o n s ta n t

G G ru n b erg  a n d  N i s s a n  C o n s ta n t

A *G° M o la r  G ib b s  F r e e  E n erg y  o f  A c t i v a t i o n  f o r  F lo w .

i V M o la r  E x c e s s  G ib b s  F r e e  E n e rg y  o f  A c t i v a t i o n  f o r  F low .

H R e l a t i v e  H u m id i t y

K B u l k  M odulus

K S e c a n t  B u l k  M odulus

L L e n g th

M M o l e c u l a r  W e ig h t

N A v o g a d r o ' s  Number

P P r e s s u r e

R U n i v e r s a l  Gas C o n s ta n t

T T e m p e ra tu r e

Tc C r i t i c a l  T e m p e ra tu r e

V M o la r  Volume

v Em E x c e s s  M o la r  Volume

Vo Volume o f  C lo s e  P a c k i n g  o f  Hard S p h e r e s

c . 1 Number o f  Carbon A tom s i n  H y d ro c a rb o n  C h a in  o f  L e n g th

g(o)' Hard S p h e r e  R a d i a l  D i s t r i b u t i o n  F u n c t i o n  a t  C o n ta c t

h P l a n c k ' s  C o n s ta n t

n Number o f  M oles

t t i m e

Vn M o la r  Volume f o r  w h ic h  F l u i d i t y  i s  Z eroo

i v



X Mole F r a c t i o n

S u b s c r i p t s

B B e n z e n e

CH C y c lo h e x a n e

D n -D eca n e

DD n -D o d eca n e

H n -H e xa n e

HD n -H e xa d ec a n e

MD M o le c u la r  D ynam ics

0 n - O c ta n e

P P r e s s u r e

m M ix tu r e

w W ater

S u p e r s c r i p t

y Volume F r a c t i o n

G reek  S y m b o ls

a L i n e a r  C o e f f i c i e n t  o f  C o m p r e s s i b i l i t y  o f  S t e e l

6 L i n e a r  C o e f f i c i e n t  o f  E x p a n s io n  o f  S t e e l

n Dynamic V i s c o s i t y  C o e f f i c i e n t

" b
E n sko g  V i s c o s i t y  C o e f f i c i e n t  f o r  H ard S p h e r e s

nRHS Rough Hard S p h e r e  V i s c o s i t y  C o e f f i c i e n t

nSHS Sm ooth  Hard S p h e r e  V i s c o s i t y  C o e f f i c i e n t

% D i l u t e  Gas Hard S p h e r e  V i s c o s i t y  C o e f f i c i e n t

P '  PL
L i q u i d  D e n s i t y

Ps
S i n k e r  D e n s i t y

Po
L i q u i d  D e n s i t y  a t  A t m o s p h e r i c  P r e s s u r e

0 Hard S p h e r e  D ia m e te r

n /p K i n e m a t i c  V i s c o s i t y  C o e f f i c i e n t
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CHAPTER 1 -  INTRODUCTION

One o f  t h e  m a in  a im s  o f  p h y s i c a l  c h e m i s t r y  i s  t h e  i n t e r p r e t a t i o n  o f  

m a c r o s c o p ic  p r o p e r t i e s  o f  m a t t e r  i n  t e r m s  o f  t h e  b e h a v i o u r  o f  t h e  c o n 

s t i t u e n t  m o l e c u l e s . The t h e o r y  o f  t r a n s p o r t  phenom ena i n  d i l u t e  g a s e s  

made up o f  s t r u c t u r e l e s s  s p h e r i c a l  p a r t i c l e s  i s  w e l l  d e v e l o p e d , and  c o 

e f f i c i e n t s  o f  d i f f u s i o n , v i s c o s i t y  and  th e r m a l  c o n d u c t i v i t y  can  b e  c a l 

c u l a t e d  i n  a s t r a i g h t f o r w a r d  m anner  b a s e d  on  t h e  Chapm an-Enskog s o l u t i o n  

o f  t h e  B o l t z m a n n  e q u a t i o n ^ ^  . H o w ever , d e t a i l e d  k n o w le d g e  o f  t h e  i n -  

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

r e s u l t s  o v e r  a w id e  t e m p e r a tu r e  r a n g e , and  i t  i s  o n l y  r e c e n t l y  t h a t  t h e

( 2 )
p o t e n t i a l  e n e r g y  f u n c t i o n  h a s  b e e n  c l o s e l y  d e f i n e d  f o r  t h e  r a r e  g a s e s  

The p o s i t i o n  c o n c e r n i n g  m i x t u r e s  i s  l e s s  s a t i s f a c t o r y  a s  e v e n  f o r  m i x t u r e s  

o f  m o n a to m ic  g a s e s  t h e  e q u a t i o n s  f o r  t h e  t r a n s p o r t  c o e f f i c i e n t s  become  

l o n g  and  u n w i e l d y ^ . The d i f f i c u l t i e s  i n  p r e d i c t i n g  t r a n s p o r t  p r o 

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

e n e r g y  f u n c t i o n s  a r e  n o t  w e l l - d e f i n e d  f o r  t h e s e  s u b s t a n c e s  and  i n e l a s t i c  

c o l l i s i o n s  h a v e  t o  b e  c o n s i d e r e d  a s  w e l l  a s  e l a s t i c  c o l l i s i o n s .

F o r  t h e  i n t e r p r e t a t i o n  o f  t r a n s p o r t  p r o p e r t i e s  o f  d e n s e  f l u i d s  i n  te r m s

o f  m o l e c u l a r  b e h a v i o u r , t h e  p r o b le m  i s  much more co m p le x  i n  t h a t

a c c o u n t  m u s t  now b e  t a k e n  o f  t r i p l e  c o l l i s i o n s , q u a d r u p le  c o l l i s i o n s ,

and  h i g h e r  m any-body  i n t e r a c t i o n s . O n ly  t h e  t r i p l e  c o l l i s i o n  c a s e  h a s

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

(4)
t h e  h a r d - s p h e r e  m ode l  . I n  a d d i t i o n , w h e r e a s  i n  e q u i l i b r i u m  t h e o r y

th e r m o d y n a m ic  p r o p e r t i e s  can  b e  e x p a n d ed  i n  a p o w er  s e r i e s  i n  t h e  d e n s i t y ,

(5)
m  t h e  e x p a n s io n  o f  t h e  t r a n s p o r t  c o e f f i c i e n t s  i t  h a s  b e e n  shown t h a t  

l o g a r i t h m i c  te r m s  a p p e a r  a f t e r  t h e  l i n e a r  t e r m .  F or  t h e s e  r e a s o n s , t h e  

d e n s i t y  e x p a n s io n  m e th o d  c a n n o t  b e  u s e d  t o  c a l c u l a t e  t r a n s p o r t  c o e f f i c i -
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e n t s  f o r  d e n s e  f l u i d s .

An a l t e r n a t i v e  a p p ro a ch  i s  t h e r e f o r e  r e q u i r e d  f o r  c a l c u l a t i n g  t r a n s p o r t

c o e f f i c i e n t s  o f  d e n s e  g a s e s  and l i q u i d s .  One a p p r o x im a te  m o l e c u l a r

( 6 )
t h e o r y  i s  t h e  E n sko g  t h e o r y  f o r  d e n s e  h a r d - s p h e r e  s y s t e m s  w h ic h  t a k e s

i n t o  a c c o u n t  t h e  f a c t  t h a t  t h e r e  i s  an  i n c r e a s e d  c o l l i s i o n  r a t e  and  a l s o

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

( 6 )
e x t e n d e d  t o  b i n a r y  h a r d - s p h e r e  m i x t u r e s  b y  T horne  and  t o  m u l t i c o m p o n -

(7)
e n t  s y s t e m s  b y  Tham and  G u b b m s  . R e a l  m o l e c u l e s  a r e  n o t  h a r d - s p h e r e s ,

h o w e v e r , b u t  E n sko g  show ed  how t h e  t h e o r y  c o u l d  b e  a p p l i e d  i n  an ad h o c

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

f o r  r e a l  d e n s e  g a s e s  f r o m  e q u a t i o n - o f - s t a t e  d a ta  a l o n e .  T h i s  m o d i f i e d

(  8 )E n sko g  T h e o r y  h a s  b e e n  f u l l y  i n v e s t i g a t e d  b y  H a n l e y , M cC arty  and  Cohen ,

(9)and E ly  and  M cQ uarr ie  h a v e  shown how t o  i n c o r p o r a t e  a t h e o r e t i c a l  

e q u a t i o n  o f  s t a t e  t o  rem o ve  t h e  n e e d  f o r  e x p e r i m e n t a l  PVT d a ta  i n  c a s e s  

w here  t h e  p a i r  p o t e n t i a l  e n e r g y  f u n c t i o n  i s  a c c u r a t e l y  kn o w n .  The d i s 

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

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

up t o  one  and a h a l f  t i m e s  t h e  c r i t i c a l  d e n s i t y ,  a r e  t h a t  i t  i s  an ad  

h o c  t h e o r y  and  t h a t  e x t e n s i v e  a c c u r a t e  e q u i l i b r i u m  d a ta  a r e  r e q u i r e d  

f o r  t h e  c a l c u l a t i o n .  F u r t h e r m o r e ,  t h e s e  m o d i f i e d  t h e o r i e s  a r e  b a s e d  

on  t h e  E n sko g  e x p r e s s i o n s  w h ic h  a r e  d e r i v e d  on t h e  b a s i c  a s s u m p t i o n  o f  

m o l e c u l a r  c h a o s .  I n  f a c t ,  a s  shown b y  A l d e r ,  G ass and W a in w r ig h t^ ® ^  , 

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

D y m o n d h a s  a p p l i e d  t h i s  c o r r e c t e d  E n sko g  t h e o r y  t o  r e a l  d e n s e  f l u i d s ,  

and  shown t h a t  t h e  p r e d i c t e d  d e n s i t y  d e p e n d e n c e  o f  t h e  v i s c o s i t y  c o 

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

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

f o r  d e n s i t i e s  down t o  1 . 2  t i m e s  t h e  c r i t i c a l  d e n s i t y ,  f o r  v i s c o s i t y , and
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t o  0 . 8  t i m e s  t h e  c r i t i c a l  d e n s i t y , f o r  t h e r m a l  c o n d u c t i v i t y . I n  t h e  

c a s e  o f  t h e  d i f f u s i o n  c o e f f i c i e n t  w here  t h e r e  a r e  no e x t e n s i v e  d a t a  f o r  

t h e  r a r e  g a s e s ,  t h e  d e n s i t y  d e p e n d e n c e  o f  t h e  e x p e r i m e n t a l  m e a su r e m e n ts  

on m e th a n e  a l o n g  an i s o t h e r m  w ere  shown t o  b e  i n  c l o s e  a g r e e m e n t  w i t h  

t h e  p r e d i c t e d  v a l u e s  a t  d e n s i t i e s  down t o  0 . 7  t i m e s  t h e  c r i t i c a l  d e n 

s i t y .  F o r  p o l y a t o m i c  m o l e c u l e s  t h e r e  i s  t h e  p o s s i b i l i t y  o f  t r a n s l a t -

( 1 2 )
l o n a l - r o t a t i o n a l  c o u p l i n g  w h ich  h a s  b e e n  t r e a t e d  b y  C h a n d le r  and  

f o r m s  t h e  b a s i s  o f  t h e  ro u g h  h a r d - s p h e r e  t h e o r y .  T h i s  t h e o r y  h a s  b ee n  

a p p l i e d  t o  v i s c o s i t y  c o e f f i c i e n t  d a t a a n d  d i f f u s i o n  c o e f f i c i e n t  d a ta  

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

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

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

A n o t h e r  a p p r o a c h  t o  t h e  p r o b le m  o f  r e l a t i n g  t r a n s p o r t  p r o p e r t i e s  t o  t h e  

p r o p e r t i e s  o f  t h e  m o l e c u l e s  t h e m s e l v e s  i s  b y  t h e  t e c h n i q u e  o f  c o m p u te r  

s i m u l a t i o n  known a s  m o l e c u l a r  d y n a m ic s  w h ic h  i s  b e c o m in g  more w i d e l y  

u s e d  . By t h i s  m e th o d , t r a n s p o r t  p r o p e r t i e s  a r e  c a l c u l a t e d  f o r

a s y s t e m  o f  m o l e c u l e s  w h ic h  i n t e r a c t  a c c o r d i n g  t o  a g i v e n  fo r m  o f  i n t e r -  

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

t h e  i n t e r a c t i o n s  o f  a rg o n  a t o m s , c h l o r i n e  m o l e c u l e s , w a t e r  m o l e c u l e s  o r  

w h a te v e r  s y s t e m  i s  b e i n g  s i m u l a t e d .  H o w ev er , t h e  r e s u l t s  o f  s u c h  com

p u t a t i o n s  do n o t  r e p r e s e n t  e x p e r i m e n t a l  d a ta  f o r  r e a l  s y s t e m s  b u t  o n l y  

p r o v i d e  i n f o r m a t i o n  on t h e  t r a n s p o r t  c o e f f i c i e n t s  o f  s y s t e m s  i n t e r a c t 

i n g  w i t h  t h e  a ssum ed  fo r m  o f  i n t e r m o l e c u l a r  p o t e n t i a l  e n e r g y  f u n c t i o n .  

One f u r t h e r  i m p o r t a n t  p o i n t  i s  t h a t  e v e n  i f  t h e  co m p u te d  t r a n s p o r t  c o 

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

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

e f f i c i e n t s  an d  t h e r m a l  c o n d u c t i v i t y  c o e f f i c i e n t s , t h a t  o t h e r  m e th o d s  o f  

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

(14)
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I n  v i e w  o f  t h e  many p r o b le m s  a s s o c i a t e d  w i t h  t h e  e x a c t  c a l c u l a t i o n  o f  

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

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

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

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

t h o s e  w h ich  h a v e  a m o l e c u l a r  m ode l a s  t h e i r  b a s i s , b u t  w h ich  i n v o l v e  

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

a n t  o f  t h e s e  r e l a t i o n s h i p s  a r e  d i s c u s s e d  i n  C h a p te r  2 .

I n  o r d e r  t o  p r o v i d e  a s e v e r e  t e s t  o f  e x i s t i n g  e x p r e s s i o n s  f o r  v i s c o s i t y  

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

m e a su r e m e n ts  b e  made o v e r  a w id e  ra n g e  o f  t e m p e r a t u r e s  and  p r e s s u r e s .

M ost d a ta  a v a i l a b l e  a t  p r e s e n t  f o r  m i x t u r e s  e x t e n d s  o n l y  o v e r  a v e r y  

l i m i t e d  t e m p e r a tu r e  r a n g e , g e n e r a l l y  no  m ore th a n  25 K , and  p r a c t i c a l l y  

a l l  m e a su r e m e n ts  a r e  a t  s a t u r a t i o n  p r e s s u r e .  F o r  t h i s  r e a s o n , and  t o  

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

p o r t  p r o p e r t i e s , v i s c o s i t y  c o e f f i c i e n t  m e a su r e m e n ts  h a v e  b e e n  made f r o m  

285 K t o  378 K f o r  n - h e x a n e  p l u s  n - h e x a d e c a n e  m i x t u r e s ; f o r  a t h r e e -  

co m p o n en t  n - a l k a n e  m i x t u r e  w i t h  n - h e x a n e , n - o c t a n e  and  n - h e x a d e c a n e ; 

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

c o m p o n e n t .  M e a su re m en ts  w ere  a l s o  made f r o m  283 K t o  393 K f o r  a s e r i e s  

o f  b e n z e n e  p l u s  n - a l k a n e  b i n a r y  s y s t e m s , w h ere  t h e  n - a l k a n e  was n - h e x a n e ,  

n - o c t a n e ,  n - d e c a n e ,  n -d o d e c a n e  and  n - h e x a d e c a n e ,  an d  f o r  b e n z e n e  p l u s  

c y c l o h e x a n e . The s u s p e n d e d - l e v e l  v i s c o m e t e r s  u s e d  f o r  t h e  e x p e r i m e n t a l  

d e t e r m i n a t i o n  o f  k i n e m a t i c  v i s c o s i t y  w ere  d e s i g n e d  s p e c i a l l y  s o  t h a t  

m e a su r e m e n ts  c o u l d  b e  made a b o ve  t h e  n o rm a l b o i l i n g  p o i n t  f o r  r e l a t i v e l y  

s i m p l e  l i q u i d s  s u c h  a s  b e n z e n e .  The v i s c o m e t e r  and  t h e  v o lu m e -c h a n g e  

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

298 K a r e  d e s c r i b e d  i n  C h a p te r  3 ,  w here  t h e  r e s u l t s  o b t a i n e d  f o r  t h e
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s y s t e m s  d e s c r i b e d  a b o ve  a r e  p r e s e n t e d .

S u ch  m e a su r e m e n ts  a s  h a v e  b e e n  made i n  t h e  p a s t  on b i n a r y  h y d r o c a r b o n

m i x t u r e s  a t  e l e v a t e d  p r e s s u r e s  g e n e r a l l y  e x t e n d  t o  no  m ore th a n  a f e w

(21  2 2 )h u n d r e d  a tm o s p h e r e s  '  b u t  i n  o r d e r  t o  p r o v i d e  a more c r i t i c a l  t e s t

o f  m i x t u r e  e q u a t i o n s  i t  i s  v i t a l  t o  h a v e  d a ta  o v e r  a w i d e r  ra n g e  o f

m o la r  v o lu m e s ,  b y  e x t e n d i n g  t h e  m e a s u r e m e n ts  t o  much h i g h e r  p r e s s u r e s .

Some p r o g r e s s  i n  t h i s  d i r e c t i o n  h a s  b e e n  made and t h e  n - h e x a n e  p l u s

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

(23)t o  500 MPa a t  t e m p e r a t u r e s  up t o  373 K

I n  t h i s  p r e s e n t  s t u d y ,  t h e  v i s c o s i t y  c o e f f i c i e n t s  o f  n - h e x a n e , n - h e x 

a d ec a n e  and  f o u r  b i n a r y  m i x t u r e s  w ere  m e a su re d  f r o m  298 K t o  373 K up t o

500 MPa u s i n g  a s i m i l a r  f a l l i n g  c y l i n d e r  v i s c o m e t e r  t o  t h a t  d e s i g n e d  and

(24)b u i l t  b y  I s d a l e  an d  S p e n c e  . T h i s  a p p a r a t u s  i s  d e s c r i b e d  i n  C h a p te r  

4 an d  v a l u e s  o b t a i n e d  f o r  t h e  d e n s i t i e s  and  v i s c o s i t y  c o e f f i c i e n t s  o f  

n - h e x a n e , n -h e x a d e c a n e  and  f o u r  b i n a r y  m i x t u r e s  a r e  p r e s e n t e d . D u r in g  

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

became a p p a r e n t  and  a new v i s c o m e t e r  was d e s i g n e d , b u i l t  a n d  t e s t e d .

The a c c u r a c y  o f  d e n s i t y  m e a su re m en t  u n d e r  e l e v a t e d  p r e s s u r e  was a l s o  

s i g n i f i c a n t l y  i m p r o v e d .

The e x p e r i m e n t a l  d a ta  o b t a i n e d  i n  t h i s  w ork  w e r e  u s e d  t o  t e s t  b o t h  t h e  s e m i -  

e m p i r i c a l  r e l a t i o n s h i p s  d i s c u s s e d  i n  C h a p te r  2 ,  and  r e c e n t l y  recom m ended  

e m p i r i c a l  e x p r e s s i o n s . The r e s u l t s  o f  t h e s e  t e s t s  a r e  g i v e n  i n  C h a p te r  

6 , and  s u m m a r ise d  i n  C h a p te r  7 .
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C H A P T E R  2

THEORIES OF VISCOSITY COEFFICIENTS 

FOR DENSE FLUIDS
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2 .1  EXACT SMOOTH HARD-SPHERE THEORY, AND THE ROUGH HARD-SPHERE

THEORY

The s i m p l e s t  m o le c u la r  m odel o f  a r e a l  d e n s e  f l u i d  i s  an a s s e m b ly  o f  

h a r d - s p h e r e s . T h is  i s  a n o t  u n r e a l i s t i c  r e p r e s e n t a t i o n  w i th  r e g a r d  

t o  t r a n s p o r t  p r o p e r t i e s  a t  h ig h  d e n s i t y  b e c a u s e  th e  a t t r a c t i v e  i n t e r 

a c t i o n s  b e tw e e n  r e a l  m o le c u le s  g i v e  a p r a c t i c a l l y  u n i fo r m  a t t r a c t i v e  

e n e r g y  s u r f a c e  th r o u g h o u t  t h e  f l u i d  a n d  t h e  m o le c u le s  move i n  f a i r l y  

s t r a i g h t  l i n e s  b e tw e e n  c o r e  c o l l i s i o n s . The p a i r  i n t e r m o l e c u la r  

p o t e n t i a l  e n e r g y  f u n c t i o n  f o r  r e a l  m o le c u le s  i s  n o t  i n f i n i t e l y  s t e e p  

and s o  i n  a p p ly in g  th e  h a r d - s p h e r e  t h e o r y  i t  i s  t o  b e  e x p e c t e d  t h a t  

d e r i v e d  v a lu e s  f o r  t h e  m o le c u la r  c o r e  s i z e  w i l l  d e c r e a s e  a s  th e  tem 

p e r a tu r e  i s  r a i s e d .

H o w ever , th e  a d v a n ta g e  o f  t h i s  s im p le  m o le c u la r  th e o r y  i s  t h a t  t r a n s 

p o r t  c o e f f i c i e n t s  can b e  t r e a t e d  e x a c t l y .  E n s k o g ^  o b ta in e d  an  

a p p r o x im a te  th e o r y  o f  t r a n s p o r t  i n  d e n s e  h a r d - s p h e r e  f l u i d s  b y  m o d i fy 

i n g  th e  B o ltzm a n n  e q u a t io n  to  ta k e  i n t o  a c c o u n t  th e  im p o r ta n c e  o f  

c o l l i s i o n a l  t r a n s f e r  o f  f l u x  and th e  f a c t  t h a t  th e  f r e q u e n c y  o f  c o l l i s 

i o n s  i n  a d e n s e  f l u i d  i s  g r e a t e r  th a n  i n  a d i l u t e  g a s .  The d e r i v e d  

e x p r e s s i o n  f o r  th e  v i s c o s i t y  c o e f f i c i e n t  r\^ i n  te r m s  o f  th e  d i l u t e  gas

h a r d - s p h e r e  v a lu e  n i so

1 + 0 . 8 ^  + 0 .7 6 1  g (o )
g (o )

( 2 . 1 )

w h ere  V i s  th e  m o la r  v o lu m e , and b  = 2uNa / 3  f o r  s p h e r e s  o f  d ia m e te r

( 6 )a .  F o r th e  d i l u t e  g a s  i n  th e  f i r s t  a p p r o x im a tio n

i
n = o 16 o ‘

mkT
IT ( 2 . 2 )

V a lu e s  o f  g ( o ) , th e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n  a t  c o n t a c t ,  can  b e

(25)d e te r m in e d  fro m  th e  C a r n a h a n - S ta r l in g  e q u a t io n w h ic h  g i v e s
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g (a )  = (1 -  0 .56 ,) (1 -  Z )~ 3 (2 .3 )

w h ere  £ -  b /4 V .

The E n sko g  v i s c o s i t y  c o e f f i c i e n t s  h a v e  t o  b e  c o r r e c t e d  f o r  th e  e f f e c t s
/  o/* 0  7  1

o f  c o r r e l a t e d  m o le c u la r  m o tio n s  '  a n d  th e  e x a c t  d e n s e  h a r d - s p h e r e  

c o e f f i c i e n t s  a r e  g iv e n  w i th  r e s p e c t  t o  th e  lo w  d e n s i t y  v a lu e s  b y

n /n  = ) ( r \ / r \ )  ( 2 .4 )
O E  o E MD

w h ere  MD * s  t *je co m p u ted  c o r r e c t i o n  to  E n sko g  th e o r y  . I n

o r d e r  t o  e v a lu a t e  th e  t r a n s p o r t  c o e f f i c i e n t s  f o r  any g iv e n  s u b s ta n c e

a t  c o n d i t i o n s  o f  know n te m p e r a tu r e  and  p r e s s u r e , i t  i s  n e c e s s a r y  t o
(2 Q)

s p e c i f y  a v a lu e  f o r  t h e  c o r e  s i z e  a .  H o w ever , Dymond was a b le

t o  make a c o m p a r iso n  o f  e x p e r im e n ta l  r e s u l t s  w i th  th e  p r e d i c t i o n s  o f

t h e  h a r d - s p h e r e  t h e o r y  w i th o u t  p r i o r  e s t i m a t i o n  o f  t h e  c o r e  s i z e ,  b y  
*

c o n s i d e r a t i o n  o f  ri d e f i n e d  as

n *  =  fn /n  ; ( v / v  ) 2 /3  (2 .5 )o o

w h ere  V i s  th e  vo lu m e o f  c l o s e - p a c k i n g  o f  h a r d - s p h e r e s . 
o

*
On th e  b a s i s  o f  e x a c t  h a r d - s p h e r e  t h e o r y ,  v a lu e s  o f  n can b e  c a l c u 

l a t e d  fro m  th e  a b o ve  e q u a t i o n s ; t h e y  d ep e n d  o n ly  on (V /V  ) .  V a lu e so

can a l s o  b e  c a l c u l a t e d  fro m  e x p e r im e n ta l  d a ta  s i n c e  on s u b s t i t u t i o n  f o r

th e  h a r d - s p h e r e  e x p r e s s i o n s  f o r  r\ and  V ,
o o

* 8 2 /3  h
n = 6 .0 3 5  x  10 r)V /  (MRT) . (2 .6 )

fr
The e x p e r i m e n t a l l y  d e r i v e d  n v a lu e s  a r e  th u s  a f u n c t i o n  o f  m o la r  

vo lu m e a t  c o n s t a n t  te m p e r a tu r e .

The a p p l i c a b i l i t y  o f  t h i s  sm o o th  h a r d - s p h e r e  m odel was t e s t e d  b y
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* *
s u p e r im p o s in g  p l o t s  o f  ri v e r s u s  l o g  ( V/ VQ) fr o m  th e o r y  and  r\ v e r s u s

(28)l o g  V fro m  e x p e r im e n t  f o r  a g iv e n  te m p e r a tu r e .  Dymond h a s  show n  

t h a t  f o r  th e  r a r e  g a s e s  a t  a n y  g iv e n  te m p e r a tu r e  th e  d e n s i t y  d e p e n d 

e n c e  o f  th e  v i s c o s i t y  c o e f f i c i e n t  fo u n d  e x p e r i m e n t a l l y  i s  i n  v e r y  

c l o s e  a g re e m e n t w i th  th e  r e s u l t s  g iv e n  b y  th e  h a r d - s p h e r e  th e o r y  a t  

d e n s i t i e s  down to  1 .2  t im e s  th e  c r i t i c a l  d e n s i t y .

V a lu e s  o f  V' d e r i v e d  fro m  th e  c u r v e  f i t t i n g  p r o c e d u r e  w ere  fo u n d  t o  

d e c r e a s e  w i th  i n c r e a s e  i n  te m p e r a tu r e  a s  e x p e c t e d  fro m  t h e  f a c t  t h a t  

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

t e r a c t i o n s  .

Now f o r  p o ly a to m ic  f l u i d s  i t  i s  n e c e s s a r y  t o  ta k e  i n t o  a c c o u n t  th e

e f f e c t s  o f  n o n - s p h e r i c a l  sh a p e  a n d  th e  p o s s i b i l i t y  o f  c o u p l in g  o f

t r a n s l a t i o n a l  an d  r o t a t i o n a l  m o t io n .  The l a t t e r  e f f e c t  h a s  b e e n

( 1 2 )
d i s c u s s e d  b y  C h a n d le r  and  th e  v i s c o s i t y  c o e f f i c i e n t  f o r  a ro u g h

h a r d - s p h e r e  s y s te m  ri e show n to  b e  d i r e c t l y  p r o p o r t io n a l  t o  a goodRHS

a p p r o x im a tio n  to  t h a t  f o r  a sm o o th  h a r d - s p h e r e  s y s t e m ,  n . T h u s ,
S H S

^RHS “ C "SHS !2' 7)

w h ere  C £ 1 ,  a n d  C i s  e x p e c t e d  t o  b e  te m p e r a tu r e  an d  d e n s i t y  i n d e 

p e n d e n t .  V a lu e s  f o r  C w ere  d e te r m in e d  b y  m a tc h in g  a lo n g  i s o t h e r m s , 

th e  l o g a r i th m ic  d e r i v a t i v e  o f  th e  e x p e r im e n ta l  v i s c o s i t y  c o e f f i c i e n t  

w i th  r e s p e c t  t o  th e  d e n s i t y  w i th  t h a t  p r e d i c t e d  b y  th e  t h e o r y .  T h is  

a p p ro a ch  h a s  th e  s e r i o u s  l i m i t a t i o n  t h a t  i t  s h o u ld  n o t  b e  a p p l i e d  a t

d e n s i t i e s  c o r r e s p o n d in g  to  V’ /V  g r e a t e r  th a n  0 .6 6 ,  b e c a u s e  th e  sm o o th

(29 )h a r d - s p h e r e  s y s te m  b eco m es m e ta s ta b le  m  t h i s  r e g io n  . E ven  a t  

d e n s i t i e s  c l o s e  t o  VQ/ V  e q u a l s  0 .6 6  i t  i s  f o u n d t h a t  th e  m odel 

p r e d i c t s  lo w e r  v a lu e s  f o r  th e  f l u i d i t y  o f  b e n z e n e  and t e t r a m e t h y l s i l a n e  

th a n  a r e  fo u n d  e x p e r i m e n t a l l y . T h is  was i n t e r p r e t e d  a s  due t o  a
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d e n s i t y  d e p e n d e n c e  o f  t h e  c o r e  d ia m e te r .  T h is  a p p ro a ch  i s  t h e r e f o r e  

o n ly  v a l i d  f o r  th e  i n t e r p r e t a t i o n  o f  v i s c o s i t y  c o e f f i c i e n t  d a ta  f o r  

l i q u i d s  o v e r  a r e s t r i c t e d  d e n s i t y  r a n g e .  E ven  a t  t h e s e  d e n s i t i e s  i t  

i s  n e c e s s a r y  t o  h a v e  v i s c o s i t y  c o e f f i c i e n t  d a ta  a t  d i f f e r e n t  p r e s s u r e s  

a t  ea c h  te m p e r a tu r e  i n  o r d e r  t o  d e te r m in e  th e  m o le c u la r  c o r e  s i z e  and  

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

I n  o r d e r  t o  c o r r e l a t e  e x p e r im e n ta l  v i s c o s i t y  c o e f f i c i e n t  d a ta  f o r  a

(30 )
p o ly a to m ic  l i q u i d  a t  a l l  d e n s i t i e s  an d  t e m p e r a tu r e s  Dymond and  Brawn 

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

p r o p e r t i e s  o f  d e n s e  p o ly a to m ic  f l u i d s  becom e a v a i l a b l e , a m e th o d  a n a lo g 

o u s to  t h a t  d e s c r ib e d  a b o ve  f o r  m o n a to m ic  f l u i d s  b e  u s e d .

2 /3  h
A c c o r d in g l y , th e y  d e f i n e d  n ' a s  e q u a l t o  r\V / (MT) . V a lu e s  f o r  n '

can  th u s  b e  c a l c u l a t e d  fro m  e x p e r im e n ta l  d a ta .  F o r p o ly a to m ic  l i q u i d s

com posed  o f  s p h e r i c a l  m o l e c u le s , ri '  w i l l  b e  d i r e c t l y  p r o p o r t io n a l  t o  

2 /3(r\„„-/r\ ) (V /V  ) p r o v i d i n g  t h a t  th e  f a c t o r  C i n  e q u a t io n  (2 .7 )  i s  a t
S H S  O O

m o s t o n ly  v e r y  w e a k ly  te m p e r a tu r e  d e p e n d e n t .  T h u s ,  r i ' w i l l  d ep e n d  o n ly  

upon V /V q and c u r v e s  o f  ri '  ( o r  l o g  v e r s u s  l o g  V f o r  e a c h  te m p e r a tu r e  

w i l l  b e  s u p e r im p o s a b le  b y  a d ju s tm e n t  a lo n g  th e  l o g  V a x i s .

(30)
Dymond an d  Brawn fo u n d  t h i s  a p p ro a ch  v e r y  s a t i s f a c t o r y  f o r  p s e u d o -

s p h e r i c a l  m o le c u le s  su c h  a s  c a rb o n  t e t r a c h l o r i d e  and t e t r a m e t h y l s i l a n e  

and a l s o  f o r  l a r g e r  a s p h e r i c a l  p o ly a to m ic  l i q u i d s  w hose m o le c u la r  s h a p e  

was n o t  e x p e c t e d  t o  v a r y  much w i th  t e m p e r a tu r e . T h e se  r e s u l t s  demon

s t r a t e d  t h a t  f o r  a d e n se  f l u i d  com posed  o f  f a i r l y  r i g i d  m o le c u le s ,  e x 

p e r im e n ta l  v i s c o s i t y  c o e f f i c i e n t  d a ta  a t  d i f f e r e n t  te m p e r a tu r e s  and  

p r e s s u r e s  can  b e  c o r r e l a t e d  v e r y  s a t i s f a c t o r i l y  b y  a p l o t  o f  l o g  n '  

v e r s u s  l o g  V ' , w h ere  V ' = v •VQ(TR) / V0 ( T ) . T h is  h a s  g r e a t  p r a c t i c a l
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im p o r ta n c e  f o r  a c c u r a te  p r e d i c t i o n  o f  v i s c o s i t y  c o e f f i c i e n t  d a ta  f o r  

su c h  f l u i d s  a t  an y  d e n s i t y  an d  t e m p e r a tu r e .  A l l  t h a t  i s  r e q u i r e d  i s  

th e  r i ' o r  l o g  n ' v e r s u s  l o g  V ' c u r v e ,  e s t a b l i s h e d  fr o m  d a ta  a t  an y  on e  

t e m p e r a tu r e ,  t o g e t h e r  w i th  th e  a tm o s p h e r ic  p r e s s u r e  v i s c o s i t y  c o e f f i c i 

e n t  a n d  d e n s i t y  a t  th e  te m p e r a tu r e  o f  i n t e r e s t .  T h ese  c u r v e s  a l s o  

h a v e  t h e o r e t i c a l  s i g n i f i c a n c e  i n  t h a t  t h e y  g i v e  th e  r e s u l t s  i n  a fo rm  

s u i t a b l e  f o r  d i r e c t  c o m p a r iso n  w i th  t h e o r e t i c a l  r e s u l t s  f o r  s y s te m s  

o f  h a r d  ro u g h  a s p h e r i c a l  m o l e c u le s .

F u r th e r m o r e , th e  c u r v e s  i l l u s t r a t e  th e  im p o r ta n t  p o i n t  t h a t  th e  mag

n i t u d e  o f  th e  v i s c o s i t y  c o e f f i c i e n t  o f  a d e n s e  f l u i d  com posed  o f  

f a i r l y  r i g i d  m o le c u le s  d e p e n d s  upon th e  v o lu m e , s p e c i f i c a l l y  on th e  

vo lu m e r e l a t i v e  t o  som e r e f e r e n c e  vo lu m e w h ich  i n  th e  c a s e  o f  th e  

h a r d - s p h e r e  s y s te m  i s  th e  c l o s e  p a c k e d  v o lu m e .
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2 .2  FREE-VOLUME THEORIES

S e v e r a l  r e l a t i o n s h i p s  h a v e  b e e n  p r o p o s e d  b e tw e e n  th e  v i s c o s i t y  c o 

e f f i c i e n t  o f  a f l u i d  and  th e  vo lu m e i n  w h ich  th e  m o le c u le s  a r e  f r e e

t o  move a r o u n d . F or e x a m p le ,  th e  B a t s c h i n s k i  e q u a t i o n ^ ^ ^  , r e c e n t l y

(32)
m o d i f i e d  b y  H i ld e b r a n d  , r e l a t e s  f l u i d i t y , 1 / n t o  th e  r e l a t i v e  e x 

p a n s io n  fr o m  v  , t h e  m o la r  vo lu m e f o r  w h ich  th e  f l u i d i t y  i s  z e r o  : o

, V -  v
~  = B (  (2 .8 )
n v o

I n  t h i s  e q u a t i o n ,  th e  p a r a m e te r  v i s  a ' c o r r e s p o n d in g  s t a t e s  f r a c t 

i o n '  o f  th e  c r i t i c a l  m o la r  vo lu m e  and  p a r a m e te r  B i s  a m e a su re  o f  th e  

e x t e n t  to  w h ich  th e  e x t e r n a l  momentum t h a t  p r o d u c e s  v i s c o u s  f l o w  i s  

a b s o r b e d  b y  th e  m o le c u le s  o f  th e  l i q u i d  r e s u l t i n g  fro m  m o le c u la r  m a ss ,  

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

a t  d i f f e r e n t  t e m p e r a tu r e s ,  t h i s  e x p r e s s io n  g i v e s  a s a t i s f a c t o r y  f i t

p r o v id e d  th e  te m p e r a tu r e  r a n g e  d o es  n o t  go n e a r  t h e  f r e e z i n g  p o i n t ^ ^ '  

(35)E r t l  and  D u l l i e n  h a v e  show n t h a t  d e v i a t i o n s  fro m  e q u a t io n  (2 .8 )

Tn o r m a l ly  o c c u r  a t  r e d u c e d  te m p e r a tu r e s  — , w h ere  T i s  th e  c r i t i c a l
c

t e m p e r a tu r e , b e lo w  0 .4 6 .

(3 6 )
B e r tr a n d  h a s  e x te n d e d  th e  H i ld e b r a n d  e q u a t io n  i n  an a t t e m p t  t o  

e n a b le  m ix tu r e  f l u i d i t y  t o  b e  p r e d i c t e d  fro m  th e  f l u i d i t i e s  o f  th e  

p u r e  c o m p o n e n ts . He p r o p o s e d  t h e  e q u a t io n

= fBl V ^  <B2 V/ <2 • • •  (X1 V01 + X2 Vo2 + -  t x l Vl  + X2 V2 +

( 2 .9 )

w h ere  y  i s  vo lu m e f r a c t i o n ,  V i s  m o la r  v o lu m e , x  i s  m o le  f r a c t i o n  

and B a n d  vq a r e  p a r a m e te r s  i n  th e  o r i g i n a l  H ild e b r a n d  e q u a t io n .

T h is  e q u a t io n  was l i m i t e d  i n  a p p l i c a b i l i t y  t o  m ix tu r e s  w h ere  th e  e x -
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p e r im e n ta l  t e m p e r a tu r e  was a b o ve  0 .4 6  T ^ f o r  e a c h  o f  t h e  p u r e  co m p o n en ts  

a n d  was d e r i v e d  fr o m  e x p e r im e n ta l  r e s u l t s  i n  th e  ra n g e  o f  te m p e r a tu r e  

293 K to  298 K. E q u a tio n  (2 .9 )  p r e d i c t e d  t h e  v i s c o s i t y  c o e f f i c i e n t s  

o f  m ix tu r e s  fr o m  th e  v i s c o s i t y  c o e f f i c i e n t s  o f  t h e  p u r e  co m p o n en ts  to  

w i t h i n  2 p e r c e n t  f o r  e i g h t  o f  t h e  t h i r t e e n  s y s te m s  s t u d i e d  w i th  th e  

m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  o f  t h e  r e m a in in g  f i v e  s y s te m s  p r e d i c t e d  

t o  w i t h i n  an a v e r a g e  o f  4 p e r c e n t .

A n o th e r  e m p ir i c a l  r e l a t i o n s h i p  w h ich  a c c u r a te l y  d e s c r ib e d  a tm o s p h e r ic

(37)v i s c o s i t y  c o e f f i c i e n t s  o f  many p u r e  l i q u i d s  i s  th e  D o o l i t t l e  

e q u a t io n  w h ich  can b e  w r i t t e n  a s  :

it

lnr\ = A + J ~ j v * (2 .1 0 )

it
w h ere  A , C a r e  c o n s t a n t s  f o r  a g iv e n  l i q u i d  and  V was d e f i n e d

i n i t i a l l y  a s  th e  s p e c i f i c  vo lu m e  o f  th e  l i q u i d  e x t r a p o l a t e d  t o  a b s o lu t e  

(38)z e r o  b u t  l a t e r  was c o n s id e r e d  a s  a n o th e r  a d j u s t a b l e  c o n s t a n t .

(39 40)T h is  r e l a t i o n s h i p  h a s  a s i m i l a r  fo r m  t o  th e  C o h e n -T u m b u ll  e q u a t io n  '  

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

r e d i s t r i b u t i o n  o f  th e  f r e e  vo lu m e :

I n  ( r \ / T = A ’ + C '/ V  (2 .1 1 )

w h ere  V^ i s  th e  f r e e  vo lu m e  a ssu m ed  t o  b e  e q u i v a l e n t  t o  a th e r m a l e x 

p a n s io n  fr o m  a r e f e r e n c e  te m p e r a tu r e  T t o  t h e  e x p e r im e n ta l  te m p e r a tu r e  

T .

The D o o l i t t l e a n d  C o h e n - T u r n b u l l ^ ^ e q u a t i o n s  a r e  e q u i v a l e n t

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

(41)c o n s i d e r i n g  d a ta  a t  ea c h  te m p e r a tu r e  i n  t u r n .  I t  was fo u n d  t h a t  

an e x c e l l e n t  f i t  was o b ta in e d  f o r  many l i q u i d s ,  a l th o u g h  i n  th e  fo rm  

o f  e q u a t io n  u s e d  th e  t h r e e  p a r a m e te r s  w ere  a l l  fo u n d  t o  b e  te m p e r a tu r e  

d e p e n d e n t .
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I t  i s  o f  i n t e r e s t  t o  com pare th e s e  e x p r e s s i o n s  w i th  th e  e x a c t  sm o o th

(30)
h a r d - s p h e r e  t h e o r y . Dymond and  Brawn '  h a v e  show n t h a t  f o r  sm o o th  

*
h a r d - s p h e r e s  n i s  a f u n c t i o n  o f  t h e  r e d u c e d  vo lu m e V /V  , w h ere  Vo o

h e r e  r e f e r s  t o  t h e  vo lu m e o f  c l o s e  p a c k in g , and  t h a t  w hen r e s u l t s  a r e  
*

p l o t t e d  a s  l o g  n v s  V / (V  -  V ) a l i n e a r  p l o t  i s  o b ta in e d  w hoseo o

e q u a t io n  i s  :

Vol o g  n = 0 .4 9  + 0 .5 8  _ (2 .1 2 )
o

w h ich  i s  e q u i v a l e n t  t o  :
V

I n  T)' =  - 0 .7 6 2  +  1 .3 3 5  -  -_ ° ^  (2 .1 3 )
o

w i th  n '  d e f i n e d  a s  a b o v e ,  u s in g  th e  e . g . s .  s y s t e m  o f  u n i t s  w i th  r\ i n  

-4  -1  -110  g cm s  T h is  h a s  a s i m i l a r  fo rm  to  t h e  D o o l i t t l e  and  C ohen-

T u r n b u ll  e q u a t i o n s , b u t  c o n ta in s  o n ly  one a d j u s t a b l e  p a r a m e te r .

Dymond fo u n d  t h a t  f o r  m o n a to m ic  f l u i d s  a n d  s im p le  p o ly a to m ic  f l u i d s

(42 43)s u c h  a s  o x y g e n , f l u o r i n e f e th a n e  and  p ro p a n e  w h ic h  h a v e  b e e n  show n  '

t o  b e h a v e  i n  r e s p e c t  o f  t h e i r  v i s c o s i t y  c o e f f i c i e n t s  a s  sm o o th  h a r d -

s p h e r e  s y s te m s  r a t h e r  th a n  ro u g h  h a r d - s p h e r e  s y s t e m s , th e  e x p e r im e n ta l  

(4 4 -4 8 )d a ta  a r e  c o r r e l a t e d  v e r y  s a t i s f a c t o r i l y  b y  t h i s  e q u a t io n .

F o r ro u g h  a s p h e r i c a l  m o le c u le s  t h i s  e q u a t io n  w i l l  n o t  b e  v a l i d  b e c a u s e  

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

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

f o r  s u c h  m o le c u le s  a t  d i f f e r e n t  t e m p e r a tu r e s  and  p r e s s u r e  can  b e  c o r 

r e l a t e d  on th e  b a s i s  o f  a s i n g l e  c u r v e  i n  a m anner a n a lo g o u s  t o  t h a t  

u se d  f o r  m o n a to m ic  f l u i d s , th e n  t h i s  fo r m  o f  e q u a t io n  s h o u ld  a p p ly .  

A c c o r d in g ly  Dymond and  B r a w n ^ ^ ^  h a v e  f i t t e d  t h e  e x p e r im e n ta l  v i s 

c o s i t y  c o e f f i c i e n t  d a ta  f o r  c e r t a i n  p s e u d o - s p h e r i c a l  m o le c u le s  and  

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

I n  T[V2^ 3/(M T )^  = A + BV / (V -  V ) (2 .1 4 )o o
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w h ere  A and  B a r e  now a d j u s t a b le  c o n s t a n t s .

In  o r d e r  t o  f i t  th e  d a ta  w i th i n  th e  e s t i m a t e d  e x p e r im e n ta l  u n c e r t a i n t y , 

i t  was fo u n d  t h a t  A c o u ld  h a v e  a r a n g e  o f  v a lu e s  b u t  when v i s c o s i t y  c o 

e f f i c i e n t  d a ta  w ere a v a i l a b l e  up t o  h ig h  p r e s s u r e  (360 MPa) A was th e n  

g iv e n  w i th i n  f a i r l y  c l o s e  l i m i t s .  F or t h e  l i q u i d s  c o n s id e r e d  .A was 

t e m p e r a tu r e  i n d e p e n d e n t .  F u r th e rm o re  f o r  t h e  l i q u i d s  o f  c l o s e l y  

s i m i l a r  m o le c u la r  s t r u c t u r e  n a m e ly  c i s -  a n d  t r a n s - d e c a h y d r o n a p h th a le n e , 

s p i r o ( 4 , 5 ) d e c a n e , s p i r o ( 4 , 5 ) u n d e c a n e , and  c i s -  and  t r a n s - o c t a h y d r o i n -  

d e n e , th e y  fo u n d  A h a d  t h e  sam e v a lu e  o f  - 1 . 0 .  T h is  v a lu e  a l s o  ga ve  

a good  f i t  to  th e  d a ta  f o r  ca rb o n  t e t r a c h l o r i d e  an d  t e t r a m e t h y l s i l a n e ,  

b u t  f o r  p e r h y d r o c h r y s e n e  A was d e f i n i t e l y  p o s i t i v e .

V a lu e s  o f  B w ere  te m p e r a tu r e  in d e p e n d e n t  and  v e r y  s i m i l a r  f o r  th e  b i -  

c y c l i c  r i n g  h y d r o c a r b o n s . E q u a t io n  (2 .1 4 )  i s  w o r th y  o f  f u r t h e r  i n 

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

c o e f f i c i e n t  d a ta  f o r  p o ly a to m ic  m o le c u le s  a t  e l e v a t e d  p r e s s u r e s .
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2 .3  EYRING ACTIVATION MODEL AND THE THEORY OF CONGRUENCE

(49)
E y r in g  h a s  c o n s id e r e d  th e  p r o b le m  o f  t r a n s p o r t  p r o c e s s e s  i n  d e n se  

f l u i d s  b a s e d  on th e  t h e o r y  o f  a b s o lu t e  r e a c t i o n  r a t e s .

T h is  t h e o r y  i s  b a s e d  on th e  a s s u m p tio n  t h a t  i n  a p u r e  l i q u i d  a t  r e s t

t h e  i n d i v i d u a l  m o le c u le s  a r e  c o n s t a n t l y  i n  m o tio n  b u t  b e c a u s e  o f  c lo s e

p a c k in g  th e  m o tio n  i s  l a r g e l y  c o n f in e d  t o  v i b r a t i o n  o f  e a c h  m o le c u le

w i th i n  a 'c a g e '  fo r m e d  b y  i t s  n e a r e s t  n e ig h b o u r s .  The ' c a g e '  i s  r e p r e -

* o * os e n t e d  b y  a p o t e n t i a l  e n e r g y  b a r r i e r  o f  h e i g h t  A G w h ere  A G i s  th e

(49)m o la r  f r e e  e n e r g y  o f  a c t i v a t i o n .  E y r in g  h a s  s u g g e s t e d  t h a t  a l i q u i d  

a t  r e s t  c o n t i n u a l l y  u n d e rg o e s  r e a r r a n g e m e n t i n  w h ich  one m o le c u le  a t  a 

t im e  e s c a p e s  fro m  i t s  'c a g e '  i n t o  an a d j o i n i n g  h o l e .  In  a f l u i d  

w h ich  f l o w s  th e  f r e q u e n c y  o f  m o le c u la r  r e a r r a n g e m e n ts  i s  i n c r e a s e d .

F or N ew to n ia n  f l o w  th e  c o e f f i c i e n t  o f  v i s c o s i t y  i s  g i v e n b y  t he

e x p r e s s io n

n  -  y-5 , 2  Wi3
11 ‘  ~  SXP

* oA G /R T (2 .1 5 )

w h ere  a i s  th e  d i s t a n c e  t r a v e l l e d  p e r  ju m p ,  6  i s  th e  d i s t a n c e  b e tw e e n  

s e p a r a te  l a y e r s ,  N i s  A v o g a d r o ’s  n u m b e r , h i s  th e  P la n c k  c o n s t a n t , R 

i s  th e  g a s c o n s t a n t ,  V i s  th e  m o la r  vo lu m e and  T th e  te m p e r a tu r e .  

T h e o r ie s  s u c h  a s  t h i s  s u f f e r  fr o m  th e  c r i t i c i s m  t h a t  th e y  i n t r o d u c e  one  

o r  m ore c o n s t a n t s  w h ich  c a n n o t b e  c a l c u l a t e d  fro m  m o le c u la r  d a ta ,  b u t

w h ich  may b e  r e l a t e d  t o  m a c r o s c o p ic  p r o p e r t i e s . I n  t h i s  t h e o r y  (6 /a )

* o (5 1 )i s  o f t e n  ta k e n  a s  u n i t y ,  and  A G i s  e m p i r i c a l l y  fo u n d  t o  b e  a b o u t

f o r t y  p e r c e n t  o f  th e  i n t e r n a l  e n e r g y  o f  v a p o r i s a t i o n  o f  th e  l i q u i d .

T h is  e q u a t io n  p r e d i c t s  a l i n e a r  d e p e n d e n c e  o f  t h e  l o g a r i th m  o f  th e  v i s 

c o s i t y  c o e f f i c i e n t  on r e c ip r o c a l  te m p e r a tu r e  a s  i s  fo u n d  e x p e r i m e n t a l l y

(52)m  many c a s e s .  H o w ever , a s  show n r e c e n t l y  b y  H ild e b r a n d  an d  A ld e r  

i t  i s  n o t  n e c e s s a r y  t o  a ssu m e an a c t i v a t i o n  m odel t o  d e r i v e  a l i n e a r

17



r e l a t i o n s h i p  b e tw e e n  In  r\ and  r e c ip r o c a l  t e m p e r a tu r e .  I n d e e d  c o m p u te r

(53)s i m u l a t io n  s t u d i e s  on s im p le  m o le c u la r  m o d e ls  h a v e  show n t h a t  th e  

u n d e r ly in g  a s s u m p tio n  o f  d i f f u s i o n  a s  o c c u r r in g  b y  a s m a l l  num ber o f  

ju m p s i s  i n  f a c t  i n c o r r e c t  a n d  t h a t  t h e r e  i s  a c o - o p e r a t i v e  m o tio n  w i th  

a l a r g e  num ber o f  s m a l l  m o le c u la r  d i s p l a c e m e n t s .

N e v e r t h e l e s s , t h i s  a p p ro a ch  i s  o f  g r e a t  i n t e r e s t  i n  t h a t  i t  can b e  

r e a d i l y  e x te n d e d  t o  m i x t u r e s . I f  t h e  i d e a l  v i s c o s i t y  o f  a m ix tu r e  

i s  d e f i n e d  b y

A* Gi d e a l  -  e . x . A * G .  (2 .1 6 )
1 1 1

* Eth e n  a m o la r  e x c e s s  G ib b s  f r e e  e n e r g y  o f  a c t i v a t i o n  f o r  f l o w , A G f

w h ich  i s  g iv e n  b y

* E * * i d e a l  / 0A G — A G — A G ^ (2 .1 7 )

can b e  d e r i v e d  fro m  e x p e r im e n ta l  v i s c o s i t y  c o e f f i c i e n t  d a t a f 

a c c o r d in g  to  :

* v. r
(2 .1 8 )

it tp

A ( f  = RT ln (r \V ) -  ln ( r \ jV ^ )

(54 55)T h is  e x p r e s s io n  h a s  b e e n  u s e d  b y  v a r io u s  w o r k e r s  ' i n  th e  d e 

s c r i p t i o n  o f  m ix tu r e  v i s c o s i t y . C o u rsey  and  H e r i c h a v e  s u g g e s te d

t h a t  th e  p r i n c i p l e  o f  c o n g ru e n c e  o r i g i n a l l y  p r o p o s e d  b y  B r o n s te d  and  

(57)K o e fo e d  f o r  th e  m o la r  e x c e s s  G ib b s f r e e  e n e r g y  o f  m ix in g  can b e  

a p p l i e d  t o  th e  m o la r  e x c e s s  G ib b s f r e e  e n e r g y  o f  a c t i v a t i o n  f o r  f l o w  

and u se d  t o  p r e d i c t  v i s c o s i t y  c o e f f i c i e n t s  f o r  n - a lk a n e  m i x t u r e s  a t  

298 K k n o w in g  th e  v i s c o s i t y  c o e f f i c i e n t s  o f  t h e  p u r e  c o m p o n en ts  a t  

th e  sam e te m p e r a tu r e .
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C H A P T E R  3

VISCOSITY COEFFICIENTS AND DENSITIES FOR HYDROCARBONS 

AND HYDROCARBON MIXTURES AT SATURATION PRESSURE
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3 .1  INTRODUCTION

N ew ton (58) i n  1685  p r o p o s e d  t h a t  an i n t e r n a l  r e s i s t a n c e  t o  f l o w  i s

p r e s e n t  i n  l i q u i d s  when r e l a t i v e  m o tio n  e x i s t s  b e tw e e n  th e  p a r t i c l e s  

o f  th e  l i q u i d . T h is  ca n  b e  e x p r e s s e d  a s  :

w h ere  A i s  t h e  a re a  o f  c o n t a c t  o f  tw o l i q u i d  la m in a e  and  F i s  t h e  

f o r c e  n e c e s s a r y  to  m a in ta in  a v e l o c i t y  g r a d i e n t  ( d v /d z )  b e tw e e n  th e s e  

la m in a e .  n i s  a c h a r a c t e r i s t i c  c o n s t a n t  f o r  e a c h  l i q u i d  and  i s  c a l l e d  

t h e  c o e f f i c i e n t  o f  v i s c o s i t y . H o w ever, i t  was n o t  u n t i l  1842 and th e

c a p i l l a r y  tu b e s  t h a t  a f i r m  u n d e r s ta n d in g  o f  l i q u i d  f l o w  th r o u g h  su c h  

tu b e s  was e s t a b l i s h e d .

I n  1923  th e  B r i t i s h  S ta n d a r d s  I n s t i t u t i o n  p u b l i s h e d  i t s  f i r s t  B r i t i s h  

S ta n d a r d  M ethod f o r  t h e  D e te r m in a t io n  o f  th e  V i s c o s i t y  o f  L iq u id s  and  

s i n c e  th e n  f o u r  r e v i s e d  e d i t i o n s  h a v e  b e e n  p u b l i s h e d . V a r io u s  m e th o d s  

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

B r i t i s h  S ta n d a r d s  I n s t i t u t i o n  i s  c o n c e r n e d  w i th  o n ly  tw o o f  t h e s e  

m e th o d s  w h ich  a r e  b a s e d  on

(a) th e  r e s i s t a n c e  t o  m o tio n  o f  a l i q u i d  p a s s in g  th r o u g h  t h e  c a p i l l a r y  

o f  a g l a s s  v i s c o m e t e r , and

(b) th e  r e s i s t a n c e  t o  m o tio n  o f  a s p h e r e  f a l l i n g  th r o u g h  a l i q u i d .

S in c e  t h e  m e th o d  u s in g  t h e  f a l l i n g  s p h e r e  i s  s u i t a b l e  o n ly  f o r  l i q u i d s

2 -1w i th  a k i n e m a t i c  v i s c o s i t y  o f  2000 mm s  and upw ards th e  m e th o d  u s 

i n g  c a p i l l a r y  g l a s s  v i s c o m e te r s  was a d o p te d  f o r  t h i s  r e s e a r c h  on h y d r o 

c a rb o n s  a n d  h y d ro c a rb o n  m ix tu r e s  a t  s a t u r a t i o n  p r e s s u r e . H ow ever,

s i n c e  th e  o b j e c t  o f  t h i s  r e s e a r c h  was to  m ea su re  v i s c o s i t y  c o e f f i c i e n t s

(3 .1 )

e x a c t i n g  s t u d i e s  o f  P o i s e u i l l e (59) on t h e  f l o w  o f  l i q u i d s  th r o u g h
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o f  p u r e  l i q u i d s  and  m ix tu r e s  o v e r  a w id e  te m p e r a tu r e  r a n g e , e x te n d in g  

t h e  m e a su re m en ts  a b o ve  t h e  n o rm a l b o i l i n g  p o i n t  t h e  v i s c o m e te r s  d e s 

c r i b e d  i n  th e  p r e s e n t  B r i t i s h  S ta n d a r d s  I n s t i t u t i o n  p u b l i c a t i o n ^ 00  ̂

a r e  u n s u i t a b l e .  T hey r e q u i r e  s u c t i o n  t o  f i l l  th e  m e a su r in g  s e c t i o n  

and  a r e  o p en  to  th e  a tm o s p h e r e , b o th  o f  w h ich  l i m i t  t h e  te m p e r a tu r e  

ra n g e  w h ic h  ca n  b e  s t u d i e d  i f  b o i l i n g  and  ch a n g e  i n  l i q u i d  m ix tu r e  

c o m p o s i t io n  d u e  t o  e v a p o r a t io n  o f  th e  m ore v o l a t i l e  co m p o n en t a r e  

t o  b e  a v o id e d .

T h ese  p r o b le m s  ca n  b e  o verco m e b y  h a v in g  a c lo s e d  s y s t e m .  To r e t u r n

th e  l i q u i d  t o  i t s  o r i g i n a l  p o s i t i o n  to  make m e a su re m e n ts  o f  f l o w  t i m e s ,

( 61)h y d ro g e n  ca n  b e  a d m i t t e d  a t  a s l i g h t  e x c e s s  p r e s s u r e  b u t  i n  o r d e r  

t o  o ve rco m e  t h e  p o s s i b i l i t y  o f  s o l u t i o n  o f  g a s  i n  th e  l i q u i d s , an  a l t e r 

n a t i v e  p r o c e d u r e  w h ereb y  t h e  c lo s e d  v i s c o m e te r  c o u ld  b e  s im p ly  i n v e r t e d  

and  th e n  r e tu r n e d  to  i t s  o r i g i n a l  p o s i t i o n  was p r e f e r r e d .

O f th e  v a r io u s  t y p e s  o f  v i s c o m e te r s  d e s c r ib e d  i n  th e  B r i t i s h  S ta n d a r d s  

I n s t i t u t i o n  p u b l i c a t i o n ^ 00  ̂ t h e  s u s p e n d e d  l e v e l  v i s c o m e t e r , t y p e  

B S /I P /S L ,  was c h o se n  a s  b e in g  m o s t s u i t a b l e  f o r  a d a p t in g  t o  th e  p r e s e n t  

n e e d s .  A d ia g ra m  o f  t h i s  v i s c o m e te r  and  th e  m o d i f i e d  v e r s io n  u sed  i n  

t h i s  r e s e a r c h  a r e  show n i n  F ig u r e  3 .1 .

The m a in  d i f f e r e n c e  b e tw e e n  th e  B r i t i s h  S ta n d a r d s  I n s t i t u t i o n  d e s ig n  and  

th e  p r e s e n t  on e  i s  t h a t  l im b  L u se d  f o r  c h a r g in g  t h e  v i s c o m e te r  h a s  

b e e n  d i s c a r d e d  and  l im b s  N and  M j o i n e d  t o  e n a b le  v i s c o s i t y  c o e f f i c i 

e n t s  to  b e  m e a su re d  u n d er  s a t u r a t e d  va p o u r  p r e s s u r e . The m o d i f i e d  

v i s c o m e te r  i s  c h a r g e d  th r o u g h  l im b  M and  s e a l e d  b y  m eans o f  an S I 3 

R o t a f lo  t a p .  A f u l l e r  d e s c r i p t i o n  o f  th e  m o d i f i e d  s u s p e n d e d  l e v e l  

v is c o m e te r  and  th e  m e th o d  o f  o p e r a t io n  i s  g iv e n  i n  S e c t i o n  3 .2 .  I n
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a l l  11 o f  t h e s e  m o d i f i e d  v i s c o m e te r s  w ere  c o n s t r u c t e d  and r e a d y  f o r

u s e .

( 6 2 )
K e s t i n , S o k o lo v  and  Wakeham h a v e  r e c e n t l y  r e - e x a m in e d  th e  th e o r y

o f  th e  c a p i l l a r y  v i s c o m e te r  t o  c r e a te  a r ig o r o u s  f o u n d a t io n  f o r  th e

a c c u r a te  e v a l u a t i o n  o f  r e c e n t  p r e c i s e  m e a su re m e n ts  on th e  k i n e m a t i c

(61 63)v i s c o s i t y  c o e f f i c i e n t s  o f  w a te r  '  , a n d  t o  p r o v id e  e a s i l y  a c c e s s 

i b l e  in p r o v e d  w o r k in g  fo r m u la e . T h e ir  f i n a l  w o r k in g  fo r m u la  i s  o f

L N M

O'!

Suspended-level Modified Suspended-level
Viscometer Viscometer

F ig u r e  3 .1  C om parison  b e tw e e n  th e  B r i t i s h  S ta n d a r d s  I n s t i t u t i o n  
S u s p e n d e d - le v e l  V is c o m e te r  and  th e  M o d i f ie d  V e r s io n  

u se d  i n  t h i s  R e s e a r c h .
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t h e  fo r m

4
tt a  p

n =
a m mAp o
m z  4pir aSfL + na)

w h ere  a i s  c a p i l l a r y  r a d i u s , p i s  l i q u i d  d e n s i t y , L i s  th e  c a p i l l a r y

l e n g t h , m an d  n  a r e  c o n s t a n t s  w h ich  a r i s e  d u e  to  an a t t e m p t  t o  ta k e

i n t o  a c c o u n t  th e  co m p le x  c o n d i t i o n s  w h ich  e x i s t  a t  t h e  i n l e t  t o  th e

c a p i l l a r y  and m i s  t h e  m ass f l o w  r a t e .  The f a c t o r  (L  + na ) was f i r s t

(64 )
s u g g e s te d  b y  C o u e t te  on an e n t i r e l y  e x p e r im e n ta l  b a s i s .  W hereas  

(6 5 ,6 6 )p r e v i o u s l y  v a lu e s  f o r  n  and  m w ere  d e te r m in e d  fr o m  e x p e r im e n t ,o
(62 )K e s t i n ,  S o k o lo v  and Wakeham w ere  a b l e  t o  c a l c u l a t e  v a lu e s  f o r

l i q u i d  f l o w  i n  s q u a r e  en d e d  c a p i l l a r i e s  a t  R e y n o ld s  num bers fr o m  0 .5

to  1 0 0 . W ith  th e  a r r a n g e m e n t c o n s id e r e d  b y  K e s t i n ,  S o k o lo v  and

(62)Wakeham , i t  i s  t h e r e f o r e  p o s s i b l e  t o  o b t a i n  a b s o l u t e  v a lu e s  f o r  

v i s c o s i t y  c o e f f i c i e n t s .  H o w ever, th e  e x p e r im e n ta l  a rra n g e m e n t c o n 

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

and s o ,  i n  common w i th  m o s t r e c e n t  e x p e r i m e n t e r s ^ ^ ^  , t h e  c o r r e c t 

io n s  w ere  g ro u p e d  t o g e t h e r  and th e  f o l l o w i n g  g e n e r a l  fo r m u la  was u s e d .

n /p  = A ( i  -  p v / p ) ( 1  + a A r ; t  -  B / t n (3 .3 )

w h ere  A and B a r e  a p p a r a tu s  c o n s t a n t s  f o r  a p a r t i c u l a r  v i s c o m e t e r ,  

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

th e  c o e f f i c i e n t  o f  l i n e a r  e x p a n s io n  o f  g l a s s .  AT i s  t h e  d i f f e r e n c e  

b e tw e e n  th e  e x p e r im e n ta l  t e m p e r a tu r e  and  a r e f e r e n c e  te m p e r a tu r e  ta k e n  

a s  313 K . The v a lu e  o f  n d e p e n d s  on w h e th e r  th e  C o u e t te  c o r r e c t io n  

f a c t o r  i s  a c o n s ta n t  when n  = 1 ,  o r  a f u n c t i o n  o f  R e y n o ld s  n u m b e r ^ ^  '  ^ , 

when i t  h a s  th e  v a lu e  2 . I n  t h i s  w ork i t  h a s  b e e n  a s s ig n e d  th e  

v a lu e  1 .  I n  u s in g  e q u a t io n  ( 3 . 3 ) ,  i t  i s  a ssu m ed  t h a t  s u r f a c e  t e n s i o n  

e f f e c t s  b a l a n c e ^ ^ . A r e c e n t  p a p e r h a s  made a new  

a n a l y s i s  o f  th e  f a c t o r s  a f f e c t i n g  th e  d r i v i n g  h ea d  w i t h i n  a c a p i l l a r y
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v i s c o m e te r  and  c o n c lu d e d  t h a t  e r r o r s  o f  a fe w  p a r t s  o f  a p e r c e n t  may 

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

c a l i b r a t e d  w i th  w a te r  and th e n  u s e d  f o r  m e a su re m e n ts  o f  v i s c o s i t y  c o 

e f f i c i e n t s  o f  o r g a n ic  l i q u i d s .  H o w ever , t h e r e  a r e  u n c e r t a i n t i e s  i n

d e te r m in in g  on e  o f  th e  s u r f a c e  t e n s i o n  t e r m s ,  t h e  m a g n itu d e  o f  th e  

e f f e c t  d ep e n d s  on th e  sh a p e  o f  th e  v i s c o m e te r  b u l b ,  and  th e  a n a l y s i s  

i t s e l f  w as f o r  a non  v o l a t i l e  l i q u i d .  F o r t h e s e  r e a s o n s ,  p l u s  th e  

a b s e n c e  o f  o r g a n ic  l i q u i d  s ta n d a r d s  f o r  w h ich  t h e  v i s c o s i t y  c o e f f i c i e n t ,  

s u r f a c e  t e n s i o n  and  d e n s i t y  a r e  a c c u r a te l y  kn o w n , e q u a t io n  ( 3 .3 )  h a s  

b e e n  u se d  f o r  t h e  k in e m a t i c  v i s c o s i t y  c o e f f i c i e n t .  The v i s c o m e te r s  

w ere  c a l i b r a t e d  w i th  o r g a n ic  l i q u i d s  w i th  a c c u r a te l y  know n k i n e m a t i c  

v i s c o s i t y  c o e f f i c i e n t s  a s  d e s c r ib e d  i n  S e c t i o n  3 . 2 . 6 .

S in c e  th e  v i s c o m e te r s  m ea su re  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  

s e p a r a te  d e t e r m in a t io n s  o f  d e n s i t y  h a v e  t o  b e  made t o  e n a b le  d yn a m ic  

v i s c o s i t y  c o e f f i c i e n t s  t o  b e  c a l c u l a t e d .  An a p p a r a tu s  w h ich  m e a su re s  

th e  ch a n g e  i n  l i q u i d  vo lu m e c a u s e d  b y  a ch a n g e  i n  te m p e r a tu r e  was d e 

v e lo p e d  to  o b t a i n  d e n s i t i e s  a t  t e m p e r a tu r e s  a b o ve  a m b ie n t  t e m p e r a tu r e .  

The d e s ig n  a n d  m e th o d  o f  u se  a r e  d e s c r ib e d  i n  S e c t i o n s  3 .3 .4  and  3 . 3 . 5 .

F or a c c u r a te  v a lu e s  o f  k in e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  and  d e n s i t i e s  

t o  b e  o b ta in e d  i t  i s  e s s e n t i a l  t h a t  t h e  l i q u i d s  u se d  a r e  o f  th e  h i g h e s t  

p u r i t y  p o s s i b l e .  A l i s t  o f  th e  l i q u i d s  u s e d  i n  t h i s  r e s e a r c h ,  t o 

g e th e r  w i th  t h e i r  s o u r c e  and  p u r i t y ,  a n d  a c o m p a r iso n  w i th  r e c e n t  

l i t e r a t u r e  v a lu e s  o f  d e n s i t y  and  r e f r a c t i v e  i n d e x  a t  2 9 8 .1 5  K, a r e  

g iv e n  i n  S e c t i o n  3 . 4 . 1 .
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3 .2  MEASUREMENT OF KINEMATIC VISCO SITY COEFFICIENTS

S ta n d a r d  c a p i l l a r y  v i s c o m e te r  t e c h n iq u e s  w ere u se d  w h ereb y  th e  t im e

f o r  a d e f i n i t e  vo lu m e o f  l i q u i d  t o  f l o w  th r o u g h  a c a p i l l a r y  tu b e  was

m e a su re d  u n d e r  an a c c u r a te l y  r e p r o d u c ib l e  h e a d  o f  l i q u i d  and  a t  a

c l o s e l y  c o n t r o l l e d  te m p e r a tu r e .  K in e m a tic  v i s c o s i t y  c o e f f i c i e n t s

w ere c a l c u l a t e d  a f t e r  f i r s t  d e te r m in in g  t h e  a p p a r a tu s  c o n s t a n t s  A and

B f o r  a p a r t i c u l a r  v i s c o m e te r  a s  d e s c r ib e d  i n  S e c t i o n  3 . 2 . 6 .  I n

o r d e r  t o  make v i s c o s i t y  c o e f f i c i e n t  m e a su re m e n ts  i n  th e  ra n g e  283 K to

393 K v i s c o m e te r s  w ere  d e v e lo p e d  w h ic h  c o m p le te ly  e n c lo s e d  th e  l i q u i d

o r  l i q u i d  m ix tu r e  u n d e r  s t u d y .  T h is  e n s u r e d  t h a t  th e  c o m p o s i t io n  o f

t h e  l i q u i d  d id  n o t  ch a n g e  a p p r e c ia b ly  a t  th e  h i g h e r  te m p e r a tu r e s  a s

w o u ld  b e  t h e  c a s e  i f  th e  v i s c o m e te r  was o p en  t o  th e  a tm o s p h e r e .

F u r th e r m o r e , i t  a l s o  a l lo w e d  v i s c o s i t y  c o e f f i c i e n t  d e t e r m in a t io n s  to

b e  made a b o ve  th e  n o rm a l b o i l i n g  p o i n t , an d  e l i m i n a t e d  th e  p o s s i b i l i t y

o f  s o l u t i o n  o f  g a s  a t  h i g h e r  p r e s s u r e  i n  th e  l i q u i d  a s  o c c u r s  i n  o t h e r  
(61)

m e a su re m en ts

A d ia g ra m  o f  th e  v i s c o m e te r  i s  show n i n  F ig u r e  3 .1 .  The v i s c o m e te r

3c o n s i s t e d  o f  tw o  r e s e r v o i r  b u lb s  A a n d  B o f  15 cm c a p a c i t y  c o n n e c te d  

on on e  s i d e  b y  a m e a su r in g  s e c t i o n  c o n s i s t i n g  o f  a c a p i l l a r y  C, made 

fro m  p r e c i s i o n  b o r e  V e r id ia  tu b in g  and  b u lb  D, w hose  vo lu m e  d ep e n d ed  

on th e  s i z e  o f  th e  c a p i l l a r y  b o r e .  Two c i r c u l a r  m a rks X a n d  Y w ere  

e t c h e d  on th e  g l a s s  a b o ve  and  b e lo w  t h i s  b u lb  an d  th e s e  m a rks  d e f i n e d  

an e x a c t  vo lu m e  f o r  t i m i n g .  R e s e r v o i r s  A an d  B w ere  c o n n e c te d  on  th e  

o t h e r  s i d e  b y  a s i d e  arm and  f i l l e r  s e c t i o n  an d  s e a l e d  b y  an  S I 3 R o ta -  

f l o  ta p  F . T h is  ta p  was c a p a b le  o f  w i th s ta n d in g  i n t e r n a l  p r e s s u r e s  

o f  a b o u t  f o u r  t o  f i v e  a tm o s p h e r e s  b e f o r e  th e  s e a l  b e tw e e n  th e  ta p  and  

t h e  g l a s s  was b r o k e n  and  v a p o u r  e s c a p e d .  C are was ta k e n  d u r in g  m anu-
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f a c t u r e  t o  e n s u r e  t h a t  t h e  c a p i l l a r y  tu b e  o p en ed  s m o o th ly  i n  a b e l l  

sh a p e  i n t o  th e  b u lb s  a t  e i t h e r  e n d , a n d  t h a t  th e  s t r a i g h t  s e c t i o n  o f  

t u b in g  a b o ve  th e  b u lb  D w as lo n g  en o u g h  to  a l lo w  th e  l i q u i d  m e n is c u s  

t o  r e a c h  a c o n s ta n t  v e l o c i t y  b e f o r e  p a s s in g  m ark X . The g l a s s  t u b -  

i n g  a t  th e  e n t r y  t o  and  e x i t  fr o m  t h i s  b u lb  h a d  th e  sam e d ia m e te r  t o  

m in im is e  s u r f a c e  t e n s i o n  e f f e c t s . The v i s c o m e te r s  w ere  made i n  th e  

U n i v e r s i t y  G la s s  B lo w in g  w o rk sh o p s  a n d  t h r e e  d i f f e r e n t  c a p i l l a r y  b o r e  

s i z e s  and  m e a su r in g  vo lu m e D w ere u s e d  i n  t h e  c o n s t r u c t i o n . I n  a l l

a t o t a l  o f  e l e v e n  v i s c o m e t e r s , th e  im p o r ta n t  d im e n s io n s  o f  w h ich  a r e  

g iv e n  i n 'T a b l e  3 , 1 ,  w ere  c a l i b r a t e d  and  a v a i l a b l e  f o r  u s e .

The v i s c o m e te r  b a th  c o u ld  h o ld  tw o v i s c o m e te r s  an d  i t  w as u s u a l  t o  

make m e a su re m en ts  on a g iv e n  m ix tu r e  u s in g  tw o  v i s c o m e te r s  o f  d i f f e r 

e n t  d im e n s io n s  t o  o b ta in  a m ore r e l i a b l e  e s t i m a t e  o f  th e  p r e c i s i o n  o f  

t h e  k in e m a t i c  v i s c o s i t y  c o e f f i c i e n t s . F low  t im e s  f o r  a p a r t i c u l a r

v i s c o m e te r  w ere  fo u n d  to  b e  r e p r o d u c ib l e  t o  +_ 0 .1  p e r c e n t .

T a b le  3 .1

C h a r a c t e r i s t i c s  o f  th e  V is c o m e te r s  U sed

V is c o m e te r
num ber

C a l ib r a t i o n
ra n g e

, 2 -1  * (mm s  )

C a p i l l a r y
b o r e

(mm)

C a p i l l a r y
l e n g t h

(mm)

V ol ume 
D

(cm3)

1 1 .1 5  - 3 .9 7 0 .6 1 55 6

2 1 .1 5  ~ 3 .9 7 0 .6 1 55 6

3 0 .4 6  - 3 .9 7 0 .5 0 75 9

4 0 .4 6  - 3 .9 7 0 .5 0 55 9

5 0 .4 6  - 3 .9 7 0 .5 0 75 9

6 0 .4 6  - 3 .9 7 0 .5 0 55 9

7 0 .4 6  - 1 .8 2 0 .3 0 115 2

8 0 .4 6  - 1 .8 2 0 .3 0 115 2

9 0 .4 6  - 3 .9 7 0 .3 0 115 2

10 0 .4 6  - 1 .8 2 0 .3 0 115 2

11 0 .4 6  - 1 .8 2 0 .3 0 115 2
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3 . 2 . 1 .  C le a n in g  th e  V is c o m e te r s  

S c r u p u lo u s  c l e a n l i n e s s  o f  th e  a p p a r a tu s  was e s s e n t i a l  f o r  c o n s i s t e n t  

r e s u l t s .  The v i s c o m e te r s  w ere  i n i t i a l l y  c le a n e d  b y  f i l l i n g  w i th  

c h r o m ic  a c i d  and  l e a v i n g  f o r  tw o h o u r s  a t  298 K. They w ere  th e n  

r i n s e d  s e v e r a l  t im e s  w i th  f r e s h l y  d i s t i l l e d  w a te r  f o l lo w e d  b y  tw o  

r i n s e s  w i th  A n a la R  a c e to n e , and  d r y in g  w as a c c e l e r a t e d  b y  e v a c u a t in g  

t h e  v i s c o m e te r s  on a vacuum  l i n e .  B e tw ee n  v i s c o s i t y  c o e f f i c i e n t  e x 

p e r im e n ts  th e  v i s c o m e te r s  w ere  g iv e n  tw o r i n s e s  w i th  p e tr o le u m  e t h e r  

f o l lo w e d  b y  t h r e e  r i n s e s  w i th  A n a la R  a c e to n e  an d  d r i e d  a s  b e f o r e .  

D u r in g  i n i t i a l  e x p e r im e n t s  p r o b le m s  w ere  e n c o u n te r e d  w i th  s m a l l  w oo l ' 

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

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

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

s o l v e n t s , g r e a s e  and  d u s t  w ere  rem o ved  fr o m  th e  a p p a r a tu s .

3 . 2 .2  P r e p a r a t io n  o f  M ix tu r e s  

M ix tu r e s  w ere  made up a s  f o l l o w s .  The vo lu m e s  o f  t h e  c o m p o n en ts  r e 

q u i r e d  to  make up a t o t a l  vo lu m e o f  a b o u t  75 cm? o f  m ix tu r e  o f  g iv e n  

c o m p o s i t io n  w ere  c a l c u l a t e d  fr o m  v a lu e s  f o r  t h e  d e n s i t i e s  a t  room  

t e m p e r a tu r e  and  on e  o f  th e  c o n s t i t u e n t s  was ru n  fro m  a b u r e t t e  i n t o  

a b o t t l e  o f  known w e ig h t  w h ic h  was th e n  s to p p e r e d  and  w e ig h e d . The 

s e c o n d  co m p o n en t w as a d d ed  t o  t h e  b o t t l e  fr o m  a b u r e t t e , and t h e  b o t t l e  

a g a in  s to p p e r e d  to  p r e v e n t  e v a p o r a t io n  l o s s e s .  (F or t e r n a r y  and  

q u a te r n a r y  m i x t u r e s / a d d i t i o n a l  c o m p o n en ts  w ere  a d d e d , and  t h e  w e ig h t  

t a k e n ) . The t o t a l  w e ig h t  was r e c o r d e d  and  th e  e x a c t  m o le  f r a c t i o n  

c a l c u l a t e d  fro m  th e  w e ig h t  o f  th e  c o n s t i t u e n t s . The t o t a l  vo lu m e  o f  

l i q u i d  i n  th e  b o t t l e  was s u c h  t h a t  t h e r e  was o n ly  a s m a l l  v a p o u r  s p a c e  

r e m a in in g  i n  t h e  b o t t l e .  The p y k n o m e te r , vo lu m e ch a n g e  a p p a r a tu s  and  

v i s c o m e te r s  w ere  f i l l e d  w i t h i n  te n  m in u te s  o f  m a k in g  up th e  m i x t u r e .
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I n  t h i s  way a n y  s l i g h t  ch a n g e  i n  th e  c o m p o s i t io n  o f  t h e  m ix tu r e  t r a n s 

f e r r e d  t o  t h e  e x p e r im e n ta l  a p p a r a tu s  was m in im is e d .

3 . 2 . 3  F i l l i n g  th e  V is c o m e te r s

To commence an e x p e r im e n t  th e  v i s c o m e te r s  w ere  f i l l e d  w i th  a s u i t a b l e

3
vo lu m e ( a p p r o x im a te ly  10 cm ) o f  s p e c i a l l y  p r e p a r e d  l i q u i d  o r  l i q u i d  

m ix tu r e  u s in g  a 20 cm^ s y r i n g e  f i t t e d  w i th  a m i l l i p o r e  s y r i n g e  f i l t e r  

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

c a r e  was ta k e n  t o  e n s u r e  t h a t  th e  l i q u i d  l e v e l  i n  t h e  r e s e r v o i r  b u lb  

A was b e lo w  th e  s i d e  arm  e n t r a n c e  E when th e  v i s c o m e te r  was i n  th e  

p o s i t i o n  show n i n  F ig u r e  3 .1  s o  t h a t  d u r in g  an e x p e r im e n t  th e  l i q u i d  

f l o w  w o u ld  d ep en d  o n ly  on th e  h e a d  o f  l i q u i d .

To e n a b le  f l o w  t im e  m e a su re m e n ts  t o  b e  made u n d er  s a t u r a t e d  va p o u r  

p r e s s u r e  m o s t o f  t h e  a i r  i n  th e  v i s c o m e te r s  was rem o ved  a s  f o l l o w s .

The l i q u i d  i n  t h e  v i s c o m e te r  was f i r s t  c o o le d  to  273 K b y  im m e rs io n  

o f  th e  v i s c o m e te r  i n  an i c e / w a t e r  s l u r r y .  T h is  r e d u c e d  th e  va p o u r  

p r e s s u r e  t o  a lo w  l e v e l .  The v i s c o m e te r  was th e n  a t ta c h e d  to  a 

vacuum  l i n e  and  t h e  vacuum  pump i s o l a t e d . The v i s c o m e te r  ta p  was 

o p en e d  f o r  tw o s e c o n d s  a n d  th e n  c l o s e d , th e  l i n e  r e - e v a c u a te d  and  th e  

p r o c e d u r e  r e p e a te d .  The ch a n g e  i n  m ix tu r e  c o m p o s i t io n  w as m in im is e d  

b y  c o o l i n g , a n d  i s o l a t i o n  o f  th e  vacuum  pump when o p e n in g  t h e  v i s c o m e te r  

t a p .

3 .2 .4  M ea su rem en t and  C o n tr o l  o f  T e m p e ra tu re

Two Townson and  M e rcer  B r id g e  C o n t r o l l e d  T h e r m o s ta t  B a t h s , E 270 

S e r i e s  3 , w ere  u se d  t o  c o v e r  th e  te m p e r a tu r e  r a n g e  fro m  283 K t o  393 K. 

B a th  1 ,  c o n t a i n i n g  d i s t i l l e d  w a t e r , w as u s e d  i n  th e  r a n g e  o f  t e m p e r a tu r e  

283 K to  368 K , w i th  a r e f r i g e r a t i o n  u n i t  u s e d  f o r  te m p e r a tu r e s  b e lo w
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293 K . B a th  2 was f i l l e d  w i th  S h e l l  R i s e l l a  33 o i l  an d  u s e d  i n  th e  

te m p e r a tu r e  ra n g e  333 K t o  393 K . The te m p e r a tu r e  c o n t r o l  was r a t e d  a s  

+_ 0 .0 1  K . T e m p e ra tu re  i n  th e  r a n g e  293 K t o  378 K w as m e a su re d  b y  

on e  o f  tw o  T o ta l  Im m ers io n  Z e a l m e r c u r y - i n - g l a s s  th e r m o m e te r s  w h ic h  

h a d  b e e n  c a l i b r a t e d  a t  th e  N a t io n a l  P h y s ic a l  L a b o r a to r y , T e d d in g to n ,  

E n g la n d . T hey w ere  g r a d u a te d  e v e r y  0 .1  K and  t e m p e r a tu r e s  c o u ld  b e  

e s t i m a t e d  t o  0 .0 2  K u s in g  an e y e p i e c e .  The maximum c a l i b r a t i o n  c o r 

r e c t i o n  t o  b e  a p p l i e d  was a t  3 3 3 .1 5  K w h ere  th e  te m p e r a tu r e  i n d i c a t e d  

was 0 .1 5  K l e s s  th a n  th e  c o r r e c t e d  te m p e r a tu r e .  (The c a l i b r a t i o n  c o r 

r e c t i o n s  o v e r  t h e  ra n g e  298 K t o  378 K w ere  t h e  sam e f o r  b o th  th e rm o 

m e te r s  to  w i t h i n  0 .0 1  K ) . A t o t a l  im m e rs io n  bomb c a l o r i m e t e r  th e rm o 

m e te r  was u se d  f o r  te m p e r a tu r e s  b e lo w  293 K . T h is  was g r a d u a te d  e v e r y  

0 .0 1  K and  te m p e r a tu r e s  c o u ld  b e  e s t i m a t e d  t o  0 .0 0 2  K . T h is  th e rm o 

m e te r  was com pared  w i th  o n e  o f  t h e  Z e a l th e r m o m e te r s  and  a g r e e d  to  

w i th i n  0 .0 2  K a t  2 8 3 .1 5  K a n d  2 8 8 .1 5  K . A t  393 K a t o t a l  im m e rs io n  

a lc o h o l  th e r m o m e te r  was u se d  w h ich  was g r a d u a te d  e v e r y  0 .2  K and  tem 

p e r a t u r e s  c o u ld  b e  e s t i m a t e d  to  0 .0 5  K . T h is  th e r m o m e te r  was fo u n d  

t o  a g r e e  w i th  th e  Z e a l th e r m o m e te r s  a t  3 7 3 .1 8  K t o  w i t h i n  0 .0 5  K.

W ith  a t o t a l  im m e rs io n  th e r m o m e te r  t h e  e n t i r e  l i q u i d  co lu m n  s h o u ld  b e  

im m ersed  i n  t h e  m edium  s u c h  t h a t  t h e  to p  o f  t h e  m e rc u ry  co lum n  i s  j u s t  

v i s i b l e  a b o ve  t h e  s u r f a c e  o f  th e  m edium . H o w ever, due t o  th e  e x p e r i 

m e n ta l  a rra n g e m e n t a s  show n i n  F ig u r e  3 .2  t h i s  was n o t  p o s s i b l e  a s  th e  

m e rc u ry  m e n is c u s  h a d  to  b e  j u s t  a b o ve  th e  b a th  l i d  t o  e n a b le  a c c u r a te  

r e a d in g s  o f  te m p e r a tu r e  t o  b e  made u s in g  an e y e p i e c e . T h is  n e c e s s i 

t a t e d  e m e r g e n t s te m  c o r r e c t i o n s  to  t h e  te m p e r a tu r e  r e a d  an d  th e s e  w ere  

c a l c u l a t e d  i n  th e  s ta n d a r d  w a y ^ ^ ^  . T hey r a n g e  fro m  0 .0 0  K a t  2 9 8 .1 9  K 

t o  + 0 .1 1  K a t  3 7 8 .1 8  K . T a b le  3 .2  p r e s e n t s  th e  d i f f e r e n c e  b e tw e e n  

t h e  o b s e r v e d  th e rm o m e te r  r e a d in g  an d  th e  a c t u a l  te m p e r a tu r e .  B e tw een
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2 8 3 .1 5  K and  3 7 3 .2 8  K a r e l i a b l e  e s t i m a t e  o f  t h e  u n c e r t a i n t y  o f  a 

te m p e r a tu r e  r e a d in g  i s  +_ 0 .0 2  K .

From te m p e r a tu r e  m e a su re m e n ts  i n  d i f f e r e n t  r e g io n s  o f  th e  th e r m o s ta t  

b a th s  i t  was fo u n d  t h a t  th e  te m p e r a tu r e  was c o n s t a n t  t o  w i t h i n  th e  

e s t i m a t e  o f  +_ 0 .0 2  K i n  t h i s  r a n g e .  I t  was n o t  p o s s i b l e  t o  d e t e c t  

f l u c t u a t i o n s  l e s s  th a n  t h i s  w i th  th e  Z e a l th e r m o m e te r s .

T a b le  3 .2

C o r r e c te d  T e m p e ra tu r e s  f o r  Z e a l T h erm o m e te rs

T h erm o m eter
r e a d in g

(K)

C a l ib r a t i o n  g raph  
c o r r e c t e d  te m p e r a tu r e  

(K)

E m erg en t 
s te m  c o r r e c t i o n  

(K)

A c tu a l
te m p e r a tu r e

(K)

2 9 8 .1 5 2 9 8 .1 9 0 .0 0 2 9 8 .1 9

3 0 3 .1 5 3 0 3 .1 9 0 .0 1 3 0 3 .2 0

3 0 8 .1 5 3 0 8 .2 0 3 0 8 .2 1

3 1 3 .1 5 3 1 3 .2 1 0 .0 2 3 1 3 .2 3

3 1 8 .1 5 3 1 8 .2 3 3 1 8 .2 6

3 2 3 .1 5 3 2 3 .2 5 0 .0 4 3 2 3 .2 9

3 2 8 .1 5 3 2 8 .2 8 3 2 8 .3 3

3 3 3 .1 5 3 3 3 .3 0 0 .0 6 3 3 3 .3 6

3 3 8 .1 5 3 3 8 .2 9 3 3 8 .3 6

3 4 3 .1 5 3 4 3 .2 6 0 .0 7 3 4 3 .3 3

3 4 8 .1 5 3 4 8 .2 3 3 4 8 .3 0

3 5 3 .1 5 3 5 3 .2 1 0 .0 8 3 5 3 .2 9

3 5 8 .1 5 3 5 8 .2 0 3 5 8 .2 8

3 6 3 .1 5 3 6 3 .1 9 0 .0 9 3 6 3 .2 8

3 6 8 .1 5 3 6 8 .1 8 3 6 8 .2 7

3 7 3 .1 5 3 7 3 .1 8 0 .1 0 3 7 3 .2 8

3 7 8 .1 5 3 7 8 .1 8 0 .1 1 3 7 8 .2 9
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3 . 2 .5  M ea su rem en t o f  F lo w  Tim e  

Each c o n s ta n t  t e m p e r a tu r e  b a th  was c a p a b le  o f  h a v in g  tw o  v i s c o m e te r s  

o p e r a t in g  s i m u l t a n e o u s l y  s o  d u r in g  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t  d e 

t e r m i n a t i o n s  tw o v i s c o m e te r s  w i th  d i f f e r e n t  c a p i l l a r y  b o r e  s i z e s  w ere  

u s e d .  The v i s c o m e te r s  w ere  m o u n ted  on s ta n d s  w h ich  w ere  a t t a c h e d  to  

t h e  b a th  l i d  and  t h e s e  a l lo w e d  f r e e  r o t a t i o n  o f  th e  v i s c o m e te r s  i n  th e  

b a t h .  The e x p e r im e n ta l  a r ra n g e m e n t i s  show n i n  F ig u r e  3 .2 .  B e fo r e  

m e a su re m e n ts  w ere  made s u f f i c i e n t  t im e  was a l lo w e d  t o  e la p s e  f o r  th e r m a l  

e q u i l i b r iu m  t o  b e  e s t a b l i s h e d . T h is  g e n e r a l l y  to o k  a b o u t  t h i r t y  m in u te s .  

To s t a r t  a ru n  t h e  v i s c o m e te r  was f i r s t  i n v e r t e d  t o  f i l l  t h e  to p  r e s e r 

v o i r  b u lb  and  th e n  r e t u r n e d  t o  t h e  p o s i t i o n  show n i n  F ig u r e  3 .1  w here  

t h e  l i q u i d  f e l l  u n d e r  g r a v i t y  i n t o  b u lb  D. A s th e  l i q u i d  m e n is c u s  was 

f a l l i n g  to w a rd s  th e  m ark X th e  v i s c o m e te r  was v e r t i c a l l y  a l i g n e d  b y  

means o f  a p lum b l i n e  u s in g  tw o  c a th e to m e te r s  a t  r i g h t  a n g le s  t o  ea ch  

o t h e r .  I n  t h e  v e r t i c a l  p o s i t i o n  th e  to p  o f  t h e  v i s c o m e te r  was 2 cm 

t o  3 cm b e lo w  th e  b a th  l i q u i d  s u r f a c e .

The t im e  ta k e n  f o r  th e  l i q u i d  m e n is c u s  t o  move fr o m  th e  m ark X a b o ve  

b u lb  D t o  th e  lo w e r  m ark Y w as m e a su re d  t o  th e  n e a r e s t  0 .1  s  u s in g  a 

Ju n g h a u s  s t o p  w a tch  o r  a R a c a l I n s t r u m e n t s  U n iv e r s a l  C o u n te r  9 8 3 5 .  

P e r i o d i c a l l y  b o th  t h e  c o u n te r  and  th e  s to p w a tc h  w ere  u s e d  t o  r e c o r d  

th e  f l o w  t im e  and  a co m p a r iso n  o f  t h e  t im e s  sh o w ed  a g re e m e n t t o  w i t h 

i n  0 .2  s .

I n i t i a l  f l o w  t im e s  f o r  a p a r t i c u l a r  v i s c o m e te r  v e r y  o c c a s i o n a l l y  d i f f e r e d  

b y  m ore th a n  0 .1  p e r c e n t  w h ic h  g e n e r a l l y  i n d i c a t e d  t h a t  th e r m a l e q u i l i 

b r iu m  h a d  n o t  y e t  b e e n  e s t a b l i s h e d .  F low  t im e  r e a d in g s  w ere  r e c o r d e d  

when th r e e  s u c c e s s i v e  d e t e r m in a t io n s  a g r e e d  t o  w i t h i n  +_ 0 .1  p e r c e n t  o f  

t h e i r  m ean. S in c e  f l o w  t im e s  w ere  m e a su re d  f o r  tw o v i s c o m e te r s  s i m u l -
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t a n e o u s l y , k in e m a t i c  v i s c o s i t y  c o e f f i c i e n t  r e s u l t s  q u o te d  a r e  th e  

a v e r a g e  o f  th e  r e s u l t s  fr o m  tw o v i s c o m e te r s  w i th  d i f f e r e n t  c a p i l l a r y  

b o r e  s i z e s .

3 .2 .6  V is c o m e te r  C a l ib r a t i o n  

I n  o r d e r  t o  c a l i b r a t e  th e  v i s c o m e t e r s , p u r e  l i q u i d s  w ere  r e q u i r e d  w hose  

k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  w ere  a c c u r a te l y  kn o w n , p r e f e r a b l y  

o v e r  a w id e  ra n g e  o f  t e m p e r a tu r e .

The m a g n itu d e  o f  t h e  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  h a d  t o  b e  s u c h  

a s  t o  c o v e r  t h e  ra n g e  o f  v a lu e s  l i k e l y  to  b e  o b ta in e d  w i th  th e  m ix 

t u r e s  t o  b e  i n v e s t i g a t e d .

P ro b lem s w ere  e n c o u n te r e d  u s in g  w a te r  i n  t h e  v i s c o m e te r s  b e c a u s e  o f

s u r f a c e  t e n s i o n  e f f e c t s  and  s o  b e n z e n e ,  c y c lo h e x a n e , n -d o d e c a n e  and

n -h e x a d e c a n e  w ere  u se d  a s  th e  c a l i b r a t i o n  l i q u i d s .  V a lu e s  f o r  th e

k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  o f  t h e s e  l i q u i d s  a r e  a v a i l a b l e  i n  

(75)A P I 44 t a b l e s  p r o d u c e d  b y  th e  A m erica n  P e tr o le u m  I n s t i t u t e , b u t

(6  8)r e c e n t  m e a su re m e n ts  on n -h e x a n e  c a s t  some d o u b t  on t h e  a c c u r a c y  

o f  t h e s e  v a l u e s .  I t  was t h e r e f o r e  d e c id e d  to  m e a su re  t h e  k i n e m a t i c  

v i s c o s i t y  c o e f f i c i e n t s  f o r  t h e s e  l i q u i d s  i n  a M a s te r  V is c o m e te r .

The v i s c o m e t e r , a T e c h n ic o  B S /IP /S L /M V  num ber 2 5 1 1 , h a d  a c a p i l l a r y  

b o r e  o f  0 .3 8  mm a n d  a c a p i l l a r y  l e n g t h  o f  40 cm . I t  was c a l i b r a t e d  

w ith  f r e s h l y  d i s t i l l e d  w a te r  a t  2 9 8 .1 1  K and  3 3 3 .1 4  K.

A t  2 9 8 .1 5  K and  3 3 3 .1 5  K th e  N a t io n a l  B u rea u  o f  S t a n d a r d s ^ ^ / 77J  r e _ 

commended v a lu e s  o f  d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  a r e  0 .8 9 0 3  mPa s  

an d  0 .4 6 6 6  mPa s .  More r e c e n t  e f f o r t  to w a rd s  th e  e s t a b l i s h m e n t  o f  

s ta n d a r d  v a lu e s  o f  w e l l  d e f i n e d  a c c u r a c y  h a s  b e e n  made u n d er  th e  g u id -
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( v o  7 Q )
a n ce  o f  th e  I n t e r n a t i o n a l  A s s o c i a t i o n  f o r  th e  P r o p e r t i e s  o f  S tea m  '  .

I n  p a r t i c u l a r , a c o n s e n s u s  o f  e x p e r im e n ta l  e v id e n c e  and  o p in io n  w i th

r e g a r d  t o  th e  v i s c o s i t y  o f  w a te r  a t  2 9 3 .1 5  K and a p r e s s u r e  o f  0 .1  MPa

h a s  l e d  t o  t h e  re c o m m en d a tio n  t h a t  th e  v a lu e  n (2 9 3 .1 5  K) = 1 .0 0 2 0  mPa s

(7 8  80 81)b e  a d o p te d  a s  a s ta n d a r d  '  '  . I t  i s  a d ju d g e d  t h a t  t h i s  s ta n d a r d

v a lu e  h a s  an a c c u r a c y  o f  0 .1  p e r c e n t .  I n  th e  c a s e  o f  v i s c o s i t y  c o 

e f f i c i e n t  d a ta  a t  lo w  p r e s s u r e  and  o t h e r  te m p e r a tu r e s  th e  recom m ended  

(78)c o r r e l a t i o n  h a s  b e e n  b a s e d  on  a num ber o f  e x t r e m e ly  p r e c i s e  r e c e n t

m e a su re m en ts  i n  t h e  ra n g e  2 7 3 .1 5  K t o  3 7 3 .1 5  &1,6 3 ,7 7 ,8 2 )  ^

d a ta  fr o m  th e  m o s t p r e c i s e  o f  t h e s e  b y  K o r s o n , D r o s t-H a n se n  and

(63) (89)
M i l l e r o  i n  th e  r a n g e  2 8 3 .1 5  K t o  3 4 3 .1 5  K and  E ic h e r  an d  Z w o l in s k i

i n  t h e  ra n g e  2 6 4 .8 7  K t o  3 1 3 .1 5  K h a s  r e c e n t l y  b e e n  r e - a n a ly s e d  b y

( 72)K e s t m , S o k o lo v  an d  Wakeham i n  cm. e f f o r t  to  d e r i v e  t h e  maximum

b e n e f i t  fro m  th e  p r e c i s i o n  o f  t h e s e  m e a su r e m e n ts . K e s t i n ,  S o k o lo v  

( 72)and  Wakeham o b ta in  v a lu e s  o f  0 .8 8 9  mPa s  a n d  0 .4 6 7  mPa s  a t  2 9 8 .1 5  K 

and  3 3 3 .1 5  K u s in g  r e f e r e n c e  (63 ) d a ta  and  a v a lu e  o f  0 .8 9 0 2  mPa s  a t

2 9 8 .1 5  K u s in g  r e f e r e n c e  (82) d a ta .  U s in g  v a lu e s  f o r  t h e  d e n s i t y  o f

"" - 3  - 3w a te r  o f  9 9 7 .0 7 5 1  k g  m a t  2 9 8 .1 5  K and  9 8 3 .2 4  k g  m a t  3 3 3 .1 5  K , th e y

2 - 1  2 o b t a i n  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  o f  0 .8 9 2  mm s  a n d  0 .4 7 5  mm

s  ^ a t  2 9 8 .1 5  K and  3 3 3 .1 5  K r e s p e c t i v e l y  u s in g  r e f e r e n c e  (63) d a ta  

2 -1and  0 .8 9 2 8  mm s  a t  2 9 8 .1 5  K u s in g  r e f e r e n c e  (82 ) d a ta .  The v a lu e s

2 - 1  2 - 1  0 .8 9 2 8  mm s  an d  0 .4 7 5  mm s  w ere  u s e d  t o  c a l i b r a t e  t h e  M a s te r

V is c o m e te r .

The M a s te r  V is c o m e te r  h a s  b e e n  d e s ig n e d  s u c h  t h a t  f l o w  t im e s  a r e  

s u f f i c i e n t l y  lo n g  t o  make th e  B / t  te r m  i n  e q u a t io n  ( 3 .3 )  i n s i g n i f i c a n t  

r e l a t i v e  t o  A t .  F low  t im e s  f o r  f r e s h l y  d i s t i l l e d  w a te r  t o g e t h e r  w i th  

th e  c a l i b r a t i o n  c o n s t a n t  o b ta in e d  fr o m  e q u a t io n  (3 .3 )  a r e  g iv e n  i n  

T a b le  3 .3 .

33



T a b le  3 .3

M a s te r  V is c o m e te r  C a l ib r a t i o n

T em p e ra tu re  
(K)

F low  t im e  
( s )

n / p  
CmnP s ~ l )

A
(mn? s ~ 2 )

2 9 8 .1 1 4 7 0 .0

4 7 0 .1  

4 6 9 .8

4 7 0 .1

a v e r a g e 4 7 0 .0 0 .8 9 2 8 0 .0 0 1 9 0 1 9

3 3 3 .1 4 2 5 0 .0  

2 5 0 .4

2 5 0 .0

2 5 0 .1

a v e ra g e 2 5 0 .1 0 .4 7 5 0 .0 0 1 9 0 1 1

The t a b l e  show s t h a t  f o r  f l o w  t im e s  o f  250 s  and  470 s  t h e  v a lu e s  o f

A d e r i v e d  a t  th e  tw o  te m p e r a tu r e s  a g r e e  t o  w i t h i n  0 .0 4  p e r c e n t .

T h is  c o n f i r m s  t h a t  f o r  f lo w  t im e s  o f  250 s  and  a b o ve  an y  e r r o r s  i n

ri/p i n t r o d u c e d  b y  i g n o r i n g  th e  B / t  te r m  w i l l  b e  l e s s  th a n  0 .0 4  p e r -

2 - 2c e n t .  The v a lu e  0 .0 0 1 9 0 1 5  mm s  was ta k e n  f o r  A .

M e a su re m en ts  w ere  made o f  t h e  f l o w  t im e s  f o r  th e  c a l i b r a t i o n  l i q u i d s  

b e n z e n e , c y c lo h e x a n e , n -d o d e c a n e  a n d  n - h e x a d e c a n e . The s o u r c e  and  

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

d e n s i t i e s  and  r e f r a c t i v e  i n d i c e s  a t  2 9 8 .1 5  K i s  g iv e n  i n  S e c t i o n  3 . 4 . 1 .  

F low  t im e s  f o r  t h e s e  l i q u i d s  i n  th e  M a s te r  V is c o m e te r  w ere  m e a su re d  a t  

2 9 8 .1 2  K and  3 3 3 .1 4  K f o r  b e n z e n e  and  c y c lo h e x a n e  and  a t  2 9 8 .1 2  K and  

3 1 3 .1 4  K f o r  n -d o d e c a n e  and  n -h e x a d e c a n e .  The e x p e r im e n ta l  r e s u l t s  

a r e  g iv e n  i n  T a b le  3 .4 .  The t a b l e  a l s o  g i v e s  k in e m a t i c  v i s c o s i t y  

c o e f f i c i e n t s  c a l c u l a t e d  fr o m  a v e r a g e  f l o w  t im e s  u s in g  th e  v a lu e  o f  A
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T ab le  3 .4

C o m p a riso n  o f  th e  E x p e r im e n ta l  K in e m a t ic  V i s c o s i t y  C o e f f i c i e n t s  o f  
t h e  C a l i b r a t i o n  L iq u id s  w i t h  R e fe r e n c e  (75 )

L iq u id T e m p e r a tu r e

(K)

F lew  t im e  

( s )

A v e r a g e  
f l e w  t im e  

( s )

n /p  

(mm s  )

R e f  (75)  
n /p

(mm s  )

*
L

( p e r c e n t )

B e n ze n e 2 9 8 .1 2 3 8 3 .7  

3 6 3 .9

3 6 3 .7

3 6 3 .8

3 6 3 .8 0 .6 9 0 6 0 .6 8 7 8 0 .4 1

3 3 3 .1 4 2 4 5 .6

2 4 5 .7  

246 .0

2 4 5 .8  

2 4 5 .7

2 4 5 .8 0 .4 6 6 2 0 .4 6 6 0 .0 4

c - h e x a n e 2 9 8 .1 2 6 1 0 .6

6 1 0 .6

6 1 0 .8

6 1 0 .5

6 1 0 .6 1 .1 5 9 1 1 .1 5 7 0 .1 8

3 3 3 .1 4 376 .7

3 7 6 .9

3 7 6 .9  

3 7 7 .1

3 7 6 .9 0 .7 1 4 9 0 .7 1 2 0 .4 1

n -d o d e c a n e 2 9 8 .1 2 9 5 9 .1

9 6 1 .4

9 6 3 .5  

9 6 1 .0

9 5 9 .3

9 5 9 .3

9 6 0 .6 1 .8 2 4 0 1 .8 4 3 - 1 .0 4

I

i
1

3 1 3 .1 4 7 6 0 .7

7 6 1 .1

7 6 1 .4

7 6 1 .0 1 .4 4 5 0 1 .4 6 5 - 1 .3 8

n -h e x a d e c a n e 2 9 8 .1 1 2 0 9 2 .7

2 0 9 2 .6

2 0 9 2 .6 3 .9 7 3 5 4 .0 0 8 - 0 .8 7

3 1 3 .1 4 1 5 3 7 .1

1 5 3 6 .6

1 5 3 5 .9

1 5 3 6 .5 2 .9 1 7 5 2 .9 5 3 - 1 .2 2

\  -  100 (exE-t - - ^ f -)e x p t .

35



(75)g i v e n  a b o ve  and  com pares  t h e s e  r e s u l t s  w i t h  v a l u e s  g i v e n  i n  API 44 

t a b l e s .

F or  b e n z e n e  an d  c y c l o h e x a n e  a t  t h e s e  t e m p e r a t u r e s  t h e  a g r e e m e n t  w i t h  t h e  

(75)
API 44 t a b l e s  i s  w i t h i n  t h e  co m b in e d  e s t i m a t e d  u n c e r t a i n t i e s .

T h ere  i s  s i g n i f i c a n t  d i s a g r e e m e n t  i n  t h e  c a s e  o f  n - d o d e c a n e  and  n - h e x -

(75)a d e c a n e  h o w e v e r ,  t h e  AP I 44 v a l u e s  b e i n g  h i g h e r  b y  1 . 1  p e r c e n t  on  

a v e r a g e .  A s i m i l a r  d i s c r e p a n c y  e x i s t s  b e tw e e n  t h e  r e s u l t s  o f  E i c h e r
/ / j o  )  / y c  )

and Z w o l i n s k i  f o r  n - h e x a n e  and t h e  A P I 44 v a l u e s  a t  t e m p e r a tu r e s

a r o u n d  313 K. F u r t h e r  s u p p o r t  f o r  t h e  p r e s e n t  r e s u l t s  i s  g i v e n  b y

(54) 2 - 1
H e r i c  and  B rew er  who o b t a i n e d  a v a l u e  o f  3 .9 7 2 3  mm s  f o r  t h e

k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t  o f  n -h e x a d e c a n e  a t  2 9 8 .1 5  K.

U s in g  t h e  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  d e t e r m i n e d  i n  t h e  M a s te r  

v i s c o m e t e r ,  t h e  a p p a r a tu s  c o n s t a n t s  f o r  t h e  e l e v e n  v i s c o m e t e r s  w ere  

d e t e r m in e d  f r o m  f l o w  t im e  m e a su r e m e n ts  on t h e  same f o u r  h y d r o c a r b o n  

l i q u i d s  a t  t h e  same t e m p e r a t u r e s .  The c a l c u l a t i o n  o f  t h e  op tim um  

A an d  B v a l u e s  f o r  e a c h  v i s c o m e t e r  was p e r fo r m e d  on  a Uni v a c  com

p u t e r  u s i n g  a l e a s t  s q u a r e s  l i n e a r  r e g r e s s i o n  p ro g ra m  w r i t t e n  f o r  

t h i s  p u r p o s e .  The v a l u e s  o f  A and  B f o r  e a c h  v i s c o m e t e r  t o g e t h e r  w i t h  

t h e  c a l c u l a t e d  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  and  a c o m p a r is o n  w i t h  

t h e  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  o b t a i n e d  f r o m  t h e  M a s te r  V i s c o 

m e te r  a r e  g i v e n  i n  T a b le  3 . 5 .  The a g r e e m e n t  w i t h  t h e  M a s te r  V i s c o 

m e te r  v a l u e s  i s  g e n e r a l l y  w i t h i n  0 . 3  p e r c e n t ,  and  t h e  d e v i a t i o n s  a p p e a r  

t o  b e  random a s  shown i n  F ig u r e  3 . 3 .  From t h i s  i s  c o n c lu d e d  t h a t  p r o 

v i d e d  t h e  v i s c o m e t e r s  a r e  u s e d  f o r  l i q u i d s  w hose k i n e m a t i c  v i s c o s i t y  

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

v a l u e s  f o r  t h e  a p p a r a tu s  c o n s t a n t s  A and B g i v e n  i n  T a b le  3 .5  s h o u l d  

b e  a c c u r a t e  t o  w i t h i n  + 0 . 5  p e r c e n t .

36



T a b le  3 .5

V isc o m e te r  C a l ib r a t io n  and C om parison o f  K in e m a tic  V i s c o s i t y  C o e f f i c i e n t s  
w ith  M a ster  V isc o m e te r  V a lues

V isc o m e te r
num ber

C a l ib r a t io n
l i q u i d

T em pera tu re

(K)

A vera g e
flo w  tim e  

(s )

n /p
/ * - 1 . (mm s  ) (p e r c e n t )

A x  1 0 3
/ 2 -2 .  (mm s  )

1 n -h exa d e ca n e 2 98 .19 477 .1 3 .9766 + 0.12 8 .355
313 .23 3 5 0 .7 2 .9170 + 0.02

n -d o d eca n e 298 .19 220 .6 1 .8 2 2 3 -0 .0 6
3 13 .23 1 7 6 .0 1 .4 4 4 3 - 0 .0 2

c -  hexa n e 298 .19 1 4 2 .7 1 .1 5 9 3 +0.05

2 n -h exa d e ca n e 298 .19 4 58 .1 3 .9756 +0.08 8 .700
31 3 .2 3 337 .1 2 .9 1 9 3 +0.10

n -d o d eca n e 2 98 .19 2 1 1 .8 1 .8 2 1 1 - 0 .1 2
3 1 3 .2 3 1 6 9 .1 1 .4441 -0 .0 3

c -h ex a n e 2 98 .19 1 3 7 .2 1 .1596 + 0.08

3 n -h exa d e c a n e 298 .19 1 3 7 4 .4 3 .9798 + 0.18 2 .8 9 8
3 13 .23 1 0 0 7 .7 2 .9159 -0 .0 2

n -d o d eca n e 298 .19 6 3 1 .5 1 .8231 -0 .0 1
31 3 .2 3 5 0 1 .5 1 .4 4 4 5 -0 .0 1

c -h ex a n e 298 .19 4 0 3 .6 1 .1 5 8 0 -0 .0 6
333 .36 2 5 3 .3 0 .7151 + 0.06

b en zen e 298 .19 2 4 4 .2 0 .6 8 9 3 -0 .2 6
333.36 1 7 0 .0 0 .4 6 5 8 - 0 .0 3

4 n -h exa d e ca n e 29 8 .1 9 1 4 1 3 .0 3 .9787 + 0.16 2 .8 1 9
3 1 3 .2 3 1 0 3 9 .3 2 .9239 + 0.25

n -d o d eca n e 2 98 .19 6 5 0 .2 1 .8 2 3 8 + 0.02
3 13 .23 5 16 .1 1 .4 4 3 5 - 0 .0 8

c -h ex a n e 298 .19 4 16 .1 1 .1 5 8 2 - 0 .0 4
333.36 2 6 1 .5 0 .7 1 3 4 -0 .1 9

b e n ze n e 298 .19 2 5 2 .4 0 .6 8 8 0 - 0 .3 3
333.36 1 7 7 .5 0 .4 6 6 7 +0.16

5 n -h exa d e ca n e 298 .19 1 5 4 5 .3 3 .9821 + 0.24 2 .580
3 13 .23 1 1 3 4 .0 2 .1 9 1 4 + 0.10

n -d o d eca n e 298 .19 7 0 9 .7 1 .8 2 1 0 - 0 .1 3
3 1 3 .2 3 5 6 4 .4 1 .4 4 3 6 - 0 .0 7

c -h ex a n e 298 .19 4 5 5 .2 1 .1581 - 0 .0 5
333 .36 2 8 7 .4 0 .7 1 5 4 +0.09

b en zen e 2 98 .19 2 7 7 .0 0 .6 8 8 7 - 0 .2 3
333.36 1 9 5 .0 0 .4660 0

e n -h exa d e ca n e 298 .19 . 1 3 1 3 .4 3 .9765 +0.10 3.031
3 1 3 .2 3 9 6 7 .0 2 .9 2 4 7 + 0.28

n -d o d eca n e 298 .19 6 0 4 .9 1 .8231 -0 .0 2
3 13 .23 4 80 .0 1 .4 4 1 7 -0 .2 0

c -h e x a n e 2 98 .19 3 8 7 .7 1 .1 5 8 0 -0 .0 6
333.36 2 4 4 .8 0 .7 1 4 4 - 0 .1 3

b en zen e 298 .19 236 .5 0 .6 8 9 5 - 0 .1 2
333.36 1 6 6 .7 0 .4661 +0.02

7 n -d o d eca n e 29S .19 1 509 .9 1 .8 2 5 8 +C.13 1 .2 0 9
3 1 3 .2 3 1 1 9 5 .5 1 .4 4 5 7 + 0.08

c -h ex a n e 298.19 9 5 6 .5 1 .1 5 6 2 - 0 .2 2
333.36 5 9 0 .7 0 . 7134 - 0 .1 8

b en zen e 298 .19 5 7 1 .5 0 .6 9 1 5 + 0.15
333.36 384 .9 0 .4 6 5 8 -0 .0 6

8 n -d o d eca n e 298 .19 16 8 8 .9 1 .8235 +0.01 1 .0 7 9
31 3 .2 3 1 338 .6 1 .4455 + 0.07

c -h e x a n e 298 .19 1 0 7 3 .0 1 .1 5 8 3 - 0 .0 3
333 .36 6 6 2 .6 0 .7 1 5 2 +0.06

b e n ze n e 298 .19 6 3 7 .6 0 .6 8 8 4 -0 .1 4
333.36 4 3 0 .2 0 .4 6 5 8 + 0.06

9 n -h exa d e c a n e 298 .19 3865.6 3 .9579 -0 .3 6 1 .0 2 4
3 13 .23 2 8 4 6 .3 2 .9 1 4 2 -0 .0 8

n -d o d eca n e 298 .19 1 7 8 1 .3 1 .8 2 3 6 +0.01
3 1 3 .2 3 1 4 1 3 .8 1 .4 4 7 2 + 0.19

c -h e x a n e 2 9 8 .1 9 1 1 3 7 .1 1 .1 6 3 1 + 0.38
333 .36 700 .4 0 .7 1 4 9 + 0.02

b en ze n e 2 98 .19 6 7 4 .9 0 .6 8 9 9 - 0 .0 6
333 .36 4 5 6 .4 0 .4 6 5 4 - 0 .1 4

10 n -d o d eca n e 2 98 .19 1 7 6 4 .8 1 .8 2 2 9 - 0 .0 3 1 .0 3 3
313 .23 1 3 9 9 .8 1 .4 4 6 0 +0.10

c -h ex a n e 2 98 .19 1 123 .1 1 .1 6 9 6 + 0.07
333.36 6 9 2 .4 0 .7 1 4 2 + 0.08

b en ze n e 2 98 .19 6 6 7 .2 0 .6 8 9 3 -0 .1 S
333.36 4 5 1 .2 0 .4 6 6 0 +0.01

11 n -d o d eca n e 298 .19 1 7 0 1 .0 1 .8 2 7 6 + 0.22 1 .0 7 4
3 1 3 .2 3 1 3 4 5 .8 1 .4466 +O.J4

c -h ex a n e 333 .36 6 6 2 .6 0 .7 1 3 2 -0 .2 2
b en ze n e 2 98 .19 6 3 7 .6 0 .6 8 7 7 - 0 .3 9

333.36 4 3 0 .8 0 .4 6 6 8 + 0.16

(mm3)

5 .811

0 .5 1 7 4

/  R e fe r e n c e  v a lu e s  ta k e n  a s th e  M a ste r  V isc o m e te r  v a lu e s  i n  T ab le  3 .4 ,  & « 100 (■e x p t .  -  r e f .  
e x p t .
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S u p p o r t  f o r  t h i s  e s t i m a t e  o f  t h e  a c c u r a c y  i s  g i v e n  b y  t h e  f a i r l y  r e c e n t

( 6 8 )r e s u l t s  o b t a i n e d  f o r  n - h e x a n e  b y  E i c h e r  and Z w o l i n s k i  . K in e m a t i c

v i s c o s i t y  c o e f f i c i e n t s  d e r i v e d  f r o m  f l o w  t i m e  m e a su r e m e n ts  on n -h e x a n e

(6 8  76)a r e  g i v e n  i n  T a b le  3 . 6 ,  and  com pared  w i t h  l i t e r a t u r e  v a l u e s  ° f / -> ±n

T a b le  3 .6

K in e m a t i c  V i s c o s i t y  C o e f f i c i e n t s  f o r  n -H e xa n e

T e m p e ra tu r e
(K) V i s c o m e te r  n o s . n /p  

(mm? s ~ l )

2 9 8 .1 9

3 1 3 .2 3

3 1 8 .2 6

3 . 4 . 5 . 6 . 7 . 8 .

7 . 8 .

3 , 1 1 .

0 .4 5 0 4  +_ 0 .0 0 1 4  

0 .3 9 9 4  + 0 .0 0 1 2  

0 .3 8 4 3  + 0 .0 0 0 9

F ig u r e  3 . 4 .

( 68 )A g r e e m e n t  w i t h  t h e  r e s u l t s  o f  E i c h e r  and  Z w o l i n s k i  shown b y  . the  

s o l i d  l i n e ,  i s  w i t h i n  0 . 5  p e r c e n t ,  t h e  c o m b in e d  e x p e r i m e n t a l  u n c e r 

t a i n t i e s ,  e v e n  a t  t e m p e r a t u r e s  w here  t h e  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t

2 -1i s  som ew hat l o w e r  th a n  t h e  l o w e r  l i m i t  o f  0 . 4 6  mm s  m e n t io n e d  a b o v e .

(  7 5 )
The r e s u l t s  g i v e n  b y  A P I 44 t a b l e s  d e v i a t e  a t  h i g h e r  t e m p e r a t u r e s ,

( 68 )b e c o m in g  h i g h e r  th a n  t h e  E i c h e r  and  Z w o l i n s k i  v a l u e s  b y  1 . 4  p e r c e n t

a t  313 K. T h i s  d i s c r e p a n c y  i s  p r a c t i c a l l y  t h e  same a s  t h a t  f o u n d  b e 

ds)tw e e n  t h e  r e s u l t s  o f  t h e  p r e s e n t  w ork  and t h e  v a l u e s  r e p o r t e d  i n  AP I 44 

t a b l e s  f o r  n - h e x a d e c a n e  and  n - d o d e c a n e .

2 - 1V is c o m e te r s  1 and  2 w ere  c a l i b r a t e d  f o r  t h e  r a n g e  1 . 1 5  mm s  t o

2 -13 .9 7  mm s  . F or l i q u i d s  w i t h  l o w e r  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  

t h e  f l o w  t i m e s  i n  v i s c o m e t e r s  1 and  2 becom e l e s s  t h a n  140 s e c o n d s  and  

t h e  B / t  t e r m  b eco m es  v e r y  s i g n i f i c a n t .  F or  v i s c o m e t e r s  3 ,  4 ,  5 ,  6 and  

9 a l l  e i g h t  f l o w  t i m e s  w ere  u sed  f o r  t h e  c a l i b r a t i o n s ,  a l t h o u g h  f o r  v i s 

c o m e te r  9 t h e  f l o w  t i m e s  becam e i n c o n v e n i e n t l y  l a r g e  f o r  n - h e x a d e c a n e .
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F or t h i s  r e a s o n , f o r  v i s c o m e t e r s  7 ,  8 , 10 and 11 t h i s  l i q u i d  was n o t  

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

I t  s h o u l d  b e  n o t e d  t h a t  f o r  v i s c o m e t e r s  7 ,  8 , 10 and  11 t h e  c a l i b r a t 

i o n  p r o d u c e s  n e g a t i v e  v a l u e s  o f  B ,  w h ic h  i s  c o n t r a r y  t o  e x p e c t a t i o n .  

H o w ever , t h e  c o n t r i b u t i o n  o f  t h e  B / t  t e r m  i s  g e n e r a l l y  v e r y  much l e s s  

th a n  0 . 5  p e r c e n t  f o r  t h e s e  v i s c o m e t e r s . The k i n e m a t i c  v i s c o s i t y  c o 

e f f i c i e n t s  o f  t h e  r e f e r e n c e  l i q u i d s  can b e  f i t t e d  t o  w i t h i n  t h e i r  

e s t i m a t e d  u n c e r t a i n t y  w i t h  a n e g a t i v e  v a l u e  f o r  B and  a  l a r g e r  A 

v a l u e ,  e x c e p t  f o r  v i s c o m e t e r  11  w h ere  t h e  a g r e e m e n t  i s  s l i g h t l y  l e s s  

s a t i s f a c t o r y . A l t h o u g h  t h i s  may b e  o f  p h y s i c a l  s i g n i f i c a n c e , d a ta  

o f  g r e a t e r  a c c u r a c y  w o u ld  b e  r e q u i r e d  t o  d e t e r m in e  B p r e c i s e l y , and  

f o r  p r a c t i c a l  p u r p o s e s  t h e  v a l u e s  o f  A and B g i v e n  i n  T a b le  3 .5  h a v e  

b e e n  u s e d  i n  t h i s  w o r k .
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3 . 3  MEASUREMENT OF DENSITIES

3 . 3 . 1  D e s c r i p t i o n  and  Use o f  P y k n o m e te r

T h ere  a r e  many d i f f e r e n t  k i n d s  o f  p y k n o m e te r  u se d  f o r  t h e  d e t e r m i n a t -

(83)i o n  o f  l i q u i d  d e n s i t i e s  . I n  o r d e r  t o  a c h i e v e  an a c c u r a c y  a p p r o a c h 

i n g  0 .0 1  p e r c e n t  a c a l i b r a t e d  L i p k i n  p y k n o m e t e r ,  i l l u s t r a t e d  i n  F ig u r e

3
3 .5  was u s e d .  I t  c o n s i s t e d  o f  a r e s e r v o i r  R o f  c a p a c i t y  a b o u t  5 cm 

and two g r a d u a te d  c a p i l l a r y  l i m b s  A and  B o f  l e n g t h  a b o u t  8 cm. Caps 

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

l o s s e s .

A

Figure 3-5 Pyknometer.
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B e f o r e  u s e ,  t h e  p y k n o m e te r  was t h o r o u g h l y  c l e a n e d  i n  t h e  m anner s p e c i f i e d  

i n  S e c t i o n  3 . 2 . 1  , d r i e d  on  a  vacuum l i n e  an d  w e ig h e d  e m p ty .  S i n c e  t h e  

w e i g h t  o f  a g l a s s  o b j e c t  can  c h a n g e  a p p r e c i a b l y  a s  a r e s u l t  o f  c h a n g e s  

i n  t h e  am ount o f  w a t e r  a d s o r b e d  f r o m  t h e  a tm o s p h e r e  on  t o  t h e  g l a s s  t h e  

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

w i t h  t im e  was p r a c t i c a l l y  z e r o ,  a d e l a y  o f  a b o u t  t e n  m i n u t e s .  M e a su re 

m e n ts  o f  w e i g h t  w ere  made u s i n g  a S t a n t o n  U n im a t ic  B a l a n c e ,  m ode l C L l .

3 . 3 . 2  C a l i b r a t i o n  o f  P y k n o m e te r

The p y k n o m e te r  was f i l l e d  w i t h  f r e s h l y  d i s t i l l e d  w a t e r  o f  a c c u r a t e l y  

( 72)known d e n s i t y  u s i n g  a s y r i n g e  w i t h  a 15 cm l o n g  s t a i n l e s s  s t e e l  

n e e d l e  w h ic h  was i n s e r t e d  i n t o  l im b  A .  The p y k n o m e te r  was f i l l e d  

* t o  a b o u t  h a l f  way up t h e  c a p i l l a r y  l i m b s ,  t h e  c a p s  w ere  f i t t e d  and  

t h e  p y k n o m e te r  was th e n  s u s p e n d e d  i n  a t h e r m o s t a t i c a l l y  c o n t r o l l e d  

w a te r  b a t h  a t  2 9 8 .1 9  K t o  j u s t  b e lo w  t h e  l e v e l  o f  t h e  c a p s .  S u f f i c i 

e n t  t i m e  was a l l o w e d  f o r  t h e r m a l  e q u i l i b r i u m  t o  b e  e s t a b l i s h e d . I n  

p r a c t i c e  t h i r t y  m i n u t e s  was f o u n d  t o  b e  s u f f i c i e n t . The r e a d i n g  on  

e a c h  c a p i l l a r y  arm was r e c o r d e d  and an a v e r a g e  o f  t h e s e  n o t e d .  The 

p y k n o m e te r  was th e n  rem o ved  f r o m  t h e  b a t h ,  c a r e f u l l y  d r i e d  and  th e n  

w e ig h e d  a f t e r  s u f f i c i e n t  t i m e  h a d  e l a p s e d .  A s m a l l  am oun t o f  w a t e r  

was th e n  w i th d r a w n ,  t h e  c a p s  r e p l a c e d  an d  t h e  p y k n o m e te r  a g a in  p l a c e d  

i n  t h e  b a t h .  T h i s  p r o c e d u r e  was r e p e a t e d  t w i c e  a n d  t h e n  t h e  p y k n o m e te r  

was e m p t i e d ,  d r i e d  a n d  r e f i l l e d  and  a s e c o n d  c a l i b r a t i o n  r u n  made.

V a lu e s  f o r  vo lum e o f  w a t e r  i n  t h e  p y k n o m e te r  c o r r e s p o n d i n g  t o  d i f f e r e n t

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

( 7 0  )
9 9 7 .0 7  k g  m~3 f o r  t h e  d e n s i t y  o f  w a t e r .  The r e s u l t s  a r e  g i v e n  

i n  T a b le  3 .7  and  p l o t t e d  i n  F ig u r e  3 .6  a s  a v e r a g e  c a p i l l a r y  h e i g h t  

v e r s u s  l i q u i d  v o lu m e .  T h i s  l i n e a r  p l o t  was t h e  c a l i b r a t i o n  c u r v e
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f o r  t h e  p y k n o m e te r  s i n c e , g i v e n  t h e  h e i g h t  o f  any  l i q u i d  i n  t h e  c a p i l 

l a r i e s ,  t h e  c o r r e s p o n d i n g  vo lu m e  can  b e  o b t a i n e d .

T a b le  3 .7

P y k n o m e te r  C a l ib r a t i o n : V o l u m e  a t  

D i f f e r e n t  M e n is c u s  H e ig h t s

C a l i b r a t i o n
num ber

H e ig h t  o f  l i q u i d  
(cm)

W e ig h t
(g)

Vol ume 
(cm3)

1 6 .5 5 4 .9 9 3 7 5 .0 0 8 4

4 .2 4 4 .9 5 7 1 4 .9 7 1 7

1 .7 0 4 .9 1 5 7 4 .9 3 0 1

2 5 .9 3 4 .9 8 2 5 4 .9 9 7 1

4 .0 8 4 .9 5 4 1 4 .9 6 8 7

1 .0 8 4 .9 0 4 9 4 .9 1 9 3

The a v e r a g e  s l o p e  shown i n  F ig u r e  3 .6  r e p r o d u c e s  t h e  d e n s i t y  o f  w a t e r

- 3
t o  w i t h i n  + _0 .05  k g  m f o r  p a r t i c u l a r  v a l u e s  o f  c a p i l l a r y  h e i g h t  and  

l i q u i d  v o lu m e .  F or  o t h e r  l i q u i d s ,  h o w e v e r ,  b u o y a n c y  c o r r e c t i o n s  and  

va p o u r  c o r r e c t i o n s  h a v e  t o  b e  made t o  t h e  m e a su re d  d e n s i t i e s  a s  d e s 

c r i b e d  i n  t h e  n e x t  s e c t i o n .

3 . 3 . 3  B u o ya n cy  and  Vapour P r e s s u r e  C o r r e c t i o n s  t o  D e n s i t y

(8 3 )T h ere  a r e  s t a n d a r d  c o r r e c t i o n s  f o r  t h e  e f f e c t s  o f  b u o y a n c y  and

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

4
b e c a u s e  o f  t h e i r  im p o r ta n c e  i n  o b t a i n i n g  a c c u r a t e  (1  p a r t  i n  1 0  ) 

d e n s i t y  v a l u e s .

(a) B uoyancy  C o r r e c t i o n

I t  i s  n e c e s s a r y  t o  make c o r r e c t i o n s  t o  t h e  r e c o r d e d  w e i g h t s  t o  g i v e  

t h e  w e i g h t s  i n  v a c u o .  T h i s  c o r r e c t i o n  d ep e n d s  on t h e  w e i g h t  o f  a i r
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d i s p l a c e d  b y  t h e  o b j e c t  b e i n g  b a l a n c e d .  I t s  m a g n i tu d e  i s  d e t e r m in e d  

b y  t h e  vo lu m e o f  t h e  o b j e c t  a n d  t h e  d e n s i t y  o f  t h e  a i r .  T h ese  c o r r e c t 

i o n s  a r e  b a s e d  on  A r c h im e d e s '  P r i n c i p l e  w h ic h  s t a t e s  t h a t  e v e r y  o b j e c t  

r e c e i v e s  an u p t h r u s t  e q u a l  t o  t h e  w e i g h t  o f  medium d i s p l a c e d .

The downward f o r c e  on  t h e  b a l a n c e  p a n s  i s  d e c r e a s e d  on  o n e  s i d e  b y  t h e

w e i g h t  o f  a i r  d i s p l a c e d  b y  t h e  w e i g h t s  an d  on  t h e  o t h e r  s i d e  b y  t h e

w e i g h t  o f  a i r  d i s p l a c e d  b y  t h e  o b j e c t .  L e t  W b e  t h e  t r u e  w e i g h t  o f
*

t h e  p y k n o m e te r  an d  c o n t e n t s  and  W b e  t h e  a p p a r e n t  w e i g h t .  T h en ,

W = /  + Vp Qa i r  -  V„(Pa .r  - 1 . 2 )  ( 3 .4 )

w h ere  V' and  V^ r e f e r  t o  t h e  vo lu m e o f  t h e  p y k n o m e te r  ( g l a s s  o n l y )  and

vo lum e o f  t h e  w e i g h t s .  pa ^ r  * s  ^he  d e n s i t y  o f  t h e  a i r  i n  k g  m ^ .

I t  i s  n o t  n e c e s s a r y , e v e n  f o r  an a c c u r a c y  o f  0 .0 1  p e r c e n t ,  t o  a p p ly

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

can b e  a d d ed  t o  p , t h e  m e a su re d  d e n s i t y  / t o  g i v e  m

p «  p + p . (1 -  p / p  ;  ( 3 .5 )m a i r  m o

w here  pQ i s  t h e  d e n s i t y  o f  t h e  c a l i b r a t i n g  l i q u i d ,  i n  t h i s  c a s e  w a t e r .

(83)p . may b e  c a l c u l a t e d  f r o m  t h e  fo r m u la  a i r  3

1 .2 9 3 ( P  -  0 .0 0 3 8  HPT„ J
Q _________________________ V .  (3 .6 )

a i r  760(1  + 0 .0 0  36 7T)

TH i s  t h e  o b s e r v e d  r e l a t i v e  h u m i d i t y  i n  p e r c e n t  and P i s  t h e  v a p o u r
h 2°

p r e s s u r e  o f  w a t e r  g i v e n  i n  s t a n d a r d  t a b l e s ,  f o r  e x a m p l e ^ ^  . T y p i c a l

- 3  - 3v a l u e s  o f  t h e  c o r r e c t i o n  a r e  m  t h e  ra n g e  0 . 0 2  k g  m t o  0 . 3  k g  m

(b) Vapour P r e s s u r e  C o r r e c t i o n s

T h is  c o r r e c t i o n  t a k e s  i n t o  a c c o u n t  t h e  f a c t  t h a t  t h e  s p a c e  a b o v e  t h e  

m e n is c i  i n  t h e  p y k n o m e te r  i s  f i l l e d  w i t h  a m i x t u r e  o f  a i r  and s o l v e n t
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v a p o u r .  The more v o l a t i l e  t h e  s o l v e n t , t h e  l a r g e r  t h i s  c o r r e c t i o n

w i l l  b e .  I f  Vg i s  t h e  e n c l o s e d  g a s  s p a c e  a b o ve  t h e  c a p i l l a r i e s

( 2 .5 4  cm 3 i n  t h i s  c a s e ) ,  t h e  a d j u s t m e n t  t o  t h e  w e i g h t  o f  t h e  f i l l e d  

p y k n o m e te r  i s

aw = v  (p . -  p . . ;g a i r  a i r  + v a p o u r ( 3 .7 )

w here

w  < p  -  V
p . =   + ---------------  pa i r  + v a p o u r  RT P a i r ( 3 .8 )

and w h ere  P i s  t h e  v a p o u r  p r e s s u r e  o f  t h e  l i q u i d , R i s  t h e  ga s  co n 

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

t h e  v a p o u r  and  P i s  t h e  b a r o m e t r i c  p r e s s u r e .

C a l c u l a t i o n  o f  t h e  b u o y a n c y  and  v a p o u r  p r e s s u r e  c o r r e c t i o n s  t o  t h e  

m e a su re d  d e n s i t y  o f  b e n z e n e  i s  shown i n  T a b le  3 . 8 .

T a b le  3 . 8

B u o ya n cy  and V apour P r e s s u r e  C o r r e c t i o n s  t o  

t h e  D e n s i t y  o f  B e n ze n e  a t  2 9 8 .1 9  K

B uoyancy  C o r r e c t i o n

T
(K)

P
(mm Hg)

p T
h2o

(mm Hg)

H

(%)
P a i£ j  ( k g  m )

Pa i r ^  ^ n / ^ a i r *  
( k g  m )

294 738 1 8 .6 5 45 1 .1 6 0 .1 4

Vapour P r e s s u r e  C o r r e c t i o n

P

(Nm ^ ) %(Nm )

i o \
(kg)

R

(k J / k m o l  K)

1 0 7 AW 

(kg )

i o 3 W 

(kg)
1 0 0  7 r  w

(%)

Ap

(k g  m 3)

98390 10665 7 8 .1 0 8 8 .3 1 4 5 . 3 4 .2 5 0 .0 1 3 - 0 . 1 1
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T a b le  3 .8  -  c o n t i n u e d  

C o r r e c t e d  D e n s i t y

T Pm ^ p . . a  -  p / p  . ; a i r  m a i r Ap P
(K) (k g  m ) (k g  m~3) (k g  m 3) (k g  m 3)

2 9 8 .1 9 8 7 3 .6 1 0 .1 4 - 0 . 1 1 8 7 3 .6 4

3 . 3 . 4  D e s c r i p t i o n  and  Use o f  t h e  Volume Change A p p a r a tu s

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

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

a p p a r a t u s  an d  s o  t h e  vo lu m e  ch a n g e  a p p a r a t u s ,  i l l u s t r a t e d  i n  F ig u r e  

3 . 7 ,  was d e v e l o p e d .  B a s i c a l l y  t h i s  l e a d s  t o  a m e a su re m en t  o f  t h e  

change  i n  vo lum e f o r  a g i v e n  change  i n  t e m p e r a t u r e .  I f  t h e  d e n s i t y  

an d  vo lum e a t  a r e f e r e n c e  t e m p e r a t u r e , TR , (2 9 8 .1 9  K i n  t h i s  c a s e )  a r e  

known and  t h e  vo lu m e a t  T i s  d e t e r m i n e d  t h e n ,  f r o m  t h e  r e l a t i o n s h i p

VT PT = VT PT ( 3 .9 )
R R

t h e  d e n s i t y  a t  T can b e  c a l c u l a t e d .  The a p p a r a t u s  c o n s i s t e d  o f  a 60 

cm l o n g  c a p i l l a r y  t u b e  made f r o m  p r e c i s i o n  b o r e  V e r i d i a  g l a s s  t u b i n g  

s h a p e d  a s  i l l u s t r a t e d  i n  F ig u r e  3 . 7 ,  an d  c o n n e c t e d  t o  b u l b s  A an d  B 

and  R o t a f l o  t a p s  R a s  sh o w n .  I t  was m o u n ted  on a p e r s p e x  s t a n d  w i t h

an e n g r a v e d  s c a l e .  B u lb  A h a d  a vo lu m e o f  a b o u t  0 . 4  cm . The l o w e r  

b u l b  B was f i l l e d  c o m p l e t e l y  w i t h  l i q u i d  f r o m  a s y r i n g e .

The Volume Change A p p a r a tu s  was im m e rs e d  i n  a t h e r m o s t a t i c a l l y  c o n 

t r o l l e d  w a t e r  b a t h  a t  2 9 8 .1 9  K an d  t h e  h e i g h t  o f  t h e  l i q u i d  m e n is c u s  

was m e a s u r e d . The t e m p e r a tu r e  o f  t h e  b a t h  was t h e n  ch a n g e d  and  a new  

m e n is c u s  h e i g h t  r e c o r d e d . T h i s  p r o c e d u r e  was c o n t i n u e d  u n t i l  t h e

w h o le  t e m p e r a tu r e  ra n g e  was c o v e r e d .
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Figure 3 7  Volume Change Apparatus.

S i n c e  t h e  vo lu m e o f  t h e  a p p a r a tu s  was unknow n, i t  r e q u i r e d  c a l i b r a t i o n  

u s i n g  a l i q u i d  o f  known d e n s i t y .

3 . 3 . 5  C a l i b r a t i o n  o f  Volume Change A p p a r a tu s

B en ze n e  was c h o s e n  a s  t h e  c a l i b r a t i o n  l i q u i d  a s  r e c e n t  m e a su re m e n ts

( 85)h a v e  b e e n  made on t h e  d e n s i t y  up t o  490 K b y  H a le s  a n d  Townsend  

t o  an a c c u r a c y  o f  +_0.1  k g  m ^ . M e n is c u s  h e i g h t s  w ere  r e c o r d e d  o v e r  

t h e  t e m p e r a tu r e  ra n g e  298 K t o  368 K. S i n c e  d e n s i t y  was a c c u r a t e l y  

kn o w n ,  i t  was p o s s i b l e  t o  d e t e r m in e  t h e  vo lum e o f  t h e  r e s e r v o i r  B i n  

t e r m s  o f  e q u i v a l e n t  l e n g t h s  o f  c a p i l l a r y  t u b i n g  a s  f o l l o w s .
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The d e n s i t y  p h e i g h t  h a n d  vo lu m e  V a r e  r e l a t e d  t o  t h e i r  r e s p e c t 

i v e  v a l u e s  a t  2 9 8 .1 9  K ( s u b s c r i p t  R) b y  t h e  fo r m u la

when t h e  m e n is c u s  h e i g h t  i s  b e lo w  t h e  u p p e r  b e n d .  I n  t h i s  e x p r e s s i o n

VQ i s  t h e  vo lu m e  o f  t h e  l o w e r  r e s e r v o i r  B i n c l u d i n g  t h e  t u b i n g  up t o

t h e  0 cm mark on  t h e  s c a l e .  S i n c e  and  a r e  known and  h  and
R R

h m a r e  m e a s u r a b l e , V^ can  b e  d e t e r m i n e d .T 0

H ow ever ,  e q u a t i o n  (3 .1 0 )  d o es  n o t  a c c o u n t  f o r  e x p a n s io n  o f  t h e  g l a s s  

o r  e v a p o r a t i o n  o f  some o f  t h e  l i q u i d  i n t o  t h e  ga s  p h a s e .  B o th  o f  t h e s e

e f f e c t s  w i l l  r e d u c e  h f o r  T g r e a t e r  th a n  298 K s o  d e n s i t i e s  c a l c u l a t e d  

u s i n g  t h i s  f o r m u la  w i l l  b e  t o o  h i g h .

The d i m i n u t i o n  o f  h e i g h t  due t o  e v a p o r a t i o n  i s  c a l c u l a t e d  as  f o l l o w s ,

The num ber o f  m o le s  o f  gas  i n  t h e  v a p o u r  p h a s e  can  b e  t a k e n  a s  PV/RT  

s i n c e  t h e  p r e s s u r e  i s  lo w  and  s o  t h e  ch a n g e  i n  t h e  num ber o f  m o l e s ,  

k n ,  w i t h  i n c r e a s i n g  t e m p e r a tu r e  i s  g i v e n  b y

Pm Vm Pm VmT T T TAn  = ______   -  R R ( 3 .1 1 )
RT RT„R

VT and  V t h e  gas  v o lu m e s  a t  t e m p e r a tu r e  T and  t h e  r e f e r e n c e  te m p e r a -  
R

t u r e  a r e  o b t a i n e d  e x p e r i m e n t a l l y  an d  PT and  P^ t h e  c o r r e s p o n d i n g  v a p o u r

R . (75)p r e s s u r e s  a r e  c a l c u l a t e d  f r o m  t h e  A n t o i n e  E q u a t io n  w i t h  c o e f f i c i -

(75)e n t s  g i v e n  i n  API 44 T a b le s

The ch a n g e  i n  w e i g h t ,  hW, i s  g i v e n  b y  Aw = An M w here  M i s  t h e  m o le 

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

v o lu m e ,  k V , i s  g i v e n  b y  AP//p ' w h ere  p ' i s  t h e  a p p r o x im a te  l i q u i d
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d e n s i t y .  The ch a n g e  i n  l e n g t h  o f  t h e  l i q u i d  c o lu m n , AL ^ ,  i s  t h e r e 

f o r e  g i v e n  b y

AL_ = An M (3 .1 2 )T p ' C

w h ere  C i s  t h e  vo lu m e  p e r  u n i t  l e n g t h .  The ch a n g e  i n  vo lu m e  due t o

t h e  e x p a n s io n  o f  t h e  g l a s s  i s  g i v e n  b y  ( 1 + y (T  -  T ) )  (V + h  )R O T

w h ere  y i s  t h e  c o e f f i c i e n t  o f  c u b i c a l  e x p a n s io n  o f  g l a s s

d e n s i t y  c o r r e c t e d  f o r  t h e s e  e f f e c t s  i s  g i v e n  b y

(V„ + h m ) p,

( 8 6 ) The

P r r ,  =

O T ' T R R
T (1 + y ( T  -  Tr ) )  (Vq + h T + Al t ) ( 3 .1 3 )

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

b e n t  b a c k  on i t s e l f  c a u s i n g  a s m a l l  s e c t i o n  on  t h e  b e n d  t o  ch a n g e  i t s

i n t e r n a l  d i m e n s i o n s . T h i s  n e c e s s i t a t e d  a c a l c u l a t i o n  o f  vo lum e V B

b e tw e e n  some a r b i t r a r y  p o i n t  b e f o r e  t h e  b e n d  and o n e  a f t e r  t h e  b e n d .  

F or c o n v e n i e n c e  t h e  21 cm s c a l e  m ark on ea c h  s i d e  was t a k e n  a s  t h e  

p o i n t  a s  i l l u s t r a t e d  i n  F ig u r e  3 . 8 .

21cm mark

Figure3-8 Volume Change A pparatus :Bend Volume.
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The d e n s i t y  a t  t e m p e r a tu r e  T w h ere  t h e  l i q u i d  m e n is c u s  i s  b e y o n d  t h e  

b e n d  i s  now g i v e n  b y

(V„ + ) p mO T T
Pr  = ----------------------------------- --------- ------------------ V  ( 3 .1 4 )

(1  + y (T -  Tr ) )  (Vq + VB + 21  + ( 21  -  h T ) + ALt )

(85 )D ata  o f  H a le s  and  Townsend f o r  b e n z e n e  w ere  u s e d  t o  d e t e r m in e  VO

and V f r o m  m e a su re d  m e n is c u s  h e i g h t s  o f  b e n z e n e  i n  t h e  a p p a r a tu s  a t  
B

d i f f e r e n t  t e m p e r a t u r e s .  Two s e t s  o f  vo lum e  ch a n g e  a p p a r a t u s  w ere  u s e d . 

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

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

U l t r a  R b e n z e n e  f r o m  H o p k in  and  W i l l i a m s  L t d .  The v a l u e s  d e r i v e d  f o r  

Vq and  VR i n  u n i t s  o f  c a p i l l a r y  l e n g t h  f o r  e a c h  s e t  o f  a p p a r a tu s  a r e

g i v e n  i n  T a b le  3 .9  t o g e t h e r  w i t h  a c o m p a r is o n  o f  e x p e r i m e n t a l  d e n s i t i e s

(85 )w i t h  t h e  v a l u e s  o f  H a le s  and  Townsend i n t e r p o l a t e d  t o  t h e  same tem 

p e r a t u r e s .  The e x p e r i m e n t a l  r e s u l t s  a r e  r e p r o d u c i b l e  t o  b e t t e r  th a n

- 3  - 3+_0.1  k g  m i n  t h e  r a n g e  2 9 8 .1 9  K t o  3 4 3 .3 3  K and  +_ 0 . 3  k g  m i n  t h e

ra n g e  3 4 8 .3 0  K t o  3 6 8 .2 7  K. E q u a t i o n s  ( 3 .1 3 )  a n d  ( 3 .1 4 )  w ere  a l s o

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

Where m e a su re m e n ts  w ere  made a t  r e g u l a r  t e m p e r a tu r e  i n t e r v a l s  i t  was

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

l i n e a r l y  w i t h  a v e r a g e  t e m p e r a tu r e  a n d  g r a p h s  o f  Ap v s  %(T + T )23 n + 1

a l l o w e d  d e n s i t y  a t  t e m p e r a t u r e s  a b o ve  363 K and  b e lo w  298 K t o  b e  

c a l c u l a t e d .  I t  i s  e s t i m a t e d  t h a t  d e n s i t y  v a l u e s  c a l c u l a t e d  i n  t h i s  

way a r e  a c c u r a t e  t o  + 0 . 5  k g  m
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3 .4  RESULTS

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

d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  a t  s a t u r a t i o n  p r e s s u r e  f o r  t h e  p u r e  

h y d r o c a r b o n s  a n d  h y d r o c a r b o n  m i x t u r e s  l i s t e d  i n  T a b le  3 .1 0 .

T a b le  3 .1 0

H y d ro c a rb o n  S y s t e m s  I n v e s t i g a t e d  i n  
t h i s  Work

S y s t e m
Mole f r a c t i o n  o f  f i r s t  

( s e c o n d ,  t h i r d )  com ponen t  
a t  298 K

T e m p e ra tu r e  
r a n g e  

(K)

B in a r y  S y s t e m s

n - h e x a n e  + 
n - h e x a d e c a n e 0 . 2 0 0 ,  0 . 3 7 8 ,  0 . 5 9 9 ,  0 .7 9 9 2 8 5 .1 5  -  3 7 8 .2 9

b e n z e n e  + 
n - h e x a n e 0 .5 0 0 2 8 3 .1 5  -  3 7 3 .2 8

b e n z e n e  + 
n - o c t a n e 0 . 2 5 4 ,  0 . 5 0 4 ,  0 . 6 7 5 ,  0 .8 2 6 2 8 3 .1 5  -  3 9 3 .2

b e n z e n e  + 
n - d e c a n e 0 .4 9 9 2 8 3 .1 5  -  3 9 3 .2

b e n z e n e  + 
n -d o d e c a n e 0 . 2 5 1 ,  0 . 4 9 9 ,  0 .7 5 0 2 8 3 .1 5  -  3 9 3 .2

b e n z e n e  + 
n - h e x a d e c a n e

0 . 1 2 1 ,  0 . 2 8 6 ,  0 . 5 9 8 ,  0 .8 5 0 2 9 8 .1 9  -  3 9 3 .2

b e n z e n e  + 
c y c l o h e x a n e

0 . 1 9 9 ,  0 . 4 0 2 ,  0 . 6 0 0 ,  0 .7 9 5 ,  
0 .8 7 8 2 8 3 .1 5  -  3 9 3 .2

T e r n a r y  S y s t e m

n - h e x a n e  + 
n - o c t a n e  + 
n - h e x a d e c a n e

0 .1 1 0  (0 .1 1 5 )  
0 .3 2 9  (0 .3 3 0 )

2 8 8 .1 5  -  3 7 8 .2 9  
2 9 8 .1 9  -  3 5 8 .2 8

Q u a te r n a r y  S y s t e m

n -h e x a n e  + 
n - o c t a n e  + 
n - d o d e c a n e  + 
n - h e x a d e c a n e

0 .2 6 0  ( 0 . 3 0 0 ,  0 .2 5 1 ) 2 8 8 .1 5  -  3 5 8 .2 7

R e s u l t s  a r e  g i v e n  f i r s t  f o r  t h e  p u r e  c o m p o n en ts  and t h e  d e n s i t i e s  and  

d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  a r e  com pared  w i t h  l i t e r a t u r e  v a l u e s  i n  

S e c t i o n  3 . 4 . 2  a n d  3 . 4 . 3 .  An a n a l y s i s  o f  t h e  m i x t u r e  c o m p o s i t i o n

change  a t  e l e v a t e d  t e m p e r a t u r e s  due  t o  e v a p o r a t i o n  w i t h i n  t h e  e x p e r i -

51



m e n ta l  a p p a r a t u s  i s  g i v e n  i n  S e c t i o n  3 . 4 , 4 .  S e c t i o n s  3 . 4 . 5  an d  3 . 4 . 6  

p r e s e n t  d e n s i t i e s  a n d  k i n e m a t i c  an d  d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  f o r  

t h e  m i x t u r e s .

3 . 4 . 1  S o u r c e  a n d  P u r i t y  o f  L i q u i d s  Used

W ith  t h e  e x c e p t i o n  o f  b e n z e n e  a n d  n - d e c a n e  t h e  l i q u i d s  u s e d  i n  t h i s  

r e s e a r c h  w ere  p u r c h a s e d  f r o m  B r i t i s h  Drug H o u ses  L i m i t e d ,  P o o l e ,  

E n g la n d .  The b e n z e n e  and  n - d e c a n e  u s e d  w ere  p u r c h a s e d  f r o m  H opk in  

<£ W i l l i a m s  L i m i t e d ,  R o m fo r d ,  E s s e x ,  E n g la n d .  B e n z e n e ,  c y c l o h e x a n e ,  

n - h e x a n e  and n - o c t a n e  w ere  f r a c t i o n a l l y  d i s t i l l e d  i n  a 70 cm V ig r e u x  

co lum n b e f o r e  u s e .

n - d e c a n e ,  n -d o d e c a n e  and  n - h e x a d e c a n e  w ere  u s e d  as  r e c e i v e d .  F r e e z 

i n g  p o i n t  d e t e r m i n a t i o n s  on t h e  n - h e x a d e c a n e  i n d i c a t e d  i t s  p u r i t y  was  

9 9 .6  m ole  p e r c e n t .  The p u r i t y  o f  t h e s e  l i q u i d s  t o g e t h e r  w i t h  a com

p a r i s o n  w i t h  r e c e n t  l i t e r a t u r e  v a l u e s  o f  d e n s i t y  an d  r e f r a c t i v e  i n d e x  

a t  2 9 8 .1 5  K i s  g i v e n  i n  T a b le  3 . 1 1 .  D e n s i t i e s  w ere  m e a su r e d  b y  p y k n o -  

m e tr y  a s  d e s c r i b e d  i n  S e c t i o n  3 . 3 . 1  an d  r e f r a c t i v e  i n d i c e s  w ere  

m e a su r e d  on  a B e l l i n g h a m  an d  S t a n l e y  p r e c i s i o n  Abbe r e f r a c t o m e t e r .

3 . 4 . 2  D e n s i t y  R e s u l t s  f o r  P u re  C om ponen ts

E x p e r im e n t a l  d e n s i t y  r e s u l t s  a r e  p r e s e n t e d  a n d  com pared  w i t h  v a l u e s  

g i v e n  i n  A P I 4 4 ^ ^  t a b l e s  and  o t h e r  r e f e r e n c e s  f o r  n - h e x a n e  i n  T a b le  

3 . 1 2 ,  n - o c t a n e  i n  T a b le  3 . 1 3 ,  n - d e c a n e  i n  T a b le  3 . 1 4 ,  n -d o d e c a n e  i n  

T a b le  3 . 1 5 ,  n - h e x a d e c a n e  i n  T a b le  3 .1 6  and c y c l o h e x a n e  i n  T a b le  3 .1 7 .

The a g r e e m e n t  i s  g e n e r a l l y  v e r y  s a t i s f a c t o r y  an d  w i t h i n  t h e  e s t i m a t e d  

u n c e r t a i n t i e s  b a s e d  on t h e  b e n z e n e  r e s u l t s .  I n  a f e w  i n s t a n c e s
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u s u a l l y  a t  t e m p e r a tu r e s  w h ere  r e s u l t s  h a v e  b e e n  e x t r a p o l a t e d  t h e  a g r e e 

m en t  i s  o u t s i d e  t h e s e  e s t i m a t e s .

T a b le  3 .1 2

D e n s i t i e s  f o r  n -H exa n e  

( i n  Volume Change A p p a r a tu s  2)

T e m p e ra tu r e

(K)

M e n is c u s
h e i g h t

(cm)

D e n s i t y (k g  m 3)

T h i s  work L i t e r  a t  u r e  v a l  ues

(9)
2 8 3 .1 5 6 6 8 . 6 a 6 6 8 . 2

2 8 8 .1 5 6 6 4 . I a

2 9 8 .1 9 2 .4 2 6 5 5 .0 6 5 4 .8 4 6 5 5 . 1 3 ^ ,  6 5 4 . 8 ° ,  6 5 4 . 85 d

3 0 3 .2 0 4 .7 6 6 5 0 .4 6 5 0 .1 5

3 0 8 .2 1 7 .1 3 6 4 5 .8 6 4 6 .0 7 b , 6 4 5 . 7 8 ° ,  6 4 5 . 8f

3 1 3 .2 3 9 .6 1 6 4 1 .1 6 4 0 .9

3 1 8 .2 6 1 2 . 1 1 6 3 6 .3 6 3 6 .7 9 b , 6 3 6 .3 9 °

3 2 8 .3 3 1 7 .3 0 6 2 6 .7

3 3 3 .3 6 1 9 .9 8 6 2 1 .8 6 2 2 .0 6 2 2 . 21b , 6 2 2 .1 0 °

3 4 3 .3 3 2 1 .3 7 6 1 1 .6 6 1 2 .3

3 4 8 .3 0 1 8 .4 8 6 0 6 .6

3 5 3 .2 9 1 5 .5 2 6 0 1 .6 6 0 2 .4

3 5 8 .2 8 1 2 .1 9 5 9 6 .0

3 6 8 .2 7 5 8 5 . 8a

3 7 3 .2 8 5 8 0 . 4a 5 8 1 .7

3 7 8 .2 9 5 7 4 .9 a

3 9 3 .2 5 5 8 . 4a 5 5 9 .4

a E x t r a p o l a t e d  v a l u e s ,  ---------b e n d

h  R e f  (95)  ; °  R e f  ( 8 9 ) ;  d R e f  ( 9 6 ) ;  °  R e f  ( 9 0 ) ;  f  R e f  ( 9 7 ) ;

9  R e f  ( 75) .
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T a b le  3 .1 3

D e n s i t i e s  f o r  n - o c ta n e

( i n  Volume Change A p p a r a tu s  1)

T e m p e ra tu r e M e n is c u s
h e i g h t

(cm)

D e n s i t y  ( k g  m ^ )

(K) T h i s  w o rk L i t e r a t u r e  v a l u e s

2 8 3 .1 5 7 1 0 .9a
(b ) 

7 1 0 .7

2 8 8 .1 5 7 0 6 .9a

2 9 8 .1 9 2 .7 6 6 9 8 .9 6 9 8 .6 2 6 9 8 . 6 1 ° ,  6 9 8 . 67 d

3 0 3 .2 0 4 .6 6 6 9 4 .9 6 9 4 .5 4

3 0 8 .2 1 6 .6 0 6 9 0 .8 6 9 0 .5 4 °

3 1 3 .2 3 8 .5 9 6 8 6 .7 6 8 6 .3

3 1 8 .2 6 1 0 .6 0 6 8 2 .5 6 8 2 .3 2 °

3 2 3 .2 9 1 2 . 6 8 6 7 8 .3 6 7 8 .0

3 2 8 .3 3 1 4 .7 5 6 7 4 .2

3 3 3 .3 6 1 6 .8 6 6 7 0 .0 6 6 9 .7 6 6 9 .8 8 °

3 3 8 .3 6 1 8 .9 0 6 6 6  . 0

3 4 3 .3 3 2 1 .1 8 6 6 1 .6 6 6 1 .2

3 5 3 .2 9 6 5 3 . l a 6 5 2 .6

3 6 3 .2 8 6 4 4 . 4a 6 4 3 .9

3 7 3 .2 8 6 3 5 ,7 a 6 3 5 .0

3 9 3 .2 6 1 7 . 8a 6 1 6 .8

3  E x t r a p o l a t e d  v a l u e s  

b  R e f  ( 7 5 ) ;  °  R e f  ( 9 5 ) ;  d R e f  ( 9 8 ) ;

e R e f  (90) .
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T a b le  3 .1 4

D e n s i t i e s  f o r  n -D e c a n e  

( i n  Volume Change A p p a r a tu s  2)

T e m p e ra tu r e

(K)

M e n is c u s
h e i g h t

(cm)

D e n s i t y  ( k g  m ^)

T h i s  w ork L i t e r a t u r e  v a l u e s

(b)

2 8 3 .1 5 7 3 7 .4 a 7 3 7 .6

2 8 8 .1 5 7 3 3 . 7a

2 9 8 .1 9 2 .1 9 7 2 6 .3 7 2 6 .3 5 7 2 6 . 0 6 ° ,  7 2 6 . 25d

3 0 3 .2 0 3 .9 0 7 2 2 .6 7 2 2 .5 7

3 0 8 .2 1 5 .6 9 7 1 8 .7 7 1 8 . 72d

3 1 3 .2 3 7 .4 8 7 1 4 .9 7 1 5 .0

d
3 1 8 .2 6 9 .3 1 711 .1 7 1 1 .0 9

3 2 3 .2 9 1 1 .1 6 7 0 7 .2 7 0 7 .3

3 2 8 .3 3 1 3 .0 2 7 0 3 .4

3 3 3 .3 6 1 4 .9 0 6 9 9 .6 6 9 9 .6 6 9 9 . 5 5d

3 3 8 .3 6 1 6 .8 0 6 9 5 .7

3 4 3 .3 3 1 8 .7 3 6 9 1 .9 6 9 1 .7

3 4 8 .3 0 2 0 .7 2 6 8 8 . 0

3 5 3 .2 9 6 8 4 . 2a 6 8 3 .8

3 6 3 .2 8 6 7 6 . 2a 6 7 5 .8

3 7 3 .2 8 6 6 8 . l a 6 6 7 .8

3 9 3 .2 6 5 1 .6 a 6 5 1 .8

a E x t r a p o l a t e d  v a l u e s  

b  R e f  ( 7 5 ) ;  C R e f  ( 9 9 ) ;  d R e f  ( 9 0 ) .
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T a b le  3 .1 5

D e n s i t i e s  f o r  n -D o d eca n e

( i n  Volume Change A p p a r a tu s  1)

T e m p e ra tu r e

(K)

M e n is c u s
h e i  gh t  

(cm)

D e n s i t y (k g  m 3)

T h i s  w ork L i t e r a t u r e  v a l u e s

(h)
2 8 3 .1 5 7 5 6 .4 a 7 5 5 .9

2 8 8 .1 5 7 5 2 .8 a

2 9 8 .1 9 2 .3 9 7 4 5 .5 7 4 5 .1 8 7 4 5 . 2 7 ° t 7 4 5 .1 7 d

3 0 3 .2 0 3 .9 9 7 4 1 .9 7 4 1 .6 0

3 0 8 .2 1 5 .6 1 7 3 8 .2 7 3 7 .9 2 d

3 1 3 .2 3 7 .2 5 7 3 4 .6 7 3 4 .4

3 1 8 .2 6 8 .9 1 7 3 0 .9 7 3 0 .6 6 d

3 2 3 .2 9 1 0 .5 9 7 2 7 .2 7 2 7 .2

3 2 8 .3 3 1 2 .3 0 7 2 3 .5

3 3 3 .3 6 1 3 .9 9 7 1 9 .9 7 1 9 .9 7 1 9 .6 6 d

3 3 8 .3 6 1 5 .7 1 7 1 6 .2

3 4 3 .3 3 1 7 .4 7 7 1 2 .6 7 1 2 .5

3 4 8 .3 0 1 9 .2 2 7 0 8 .9

3 5 3 .2 9 2 1 . 0 0 7 0 5 .3 7 0 5 .1

3 6 3 .2 8 6 9 7 . 9 a 6 9 7 .6

3 7 3 .2 8 6 9 0 . 5a 6 9 0 .0

3 9 3 .2 6 7 5 . 8a 6 7 4 .7

a E x t r a p o l a t e d  v a l u e s  

b  R e f  ( 7 5 ) ;  °  R e f  ( 1 0 0 ) ;  d R e f  ( 9 0 ) .
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T a b le  3 .1 6

D e n s i t i e s  f o r  n -H exa d eca n e

(i n  Volume Change A p p a r a tu s  2)

T e m p e ra tu r e

(K)

M e n is c u s
h e i g h t

(cm)

- 3
D e n s i t y  ( k g  m )

T h i s  w ork L i t e r a t u r e  v a l u e s

(b)

2 9 8 .1 9 2 . 2 2 7 7 0 .2 7 6 9 .9 4 7 7 0 .7 9 ° ,  7 6 9 .9 7 d

3 0 3 .2 0 3 .7 2 7 6 6 .7 7 6 6 .4 2

3 0 8 .2 1 5 . 2 3 7 6 3 .3 7 6 3 .0 5 d

3 1 3 .2 3 6 . 7 7 7 5 9 .8 7 5 9 .5

3 1 8 .2 6 8 .3 1 7 5 6 .3 7 5 6 .1 4 d

3 2 3 .2 9 9 .8 6 7 5 2 .9 7 5 2 .8

3 2 8 .3 3 1 1 .4 1 7 4 9 .4

3 3 3 .3 6 1 2 .9 9 7 4 6 .0 746 .1 7 4 5 . 82d

3 3 8 .3 6 1 4 .5 7 7 4 2 .5

3 4 3 .3 3 1 6 .1 7 7 3 9 .1 7 3 9 .3

3 4 8 .3 0 1 7 .7 8 7 3 5 .7

3 5 3 .2 9 1 9 .4 0 7 3 2 .3 7 3 2 .5

3 5 8 .2 8 2 1 . 0 2 7 2 8 .9

3 6 3 .2 8 7 2 5 ,4 a 7 2 5 .4

3 7 3 .2 8 7 1 8 .5a 7 1 8 .0

3 7 8 .2 9 7 1 5 . l a

3 9 3 .2 7 0 4 .7 a 7 0 2 .0

a E x t r a p o l a t e d  v a l u e s

R e f  ( 7 5 ) ;  °  R e f  ( 5 4 ) ;  R e f  (90)  •
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T a b le  3 .1 7

D e n s i t i e s  f o r  C y c lo h e x a n e  

( i n  Volume Change A p p a r a tu s  2)

T e m p e ra tu r e

(K)

M e n is c u s
h e i g h t

(cm)

D e n s i t y  ( k g  m ^)

T h is  w ork L i t e r a t u r e  v a l u e s

(b)

2 8 3 .1 5 7 8 7 .9a 7 8 7 .8

2 8 8 .1 5 7 8 3 . 2a

2 9 8 .1 9 2 .3 6 7 7 3 .8 7 7 3 .8 9 7 7 3 .5 9 8 e , 7 7 3 .9 2 d

3 0 3 .2 0 4 .4 0 7 69 .1 7 6 9 .3

3 0 8 .2 1 6 .4 9 7 6 4 .3 7 6 4 .51 d

3 1 3 .2 3 8 .6 0 7 5 9 .5 7 5 9 .8 7 5 9 . 9 ° ,  7 5 9 . 7f

3 1 8 .2 6 1 0 .7 7 7 5 4 .6 ' 7 5 4 . 85d

3 2 3 .2 9 1 2 .9 8 7 4 9 .7 750 .1

3 2 8 .3 3 1 5 .2 0 7 4 4 .9

3 3 3 .3 6 1 7 .4 7 7 3 9 .9 7 4 0 .5 7 4 0 . 5 ° ,  7 4 0 . 36d

3 3 8 .3 6 1 9 .7 5 7 3 5 .1

3 4 3 .3 3 2 2 . 1 2 7 3 0 .0 7 3 0 .9

3 4 8 .3 0 2 2 .4 5 7 2 4 .8

3 5 3 .2 9 1 9 .9 9 7 1 9 .7 7 2 1 .2

3 5 8 .2 8 1 7 .5 0 7 1 4 .6

3 6 3 .2 8 1 4 .9 6 7 0 9 .5

3 7 3 .2 8 6 9 9 . 4a

3 9 3 .2 6 7 8 . 2a

a E x t r a p o l a t e d  v a l u e s , ---------  b e n d

b R e f  ( 7 5 ) ;  °  R e f  ( 1 0 1 ) ;  d R e f  ( 9 5 ) ;  

6  R e f  (92) ; f  R e f  (97) .
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V i s c o s i t y  C o e f f i c i e n t  R e s u l t s  f o r  P u re  Com ponents  

E x p e r im e n t a l  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  an d  c a l c u l a t e d  d yn a m ic

(75)v i s c o s i t y  c o e f f i c i e n t s  a r e  p r e s e n t e d  and  com pared  w i t h  AP I 44 

v a l u e s  c o r r e c t e d  t o  t h e  same t e m p e r a tu r e  and  o t h e r  r e f e r e n c e s  f o r  n -  

h e x a n e  i n  T a b le  3 . 1 8 ,  n - o c t a n e  i n  T a b le  3 . 1 9 ,  n - d e c a n e  i n  T a b le  3 . 2 0 ,  

n - d o d e c a n e  i n  T a b le  3 . 2 1 ,  n -h e x a d e c a n e  i n  T a b le  3 . 2 2 ,  c y c l o h e x a n e  i n  

T a b le  3 .2 3  a n d  b e n z e n e  i n  T a b le  3 . 2 4 .  The v i s c o s i t y  c o e f f i c i e n t s  i n  

t h i s  w o rk  h a v e  an e s t i m a t e d  a c c u r a c y  o f  + _0 .5  p e r c e n t  e x c e p t  f o r  n - h e x 

ane  a b o ve  2 9 8 .1 9  K w h ere  t h e  r e s u l t s  l i e  b e lo w  t h e  lo w e r  l i m i t  o f  k i n e 

m a t i c  v i s c o s i t y  c o e f f i c i e n t  u s e d  f o r  t h e  v i s c o m e t e r  c a l i b r a t i o n .  F or  

n - h e x a n e  t h e  u n c e r t a i n t y  i s  e s t i m a t e d  t o  i n c r e a s e  f r o m  + _0 .5  p e r c e n t  

a t  2 9 8 .1 9  K t o  +_ 1 p e r c e n t  a t  3 9 3 .2  K. A p a r t  f r o m  n - h e x a n e , m e a su r e 

m e n ts  h a v e  n o t  p r e v i o u s l y  b e e n  made o v e r  a w id e  t e m p e r a tu r e  r a n g e  f o r  

t h e  l i q u i d s  s t u d i e d .  H o w ever ,  I s d a l e ^ ^ ^ ^  h a s  r e c e n t l y  c o n s i d e r e d  

g e n e r a l  e x p r e s s i o n s  f o r  r e p r e s e n t i n g  v i s c o s i t y  c o e f f i c i e n t s  f o r  a l l  

t h e  n - a l k a n e s  a n d  h a s  shown th & t  a good r e p r e s e n t a t i o n  o f  t h e  d a ta  f r o m  

t h e  m e l t i n g  p o i n t  t o  0 . 9  t i m e s  t h e  c r i t i c a l  t e m p e r a tu r e  i s  g i v e n  b y  t h e  

e q u a t i o n

1 / 3  4 / 3I n  n /D  = A (0 -  1) '  + B (Q -  1) '  ( 3 .1 5 )

T -  C
w h ere  0  = — -------

T -  c

C an d  D a r e  c a l c u l a t e d  f r o m  c r i t i c a l  p r o p e r t i e s , and  A an d  B a r e  

o b t a i n e d  b y  f i t t i n g  t h e  e q u a t i o n  t o  v i s c o s i t y  c o e f f i c i e n t  d a ta  and  

c o r r e l a t e d  w i t h  v a l u e s  f o r  o t h e r  members i n  t h e  s e r i e s .  The recom m ended  

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

w i t h i n  t h e  q u o t e d  minimum u n c e r t a i n t i e s  o f  t h e  t a b u l a t e d  v a l u e s .
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T a b le  3 .1 8

V i s c o s i t y  C o e f f i c i e n t s  f o r  n -H e xa n e

T e m p e r a tu r e n /p n (mPa s )

(K) (mm s  ) T h i s  w ork L i t e r a t u r e  v a l u e s

2 8 3 .1 5 0 .5 1 4 1 0 .3 4 3 7
(a)

0 .3 4 2 6

2 8 8 .1 5 0 .4 9 1 1 0 .3 2 6 1 0 .3 2 6 5

\ 2 9 8 .1 9 0 .4 5 0 4 0 .2 9 5 0 0 .2 9 7 6 0 .2 9 6 1 b , 0 .2 9 5 8 °

3 1 3 .2 3 0 .3 9 9 4 0 .2 5 6 1 0 .2 6 0 9

3 1 8 .2 6 0 .3 8 4 3 0 .2 4 4 8 0 .2 5 0 2

3 3 3 .3 6 0 .3 4 5 0 0 .2 1 4 6 0 . 2 2 1 2

3 3 8 .3 6 0 .3 3 4 8 0 .2 0 6 4 0 .2 1 2 4

3 5 3 .2 9 0 .3 0 2 8 0 .1 8 2 1 0 .1 9 0 d

358 .28 0 .2 9 7 1 0 .1 7 7 1

3 7 3 .2 8 0 .2 6 7 2 0 .1 5 5 0 0 .1 5 8 d

3 7 4 .5 5 0 .1 5 6 2 °

3 7 8 .2 9 0 .2 6 4 8 0 .1 5 2 2

3 9 3 .2 0 .2 4 0 3 0 .1 3 4 1 0 . 1 3 2 d

3 9 5 .2 5 0 .1 3 2 4 °

a  R e f  ( 7 5 ) ;  b  R e f  ( 5 4 ) ;  °  R e f  ( 1 0 3 ) ;  d R e f  ( 1 0 4 ) ;  ® R e f  ( 1 0 5 ) .
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f a b l e  3 .1 9

V i s c o s i t y  C o e f f i c i e n t s  f o r  n -O c ta n e

T e m p e ra tu r e n /p n (mPa s )

(K) (mm s  ) T h i s  w ork L i  t e r a  t  u re  v a l  ues

2 8 3 .1 5 0 .8 6 4 6 0 .6 1 4 6

(a)

0 .6 1 8 4

2 8 8 .1 5 0 .8 1 5 4 0 .5 7 6 4 0 .5 7 9 8

2 9 8 .1 9 0 .7 2 5 5 0 .5 0 7 0 0 .5 1 3 4

3 1 3 .2 3 0 .6 2 7 2 0 .4 3 0 7 0 .4 3 5 1

3 3 3 .3 6 0 .5 2 3 1 0 .3 5 0 5 0 .3 5 6 9

3 5 3 .2 9 0 .4 4 6 1 0 .2 9 1 3 0 .2 9 9 2

3 7 3 .2 8 0 .3 8 6 9 0 .2 4 5 9 0 .2 5 4 4

3 9 3 .2 0 .3 4 2 0 0 .2 1 1 3 0 .2 1 8 7

a
R e f  (75)

T a b le  3 .2 0  

V i s c o s i t y  C o e f f i c i e n t s  f o r n -D eca n e

T e m p e ra tu r e n /p ri (mPa s )
2 - 1(K) (mm s  ) T h i s  w ork L i t e r a t u r e  v a l u e s

(a)

2 8 3 .1 5 1 .4 5 9 5 1 .0 7 6 1 .0 8 7

2 8 8 .1 5 1 .3 5 0 2 0 .9 9 0 6 1 . 0 0 1

2 9 8 .1 9 1 .1 7 1 8 0 .8 5 1 1 0 .8 5 8 3

3 1 3 .2 3 0 .9 6 6 9 0 .6 9 1 2 0 .6 9 8 1

3 3 3 .3 6 0 .7 7 5 0 0 .5 4 2 2 0 .5 4 8 9

3 5 3 .2 9 0 .6 4 1 8 0 .4 3 9 1 0 .4 4 5 7

3 7 3 .2 8 0 .5 4 2 8 0 .3 6 2 6 0 .3 7 0 0

3 9 3 .2 0 .4 6 8 6 0 .3 0 5 3 0 .3 1 2 7

3 R e f  (75)
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T a b le  3 .2 1

V i s c o s i t y  C o e f f i c i e n t s  f o r  n -D o d eca n e

T e m p e ra tu r e
(K)

n /p
/  2  --*1(mm s  )

n (mPa s )

T h i s  w ork L i  t e r a t u r e  v a 1 u es

(a)

2 8 3 .1 5 2 .3 9 5 4 1 .8 1 2 1 .8 2 8

2 8 8 .1 5 2 .1 7 4 0 1 .6 3 7 1 .6 5 3

2 9 8 .1 9 1 .8 2 3 1 1 .3 5 9 1 .3 7 3 1 . 3 6 ^

3 1 3 .2 3 1 .4 4 4 6 1 .0 6 1 1 .0 7 7 1 .0 6 2 b

3 3 3 .3 6 1 .1 1 2 8 0 .8 0 1 1 0 .8 1 0 2

3 5 3 .2 9 0 .8 9 2 8 0 .6 2 9 7 0 .6 3 6 8

3 7 3 .2 8 0 .7 3 7 9 0 .5 0 9 5 0 .5 1 6 2

3 9 3 .2 0 .6 2 3 5 0 .4 2 1 4 0 .4 2 7 7

a R e f  ( 7 5 ) ;  b  R e f  ( 1 0 6 ) .

T a b le  3 .2 2  

V i s c o s i t y  C o e f f i c i e n t s  f o r  n -H e xa d ec a n e

T e m p e ra tu r e
(K)

n /p p (mPa s )

fmm s  ) T h is  w ork L i t e r a t u r e  v a l u e s

2 9 8 .1 9 3 .9 7 9 9 3 .0 6 5
(a)

3 .0 8 3 3 .0 6 2 0 b

3 1 3 .2 3 2 .9 2 1 0 2 .2 1 9 2 .2 3 9

3 1 8 .2 6 2 .6 6 7 5 2 .0 1 7 2 .0 3 4

3 3 3 .3 6 2 .0 7 6 3 1 .5 4 9 1 .5 6 3

3 3 8 .3 6 1 .9 2 9 2 1 .4 3 2 1 .4 4 4

3 5 3 .2 9 1 .5 7 2 1 1 .1 5 1 1 .1 6 0

3 5 8 .2 8 1 .4 7 6 9 1 .0 7 6 1 .0 8 5

3 7 3 .2 8 1 .2 3 9 6 0 .8 9 0 6 0 .8 9 7 9

3 7 8 .2 9 1 .1 7 5 2 0 ,8 4 0 4 0 .8 4 6 6

3 9 8 .2 1 .0 1 5 9 0 .7 1 5 9 0 .7 1 7 8

a R e f  ( 7 5 / ;  h  R e f  ( 5 4 ) .
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T a b le  3 .2 3

V i s c o s i t y  C o e f f i c i e n t s  f o r  C y c lo h e x a n e

T e m p e ra tu r e
(K)

Tl/P n (mPa s )

(mm s  ) T h i s  w ork L i t e r a t u r e  v a l u e s

2 8 3 .1 5 1 .4 9 9 1 1 .1 8 1

(a)

1 .1 7 6

2 8 8 .1 5 1 .3 7 1 9 1 .0 7 4 1 .0 7 0 1 .0 6

2 9 8 .1 9 1 .1 5 8 7 0 .8 9 6 6 0 .8 9 4 0 . 8 8 5 6 ° ,  0 .8 9 2 d

3 1 3 .2 3 0 .9 2 5 2 0 .7 0 2 7 0 .7 0 1 0 .7 0 1 b

3 3 3 .3 6 0 .7 1 4 3 0 .5 2 8 5 0 .5 2 5

3 5 3 .2 9 0 .5 7 3 7 0 .4 1 2 9 0 .4 0 9

3 7 3 .2 8

3 9 3 .2

0 .4 7 2 8

0 .4 0 0 8

0 .3 3 0 6  

0 .2 7 1 9

a  R e f  ( 7 5 ) ;  b  R e f  (1 0 7 ) ;  °  R e f  ( 1 0 8 ) ;  d R e f  ( 1 0 9 ) .

T a b le  3 .2 4  

V i s c o s i t y  C o e f f i c i e n t s  f o r  B en ze n e

T e m p e ra tu r e
(K)

n /p n (mPa s )
/ 2 - 1 , (mm s  ) T h i s  w ork L i t e r a t u r e  v a l u e s

(a)

0 . 7 6 0 £2 8 3 .1 5 0 .8 5 6 4 0 .7 6 2 0 0 .7 5 7 4

2 8 8 .1 5 0 .7 9 1 6 0 .6 9 9 8 0 .6 9 8 3 0 .6 9 9 °

2 9 8 .1 9 0 .6 8 9 3 0 .6 0 2 1 0 .6 0 0 7 0 . 6 0 3 d , 0 . 5 9 9 6 ° ,  0 . 6 0 2 f

3 1 3 .2 3 0 .5 7 3 9 0 .4 9 2 1 0 .4 9 0 3 0 .4 9 2 2 b , 0 . 4 9 3 °

3 3 3 .3 6 0 .4 6 6 1 0 .3 8 9 4 0 .3 8 8

3 5 3 .2 9 0 . 390 3 0 .3 1 7 4 0 .3 1 7 0 . 3 1 7 9

3 7 3 .2 8 0 .3 3 4 4 0 .2 6 4 4 0 . 2 6 2 9

3 9 3 .2 0 .2 9 4 6 0 .2 2 6 3 0 . 2 1 8 9

a R e f  ( 7 5 ) ;  h  R e f  (110) ; °  R e f  ( 1 0 7 ) ;  d R e f  ( i l l ) ;  6  R e f  ( 1 0 8 ) ;

f  R e f  (109)  ; 9  R e f  (112) •
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3 . 4 . 4  C a l c u l a t i o n  o f  C o m p o s i t io n  Changes Due t o  E vapora t" ion  

I n  b o t h  t h e  vo lu m e ch a n g e  a p p a r a tu s  and  t h e  v i s c o m e t e r s , l i q u i d  i s  i n  

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

e n t  c o m p o s i t i o n .  The l i q u i d  c o m p o s i t i o n  i n  t h e  e x p e r i m e n t a l  a p p a r a tu s  

d i f f e r s  s l i g h t l y  f r o m  t h e  o r i g i n a l  c o m p o s i t i o n  p r e p a r e d  e v e n  a t  298 K ,  

a n d  a s  t h e  t e m p e r a tu r e  i s  a l t e r e d  t h e  change  i n  c o m p o s i t i o n  beco m es  

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

The c h a n g e  i n  c o m p o s i t i o n  i s  c a l c u l a t e d  b y  f i n d i n g  t h e  num ber o f  m o le s  

o f  e a c h  co m p o n en t  i n  t h e  v a p o u r  p h a s e  a t  e a c h  t e m p e r a tu r e  and  s u b t r a c t 

i n g  t h i s  f r o m  t h e  num ber o f  m o le s  o f  e a c h  com ponen t  o r i g i n a l l y  p r e s e n t  

i n  t h e  l i q u i d  p h a s e .  S i n c e  t h e s e  s y s t e m s  o f  h y d r o c a r b o n s  do n o t  e x 

h i b i t  s i g n i f i c a n t  l a r g e  d e v i a t i o n s  f r o m  R a o u l t s  Law, t h e  num ber o f  

m o l e s ,  n ^ ,  o f  ea c h  co m p o n en t  i n  t h e  v a p o u r  p h a s e  i s  c a l c u l a t e d  on t h e  

b a s i s  o f  R a o u l t s  Law f r o m

x .  P .  V

" i  -  - n s * -  ( 3 -16>

w h ere  V i s  t h e  vo lu m e  o f  t h e  v a p o u r  s p a c e ,  P t h e  v a p o u r  p r e s s u r e  o f  

p u r e  i  a t  t e m p e r a tu r e  T c a l c u l a t e d  f r o m  t h e  A n t o i n e  E q u a t i o n , and

i s  t h e  m o le  f r a c t i o n  o f  i  i n  t h e  l i q u i d  o r i g i n a l l y  p r e s e n t .  The t r u e

m ole  f r a c t i o n  o f  com ponen t  1 i n  a b i n a r y  l i q u i d  m i x t u r e  i s  now g i v e n  b y

n ^ L )  -  n 2 (G)

X1 = (n (L) -  n 2 (G)) + (n 2 (L) -  n 2 (G)) (3%1?)

w h ere  n . ( L )  , n . ( G )  r e p r e s e n t  t h e  num ber o f  m o le s  o f  co m p o n en t  i  i n  t h e

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

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

t h e  a d d i t i o n a l  co m p o n en ts  p r e s e n t .  The t r u e  m o le  f r a c t i o n s  w ere  

c o m p u te d  u s i n g  a m o d i f i c a t i o n  o f  a F o r t r a n  p ro g ra m  w r i t t e n  b y  

R o b e r t s o n ^ ^ ^ ^  .
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F or t h e  vo lu m e ch a n g e  a p p a r a tu s  t h e  v a p o u r  vo lum e i s  a p p r o x i m a t e l y

3 3
0 . 8  cm com pared  t o  a v a p o u r  vo lu m e o f  30 cm i n  t h e  v i s c o m e t e r s .

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

tw o  s e t s  o f  a p p a r a tu s  i s  t h e  same on i n j e c t i n g  th e  s a m p l e , t h e  l i q u i d  

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

a b l i s h e d .  As t e m p e r a tu r e  i s  i n c r e a s e d , t h i s  d i v e r g e n c e  i n  c o m p o s i t i o n  

w i l l  becom e more m a rk e d .  F o r  e x a m p l e , f o r  t h e  n - h e x a n e  p l u s  n -h e x a d e c a n e

s y s t e m ,  t h e  m i x t u r e  w i t h  t h e  c o m p o s i t i o n  x  = 0 .5 9 9 3  b eco m es  x  = 0 .5 9 9 2
8  H

i n  t h e  vo lu m e  ch a n g e  a p p a r a tu s  and  x  = 0 .5 9 8 3  i n  t h e  v i s c o m e t e r s  whenH

e q u i l i b r i u m  h a s  b e e n  a t t a i n e d  a t  298 K. A t  378 K x„ = 0 .5 9 7 5  i n  t h e
H

vo lu m e  ch a n g e  a p p a r a tu s  and  x  = 0 .5 8 6 4  i n  t h e  v i s c o m e t e r s .ti

T h is  c o m p o s i t i o n  d i f f e r e n c e  a t  t h e  h i g h e r  t e m p e r a tu r e  m eans t h a t  t h e  

l i q u i d  d e n s i t y  i s  d i f f e r e n t  f o r  t h e  two s e t s  o f  a p p a r a tu s  e v e n  th o u g h  

t h e  t e m p e r a t u r e s  a r e  t h e  sa m e .  I n  t h e  e x a m p le  c o n s i d e r e d  a b o v e ,  t h e  

d e n s i t y  o f  t h e  l i q u i d  i n  t h e  vo lum e change  a p p a r a tu s  i s  6 6 2 .8  k g  m ^ 

and  t h e  l i q u i d  i n  t h e  v i s c o m e t e r  h a s  a d e n s i t y  o f  6 6 4 .2  k g  m ^ a t  t h i s  

t e m p e r a t u r e , a d i f f e r e n c e  o f  0 . 2  p e r c e n t .  T h is  means t h a t  b e f o r e  t h e  

d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  can b e  c a l c u l a t e d  f r o m  t h e  c o r r e s p o n d 

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

d e n s i t y  o f  t h e  m i x t u r e  i n  t h e  v i s c o m e t e r  f r o m  t h e  d e n s i t y  i n  t h e  vo lum e  

c h a n g e  a p p a r a t u s .  M i x t u r e  d e n s i t i e s  i n  t h e  v i s c o m e t e r s  w ere  i n t e r 

p o l a t e d  f r o m  ' vo lum e ch a n g e  a p p a r a tu s  d e n s i t y ' v e r s u s  ' vo lum e ch a n g e  

a p p a r a tu s  m o le  f r a c t i o n 1 . A H e w l e t t  P a c k a r d  9810 D e s k to p  C a l c u l a t o r  

was u s e d  t o  i n t e r p o l a t e  t h e s e  d e n s i t i e s  u s i n g  t h e  L a g r a n g ia n  i n t e r p o l a t 

i o n  m e th o d .
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3 . 4 . 5  D e n s i t y  R e s u l t s  f o r  M i x t u r e s

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

T a b le  3 .2 5  and  f o r  two t h r e e  co m p o n en t  n - a l k a n e  m i x t u r e s  a n d  one  f o u r  com

p o n e n t  n - a l k a n e  m i x t u r e  i n  T a b le  3 . 2 6 .  R e s u l t s  f o r  a s e r i e s  o f  b i n a r y  

b e n z e n e  p l u s  n - a l k a n e  m i x t u r e s  a r e  g i v e n  i n  T a b le s  3 .2 7  ( p l u s  n - h e x a n e ) , 

3 .2 8  ( p l u s  n - o c t a n e ) , 3 .2 9  ( p l u s  n - d e c a n e ) , 3 .3 0  ( p l u s  n - d o d e c a n e ) , an d  

3 .3 1  ( p l u s  n - h e x a d e c a n e ) . R e s u l t s  f o r  b e n z e n e  p l u s  c - h e x a n e  a r e  g i v e n  

i n  T a b le  3 . 3 2 .
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T a b le  3 .2 7

D e n s i t i e s  a n d  C o r r e c t e d  L i q u i d  C o m p o s i t io n s  f o r  t h e
B e n z e n e  p l u s  n -H exa n e  S y s t e m  a t  S a t u r a t e d  Vapour P r e s s u r e

T e m p e ra tu re
(K)

^ 0 . 5

P
( k g  m ) XB

2 8 3 .1 5 7 5 5 .4

2 8 8 .1 5 7 5 0 .6

2 9 8 .1 9 7 4 1 .0 0 .4 9 9 5

3 0 3 .2 0 7 3 6 .2

3 0 8 .2 1 7 3 1 .3

3 1 3 .2 3 7 2 6 .4 0 .4 9 9 6

3 1 8 .2 6 7 2 1 .4

3 2 3 .2 9 7 1 6 .4

3 2 8 .3 3 7 1 1 .3

3 3 3 .3 6 7 0 6 .3

3 3 8 .3 6 7 0 0 .7

3 4 3 ,3 3 6 9 5 .7

3 4 8 .3 0 6 9 0 .6

3 5 3 .2 9 6 8 5 .3 0 .4 9 9 7

3 5 8 .2 8 6 8 0 .0

3 6 3 .2 8 6 7 4 .7

3 6 8 .2 7 6 6 9 .3

3 7 3 .2 8 6 6 3 . 9a

3 9 3 .2 6 4 1 . 4a 0 .4 9 9 9 a

a E x t r a p o l a t e d .

* S u b s c r i p t  B -  b e n z e n e
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T a b le  3 .2 9

D e n s i t i e s  and  C o r r e c t e d  L i q u i d  C o m p o s i t io n s  f o r  t h e  B en ze n e
p l u s  n -D e ca n e  S y s t e m  a t  S a t u r a t e d  Vapour P r e s s u r e

T e m p e ra tu r e
(K)

x  *^  
B 0 . 5

P - 3  (k g  m ) XB

2 8 3 .1 5 7 8 0 .5

2 8 8 .1 5 7 7 6 .3

2 9 8 .1 9 7 6 8 .0 0 .4 9 9 0

3 0 3 .2 0 7 6 3 .8

3 0 8 .2 1 7 5 9 .5

3 1 3 .2 3 7 5 5 .3 0 .4 9 9 0

3 1 8 .2 6 7 5 1 .0

3 2 3 .2 9 7 4 6 .7

3 2 8 .3 3 7 4 2 .4

3 3 3 .3 6 7 3 8 .0 0 .4 9 8 8

3 3 8 .3 6 7 3 3 .7

3 4 3 .3 3 7 2 9 .3

3 5 3 .2 9 7 2 0 .2

3 5 8 .2 8 7 1 5 .8

3 6 3 .2 8 7 1 1 .3

3 6 8 .2 7 7 0 6 .8

3 7 3 .2 8 7 0 2 . 4a

3 9 3 .2 6 8 3 . 8a 0 .4 9 7 7 a

2
E x t r a p o l a t e d .

* S u b s c r i p t  B -  b e n z e n e
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T a b le  3 ,3 2

D e n s i t i e s  and  C o r r e c t e d  L i q u i d  C o m p o s i t io n s  f o r  t h e  B en ze n e
p l u s  C g c lo h e x a n e  S y s t e m  a t  S a t u r a t e d  Vapour P r e s s u r e

T e m p e ra tu r e
(K)

*
^  0 .1 9B , 'V/ 0 .8 0 x  'V' 0 .4 0  B , ^  0 .8 8 x  ^  B .60

P

(k g  m 3)
XB

p

(k g  m 3)
XB

P

( k g  m 3)
XB

2 8 3 .1 5 8 0 1 .3 8 1 9 .1 8 3 9 .0
2 8 8 .1 5 7 9 6 .6 8 1 4 .2 8 3 4 .0
2 9 8 .1 9 7 8 7 .0 0 .1 9 5 2 8 0 4 .4 0 .4 0 2 0 8 2 3 .9 0 .6 0 0 6
3 0 3 .2 0 7 9 9 .5 8 1 8 .8
3 1 3 .2 3 7 7 2 .4 0 .1 9 5 1 7 8 9 .5 0 .4 0 1 9 8 0 8 .7 0 .6 0 0 5
3 2 3 .2 9 7 6 2 .6 7 7 9 .4 7 9 8 .4
3 3 3 .3 6 7 5 2 .6 0 .1 9 5 1 7 6 9 .3 0 .4 0 1 8 7 8 8 .1 0 .6 0 0 4
3 4 3 .3 3 7 5 9 .0
3 4 8 .3 0 7 3 7 .2
3 5 3 .2 9 7 3 2 .1 0 .1 9 5 0 7 4 8 .2 0 .4 0 1 6 7 6 6 .6 0 .6 0 0 3
3 5 8 .2 8 7 2 6 .9 7 4 3 .0 7 6 1 .3
3 6 3 .2 8 7 2 1 .8 7 3 7 .7 7 5 6 .0
3 7 3 .2 8 7 1 1 .0 a 7 2 7 .Oa 7 4 5 , l a
3 9 3 .2 6 8 9 . 9 a 0 .1 9 4 5 a 7 0 5 . l a 0 .4 0 0 9 a 7 2 3 . 2a 0 .5 9 9 6 a
2 8 3 .1 5 8 6 1 .3 8 7 2 .2
2 8 8 .1 5 8 5 6 .2 8 6 7 .0
2 9 8 .1 9 8 4 5 .9 0 .7 9 5 2 8 5 6 .5 0 .8 7 8 3
3 0 3 .2 0 8 4 0 .7 8 5 1 .3
3 1 3 .2 3 8 3 0 .3 0 .7 9 5 1 8 4 0 .7 0 .8 7 8 3
3 2 3 .2 9 8 1 9 .7 8 3 0 .0
3 3 3 .3 6 8 0 9 .2 0 .7 9 5 1 8 1 9 .3 0 .8 7 8 2
3 4 3 .3 3 7 9 8 .4 8 0 8 .4
3 5 3 .2 9 7 8 7 .2 0 .7 9 5 0 7 9 8 .2 0 .8 7 8 2
3 6 3 .2 8 7 7 6 .2 7 8 7 .2
3 7 3 .2 8 7 6 5 .0 a 7 7 5 . 7a
3 9 3 .2 7 4 2 . I a 0 .7 9 4 6 a 7 5 3 . 3a 0 .8 7 7 9 a

a *E x t r a p o l a t e d  S u b s c r i p t  B -  b e n z e n e
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3 . 4 . 6  V i s c o s i t y  C o e f f i c i e n t  R e s u l t s  f o r  M i x t u r e s

K in e m a t i c  v i s c o s i t y  c o e f f i c i e n t  r e s u l t s  t o g e t h e r  w i t h  c o r r e c t e d  com

p o s i t i o n  d e n s i t i e s  and c a l c u l a t e d  d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  a r e  

p r e s e n t e d  i n  T a b le  3 .3 3  f o r  n -h e x a n e  p l u s  n - h e x a d e c a n e , T a b le  3 .3 4  

f o r  two t e r n a r y  and one  q u a r t e r n a r y  n - a l k a n e  s y s t e m s ,  T a b le  3 .3 5  f o r  

b e n z e n e  p l u s  n - h e x a n e ,  T a b le  3 .3 6  f o r  b e n z e n e  p l u s  n - o c t a n e ,  T a b le  

3 .3 7  f o r  b e n z e n e  p l u s  n - d e c a n e , T a b le  3 .3 8  f o r  b e n z e n e  p l u s  n - d o d e c a n e ,  

T a b le  3 .3 9  f o r  b e n z e n e  p l u s  n -h e x a d e c a n e  and T a b le  3 .4 0  f o r  b e n z e n e  

p l u s  c y c l o h e x a n e .

F i g u r e s  3 .9  t o  3 .1 3  p l o t  d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  v e r s u s  m o le  

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

(F ig u r e  3 . 9 ) ,  b e n z e n e  p l u s  n - o c t a n e  ( F ig u r e  3 . 1 0 ) ,  b e n z e n e  p l u s  n -  

d o d ec a n e  ( F ig u r e  3 . 1 1 ) ,  b e n z e n e  p l u s  n -h e x a d e c a n e  (F ig u r e  3 .1 2 )  and  

b e n z e n e  p l u s  c y c l o h e x a n e  (F ig u r e  3 .1 3 )  s y s t e m s .

The e s t i m a t e d  a c c u r a c y  o f  t h e  d yn a m ic  v i s c o s i t y  c o e f f i c i e n t s  i s  f_ 0 . 5  

p e r c e n t ,  e x c e p t  f o r  t h e  s y s t e m  b e n z e n e  p l u s  n - h e x a n e  a b o ve  313 K w here  

t h e  u n c e r t a i n t y  i s  l a r g e r  p o s s i b l y  i n c r e a s i n g  t o  +_ 1 p e r c e n t  a t  393 K 

and  f o r  b e n z e n e  p l u s  n - o c t a n e  and b e n z e n e  p l u s  c y c l o h e x a n e  a b o ve  353 K 

w h ere  t h e  u n c e r t a i n t y  may r i s e  p o s s i b l y  t o  + 0 . 7  p e r c e n t  a t  393 K.

H e r i c  and  B r e w e r h a v e  m e a su re d  v i s c o s i t y  c o e f f i c i e n t s  a t  2 9 8 .1 5  K 

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

a d ec a n e  s y s t e m  and t h e s e  v a l u e s  a r e  com pared  w i t h  t h e  p r e s e n t  v a l u e s  

i n  F ig u r e  3 .9  f o r  n - h e x a n e  p l u s  n - h e x a d e c a n e  and  i n  F i g u r e  3 . 1 2  f o r  

b e n z e n e  p l u s  n - h e x a d e c a n e .
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T a b le  3 .3 5

V i s c o s i t y  C o e f f i c i e n t s  f o r  t h e  B e n ze n e  p l u s  n -H exa n e  
S y s t e m  a t  S a t u r a t e d  Vapour P r e s s u r e

T e m p e ra tu r e

(K)

*
XB n / p  

/ 2(mm s  )

P

(k g  m 3)

n

(mPa s )

2 8 3 .1 5 0 .4 9 9 5 0 .5 5 5 0 7 5 5 .4 0 .4 1 9 3

2 8 8 .1 5 0 .4 9 9 5 0 .5 2 8 0 7 5 0 .6 0 .3 9 6 3

2 9 8 .1 9 0 .4 9 9 7 0 .4 8 0 6 7 4 1 .0 0 .3 5 6 1

3 1 3 .2 3 0 .4 9 9 9 0 .4 2 1 4 7 2 6 .5 0 .3 0 6 2

3 3 3 .3 6 0 .5 0 0 2 0 .3 6 0 3 7 0 6 .4 0 .2 5 4 5

3 5 3 .2 9 0 .5 0 0 7 0 .3 1 5 6 6 8 5 .5 0 .2 1 6 3

3 7 3 .2 8 0 .5 0 1 3 0 .2 7 9 6 6 6 4 .2 0 .1 8 5 7

*
S u b s c r i p t  B -  b e n z e n e
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T a b le  3 .3 7

V i s c o s i t y  C o e f f i c i e n t s  f o r  t h e  B en ze n e  p l u s

n -D e ca n e  S y s t e m  a t  S a t u r a t e d  Vapour P r e s s u r e

T e m p e r a tu r e
(K)

■kX* n / p  

(mm s  )

P

(k g  m 3)

n

(mPa s )

2 8 3 .1 5 0 .4 9 9 1 1 .0 3 6 0 7 8 0 .5 0 .8 0 8 6

2 8 8 .1 5 0 .4 9 9 1 0 .9 6 9 3 7 7 6 .3 0 .7 5 2 5

2 9 8 .1 9 0 .4 9 8 6 0 .8 5 4 4 7 6 7 .9 0 .6 5 6 1

3 1 3 .2 3 0 .4 9 8 2 0 .7 2 2 4 7 5 5 .2 0 .5 4 5 6

3 3 3 .3 6 0 .4 9 7 2 0 .5 9 4 8 7 3 7 .6 0 .4 3 8 7

3 5 3 .2 9 0 .4 9 5 6 0 .5 0 2 3 7 2 0 .0 0 .3 6 1 7

3 7 3 .2 8 0 .4 9 3 1 0 .4 3 1 9 7 0 1 .8 0 .3 0 3 1

3 9 3 .2 0 .4 8 9 5 0 .3 7 8 5 6 8 2 .9 0 .2 5 8 5

*
S u b s c r i p t  B -  b e n z e n e
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C H A P T E R  4

DENSITIES AND VISCOSITY COEFFICIENTS 

FOR THE n-HEXANE PLUS n-HEXADECANE 

SYSTEM AT ELEVATED PRESSURES

85



4 .1  INTRODUCTION

V i s c o s i t y  c o e f f i c i e n t s  a t  a tm o s p h e r ic  and  e l e v a t e d  p r e s s u r e s  w ere  

o b ta in e d  u s in g  a h ig h  p r e s s u r e  f a l l i n g  b o d y  v i s c o m e te r  a t  th e  N a t io n a l  

E n g in e e r in g  L a b o r a to r y , E a s t  K i l b r i d e ,  G lasgow . T h is  a p p a r a tu s  was 

b u i l t  an d  u s e d  b y  I s d a l e ^   ̂ f o r  th e  i n v e s t i g a t i o n  o f  th e  p r e s s u r e

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

t e m p e r a tu r e s  fro m  298 K t o  373 K up to  500 MPa p r e s s u r e .  I n  th e  v i s c o 

m e te r  th e  t e r m in a l  v e l o c i t y  o f  a h e m is p h e r ic a l l y  n o s e d  c y l i n d r i c a l  

s i n k e r  i s  m e a su re d  a s  i t  f a l l s  a x i a l l y  down th e  c e n t r e  o f  a v e r t i c a l  

c i r c u l a r  tu b e  c o n t a i n i n g  th e  l i q u i d  w hose v i s c o s i t y  c o e f f i c i e n t  i s  t o  

b e  m e a su r e d . More r e c e n t l y  th e  v i s c o m e te r  h a s  b e e n  u se d  b y  Brawn 

f o r  m e a su r e m e n ts ,  u n d er  s i m i l a r  c o n d i t i o n s  o f  te m p e r a tu r e  and  p r e s s u r e , 

o f  th e  v i s c o s i t y  c o e f f i c i e n t s  o f  n -h e x a n e  p lu s  c y c lo h e x a n e  m i x t u r e s .

He recom m ended  a num ber o f  g e n e r a l  im p ro v e m e n ts  t o  th e  d e s ig n  o f  th e  

v i s c o m e te r  a n d  th e s e  s u g g e s t i o n s , t o g e t h e r  w i th  o t h e r  m o d i f i c a t i o n s , 

h a v e  b e e n  i n c o r p o r a te d  i n  a new v i s c o m e te r  w h ich  was d e s ig n e d , b u i l t  

and t e s t e d  d u r in g  th e  p e r io d  o f  t h i s  r e s e a r c h .  D is c u s s io n  o f  th e  

new v i s c o m e te r  i s  g iv e n  i n  S e c t i o n  4 . 5 .  B ec a u se  o f  th e  l e n g t h  o f  t im e  

i n v o l v e d  t o  d e v e lo p  t h i s  new v i s c o m e te r ,  m ea su re m en ts  on th e  n -h e x a n e  

p lu s  n -h e x a d e c a n e  s y s te m  w ere  made i n  th e  o r i g i n a l  t u b e ,  b u t  w i th  a 

s i n k e r  c h o s e n  t o  s u i t  t h e  v i s c o s i t y  c o e f f i c i e n t  ra n g e  to  b e  m e a su re d . 

B e fo r e  m e a su re m e n ts  c o u ld  b e  m ade, h o w e v e r , i t  was n e c e s s a r y  to  c a l i 

b r a t e  th e  m angan in  p r e s s u r e  gauge on  s e v e r a l  o c c a s io n s  o v e r  a p e r io d  

o f  t im e  to  c h e c k  f o r  any ch a n g e  i n  gauge c h a r a c t e r i s t i c s , and to  c a l i 

b r a t e  th e  v i s c o m e te r  t u b e / s i n k e r  c o m b in a t io n  t o  c o v e r  th e  v i s c o s i t y  c o 

e f f i c i e n t  ra n g e  o f  t h e  s y s te m  s t u d i e d . The l i q u i d  d e n s i t y  u n d er  th e  

sam e e x p e r im e n ta l  c o n d i t i o n s  i s  a l s o  r e q u i r e d  to  make b u o ya n c y  c o r 

r e c t i o n s  to  th e  f a l l i n g  s i n k e r  and  im p ro v e m e n ts  h a ve  b e e n  made to  th e
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d e n s i t y  m e a su r in g  a p p a r a tu s  i n c r e a s i n g  th e  a c c u r a c y  fro m  0 .5  p e r c e n t  

t o  0 .2  p e r c e n t .  T h ese  im p ro v e m e n ts  a r e  d i s c u s s e d  i n  S e c t i o n  4 . 3 . 1 .
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4 .2  DESCRIPTION OF THE HIGH PRESSURE APPARATUS

F or th e  m ea su rem en t o f  v i s c o s i t y  c o e f f i c i e n t s  and  d e n s i t i e s  u n d e r  

e l e v a t e d  p r e s s u r e , i t  i s  e s s e n t i a l  t o  b e  a b le  to  g e n e r a te  and  m a in ta in  

s u c h  p r e s s u r e  f o r  a s u f f i c i e n t l y  lo n g  t im e  to  e n a b le  e x p e r im e n ta l  

m e a su re m en ts  t o  b e  m ade. I t  i s  a l s o  im p o r ta n t  t h a t  th e  te m p e r a tu r e  

b e  k e p t  c o n s t a n t  t o  w i t h i n  0 .0 2  K a s  b o th  d e n s i t y  and  v i s c o s i t y  c o 

e f f i c i e n t s  ch a n g e  w i th  c h a n g in g  te m p e r a tu r e .  T h is  s e c t i o n  d e a ls  w i th  

th e  c o n t r o l  and  m ea su rem en t o f  p r e s s u r e  and  te m p e r a tu r e  n e c e s s a r y  f o r  

a c c u r a te  d e t e r m in a t io n  o f  d e n s i t i e s  and  v i s c o s i t y  c o e f f i c i e n t s .

4 .2 .1  P r e s s u r e  G e n e r a tio n

The p r e s s u r i s i n g  s y s te m  i s  shown i n  F ig u r e  4 .1 .  The s y s te m  c o n s i s t e d  

o f  a Madan A ir h y d r o  Pump s u p p l i e d  b y  an a i r  l i n e , p r e s s u r e  i n t e n s i f i e r ,  

p r e s s u r e  gauge b lo c k  w i th  p r e s s u r e  r e l e a s e  v a lv e  and  a p r e s s u r e  v e s s e l  

w h ich  was e n c lo s e d  i n  an o i l  b a t h .  The p r e s s u r i s i n g  f l u i d  u s e d  was a 

m ix tu r e  o f  tw o  p a r t s  k e r o s in e  t o  on e  p a r t  T e l l u s  21 o i l .  T h is  m ix 

t u r e  p r o v id e d  a h ig h  f r e e z i n g  p r e s s u r e  f l u i d  w i th  good l u b r i c a t i n g  p r o 

p e r t i e s .  P r e s s u r e s  fro m  0 .1  MPa to  200 MPa w ere  o b ta in e d  u s in g  th e  

p r im in g  c i r c u i t .  W ith  ta p s  B and  C o p en  and  A c l o s e d , f l u i d  c o u ld  be  

t r a n s f e r r e d  t o  th e  p r e s s u r e  v e s s e l  v ia  n o n - r e tu r n  v a l v e s  D and  E.

T h ese  v a l v e s  w ere  o n ly  e f f e c t i v e  a t  p r e s s u r e s  g r e a t e r  th a n  a b o u t 20 

MPa to  30 MPa s o  f o r  p r e s s u r e s  b e lo w  t h i s  a b a c k in g  p r e s s u r e  h a d  to  b e  

m a in ta in e d  b y  th e  a i r  pump to  c o m p e n sa te  f o r  s l i g h t  le a k a g e  o f  h y d r a u l i c  

f l u i d . T h is  was s a t i s f a c t o r y  and  a f t e r  e q u i l i b r iu m  was r e a c h e d  p r e s s u r e  

c o u ld  b e  h e l d  c o n s t a n t .  I n  p r a c t i c e  t h i s  t e c h n iq u e  was u se d  f o r  p r e s s u r e s  

up t o  100 MPa. F or p r e s s u r e s  b e tw e e n  100 MPa and  200 MPa when th e  

d e s i r e d  p r e s s u r e  was r e a c h e d  ta p  A was o p en ed  v e r y  q u i c k l y  s la m m in g
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t h e  n o n - r e tu r n  v a lv e  D h o m e. F or p r e s s u r e s  a b o ve  200 MPa ta p s  B and  

C w ere  th e n  c l o s e d . W ith  A o p en  f l u i d  was pum ped i n  b e h in d  t h e  i n -  

t e n s i f i e r  p i s t o n  and when th e  p r e s s u r e  b e h in d  th e  p i s t o n  was s l i g h t l y  

g r e a t e r  th a n  t h a t  i n  f r o n t , n o n - r e tu r n  v a lv e  E o p en ed  and  h y d r a u l i c  

f l u i d  was t r a n s f e r r e d  t o  th e  gauge b lo c k  and p r e s s u r e  v e s s e l . When 

th e  d e s i r e d  p r e s s u r e  w as r e a c h e d  v a lv e  C was q u i c k l y  o p en e d  s la m m in g  

n o n - r e tu r n  v a lv e  E c l o s e d .

One s t r o k e  o f  th e  i n t e n s i f i e r  p i s t o n  g a ve  a p r e s s u r e  i n c r e a s e  o f  a b o u t  

100 MPa s o  i f  h i g h e r  p r e s s u r e s  th a n  300 MPa w ere  d e s i r e d  th e  i n t e n s i f i e r  

p i s t o n  was f i r s t  r e t u r n e d  t o  i t s  s t a r t i n g  p o s i t i o n  b y  u s in g  th e  p r im in g  

c i r c u i t  a s  p r e v i o u s l y  d e s c r ib e d  and  th e  i n t e n s i f i e r  c i r c u i t  was th e n  

u s e d  a s  b e f o r e .

4 .2 .2  P r e s s u r e  M easurem en t

V a lu e s  o f  p r e s s u r e  w ere  d e te r m in e d  b y  m e a su r in g  th e  ch a n g e  i n  r e s i s t 

a n ce  o f  a l e n g t h  o f  m anganin  w ir e  im m ersed  i n  th e  p r e s s u r i s i n g  f l u i d  

r e l a t i v e  t o  a s i m i l a r  w ir e  a t  a tm o s p h e r ic  p r e s s u r e  a t ta c h e d  t o  th e  

o u t s i d e  o f  th e  gauge b l o c k .  The w i r e s , w h ich  w ere  a b o u t  3 m e tr e s  

lo n g  w i th  a n o m in a l r e s i s t a n c e  o f  1 0 0  w ere  wound l o o s e l y  an d  non  

i n d u c t i v e l y  on  p t f e  s p o o l s .  The m anganin  c o i l  i n  th e  p r e s s u r e  l i n e  

was s u f f i c i e n t l y  f a r  fr o m  th e  c o n s ta n t  te m p e r a tu r e  b a th  f o r  i t  t o  

rem a in  c l o s e  t o  room  te m p e r a tu r e  o v e r  m o s t o f  th e  e x p e r im e n ta l  tem 

p e r a tu r e  r a n g e .  H o w ever, h e a t i n g  o f  th e  c o i l  was o b s e r v e d  a t  tem 

p e r a t u r e s  i n  e x c e s s  o f  348 K. Wang^1 1 5 * h a s  shown t h a t  th e  r e s i s t 

a n ce  o f  m angan in  w ir e  re m a in s  e f f e c t i v e l y  c o n s ta n t  w i th  i n c r e a s i n g  

t e m p e r a tu r e  up t o  323 K b u t  d e c r e a s e s  r a p i d l y  w i th  te m p e r a tu r e  a b o ve  

t h i s .  To e n a b le  t h e  te m p e r a tu r e  c o e f f i c i e n t  o f  r e s i s t a n c e  t o  b e  

e l i m i n a t e d  t h e  r e s i s t a n c e  r a t i o  te c h n iq u e  was u se d  w i th  b o th  m anganin
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c o i l s  c l o s e  en o u g h  t o g e t h e r  t o  e n s u r e  t h a t  th e y  w ere  a t  a p p r o x im a te ly  

t h e  sam e te m p e r a tu r e .  The ch a n g e  i n  r e s i s t a n c e  r a t i o  was th e n  s o l e l y  

due t o  t h e  e f f e c t  o f  p r e s s u r e  on o n e  o f  th e  c o i l s .  The r e s i s t a n c e  

r a t i o  was m e a su re d  u s in g  a R osem oun t E n g in e e r in g  Co. L td  P r e c i s io n  

C om parison  B r id g e , t y p e  VLF 51A .

B o th  th e  r e s i s t a n c e  r a t i o  o f  th e  p r e s s u r i s e d  t o  u n p r e s s u r i s e d  and un

p r e s s u r i s e d  t o  p r e s s u r i s e d  w ir e s  w ere  m ea su red  and  an a v e ra g e  v a lu e  

o b ta in e d  b y  t a k i n g  th e  r e c ip r o c a l  o f  on e  and  a d d in g  i t  t o  th e  o t h e r .

The r e c ip r o c a l  d i f f e r e d  fr o m  th e .  o t h e r  b y  b e tw e e n  0 .0 0 0  030 and  

0 .0 0 0  0 5 0 . T h is  p r o c e d u r e  was recom m ended b y  th e  m a n u fa c tu r e r s  to  

o b t a i n  maximum a c c u r a c y  fro m  th e  B r id g e .

I t  was a l s o  fo u n d  t h a t  th e  a v e r a g e d  a tm o s p h e r ic  r e s i s t a n c e  r a t i o ,  R ,o

was s u b j e c t  t o  an in c r e a s e  o f  0 .0 0 0  0 2 5 /d a y .  S in c e  R w a s  m ea su red  

b e f o r e  ea c h  ru n  t h i s  d id  n o t  c o n s t i t u t e  any s e r i o u s  p r o b le m  a s  no  

s i g n i f i c a n t  ch a n g e  o c c u r r e d  d u r in g  th e  p e r i o d  o f  a r u n .  The co n 

t i n u a l  i n c r e a s e  was th o u g h t  t o  b e  due to  th e  k e r o s i n e / o i l  e n v ir o n m e n t  

o f  on e  o f  th e  w i r e s .  B o r e n , B a b b , J r .  and  S c o t t h a v e  n o te d  a 

s i m i l a r  e f f e c t  w i th  m anganin  w ir e  im m e rse d  i n  p e tr o le u m  e t h e r .  They  

h a v e  n o te d  a d r i f t  i n  a tm o s p h e r ic  r e s i s t a n c e  o f  0 .0 0 6 5  ft i n  a p e r io d  

o f  tw o  m o n th s .

P r e s s u r e s  up t o  200 MPa c o u ld  b e  s e t  r o u g h ly  w i th  gauge 1 (F ig u r e  4 .1 )  

and  th e n  m e a su re d  a c c u r a te l y  w i th  th e  m anganin  r e s i s t a n c e  g a u g e . F or  

p r e s s u r e s  a b o ve  200 MPa th e  r e s i s t a n c e  r a t i o  was c a l c u l a t e d ,  th e  r e 

s i s t a n c e  gauge s e t ,  and  h y d r a u l i c  f l u i d  pum ped i n  t i l l  th e  d e s i r e d  

r e s i s t a n c e  r a t i o  was o b ta in e d .  Gauge 2 was u se d  to  f o l l o w  th e  t r a v e l  

o f  th e  h i g h - p r e s s u r e  p i s t o n  d u r in g  th e  g e n e r a t io n  o f  p r e s s u r e s  ab o ve
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200 MPa. When th e  p i s t o n  h a d  r e a c h e d  th e  e n d  o f  i t s  s t r o k e  th e  

p r e s s u r e  i n d i c a t e d  b y  gauge 2 i n c r e a s e d  fro m  a b o u t 10 MPa to  a p p r o x i— 

m a te ly  30 MPa.

D u r in g  e x p e r i m e n t s , a f t e r  a d e s i r e d  p r e s s u r e  was r e a c h e d ,  t e n  t o  

f i f t e e n  m in u te s  w ere  a l lo w e d  f o r  th e  s y s te m  to  r e g a in  th e r m a l e q u i l i b r iu m  

a n d  th e  tw o  r a t i o s  m e a su re d . The a v e ra g e  v a lu e  th e n  g a ve  a m ea su re  o f  

th e  p r e s s u r e .

4 . 2 . 3  P r e s s u r e  Gauge C a l ib r a t io n

The m anganin  p r e s s u r e  gauge was c a l i b r a t e d  u s in g  a B u d en b erg  Dead 

W e ig h t T e s t e r .  A f a c i l i t y  was p r o v id e d  a t  p o s i t i o n  X on th e  h ig h  

p r e s s u r e  a p p a r a tu s  ( s e e  F ig u r e  4 .1 )  f o r  a t t a c h i n g  a h ig h  p r e s s u r e  l i n e  

to  th e  B u d en b e rg  Dead W e ig h t T e s t e r  and  t h i s  l i n e  was f i l l e d  w i th  th e  

recom m ended m ix tu r e  o f  b r a k e  f l u i d  and  c a s t o r  o i l  i n  th e  r a t i o  2 :1 . 

P r e s s u r e  was g e n e r a te d  a s  d e s c r ib e d  i n  S e c t i o n  4 . 2 . 1 ,  u s in g  f i r s t  th e  

p r im in g  c i r c u i t  and  th e n  th e  i n t e n s i f i e r  c i r c u i t .

The B u d en b e rg  Dead W e ig h t T e s t e r  c o n s i s t e d  o f  a s m a l l  c l o s e  f i t t i n g  

p i s t o n  a n d  s l e e v e  a s s e m b ly  on  w h ich  w e ig h ts  w ere  h u n g  and  when th e  

p r e s s u r e  b e lo w  th e  p i s t o n  was s l i g h t l y  g r e a t e r  th a n  t h e  p r e s s u r e  due  

t o  t h e  w e ig h t  a b o v e ,  th e  p i s t o n  l i f t e d .  S lo w  le a k a g e  o f  f l u i d  b e 

tw een  t h e  p i s t o n  and  s l e e v e  c a u s e d  th e  w e ig h ts  w i th  th e  p i s t o n  to  

f a l l  s l o w l y  a g a in  an d  a t  th e  e x a c t  b a la n c e  p o i n t  a r e a d in g  o f  r e s i s t 

a n ce  r a t i o  was ta k e n .  A f u r t h e r  w e ig h t  was th e n  a d d e d , th e  f l u i d  

p r e s s u r e  i n c r e a s e d  and  th e  r e s i s t a n c e  r a t i o  ta k e n  a t  th e  b a la n c e  p o i n t .  

T h is  p r o c e d u r e  was r e p e a te d  t i l l  a s e t  o f  r e a d in g s  c o v e r in g  th e  ra n g e  

o f  p r e s s u r e  fr o m  100 MPa t o  500 MPa was o b t a i n e d . The s lo w  le a k a g e

o f  th e  c a s t o r  o i l / b r a k e  f l u i d  m ix tu r e  p a s t  th e  p i s t o n  e v e n t u a l l y  r e s u l t e d
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i n  h y d r a u l i c  f l u i d  r e a c h in g  th e  p i s t o n , a t  w h ic h  p o i n t  th e  r a t e  o f  f a l l  

o f  th e  w e ig h t s  was c o n s id e r a b ly  i n c r e a s e d  a s  th e  h y d r a u l i c  f l u i d  was 

l e s s  v i s c o u s .  I t  w as th e n  n e c e s s a r y  t o  d i s m a n t le  and  r e f i l l  t h e  l i n e  

w i th  m ore c a s t o r  o i l / b r a k e  f l u i d  m i x t u r e .  I n  g e n e r a l ,  tw o r u n s  w ere  

c o m p le te d  b e f o r e  t h i s  o c c u r r e d .  F iv e  c a l i b r a t i o n s  o f  t h e  p r e s s u r e  

gauge w ere  c a r r i e d  o u t  u s in g  th e  B u d en b erg  Dead W e ig h t T e s t e r .  Two 

c a l i b r a t i o n s  w ere  made b e f o r e  th e  d e n s i t y  m ea su re m en ts  w ere  commenced  

and  tw o a f t e r ,  w i th  t h e  f i n a l  c a l i b r a t i o n  on c o m p le t io n  o f  th e  v i s c o s i t y  

c o e f f i c i e n t  m e a s u r e m e n ts . The m ea su re m en ts  c o v e r e d  a p e r io d  o f  a b o u t  

e i g h t  m o n th s  s o  an y  ch a n g e  i n  t h e  m anganin  gauge c h a r a c t e r i s t i c s  w o u ld  

show  up a s  d i f f e r e n c e s  b e tw e e n  th e  c a l i b r a t i o n s .

The m anganin  p r e s s u r e  gauge i s  w id e ly  u se d  i n  h y d r o s t a t i c  p r e s s u r e  

s y s t e m s .  The e l e c t r i c a l  r e s i s t a n c e  o f  a c o i l  o f  m anganin  w ir e  was 

e m p lo y e d  on  a p r e s s u r e  gauge b y  B r id g m a n ^ 1 7  ̂  and  s u b s e q u e n t  i n v e s t i 

g a t i o n s ^ ^ ^  1 2 1 ) h a v e  c h a r a c t e r i s e d  th e  p r o p e r t i e s  an d  s e a s o n in g  

t e c h n iq u e s  f o r  m anganin  c o i l  p r e s s u r e  g a u g e s . I t  was fo u n d  t h a t  th e  

e l e c t r i c a l  r e s i s t a n c e  cha n g e  w i th  p r e s s u r e  was l i n e a r  t o  800 MPa.

S in c e  a s  h a s  a l r e a d y  b e e n  d i s c u s s e d  th e  te m p e r a tu r e  c o e f f i c i e n t  o f  r e 

s i s t a n c e  h a s  b e e n  e l i m i n a t e d  b y  u s in g  a r a t i o  te c h n iq u e  th e  r e s i s t a n c e  

r a t i o  r e s u l t s  w ere  f i t t e d  to  an e q u a t io n  o f  th e  fo rm

w h ere  R i s  th e  a tm o s p h e r ic  p r e s s u r e  r e s i s t a n c e  r a t i o  a n d  R th e  r e  
o p

s i s t a n c e  r a t i o  a t  p r e s s u r e , P , a n d  A and B a r e  c o n s t a n t s .

The c a l i b r a t i o n  r e s u l t s  a r e  g iv e n  i n  T a b le  4 . 1 ,  w i th  A and  B o b ta in e d  

b y  l e a s t  s q u a r e s  f i t .  I n  t h e  f i n a l  tw o co lu m n s p r e s s u r e s  w ere  c a l 

c u l a t e d  f o r  s p e c i f i c  v a lu e s  o f  t h e  r e s i s t a n c e  r a t i o  and  th e s e  show

( 4 .1 )
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t h a t  a l l  f i v e  c a l i b r a t i o n s  g i v e  p r e s s u r e s  w h ich  a g re e  t o  w i th i n  0 . 5  

p e r c e n t  o f  th e  mean o v e r  th e  p r e s s u r e  ra n g e  80 MPa to  480 MPa. I t  

was t h e r e f o r e  c o n c lu d e d  t h a t  th e  m angan in  gauge c h a r a c t e r i s t i c s  d id  

n o t  v a r y  s i g n i f i c a n t l y  w i th  t im e .  From T a b le  4 .1  i t  i s  s e e n  t h a t  

w i t h i n  t h e  a c c u r a c y  o f  m e a su re m en ts  th e  maximum d e v ia t i o n  fro m  e q u a t 

io n  ( 4 .1 )  i s  o n l y  0 .5  MPa i n  an y  on e  c a l i b r a t i o n  sh o w in g  t h a t  th e  r e 

s i s t a n c e  r a t i o  i s  in d e e d  l i n e a r l y  r e l a t e d  to  p r e s s u r e  b e tw e e n  80 MPa 

and 480 MPa. The m ain  d i f f i c u l t y  i n  th e  c a l i b r a t i o n  e x p e r im e n ts  w a s ,  

a s  a l r e a d y  m e n t io n e d ,  th e  d e p l e t i o n  o f  c a s t o r  o i l / b r a k e  f l u i d  m ix tu r e  

a l lo w in g  h y d r a u l i c  f l u i d  t o  e n t e r  th e  Dead W e ig h t T e s t e r  p i s t o n / s l e e v e  

a s s e m b ly .  C a l ib r a t i o n s  1 and 3 w ere  f r e e  fro m  t h i s  p r o b le m  and  c o 

e f f i c i e n t s  w ere  a v e r a g e d  to  g i v e  A = 4 0 3 6 8 .5 7 2  MPa and B = 4 0 3 6 8 .4 7 5  

MPa. T h ese  a v e r a g e d  A and  B v a lu e s  w ere  u s e d  to  c a l c u l a t e  a l l  e x -  

p e r im e n ta l  p r e s s u r e s  and  b a s e d  on th e  co m p a r iso n  o f  c a l i b r a t i o n  r u n s  

th e  maximum e r r o r s  i n c u r r e d  b y  t h i s  te c h n iq u e  a r e  e s t i m a t e d  to  b e  0 . 6  

MPa a t  lo w  p r e s s u r e s  (80 MPa) and 2 MPa a t  h ig h  p r e s s u r e s  (500 M Pa).

I t  was n o t  p o s s i b l e  t o  u s e  t h e  B u d en b erg  Dead W e ig h t T e s t e r  b e lo w  100 

MPa b u t  a c o m p a r iso n  b e tw e e n  p r e s s u r e s  m e a su re d  u s in g  t h e  t e s t  gauge  

and  th o s e  m e a su re d  u s in g  th e  r e s i s t a n c e  gauge show ed  t h a t  th e  c a l i b r a t 

i o n s  c o u ld  b e  l i n e a r l y  e x t r a p o l a t e d  down to  0 .1  MPa. The r e s u l t s  o f  

t h i s  c a l i b r a t i o n  a r e  show n i n  T a b le  4 .2 .

The t e s t  g a u g e , w h ic h  c o u ld  b e  r e a d  to  + _ 0 .3  MPa had  an a c c u r a c y  o f  

+_ 0 .3  MPa a s  d e te r m in e d  b y  c a l i b r a t i o n  u s in g  a d i f f e r e n t  Dead W e ig h t  

T e s t e r .  The r e s i s t a n c e  gauge was a c c u r a te  t o  b e t t e r  th a n  +_ 0 .6  MPa 

s o  w i t h i n  e x p e r im e n ta l  e r r o r  b o th  th e  t e s t  gauge and  th e  r e s i s t a n c e  

gauge g i v e  th e  sam e p r e s s u r e  r e a d in g s .
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T a b le  4 . 2

C a l ib r a t i o n  o f  M anganin P r e s s u r e  Gauge B elow  100 MPa

T e s t
gauge

p r e s s u r e

(MPa)

R e s i s ta n c e  
gauge  

p r e s s u r e

(MPa)

D i f f e r e n c e

(MPa)

0 . 1 0 . 1 0
0 . 6 0 .3 0 .3
3 .1 2 .5 0 . 6

1 5 .6 1 5 .0 0 . 6
2 2 . 2 2 1 . 6 0 . 6
2 5 .3 2 4 .7 0 . 6
3 7 .7 3 6 .9 0 . 8
4 2 .2 4 1 .8 0 .4
5 7 .6 5 7 .2 0 .4

0 . 1 0 . 1 0
5 .2 4 .6 0 . 6

1 1 . 1 1 0 . 6 0 .5
1 9 .2 1 9 .5 - 0 . 3
3 2 .1 3 2 .0 0 . 1
4 0 .9 4 0 .7 0 . 2
5 0 .7 5 0 .7 0
6 1 .8 6 1 .9 - 0 . 1
7 0 .6 7 0 .8 - 0 . 2
8 1 .7 8 2 .0 - 0 . 3

4 .2 .4  T e m p e ra tu re  M easurem en t

The te m p e r a tu r e  o f  th e  p r e s s u r e  v e s s e l  was c o n t r o l l e d  b y  im m e rs io n  i n  

a b a th  c o n t a i n i n g  M a r lo th e rm  S  h e a t i n g  o i l .  The b a th  was i n s u l a t e d  

on a l l  s i d e s  w i th  F ib r e g la s s  and  h e a t  l o s s  fro m  th e  s u r f a c e  m in im is e d  

b y  u s in g  A l p l a s  i n s u l a t i n g  s p h e r e s .

The te m p e r a tu r e  o f  t h e  b a th  f l u i d  was c o n t r o l l e d  b y  a 3 kW G ra n t I n 

s t r u m e n ts  c o n t r o l l e r  w i th  m e rc u ry  c o n ta c t  th e r m o m e te r .  A d d i t io n a l  

s t i r r i n g  (a n d  m ovem ent o f  th e  p r e s s u r e  v e s s e l  d u r in g  v i s c o s i t y  co 

e f f i c i e n t  e x p e r im e n ts )  e n s u r e d  good c i r c u l a t i o n  o f  th e  b a th  f l u i d .  

The a rra n g e m e n t i s  show n i n  F ig u r e  4 .2 .  T em p e ra tu re  c o n t r o l  was 

fo u n d  t o  b e  b e t t e r  th a n  + 0 .0 3  K o v e r  th e  w h o le  te m p e r a tu r e  r a n g e .
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T e m p e ra tu re  was m ea su re d  u s in g  a H e w le t t  P a ck a rd  2801A q u a r t z  th e rm o 

m e te r  w h ic h  h a d  a s t a t e d  a c c u r a c y  o f  + 0 .0 2  K. A c a l i b r a t i o n  c h a r t  

was p r o v id e d  w i th  th e  q u a r t z  p ro b e  and  te m p e r a tu r e s  w ere  c o r r e c t e d  

u s in g  t h i s  c h a r t .

The q u a r t z  th e r m o m e te r  v/as c h e c k e d  a t  f o u r  te m p e r a tu r e s  b y  m e a su r in g  

th e  te m p e r a tu r e  a t  a p a r t i c u l a r  p o i n t  i n  th e  b a th  w i th  b o th  th e  q u a r t z  

th e r m o m e te r  and  a N a t io n a l  P h y s ic a l  L a b o r a to r y  c a l i b r a t e d  p la t in u m  r e 

s i s t a n c e  th e r m o m e te r  c o u p le d  t o  th e  R osem oun t E n g in e e r in g  Company P re 

c i s i o n  C o m p a riso n  B r id g e .  The r e s u l t s  a r e  show n i n  T a b le  4 .3 .

T a b le  4 .3  

C a l ib r a t i o n  o f  Q u a r tz  T herm om eter

Q u a r tz
(m ea su red

te m p e r a tu r e )
(K)

C a l ib r a t io n
c o r r e c t io n

(K)

Q u a r tz
( c o r r e c t e d

te m p e r a tu r e )
(K)

P la t in u m
r e s i s t a n c e
te m p e r a tu r e

(K)

3 0 3 .0 3 9 - 0 .0 3 3 0 3 .0 1 3 0 3 .0 4

3 2 3 .8 8 0 - 0 .0 4 3 2 3 .8 4 3 2 3 .8 7

3 4 8 .4 9 0 - 0 . 0 2 3 4 8 .4 7 3 4 8 .5 0

3 7 3 .3 2 9 + 0 .03 3 7 3 .3 6 3 7 3 .3 9

The s t a t e d  a c c u r a c y  o f  th e  R osem oun t E n g in e e r in g  Company P r e c i s i o n  

C om parison  B r id g e  w i th  a r a t i o  o f  0 .2  was +_ 0 .0 0 0  0 2 0 . T h is  i s  

e q u i v a l e n t  t o  + 0 .0 2  K. The s t a t e d  a c c u r a c y  o f  t h e  p la t in u m  r e 

s i s t a n c e  th e r m o m e te r  c a l i b r a t i o n  was + _0.01  K. T h is  l e a d  t o  an 

u n c e r ta i n t y  o f  +_ 0 .0 3  K i n  th e  te m p e r a tu r e  m e a su re d  b y  th e  p la t in u m  

r e s i s t a n c e  th e r m o m e te r .  T a b le  4 .3  i l l u s t r a t e s  t h a t  m ea su re m en ts  w i th  

th e  p la t in u m  r e s i s t a n c e  th e r m o m e te r  a r e  i n  a g re e m e n t w i th  th e  q u o te d  

a c c u r a c y  o f  + 0 .0 2  K f o r  th e  q u a r t z  th e r m o m e te r .
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T h ro u g h o u t th e  v i s c o s i t y  c o e f f i c i e n t  a n d  d e n s i t y  e x p e r im e n ts  a c o n 

t i n u a l  c h e c k  on th e  r e a d in g  g iv e n  b y  th e  q u a r t z  th e rm o m e te r  a t  th e  i c e  

p o i n t  was c a r r i e d  o u t .  T h is  e n s u r e d  t h a t  th e  c a l i b r a t i o n  g iv e n  a b o ve  

re m a in e d  v a l i d .

Though b a th  te m p e r a tu r e  f l u c t u a t i o n s  o f  0 .0 3  K w ere  o b s e r v e d  d u r in g  

a ru n  c o r r e s p o n d in g  v a r i a t i o n s  i n  sa m p le  te m p e r a tu r e  w ere  much s m a l le r  

due t o  th e  v e r y  h ig h  th e r m a l i n e r t i a  o f  th e  p r e s s u r e  v e s s e l .  I t  i s  

t h e r e f o r e  e s t i m a t e d  t h a t  th e  sa m p le  te m p e r a tu r e s  q u o te d  a r e  w i th i n  

+ 0 .0 2  K o f  th e  a b s o lu t e  te m p e r a tu r e .
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4 . 3  DENSITIES

V a lu e s  o f  d e n s i t y  a t  e l e v a t e d  p r e s s u r e  a r e  r e q u i r e d  to  make b u o ya n cy  

c o r r e c t i o n s  t o  th e  f a l l i n g  s i n k e r  i n  th e  v i s c o s i t y  c o e f f i c i e n t  e x p e r i 

m e n ts .  T h is  r e q u i r e s  a s e p a r a te  e x p e r im e n t  w h ere  d e n s i t y  i s  m ea su red  

a s  a f u n c t i o n  o f  p r e s s u r e . F o r m e a su re m en ts  u n d er  p r e s s u r e  one o f  

th e  s i m p l e s t  m e th o d s  i s  t o  f i l l  a f l e x i b l e  m e ta l  b e l lo w s  w i th  a known  

m ass o f  l i q u i d  a t  a tm o s p h e r ic  p r e s s u r e  and  th e n  m ea su re  t h e  ch a n g e  i n

l e n g t h  p r o d u c e d  b y  an i n c r e a s e  i n  p r e s s u r e . D e n s i ty  a t  p r e s s u r e , p ,
P

i s  th e n  g iv e n  b y

Pp  = W p -  M L  ( 4 ' 2)o

M/p , th e  l i q u i d  m a s s , M, d i v i d e d  b y  l i q u i d  d e n s i t y  a t  a tm o s p h e r ic

v r e s s u r e , p , i s  th e  i n i t i a l  l i q u i d  vo lum e and th e  p r o d u c t  o f  b e l lo w s  o

a r e a ,  A , an d  ch a n g e  i n  l e n g th  o f  th e  b e l l o w s ,  AL, g i v e s  th e  ch a n g e  i n

vo lum e u n d e r  p r e s s u r e . T h is  i s  th e  m e th o d  em p lo y ed  i n  t h i s  w ork and

( 122 )i s  s i m i l a r  t o  t h a t  d e s c r ib e d  b y  B ridgm an . The m ass o f  l i q u i d ,

i t s  d e n s i t y  a t  a tm o s p h e r ic  p r e s s u r e , th e  b e l lo w s  a re a  and  th e  cha n g e  

i n  l e n g t h  o f  th e  b e l lo w s  w i th  i n c r e a s e  i n  p r e s s u r e  w ere a l l  m ea su red  

s e p a r a t e l y  and  v a lu e s  co m b in ed  t o  g iv e  th e  d e n s i t y  u n d e r  p a r t i c u l a r  

c o n d i t i o n s  o f  t e m p e r a tu r e  and  p r e s s u r e . A s i g n i f i c a n t  im p ro ve m en t  

i n  th e  a c c u r a c y  o f  th e  d e n s i t y  m e a su re m en ts  was made b y  im p r o v in g  th e  

m eth o d  o f  m e a su r in g  th e  ch a n g e  i n  l e n g th  o f  th e  b e l lo w s  u n d er  an 

a p p l i e d  p r e s s u r e . The m e th o d  u s e d  i s  f u l l y  d e s c r ib e d  i n  S e c t i o n  4 . 3 .1 .

4 .3 .1  E x p e r im e n ta l  M ea su rem en ts

The b e l lo w s  w ere  made b y  I s d a l e ^ 11 4  ̂ fro m  s t a i n l e s s  s t e e l .  They w ere  

14 cm lo n g  an d  2 cm i n  d ia m e te r  and h a d  a t o t a l  o f  50 c o n v o lu t i o n s .

A t  e i t h e r  e n d  o f  th e  f l e x i b l e  s e c t i o n  w ere  tw o ca p s  one o f  w h ich  h a d
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a s c r e w  w h ic h  c o u ld  b e  rem o ved  t o  a l lo w  f i l l i n g  and  th e  o t h e r  a th r e a d e d  

p o r t i o n ■ t o  e n a b le  a  r o d  to  b e  a t ta c h e d  w h ich  was u se d  to  m ea su re  th e  

cha n g e  i n  l e n g t h  o f  th e  b e l lo w s  u n d e r  an a p p l i e d  p r e s s u r e  a s  d e s c r ib e d  

l a t e r .  The b e l lo w s  c o u ld  accom m odate a r e d u c t io n  i n  l e n g t h  o f  a b o u t  

3 cm b e f o r e  d i s t o r t i n g  and  h e l d  a vo lum e o f  a p p r o x im a te ly  25 cm3 .

D e te r m in a t io n  o f  L iq u id  M ass and  I n i t i a l  Volume

The b e l lo w s  w ere  c le a n e d  w i th  A na laR  a c e to n e  and  d r i e d  b y  h a n g in g  up

s id e -d o w n  , w h i le  h e a t i n g  w i th  a b lo w e r  and ta p p in g  th e  s i d e s  t o  r e l e a s e  

a c e to n e  v a p o u r  c o n d e n s in g  a t  th e  o u t l e t .

When th e  b e l lo w s  w ere  c o m p le te ly  d r y , th e  w e ig h t  was ta k e n  im m e d ia te ly , 

a s  d r y  s t e e l  a d s o r b s  m o is tu r e  fro m  th e  a tm o sp h e re  th u s  a l t e r i n g  th e  

w e ig h t .  A f t e r  w e ig h in g ,  th e  l i q u i d  w hose d e n s i t y  was to  b e  m easured  

was i n s e r t e d  b y  s y r i n g e ,  a l lo w in g  th e  w e ig h t  o f  th e  p lu n g e r  a lo n e  to  

f o r c e  th e  l i q u i d  th r o u g h  th e  s y r i n g e  n e e d le ,  s o  r e d u c in g  th e  p o s s i 

b i l i t y  o f  a i r  b u b b le s  b e in g  tr a p p e d  on th e  b e l l o w s '  w a l l s .  The 

b e l lo w s  w ere  im m e rse d  to  th e  n e c k  i n  an u l t r a s o n i c  b a th  w h i le  f i l l i n g  

was ta k in g  p l a c e .  T h is  f r e e d  any a i r  b u b b le s  tr a p p e d  b y  th e  f i l l i n g  

p r o c e d u r e .

A f t e r  f i l l i n g ,  t h e  b e l lo w s  w ere  s e a l e d  w i th  a 'd o w ty '  s e a l  an d  w ere  

a g a in  w a sh ed  w i th  a c e to n e  and d r i e d .  The w e ig h t  was m ea su red  and th e  

d i f f e r e n c e  b e tw e e n  th e  tw o gave  th e  sa m p le  m a s s , M.

The i n i t i a l  v o lu m e , V , was o b ta in e d  fro m  th e  m ass and  th e  d e n s i t y  o f
o

th e  l i q u i d  a t  a tm o s p h e r ic  p r e s s u r e  and th e  te m p e r a tu r e  a t  w h ich  th e  

e x p e r im e n t  was to  b e  r u n .  T h is  d e n s i t y  was m ea su red  a s  d e s c r ib e d  i n  

S e c t i o n  3 .3 .
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D e te r m in a t io n  o f  B e llo w s  A rea

A 30 cm l e n g t h  o f  u n ifo r m  1 .9 3  mm b o r e  c a p i l l a r y  g la s s  t u b in g  w i th  

m a rk in g s  e t c h e d  e v e r y  1 0  cm was c a l i b r a t e d  b y  w e ig h in g  a s l u g  o f  

m e rc u ry  w h ic h  h a d  b e e n  ru n  fro m  th e  t u b in g  a f t e r  m e a su r in g  i t s  l e n g th  

i n  th e  g l a s s .  T h is  was r e p e a te d  w i th  th e  m ercu ry  i n  a d i f f e r e n t  p o r t 

io n  o f  th e  g l a s s  t o  e n s u r e  t h a t  th e  b o r e  was u n i fo r m  and  t h i s  g a ve  th e  

i n t e r n a l  vo lu m e o f  th e  tu b e  p e r  u n i t  l e n g t h , v .

The b e l lo w s  w ere  a t ta c h e d  to  th e  tu b in g  b y  means o f  f l e x i b l e  PVC h o se  

and h e l d  a s  show n i n  F ig u r e  4 .3 .  To o b ta in  a v a lu e  o f  b e l lo w s  a re a  

t h e  m ic r o m e te r  was sc r e w e d  i n  t i l l  t h e  l i q u i d  m e n is c u s  was on th e  f i r s t  

c a l i b r a t i o n  m ark i n  t h e  g la s s  t u b in g  and  a m ic r o m e te r  r e a d in g ,  R , was 

ta k e n .  The m ic r o m e te r  was th e n  s c re w e d  f u r t h e r  t i l l  th e  m e n isc u s  

r e a c h e d  th e  n e x t  m ark and  a se c o n d  r e a d in g  o f  R was ta k e n .  T h is  was 

r e p e a te d  f o r  a l l  f o u r  c a l i b r a t i o n  m arks a f t e r  w h ich  th e  l i q u i d  m e n isc u s  

was r e t u r n e d  to  th e  f i r s t  c a l i b r a t i o n  mark and th e  p r o c e d u r e  r e p e a te d  

f i v e  t im e s  t i l l  20 r e s u l t s  o f  b e l lo w s  a r e a ,  A , w ere  o b ta in e d  fro m  th e  

e q u a t io n

V ( H  -  U )

' - ( V T y -

w h ere  R i s  th e  m ic r o m e te r  r e a d in g  and  H t h e  h e i g h t  o f  t h e  l i q u i d  i n  th e

g la s s  t u b i n g  a t  m arks j  and  k .  The a v e ra g e  v a lu e  fo u n d  f o r  A was 

- 4  2(2 .2 0  -f 0 .0 3 )  x  10 m . T h is  u n c e r ta i n t y  o f  +_ 1 .5  p e r c e n t  i n  b e l lo w s

a re a  was h i g h e r  th a n  i s  d e s i r e d  a s  t h i s  a lo n e  can l e a d  t o  an u n c e r ta in t y

o f  a b o u t  0 .3  p e r c e n t  i n  d e n s i t y .  The m a jo r  s o u r c e  o f  e r r o r  was c o n s id e r e d

t o  b e  due t o  s l i g h t  m ovem ent o f  th e  f l e x i b l e  h o s e  p r o d u c in g  la r g e  ch a n g es

i n  (R, -  R ,) f o r  p a r t i c u l a r  c a l i b r a t i o n  m arks fr o m  one ru n  to  th e  n e x t ,  k  j
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The u n c e r t a i n t y  c a u s e d  b y  th e  f l e x i b l e  h o s e  c o u ld  b e  e l i m i n a t e d  b y  

u s in g  a d i f f e r e n t  m e th o d . I f  t h e  l i q u i d  e x p e l l e d  b y  th e  b e l lo w s  was 

ru n  th r o u g h  m ic r o b o r e  c a p i l l a r y  tu b in g  s t r a i g h t  i n t o  a c o n t a i n e r  on  

an a c c u r a te  b a la n c e ,  m ea su rem en t o f  th e  ch a n g e  i n  w e ig h t  p ro d u c e d  b y  

a ch a n g e  i n  l e n g t h  o f  th e  b e l lo w s  s h o u ld  p ro d u ce  a m ore a c c u r a te  v a lu e  

f o r  th e  b e l lo w s  a r e a .  H ow ever, i f  t h i s  m e th o d  was u se d  a s e p a r a te  f i l l  

w o u ld  b e  r e q u i r e d  f o r  ea c h  r u n .

A 0 .5  p e r c e n t  u n c e r t a i n t y  i n  d e n s i t y  l e a d s  to  o n ly  a 0 .1  p e r c e n t  un

c e r t a i n t y  i n  t h e  v i s c o s i t y  c o e f f i c i e n t  and  s o  i t  was d e c id e d  t o  a c c e p t

- 4  2th e  v a lu e  o f  2 .2 0  x  10 m f o r  A w h ich  a g r e e d  to  w i th i n  0 .5  p e r c e n t  

w ith  th e  v a lu e  o f  2 .2 1  x  10 ^  m^ p r e v i o u s l y  fo u n d  b y  I s d a l e f o r  

th e  sam e b e l lo w s  u s in g  a d i f f e r e n t  c a l i b r a t i o n  m e th o d .

D e te r m in a t io n  o f  Change i n  L e n g th  o f  B e llo w s  u n d er  A p p l i e d  P r e s s u r e

The m e th o d  u se d  b y  I s d a l e f o r  d e te r m in in g  th e  ch a n g e  i n  l e n g th  

o f  th e  b e l lo w s  g a ve  an e s t i m a t e d  u n c e r ta i n t y  o f  0 . 1  mm on ea ch  r e a d in g  

w h ich  l e d  t o  a c o n t r i b u t i o n  o f  +_ 0 . 2  p e r c e n t  to  th e  t o t a l  u n c e r ta i n t y  

i n  th e  c a l c u l a t e d  d e n s i t y .  T h is  u n c e r ta i n t y  a r o s e  b e c a u s e  th e  m ic r o 

m e te r  u s e d  t o  m e a su re  th e  ch a n g e  i n  l e n g t h  o f  th e  b e l lo w s  was a t ta c h e d  

t o  th e  t h e r m o s ta t  b a th  a n d  s l i g h t  m ovem ent o f  th e  p r e s s u r e  v e s s e l  w i th  

r e s p e c t  t o  t h e  m ic r o m e te r  was th u s  p o s s i b l e .  I n  o r d e r  t o  r e d u c e  t h i s  

u n c e r ta i n t y  a new te c h n iq u e  was d e v is e d  i n  c o n ju n c t io n  w i th  

B r a w n ^ ^ ^ ^  . The e x p e r im e n ta l  s e t  up i s  show n i n  F ig u r e  4 .4 .  The 

m ain a d v a n ta g e  o f  t h i s  d e s ig n  o v e r  t h a t  o f  I s d a l e w a s  t h a t  th e  

m ic r o m e te r  was f i x e d  d i r e c t l y  to  th e  AMINCO h ig h  p r e s s u r e  t u b in g  th u s  

e l i m i n a t i n g  an y  u n c e r t a i n t y  c a u s e d  b y  m ovem ent o f  th e  p r e s s u r e  v e s s e l .  

T h is  a rra n g e m e n t m in im is e d  an y  a n g u la r  e r r o r  b e tw e e n  th e  m ic r o m e te r  

and th e  f e r r i t e  t i p  a n d  th e  u se  o f  p e r s p e x  i n  th e  c o n s t r u c t i o n  o f
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F ig u r e  4 .4  A p p a r a tu s  f o r  M e a su rin g  D e n s i ty  a t
E le v a te d  P r e s s u r e .



th e  c o i l  b l o c k  a l s o  m in im is e d  th e  am ount o f  i r o n  a ro u n d  o r  c l o s e  to  

t h e  c o i l s .  A s t e e l  d o m e-h ea d ed  s c r e w  a t ta c h e d  to  th e  p e r s p e x  p r o 

v id e d  a s o l i d  s u r f a c e  on w h ich  th e  m ic r o m e te r  c o u ld  b e a r  and th e  c o i l  

b lo c k  was h e l d  t i g h t  t o  th e  AMINCO tu b in g  b y  means o f  a d j u s t a b le  s c re w s  

b e a r in g  on a c o p p e r  s h e a t h .

To m ea su re  th e  ch a n g e  i n  l e n g th  o f  th e  b e l lo w s  u n d e r  p r e s s u r e  th e  

f o l l o w i n g  p r o c e d u r e  was c a r r i e d  o u t .  A f t e r  w e ig h in g  th e  b e l l o w s , one  

en d  was s c r e w e d  t o  a r i g i d  h o u s in g  w h ich  e n s u r e d  l i n e a r  m ovem ent o f  

th e  b e l l o w s .  A l e n g t h  o f  n o n -m a g n e t ic  s t a i n l e s s  s t e e l  ro d  w i th  a 

f e r r i t e  t i p  w as s c r e w e d  i n t o  th e  f r e e  en d  o f  th e  b e l lo w s  and th e

h o u s in g  was th e n  a t ta c h e d  t o  th e  p r e s s u r e  v e s s e l  en d  cap  and  th e  en d

cap  t i g h t e n e d  to  t h e  p r e s s u r e  v e s s e l .  The f r e e  en d  o f  th e  ro d  p r o 

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

n o n -m a g n e t ic  h i g h - p r e s s u r e  AMINCO tu b in g  w h ich  was s e a l e d  a t  i t s  e x 

t r e m i t y .  The c o i l  b l o c k , c o n ta i n i n g  a p a i r  o f  c o i l s ,  c o u ld  b e  moved 

a lo n g  th e  l e n g t h  o f  th e  tu b e  and  th e s e  c o i l s  t o g e t h e r  w i th  a s e c o n d  

p a i r  o f  c o i l s  i n  an i n s u l a t e d  b o x  m o u n ted  i n  a f i x e d  p o s i t i o n  rem o te  

fro m  u n w a n ted  te m p e r a tu r e  and m a g n e tic  i n f l u e n c e s , w ere  c o n n e c te d  to  

fo rm  a b r id g e  c i r c u i t  an d  e l e c t r i c a l  c o n n e c t io n s  c o m p le te d  a t  a b r id g e  

u n i t .  The e x a c t  p o s i t i o n  o f  th e  f e r r i t e  t i p  was d e t e c t e d  b y  th e s e  

c o i l s  b y  o b s e r v in g  th e  o p e r a t io n  o f  a S c h m i t t  t r i g g e r  a s  th e  b r id g e  

c i r c u i t  was u n b a la n c e d  b y  th e  f e r r i t e  t i p  e n t e r i n g  th e  d e t e c t o r  c o i l s .

The t r i g g e r  o p e r a te d  when th e  f e r r i t e  t i p  was m idw ay b e tw e e n  th e  tw o

d e t e c t o r  c o i l s .  The b r id g e  u n i t  c i r c u i t s  a r e  shown i n  F ig u r e  4 .5 .

The b r id g e  was b a la n c e d  i n i t i a l l y  w i th  th e  d e t e c t o r  c o i l s  re m o te  fro m  

th e  i n f l u e n c e  o f  th e  f e r r i t e  t i p .  The d e t e c t o r  b lo c k  was th e n  moved  

m a n u a lly  up th e  t u b in g  t i l l  th e  c o i l s  h a d  j u s t  p a s s e d  th e  f e r r i t e  t i p .
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The m ic r o m e te r  a t t a c h e d  to  th e  t u b in g  was th e n  u se d  t o  move th e  b lo c k  

s lo w ly  down a g a in  t i l l  t h e  p o s i t i o n  o f  th e  t i p  was d e t e c t e d  b y  th e  

S c h m i t t  t r i g g e r  o p e r a t i n g .  A m ic r o m e te r  r e a d in g , R , t h e  te m p e r a tu r e  

and  th e  p r e s s u r e  w ere  r e c o r d e d .  T h is  p r o c e d u r e  was c a r r i e d  o u t  t i l l  

t h r e e  c o n s e c u t i v e  m ic r o m e te r  r e a d in g s  a g r e e d  to  w i t h i n  + 0 .0 0 5  mm. 

P r e s s u r e  w as th e n  a p p l i e d  and  th e  s y s te m  l e f t  f o r  te n  m in u te s  to  r e 

g a in  th e r m a l e q u i l i b r i u m .  The b r id g e  was th e n  r e b a la n c e d  a n d  a 

f u r t h e r  s e t  o f  r e a d in g s  ta k e n .  T h is  was c o n t in u e d  t i l l  a l l  th e  d e 

s i r e d  p o i n t s  a lo n g  t h e  i s o th e r m  h a d  b e e n  m e a su re d . (R -  R ) ,  w here
o p

R i s  th e  m ic r o m e te r  r e a d in g  a t  a tm o s p h e r ic  p r e s s u r e  and  R th e  r e a d -  
o p

i n g  a t  p r e s s u r e  P , th e n  g a ve  a m ea su re  o f  th e  change i n  l e n g t h  o f  th e  

b e l l o w s .  P r e s s u r e  and  te m p e r a tu r e  w ere  m ea su red  u s in g  a m anganin  

w ir e  r e s i s t a n c e  gauge and  a H e w le t t  P a ck a rd  th e rm o m e te r  a s  p r e v io u s l y  

d e s c r ib e d .

F r e e z in g  o f  t h e  l i q u i d  sa m p le  i n  t h e  b e l lo w s  was d e t e c t e d  b y  i n c r e a s i n g

v a lu e s  o f  (R -  R ) a f t e r  th e r m a l e q u i l i b r iu m  s h o u ld  h a ve  b e e n  r e a c h e d ,  
o p

When t h i s  s i t u a t i o n  h a d  b e e n  d e t e c t e d , th e  p r e s s u r e  was r e d u c e d  to  r e 

v e r s e  th e  f r e e z i n g  p r o c e s s  th u s  a v o id in g  p o s s i b l e  damage to  th e  b e l l o w s . 

A g r a d u a l d e c r e a s e  i n  p r e s s u r e  was a l s o  o b s e r v e d  a s  th e  b e l lo w s  co n 

t r a c t e d  u n d e r  f r e e z i n g .

4 . 3 .2  C a l ib r a t i o n  o f  th e  D e n s i ty  A p p a r a tu s  

A b s o lu te  M ea su rem en t o f  D e n s i ty

The e q u a t io n  u s e d  t o  c a l c u l a t e  d e n s i t y  u n d er  p r e s s u r e , p w h ich  was 

g iv e n  e a r l i e r  a s  e q u a t io n  ( 4 .2 )  i s

M
PP ”  M/p -  AhLO
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w here A i s  th e  b e l lo w s  a r e a ,  M th e  l i q u i d  m a ss ,  p th e  d e n s i t y  a t

a tm o s p h e r ic  p r e s s u r e  and  AL t h e  m e a su re d  change i n  l e n g t h .  B o th  A

and  AL a r e  p r e s s u r e  d e p e n d e n t  b e c a u s e  o f  th e  e f f e c t  o f  p r e s s u r e  on th e

v a r io u s  c o m p o n e n ts . A l lo w in g  f o r  th e  c o m p re s s io n  o f  s t e e l ,  th e

b e l lo w s  a re a  i s  now g iv e n  b y  A = A (1 -  2clP) w here  A i s  th e  b e l lo w s
P o o

a re a  a t  a tm o s p h e r ic  p r e s s u r e ,  A ^  i s  th e  b e l lo w s  a r e a  a t  p r e s s u r e ,  P ,

and cl i s  th e  l i n e a r  c o e f f i c i e n t  o f  c o m p r e s s i b i l i t y . AL w h ich  was

m e a su red  a s  (R -  R ) i s  c o r r e c t l y  g iv e n  b y  (R -  R ) -  
o p  r  o p

{ l  -  1 (1 -  clP )}  -  kP  w h ere  1 i s  th e  i n i t i a l  l e n g th  o f  th e  ro d  b e -  o o  o

tw een  th e  b e l lo w s  and  th e  f e r r i t e  t i p  a n d  R , R , cl and  P d e f i n e d  a s
o P

a b o v e .

T h is  e q u a t io n  a r i s e s  fr o m  th e  f a c t  t h a t  u n d er  an a p p l i e d  p r e s s u r e  th e  

ro d  c o n t r a c t s  w h i le  th e  h ig h  p r e s s u r e  AMINCO tu b in g  e x p a n d s .

(R -  R ) -  {1 -  1 (1 -  clP ) }  g iv e s  th e  ch a n g e  i n  l e n g th  o f  th e  s t e e l
o p  o o

co m p o n en ts  a n d  kP  g i v e s  a m ea su re  o f  th e  e f f e c t  o f  th e  p r e s s u r i s i n g  

f l u i d  on  th e  h i g h - p r e s s u r e  tu b in g  to  w h ich  th e  m ic r o m e te r  i s  a t ta c h e d ,  

k  i s  c a l c u l a t e d  fro m

* -----------f - i ---------5 -  ( 4 .4 )
E ( r 2 -  r 2  ;

w h ere  L i s  th e  l e n g t h  fro m  p r e s s u r e  v e s s e l  ca p  to  m ic r o m e te r , E i s  
P

Y o u n g 's  m o d u lu s , r  i s  th e  o u t s i d e  p ip e  d ia m e te r  and r 2 t h e  i n s i d e  

d ia m e te r .

The f u l l  e q u a t io n  u se d  t o  c a l c u l a t e  d e n s i t y  i s

_ __________________  M_________________________________________
Pp  M/p ^~A J7r  ~ R ) -  k P ( l  -  2aP) ~ c l P { 2  (R -  R ) + 1 (1 -  2 c l P )  } ]  

o o o p  o p  v

( 4 . 5 )
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V a lu e s  a s s ig n e d  t o  th e  c o n s t a n t s  1 , a  a n d  k  w ere  0 .4  m , 2 x  1 0 ~ 12o
2 - 1  , ,  , - 1 4  3 -1

m N a n d  6 .7 7 3  x  10 m N r e s p e c t i v e l y . A t  500 MPa 1 -  1
o o

- 3
(1 — ciP) — 0 .4  x  10 m. The new v a lu e  o f  AhL a t  500 MPa r e d u c e s  

th e  d e n s i t y  b y  0 .4  p e r c e n t  s o  u n l e s s  c o m p re s s io n  o f  s t e e l  u n d e r  p r e s s 

u re  i s  c o n s id e r e d  d e n s i t y  w i l l  b e  o u t  b y  0 .4  p e r c e n t  a t  t h e  h i g h e s t  

p r e s s u r e  ( a t  lo w  p r e s s u r e s  th e  c o r r e c t io n s  w i l l  b e  n e g l i g i b l e ) .

In  p r i n c i p l e , i t  s h o u ld  t h e r e f o r e  b e  p o s s i b l e  t o  m ea su re  d e n s i t y  

a b s o l u t e l y .  D i s t i l l e d  w a te r , f o r  w h ic h  a c c u r a te  d e n s i t y  d a ta * 1 2 4 ' 1 2 5 * 

a r e  a v a i l a b l e  w i th i n  th e  p r e s e n t  p r e s s u r e  a n d  te m p e r a tu r e  r a n g e , was 

u se d  t o  c h e c k  th e  a c c u r a c y  o f  e q u a t io n  ( 4 .5 )  i n  c a l c u l a t i n g  d e n s i t y .

The r e s u l t s  a r e  show n i n  T a b le  4 .4 .

I t  was fo u n d  t h a t  w a te r  d e n s i t i e s  c a l c u l a t e d  u s in g  e q u a t io n  (4 .5 )

d i f f e r e d  fr o m  th e  l i t e r a t u r e  d a ta  b y  up to  0 .8  p e r c e n t  a t  500 MPa and

t h a t  t h e r e  was a s y s t e m a t i c  t r e n d  i n  a l l  c a s e s  to w a rd s  n e g a t i v e  d e v i a t 

io n  to  a maximum o f  0 .8  p e r c e n t  a t  th e  h i g h e s t  p r e s s u r e . T h is  s u g g e s te d  

some o t h e r  e f f e c t  w i th  p r e s s u r e  w hose o r i g i n  was u n kn o m i. A p o s s i b l e  

e x p la n a t io n  was t h a t  t h e  r e d u c t i o n  i n  1 w i th  p r e s s u r e  was o f f s e t  b y  

m ovem ent o f  th e  w h o le  a s s e m b ly  i n  th e  o p p o s i t e  d i r e c t i o n .  T h is  i s  

n o t  u n l i k e l y  a s  th e  b e l l o w s , c a g e ,  r o d  an d  p r e s s u r e  v e s s e l  e n d  cap  

a r e  s c r e w e d  t o g e t h e r , m ovem ent a t  th e  s c r e w  h o l e s  b e in g  p o s s i b l e  on 

a p p ly in g  p r e s s u r e . A s i m i l a r  e f f e c t  h a s  b e e n  r e p o r t e d  b y  S c a i f e ,  V i j  

L yo n s an d  R u t t l e ^ 2^  who fo u n d  u n e x p e c te d  te m p e r a tu r e  a n d  p r e s s u r e  

e f f e c t s  w h ic h  made t h e i r  b e l lo w s  a re a  e f f e c t i v e l y  c o n s ta n t  f o r  d i f f e r 

e n t  te m p e r a tu r e s  a n d  p r e s s u r e s .

From th e  c o m p a r iso n  o f  e x p e r im e n ta l  and  l i t e r a t u r e  w a te r  d a ta ,  i t  

seem s t h a t  d e n s i t y  c a n n o t b e  m ea su re d  a b s o l u t e l y  t o  a g r e a t e r  a c c u ra c y

106



C
om

pa
ri

so
n 

of 
E

xp
er

im
en

ta
l 

W
at

er
 

D
en

si
ti

es
 

w
ith

 
R

ef
er

en
ce

s 
(1

24
)*

an
d 

(1
25

)*
 

U
si

ng
 

E
qu

at
io

n 
(4

.5
)

0) <D O 
q

+j qj
q M
O
<D ’H Oh 3̂

'■S tX O O O n t x  VO
'sj* VO t x

O+ 01 0  o1 I 01 01 o>I 01

°o 
+j i 
•H IVlq On

r~H rx tx 00 CO VO CM• • • • • • • •

On Co VO tx VO M
IX 00 On IX O CM
ON O n on o O O M

M M

5s
CL)

&
&J

CM CO o M VO O CM tx
• • • • • • • •

on fO VO CO rH VO
cx 00 on "O' tx O n CS
on on on O o O o

0) QJ
tn O 
QJ q  ■u Q)
q
Q) ,<D O *s »h *HQ) *H Oh tS

Co CM VO CM on vo
o o o r H cm •vr vo vo

o o o O O O O o

Si n̂ 
•H ' 6

q Cn 
A!a

Js
3 vo oo ON 00 00 CM CO

•u • • • • • • •
QJ t x CO CM vo cv CM
h 00 ON o CM VO 00 Q CO
CD On on o O O o M r H
4J

3

M M

’5sQ)&
fcl

OV cv vo vo o vo CTi VO

tx CO CO C \ CM ■V*
00 ov o CM vo tx O CM

oo o o o oCS

& <D
QJ q M o vo 'cj- ov a> CM
■U CD o o o CM VO t x
q Js • • • • • • • •
CD .V o CO o o o o o O
0
Js
CD

Q h ' S

+ 1 i 1 1 1 i 1

3 n co  
I*H S

§
a

VO CT> 00
• • • • • • • •

CS vo 00 IX CM tx O
o o M CO tx o cm VO
o o O o O M

M M

•Hu
CD&fci

tx 00 00 o vo vo O n
• • • • • • • •

vo tx vo CO vo O CS
O o Co vo On Cm ■vj>
O o o o o o M

•*s CS <~s M

CDU
3  - n  W 03
(0 Oh
QJ 5  q v—
Oh

o
CM

OVO OO OOCM
ooCo

oo ooVO

QJI
oo
VO

ooM

CM

Q)
0q
8

»8
CD05
03
q
QJ

QJ

OU0

I
o

VO
CM

0qQjJs
<8

107



th a n  0 . 8  p e r c e n t  w i t h o u t  a m a jo r  im p r o v e m e n t  i n  r i g i d i t y .

C a l ib r a t i o n  u s in g  L i t e r a t u r e  W a ter  D ata  a t  E le v a te d  P re s s u r e

I f  th e  a p p a r a tu s  i s  c a l i b r a t e d  u s in g  a l i t e r a t u r e  v a lu e  f o r  th e  d en 

s i t y  o f  w a te r  a t  a p a r t i c u l a r  te m p e r a tu r e  and  p r e s s u r e  a b e t t e r  f i t  

can b e  o b t a i n e d .

E q u a tio n  ( 4 .5 )  was a p p r o x im a te d  b y

= _________ M________________
Pp  M/p -  A (R -  R ) + BP ( 4 ' 6)

o o o p

By i n t r o d u c i n g  th e  te r m  BP any u n c e r ta i n t y  i n  th e  v a lu e  o f  A i s
o

e l i m i n a t e d  s i n c e  th e  c o n s ta n t  B a l lo w s  f o r  t h e  c o n s ta n t  A b e in g
o

s l i g h t l y  o u t .  B was c a l c u l a t e d  a s  th e  num ber n e c e s s a r y  to  g iv e  an

e x a c t  f i t  w i th  l i t e r a t u r e  d a t a a t  2 9 8 .1 5  K and  500 MPa, and

-1 7  5 - 1fo u n d  to  h a v e  a v a lu e  o f  7 .7 6 8  x  10 m N E x p e r im e n ta l  d e n s i t y

r e s u l t s  f o r  w a te r  a t  th e  o t h e r  te m p e r a tu r e s  and  p r e s s u r e s  o f  m e a su re 

m ent w ere  r e c a l c u l a t e d  on t h e  b a s i s  o f  t h i s  e q u a t io n ,  a n d  a co m p a riso n  

w ith  l i t e r a t u r e  v a lu e s  i s  g iv e n  i n  T a b le  4 .5 .  A t  p r e s s u r e s  a b o ve  100 

MPa, o n ly  tw o r e s u l t s  d e v ia t e  b y  more th a n  0 .0 5  p e r c e n t  and  c o n s i d e r a t 

io n  o f  a l l  t h e  r e s u l t s  show s t h a t  t h e  f i t  i s  b e t t e r  th a n  + _0.15  p e r c e n t .

4 . 3 . 3  A c c u ra c y  o f  D e n s i ty  M ea su rem en ts

The a c c u r a c y  t o  w h ich  d e n s i t y  can  b e  m e a su re d  d e p e n d s  on th e  sum  o f  

t h e  u n c e r t a i n t i e s  o f  t h e  v a r io u s  m e a su re m en ts  m ade. T h ese  u n c e r ta in 

t i e s  a r e  i n  t h e  m ic r o m e te r  r e a d in g ,  b e l lo w s  a r e a ,  l i q u i d  m a ss , a tm o s

p h e r i c  d e n s i t y , te m p e r a tu r e  an d  p r e s s u r e .  An e s t i m a t e  o f  th e  v a r io u s  

c o n t r i b u t i o n s  t o  t h e  co m b in ed  u n c e r ta i n t y  i n  a d e n s i t y  i s  a s  f o l l o w s .
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The m ic r o m e te r  c o u ld  b e  r e a d  + 0 .0 0 2  mm, b u t  s id e w a y s  m ovem ent o f  th e  

c o i l  b l o c k  l e d  t o  an u n c e r ta i n t y  o f  + 0 .0 0 5  mm. A dded  t o  t h i s  th e  

m ic r o m e te r  a n d  th e  tu b in g  to  w h ich  i t  was a t ta c h e d  w ere  n o t  e x a c t l y  

p a r a l l e l .  E x p e r im e n t  show ed  th e  d e v i a t i o n  t o  b e  l e s s  th a n  + 1 °  l e a d 

i n g  to  an u n c e r t a i n t y  o f  0 .0 1  mm a t  th e  maximum p r e s s u r e  o f  500 MPa.

T h is  u n c e r t a i n t y  w i l l ,  o f  c o u r s e , b e  n e g l i g i b l e  a t  lo w  p r e s s u r e s .

The m a jo r  s o u r c e  o f  u n c e r ta i n t y  i n  th e  m ic r o m e te r  r e a d in g  was a d r i f t  

o f  th e  b a la n c e  p o i n t  o f  th e  b r id g e  c i r c u i t  c a u s in g  th e  t r i g g e r  t o  

o p e r a te  a t  d i f f e r e n t  p o i n t s  on t h e  f e r r i t e  t i p .  I t  was fo u n d  t h a t  

t h e  m ic r o m e te r  r e a d in g  a t  th e  t r i g g e r i n g  p o i n t  a f t e r  r e b a la n c in g  was 

i n  some c a s e s  d i f f e r e n t  b y  0 .0 5  mm, b u t  i n  95 p e r c e n t  o f  th e  m e a su re 

m e n ts  th e  d i f f e r e n c e  was o n ly  0 .0 2  mm. The u n c e r ta i n t y  was k e p t  to  

t h i s  b y  r e b a la n c in g  th e  b r id g e  a f t e r  ea ch  p r e s s u r e  i n c r e a s e .  The 

a v e ra g e  u n c e r ta i n t y  on a m ic r o m e te r  r e a d in g  was t h e r e f o r e  +_ 0 .0 3  mm

le a d in g  t o  an u n c e r ta i n t y  o f  + 0 .0 6  mm i n  (R -  R ) .  T y p ic a l  v a lu e s
— o p

o f  (R -  R ) w ere  1 .9 1  mm an d  2 0 .7 8  mm a t  100 MPa and  500 MPa r e s p e c t -  o p

i v e l y .  The u n c e r ta i n t y  was th u s  3 p e r c e n t  a t  100 MPa and 0 .3  p e r c e n t  

a t  500 MPa l e a d i n g  t o  an u n c e r ta i n t y  i n  d e n s i t y  o f  th e  o r d e r  o f  0 .0 5  

t o  0 .0 0 5  p e r c e n t  i n  th e  ra n g e  100 MPa to  500 MPa. As p r e v io u s l y  

s t a t e d  th e  u n c e r t a i n t y  i n  b e l lo w s  a re a  was e s t i m a t e d  t o  b e  +_ 1 .5  p e r 

c e n t  l e a d i n g  to  an u n c e r ta i n t y  o f  + _ 0 .3  p e r c e n t  i n  d e n s i t y  i f  d e n s i t y  

was m ea su re d  a b s o l u t e l y .  H o w ever, b y  u s in g  e q u a t io n  (4 .6 )  and  c a l i 

b r a t i n g  th e  b e l lo w s  w i th  w a te r  t h i s  u n c e r ta i n t y  was e l i m i n a t e d  r e l a t i v e  

t o  th e  a b s o l u t e  e r r o r  i n  th e  c a l i b r a t i o n  d a ta .  The l i q u i d  m ass c o u ld  

b e  m ea su re d  t o  + 0 . 0 0 0 2  g  b u t  b e c a u s e  o f  p o s s i b l e  a d s o r p t io n  o f  a tm o s

p h e r i c  m o i s t u r e , a b e t t e r  e s t i m a t e  was +_ 0 . 0 0 1  g  p r o d u c in g  an u n c e r 

t a i n t y  o f  + 0 .0 0 6  p e r c e n t  i n  d e n s i t y .  The a tm o s p h e r ic  d e n s i t i e s  

m ea su red  a s  d e s c r ib e d  i n  S e c t i o n  3 .3  w ere  a c c u r a te  t o  w i t h i n  +_ 0 .0 5  p e r 

c e n t .  The te m p e r a tu r e  was e s t i m a t e d  to  b e  a c c u r a te  t o  +_ 0 .0 2  K g i v i n g
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an u n c e r t a i n t y  o f  +_ 0 .0 0 0 5  p e r c e n t  i n  d e n s i t y .  The p r e s s u r e  was 

e s t i m a t e d  to  b e  a c c u r a te  t o  + _ 0 .7  p e r c e n t  l e a d in g  to  an u n c e r ta i n t y  o f  

+ 0 .0 4  p e r c e n t  i n  d e n s i t y .

S in c e  th e  e r r o r  i n  th e  b e l lo w s  a re a  w as e f f e c t i v e l y  e l i m i n a t e d  u s in g

e q u a t io n  (4 .6 )  t h e  e r r o r  i n  d e n s i t y  fr o m  th e  o t h e r  s o u r c e s  m e n tio n e d

s h o u ld  b e  l e s s  th a n  + _0 .15  p e r c e n t .  T h is  i s  i n  good a g re e m e n t w i th

th e  f i t  o b ta in e d  f o r  w a te r  show n i n  T a b le  4 .5  u s in g  l i t e r a t u r e  w a te r  

(1 2 4 ,1 2 5 )
d a ta  '  w h ich  was e s t i m a t e d  to  b e  a c c u r a te  t o  +_ 0 . 0 2  p e r c e n t .

The sum  o f  th e  e s t i m a t e d  e x p e r im e n ta l  u n c e r ta i n t y  and  th e  u n c e r ta i n t y  

o f  0 . 0 2  p e r c e n t  i n  th e  r e f e r e n c e  d a ta  l e a d s  to  an e x p e c te d  a c c u r a c y  o f  

b e t t e r  th a n  + 0 .2  p e r c e n t  f o r  d e n s i t y  c a l c u l a t e d  u s in g  e q u a t io n  ( 4 . 6 ) .  

M ea su rem en ts  f o r  o t h e r  l i q u i d s  and  a co m p a riso n  w i th  l i t e r a t u r e  d a ta  

i s  g iv e n  i n  S e c t i o n s  4 .6 .1  and  4 . 6 . 2 .
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4 .4  VISCOSITY COEFFICIENTS

A f a l l i n g  b o d y  v i s c o m e te r  was u se d  t o  m ea su re  v i s c o s i t y  c o e f f i c i e n t s  

a t  a tm o s p h e r ic  and  e l e v a t e d  p r e s s u r e .  I n  th e  v i s c o m e te r  th e  te r m in a l  

v e l o c i t y  o f  a s e l f  c e n t e r i n g  s i n k e r  was m e a su red  a s  i t  f e l l  a x i a l l y  

down th e  c e n t r e  o f  a v e r t i c a l  c i r c u l a r  tu b e  c o n t a i n i n g  th e  l i q u i d  w hose  

v i s c o s i t y  c o e f f i c i e n t s  w ere  b e in g  m e a su re d . The s i n k e r  and  th e  tu b e  

w ere  made fro m  th e  same n o n -m a g n e t ic  En 58 J  s t a i n l e s s  s t e e l  th u s  m in i 

m is in g  c o m p r e s s i b i l i t y  and  th e r m a l  e x p a n s io n  e f f e c t s .  The s i n k e r  h a d  

a s m a l l  c y l i n d e r  o f  f e r r i t e  em bedded  i n  th e  c o r e  and  i t s  p o s i t i o n  was 

d e t e c t e d  b y  th e  ch a n g e  i n  in d u c ta n c e  i t  c a u s e d  a s  i t  p a s s e d  th ro u g h  

tw o p a i r s  o f  c o i l s  wound on  th e  o u t s i d e  o f  th e  t u b e .  P r e s s u r e  was 

t r a n s m i t t e d  t o  th e  l i q u i d  b y  f l e x i b l e  m e ta l  b e l lo w s  a t ta c h e d  to  one  

en d  o f  th e  t u b e .

I n  th e  c o u r s e  o f  o p e r a t io n  c e r t a i n  p r a c t i c a l  p ro b le m s  p r e v i o u s l y  e x 

p e r ie n c e d  b y  B raw n(123)  becam e a p p a r e n t .  I t  was a l s o  o b v io u s  t h a t  

t h e  b e l lo w s  u s e d  gave  a l i m i t  on th e  p r e s s u r e  ra n g e  t h a t  c o u ld  b e  

c o v e r e d  w i th  m ore c o m p r e s s ib le  l i q u i d s .  T h e r e fo r e ,  a new v i s c o m e te r  

was d e s ig n e d  a n d  b u i l t  t o  o verco m e th e s e  s h o r tc o m in g s  and  t h i s  i s  d e s 

c r ib e d  f u l l y  i n  S e c t i o n  4 .5 .  B ec a u se  o f  th e  t im e  ta k e n  t o  h a ve  t h i s  

new v i s c o m e te r  m a n u fa c tu r e d  m e a su re m en ts  on th e  n -h e x a n e  p lu s  n - h e x -  

a d eca n e  s y s t e m  w ere  made u s in g  th e  o l d  v i s c o m e te r  tu b e  b u t  w i th  a 

d i f f e r e n t  s i n k e r  t o  c o v e r  th e  v i s c o s i t y  c o e f f i c i e n t  ra n g e  o f  th e  ch o se n  

s y s te m .  A b r i e f  d e s c r i p t i o n  o f  t h i s  v i s c o m e te r  i s  g iv e n  i n  th e  

f o l l o w i n g  s e c t i o n .
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4 . 4 . 1  V i s c o m e t e r  D e s c r i p t i o n

The h ig h  p r e s s u r e  v i s c o m e t e r  c o n s i s t e d  o f  f o u r  m ain  co m p o n en ts  -  th e  

v is c o m e te r  t u b e , v i s c o m e te r  e n d  c a p , b e l lo w s  and  s i n k e r .  A s e c t i o n  

th ro u g h  th e  v i s c o m e t e r  i s  show n i n  F ig u r e  4 .6 .  The v i s c o m e te r  tu b e  

was a p p r o x im a te ly  23 cm i n  l e n g t h  w i th  an e x t e r n a l  d ia m e te r  o f  24 mm 

and an i n t e r n a l  d ia m e te r  o f  7 .6 4 5  mm. The i n t e r n a l  d ia m e te r  o f  th e  

tu b e  was c o n s t a n t  t o  w i t h i n  + 0 .0 0 5  mm and  d e v ia t e d  fr o m  c i r c u l a r i t y  

b y  l e s s  th a n  0 .0 0 5  mm.

The d e t e c t o r  c o i l s  e a c h  c o n s i s t e d  o f  a p p r o x im a te ly  550 tu r n s  o f  44 SWG 

i n s u l a t e d  c o p p e r  w ir e  w i th  a n o m in a l r e s i s t a n c e  o f  80 ohm s. They w ere  

trim m ed to  t h e  sam e i n d u c ta n c e  w i t h i n  0 .2  mH and  t o  th e  sam e r e s i s t a n c e  

w i th in  0 .5  o h m s. The e n d s  w ere  s o ld e r e d  to  i n d i v i d u a l  p o i n t s  on a 

c o l l a r  a t t a c h e d  t o  a n a rro w  s e c t i o n  o f  t h e  v i s c o m e te r  tu b e  and  c o n n e c t 

in g  w ir e s  fr o m  t h i s  c o l l a r  w ere  l e d  a lo n g  a x i a l  g r o o v e s  t o  a p in  c o n 

n e c to r  a t  th e  e n d  o f  t h e  b e l lo w s  s u p p o r t  c a g e . The v i s c o m e te r  en d  

cap was s c r e w e d  t o  o n e  e n d  o f  th e  v i s c o m e te r  tu b e  and  s e a l i n g  e f f e c t e d  

by 0 . 1  mm t h i c k  c o p p e r  w a s h e r s  w h ich  w ere  t i g h t l y  c la m p ed  i n  a r e c e s s  

in  th e  e n d  ca p  b y  r a i s e d  s e c t i o n s  o f  th e  v i s c o m e te r  t u b e .

The p r e s s u r e  t r a n s m i t t i n g  b e l lo w s  w ere  o f  0 .1  mm s t a i n l e s s  s t e e l  seam 

l e s s  t u b in g  w i th  1 2  c o n v o lu t i o n s  an d  f u l l y  c o m p re sse d  th e y  c o u ld  e x p e l  

25 p e r c e n t  o f  t h e  t o t a l  sa m p le  v o lu m e . S e a l i n g  b e tw e e n  th e  b e l lo w s  

and v i s c o m e te r  tu b e  was e f f e c t e d  w i th  c o p p e r  w a sh e rs  i n  th e  same way 

as b e tw e e n  t h e  tu b e  a n d  e n d  c a p . The r e l a t i v e  am ount o f  l i q u i d  e x 

p e l l e d  b y  t h e  b e l lo w s  c o u ld  b e  i n c r e a s e d  b y  d e c r e a s in g  t h e  l i q u i d  vo lum e  

w ith  th e  a d d i t i o n  o f  s o l i d  f i l l e r s , on e  i n  th e  b e l lo w s  and th e  o t h e r  i n  

th e  v i s c o m e te r  tu b e  r e m o te  fr o m  th e  m e a su r in g  s e c t i o n .  D u r in g  e x p e r i 

m ents th e  f i l l e r  i n  t h e  b e l lo w s  s e c t i o n  g a ve  an i n d i c a t i o n  o f  th e
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s t a t e  o f  c o m p r e s s io n  o f  th e  b e l lo w s  a s , when f u l l y  c o m p re s s e d , th e  

f i l l e r  r o d  p r e v e n te d  t h e  s i n k e r  fr o m  l e a v i n g  th e  b o t to m  p a i r  o f  d e 

t e c t o r  c o i l s . L in e a r  d e fo r m a t io n  o f  t h e  b e l lo w s  was e n s u r e d  b y  a 

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

o f  th e  p r e s s u r i s i n g  f l u i d . A p i n / s o c k e t  c o n n e c to r  b e tw e e n  th e  b e l lo w s  

s u p p o r t  ca g e  a n d  th e  p r e s s u r e  v e s s e l  en d  ca p  p r o v id e d  f o r  e l e c t r i c a l  

c o n n e c t io n s  t o  t h e  v i s c o m e t e r  b r id g e  u n i t  and  a l s o  a l lo w e d  th e  v i s c o -  

m t e r  t o  b e  h e l d  t o  t h e  p r e s s u r e  v e s s e l  e n d  cap  a s  show n i n  F ig u r e  4 .7 .

Bellows

S crew
Polyurethane 

Seal

Pressure Vessel 
End Cap

Bellows Support 
Cage

Viscometer Wiring

Electrical
Connections

Figure 4-7 Pressure Vessel End Cap.
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The s i n k e r  w as 14  mm lo n g  a n d  7 .5 4 9  mm i n  d ia m e te r  l e a v i n g  an a n n u lu s  

o f  0 .0 4 8  mm b e tw e e n  t h e  tu b e  an d  th e  s i n k e r .  The d ia m e te r  o f  th e  s i n k e r  

was c o n s ta n t  t o  w i t h i n  +_ 0 .0 0 5  mm and d e v ia t e d  fro m  c i r c u l a r i t y  b y  l e s s  

than  0 .0 0 5  mm. T h is  p a r t i c u l a r  t y p e  o f  s i n k e r  was d e s ig n e d  b y  I s d a l e (114) 

who h a s  show n i t  t o  b e  s e l f  c e n t e r i n g . A s e c t i o n  th r o u g h  th e  s i n k e r  

i s  shown i n  F ig u r e  4 .8 .

t 0 06L-0 08L
d 0 20L-0 26L

Figure 4 -8  Section Through Sinker.

4 . 4 .2  V is c o m e te r  A s s e m b ly  a n d  F i l l i n g

B e fo re  f i l l i n g f t h e  v i s c o m e te r  was c o m p le te ly  d i s m a n t le d  and  c le a n e d  

th o r o u g h ly  w i t h  A n a la R  a c e to n e  f i l t e r e d  th r o u g h  a m i l l i p o r e  s y r in g e  

f i l t e r  t o  a v o id  d u s t  e n t e r i n g  th e  v i s c o m e t e r . The i n d i v i d u a l  com

p o n e n ts  w ere  th e n  r i n s e d  s e v e r a l  t im e s  w i th  f i l t e r e d  n -h e x a n e  and  

a llo w e d  t o  d r y  i n  a i r .  H ea t was a p p l i e d  t o  th e  o u t s i d e  o f  th e
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b e l lo w s  s e c t i o n  t o  a c c e l e r a t e  d r y in g  w h ich  w o u ld  o th e r w is e  ta k e  

s e v e r a l  h o u r s .

The f i l l i n g  p r o c e d u r e  to o k  p la c e  i n  t h r e e  s t a g e s  th e  f i r s t  b e in g  to  

f i l l  th e  b e l lo w s  s e c t i o n  w i th o u t  t r a p p in g  a i r  i n  th e  c o n v o lu t io n s .

T h is  was done b y  f i l t e r i n g  th e  t e s t  l i q u i d  th r o u g h  a s y r i n g e  f i l t e r  

i n t o  th e  b e l l o w s .  A s th e  b e l lo w s  w ere  b e in g  f i l l e d  th e  s i d e s  w ere  

ta p p e d  g e n t l y  a n d  a i r  b u b b le s  c o u ld  b e  s e e n  t o  r i s e  t o  th e  s u r f a c e .

When f i l l e d  th e  b e l l o w s  w ere  s t r e t c h e d , c o m p re sse d  and ta p p e d  f o r  a b o u t  

a m in u te  t i l l  n o  m ore a i r  c o u ld  b e  s e e n  t o  r i s e  t o  th e  s u r f a c e .  The 

v is c o m e te r  tu b e  w as th e n  a t t a c h e d  a n d  f i l l e d  b y  r u n n in g  th e  f i l t e r e d  

l i q u i d  down th e  i n s i d e  w a l l  t o  a v o id  s p l a s h i n g .  When f i l l e d  th e  

s i n k e r  was i n s e r t e d  n o s e  f i r s t .  The s i n k e r  was a lw a y s  p la c e d  i n  th e  

same o r i e n t a t i o n  r e l a t i v e  t o  th e  t u b e .  W ith  th e  s i n k e r  i n  p o s i t i o n  

th e  en d  ca p  w as c o n n e c te d  an d  th e  tu b e  to p p e d  up th r o u g h  th e  s m a ll  

v e n t  a t  th e  to p  o f  t h e  e n d  c a p .  F i n a l l y  a s m a l l  c o p p e r  s e a l  was 

p la c e d  i n  t h e  v e n t  a n d  a g ru b  s c r e w  i n s e r t e d  t o  g iv e  a s e a l  b e tw e e n  

th e  t e s t  l i q u i d  and  t h e  h y d r a u l i c  p r e s s u r i s i n g  f l u i d .

A f t e r  f i l l i n g ,  t h e  b e l lo w s  s u p p o r t  ca g e  was a t ta c h e d  and  th e  w ir e s  fro m  

th e  p in  c o n n e c to r  s o l d e r e d  t o  t h e  a p p r o p r ia te  p o i n t s  on t h e  c o l l a r .

The c o i l  s e c t i o n  w as th e n  w ound w i th  t h i n  p t f e  ta p e  t o  p r o t e c t  th e  

d e l i c a t e  w i r i n g  a n d  t h e  v i s c o m e te r  was th e n  r e a d y  to  b e  i n s e r t e d  i n  

th e  p r e s s u r e  v e s s e l .

The p in  c o n n e c to r  a t  t h e  en d  o f  t h e  b e l lo w s  h o u s in g  was c o n n e c te d  to  

th e  c o r r e s p o n d in g  s o c k e t  c o n n e c to r  on t h e  p r e s s u r e  v e s s e l  en d  ca p  and  

a sc re w  i n s e r t e d  t o  h o ld  t h e  v i s c o m e te r  r i g i d l y  t o  th e  e n d  cap  as shown  

i n  F ig u r e  4 . 7 .
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The v i s c o m e te r  w as th e n  i n s e r t e d  i n  t h e  b o r e  o f  th e  p r e s s u r e  v e s s e l  

a f t e r  f i r s t  s c r e w in g  a s m a l l  s p a c e r  o n to  th e  v i s c o m e te r  en d  cap  to  e n 

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

The p r e s s u r e  v e s s e l  e n d  ca p  was th e n  s c r e w e d  down to  a to r q u e  o f  a b o u t  

3
4 x  10 N m w i th  th e  a i d  o f  a h y d r a u l i c  s p a n n e r .  T h is  c o m p re sse d  a p o l y 

u re th a n e  s e a l  b e tw e e n  t h e  p r e s s u r e  v e s s e l  e n d  ca p  a n d  th e  p r e s s u r e  

v e s s e l  p r o v i d i n g  an e f f e c t i v e  s e a l  f o r  t h e  h y d r a u l i c  f l u i d .  E l e c t r i c a l  

c o n n e c t io n s  w ere  b r o u g h t  th r o u g h  th e  p r e s s u r e  v e s s e l  e n d  cap  b y  c e ra m ic  

cone i n s u l a t o r s  t o  a v i s c o m e te r  b r id g e  u n i t .  When a l l  e l e c t r i c a l . co n 

n e c t io n s  w ere  made t h e  v i s c o m e t e r  c o i l s  w ere  c o n n e c te d  a s  shown i n

F ig u re  4 .9 .  T h is  W h e a ts to n e  b r id g e  a r ra n g e m e n t c o u ld  b e  b a la n c e d

by th e  b r id g e  u n i t  show n i n  F ig u r e  4 .5  an d  an o u tp u t  s i g n a l  was l e d

to  an o s c i l l o s c o p e  to  a i d  b a la n c in g .

To Bridge Unit

o n

D 
C 

B
A

^  J ___ Bellows Section
^  Attached Here

Figure 4 :9  Viscometer Wiring Diagram
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4 . 4 . 3  M e a su re m en t  o f  F a l l  Time

The t e r m in a l  v e l o c i t y  o f  th e  s i n k e r  was d e te r m in e d  b y  m e a su r in g  i t s  

tim e  o f  f a l l  b e tw e e n  t h e  tw o  p a i r s  o f  c o i l s  on  th e  v i s c o m e te r .  The 

fo u r  c o i l s  fo r m e d  a W h e a ts to n e  b r id g e  c i r c u i t  w h ich  was c o n n e c te d  e x 

t e r n a l l y  t o  a b r i d g e  u n i t .  A b l o c k  d ia g ra m  o f  th e  b r id g e  u n i t  i s  

shown i n  F ig u r e  4 . 5 .  A s th e  s i n k e r  w i th  i t s  f e r r i t e  c o r e  e n t e r e d  

th e  f i r s t  c o i l  an o u t —o f —b a la n c e  s i g n a l  was p r o d u c e d  i n  t h e  b r id g e  

w hich was th e n  a m p l i f i e d . The d e m o d u la to r  w o r k in g  i n  c o n ju n c t io n  

w ith  th e  p h a s e  s h i f t e r  th e n  r e d u c e d  t h i s  300 Hz s i g n a l  t o  a d . c .  

l e v e l  w h ich  f i r s t  r o s e  and  th e n  f e l l  a s  th e  s i n k e r  a p p ro a c h e d  th e  

sec o n d  c o i l ,  r e a c h in g  z e r o  a t  th e  m i d - p o i n t . A t  t h i s  p o i n t  th e  d . c .  

s ig n a l  o p e r a te d  a S c h m i t t  t r i g g e r  w h ich  p r o d u c e d  a s h a r p  p u l s e  to  

s t a r t  a H e w le t t  P a c k a rd  C o u n te r  T im e r , t y p e  5 2 2 3 L . The i n p u t  l e v e l  

a t  w h ich  th e  t r i g g e r  o p e r a te d  was o f f s e t  s l i g h t l y  fro m  z e r o  t o  a v o id  

f a l s e  t r i g g e r i n g  c a u s e d  b y  b a c k g r o u n d  n o i s e  i n  th e  c i r c u i t .  T h is  

p r o c e s s  was r e p e a te d  a s  t h e  s i n k e r  w e n t th r o u g h  th e  s e c o n d  p a i r  o f  

c o i l s  and  t h i s  t im e  th e  p u l s e  fr o m  th e  S c h m i t t  t r i g g e r  s to p p e d  th e  

t im e r .

4 . 4 .4  M ea su rem en t o f  S i n k e r  D e n s i ty

A v a lu e  f o r  s i n k e r  d e n s i t y  i s  r e q u i r e d  t o  make b u o ya n c y  c o r r e c t io n s  to  

th e  f a l l  t i m e .  The d e n s i t y  o f  th e  s i n k e r  was o b ta in e d  b y  w e ig h in g  i t  

f i r s t l y  w h i le  s u s p e n d e d  i n  a i r f w an d  s e c o n d ly  w h i le  s u s p e n d e d  i n
c l

w a te r , When s u s p e n d e d  i n  w a te r  c a r e  was ta k e n  t o  e n s u r e  t h a t  no

a i r  was t r a p p e d  i n s i d e  t h e  s i n k e r  and  t h a t  s u f f i c i e n t  t im e  was a l lo w e d  

f o r  th e  s y s t e m  t o  come t o  e q u i l i b r i u m .  C are was a l s o  ta k e n  to  a v o id  

e r r o r s  due t o  t h e  e f f e c t s  o f  s u r f a c e  t e n s i o n  and  u p th r u s t  on th e  

im m ersed  p o r t i o n  o f  t h e  w ir e  fro m  w h ic h  th e  s i n k e r  was s u s p e n d e d .
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The te m p e r a tu r e  o f  t h e  w a te r  was m e a su re d  and  th e  d e n s i t y  o f  w a te r  a t  

t h i s  t e m p e r a tu r e , p , o b ta in e d  fr o m  A P I 44 T a b le s ^ 75* . S i n k e r  d en 

s i t y ,  Ps ,  ifa s  c a l c u l a t e d  fr o m  t h e  e q u a t io n

w p a w
s  w -  w (4 .7 )

a w

—  3
The s i n k e r  was fo u n d  t o  h a v e  a d e n s i t y  o f  7401 k g  m a t  2 9 8 .1 5  K.

4 . 4 .5  V is c o m e te r  P e r fo rm a n c e

In  g e n e r a l  b e tw e e n  f i v e  a n d  t e n  f a l l  t im e  m e a su re m e n ts  w ere  made f o x  

each p o i n t  on an i s o t h e r m  and th e  mean a n d  s ta n d a r d  d e v i a t i o n  c a l c u 

l a t e d .  A l th o u g h  s ta n d a r d  d e v i a t i o n s  a r e  n o t  v e r y  s i g n i f i c a n t  f o r

num bers a s  s m a l l  a s  1 0 , i t  i s  o f  i n t e r e s t  t o  n o t e  t h a t  o u t  o f  a t o t a l

230 p o i n t s  o n l y  10 h a d  a s ta n d a r d  d e v i a t i o n  w h ich  was g r e a t e r  th a n  1 

p e r c e n t  o f  t h e  m ea n , th e  a v e r a g e  o f  t h e s e  b e in g  1 .5  p e r c e n t  o f  th e  

mean. F o r  t h e  o t h e r  220 p o i n t s  th e  s ta n d a r d  d e v i a t i o n  was an a v e ra g e  

o f  a b o u t 0 .6  p e r c e n t  o f  th e  m ean. F o r f a l l  t im e s  b e lo w  3 s e c o n d s  th e  

f a l l  t im e  s ta n d a r d  d e v i a t i o n  was l e s s  th a n  0 .3  p e r c e n t  o f  th e  m ean.

F a c to r s  w h ic h  may a f f e c t  th e  r e p e a t a b i l i t y  o f  f a l l  t im e  a r e  :

(a) c e n t e r i n g  o f  t h e  s i n k e r ,

(b) e n t r y  a n d  e x i t  e f f e c t s ,

(c ) p o s s i b l e  r o t a t i o n  o f  th e  s i n k e r ,

(d) s u r f a c e  i m p e r f e c t i o n s  on th e  tu b e  o r  s i n k e r ,

(e) te m p e r a tu r e  f l u c t u a t i o n s , a n d

( f )  p r e s s u r e  f l u c t u a t i o n s .

(a) I s d a l e ( l l 4 )  h a s  show n t h a t  p r o v id e d  th e  s i n k e r  i s  a l lo w e d  to  f a l l  

b a ck w a rd s  f o r  a d i s t a n c e  e q u a l  t o  th e  m e a su r in g  s e c t i o n ,  th e n  on
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r e t u r n i n g  t o  t h e  fo r w a r d  d i r e c t i o n  th e  s i n k e r  w i l l  h a v e  c e n tr e d  

b e f o r e  e n t e r i n g  t h e  c o i l s .  The s i n k e r  was a l lo w e d  t o  f a l l  t h i s  

d i s t a n c e  e a c h  t im e  s o  i t  i s  u n l i k e l y  t h a t  n o n - c e n te r in g  i s  th e  

c a u se  o f  t h e  d e v i a t i o n .

(b ) I s d a l e ^ 114  ̂ h a s  a l s o  show n t h a t  e n t r y  a n d  e x i t  e f f e c t s  a r e  n e g l i g -  

a b le  a s  t h e o r e t i c a l  a n d  e x p e r im e n ta l  v i s c o m e te r  c o n s t a n t s  a re  i n  

c l o s e  a g r e e m e n t .

(c) I t  was p o s s i b l e  t h a t  t h e  s i n k e r  w as c a t c h in g  s l i g h t l y  a t  i t s  e x 

t r e m i t i e s  o f  t r a v e l  c a u s in g  i t  t o  r o t a t e  s l i g h t l y  w i th  ea ch  r u n .

I f  th e  s i n k e r  was n o t  p e r f e c t l y  s y m m e tr ic a l  an d  t h i s  was o c c u r -  

i n g  th e n  i t  w o u ld  b e  e x p e c t e d  t h a t  th e  f a l l  t im e s  w o u ld  o s c i l l a t e  

f a i r l y  r e g u l a r l y . T h is  d i d  n o t  a lw a y s  o c c u r  b u t  i t  was o b s e r v e d  

on som e r u n s .  F ig u r e  4 .1 0  sh ow s th e  o s c i l l a t i o n  o f  t h e  a tm o s 

p h e r i c  f a l l  t im e  f o r  th e  n -h e x a n e  p l u s  n -h e x a d e c a n e  m ix tu r e  w i th  

a m o le  f r a c t i o n  o f  n -h e x a n e  o f  0 .4 0 0  a t  3 4 8 .3 1  K .

(d) S u r fa c e  i m p e r f e c t i o n s  o f  t h e  s i n k e r  w ere  v i s i b l e  a s  s m a l l  a x i a l  

s c r a t c h e s  a n d  t h e s e  may h a v e  c a u s e d  s l i g h t  t u r b u le n c e  i n  th e  

a n n u lu s  b e tw e e n  t h e  s i n k e r  and  tu b e  c a u s in g  th e  d e v ia t i o n  i n  th e  

f a l l  t i m e .

(e) T e m p e ra tu re  c o n t r o l  o f  t h e  b a th  f l u i d  was b e t t e r  th a n  +_ 0 .0 3  K 

and  due t o  th e  t h i c k  w a l l s  o f  t h e  p r e s s u r e  v e s s e l  th e  te m p e r a tu r e  

i n s i d e  w o u ld  e f f e c t i v e l y  b e  c o n s t a n t .  F l u c t u a t i o n s  o f  th e  b a th  

te m p e r a tu r e  w o u ld  n o t  b e  e x p e c t e d  t o  a f f e c t  th e  f a l l  t im e s  t o  a 

g r e a t e r  e x t e n t  th a n  a b o u t  0 .0 4  p e r c e n t .
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( f )  L o ss  o f  p r e s s u r e  due t o  s l i g h t  le a k a g e  o f  h y d r a u l i c  f l u i d  was 

n o t  a lw a y s  o b s e r v e d .  When t h i s  d id  o c c u r  th e  p r e s s u r e  cha n g e  

was a lw a y s  l e s s  th a n  0 .5  MPa o v e r  t h e  t im e  ta k e n  t o  c o l l e c t  a 

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

i t  i s  u n l i k e l y  t h a t  t h i s  c o u ld  l e a d  t o  o s c i l l a t i o n  i n  th e  f a l l  

t im e  w h ic h  i n  a n y  c a s e  was a l s o  o b s e r v e d  a t  a tm o s p h e r ic  p r e s s u r e .

I t  was n o t  p o s s i b l e  t o  t i e  down t h e  s o u r c e  o f  t h e s e  v a r i a t i o n s  i n  f a l l  

t im e  w i th  a n y  c e r t a i n t y  a l th o u g h  s u r f a c e  i m p e r f e c t i o n s  a n d /o r  r o t a t i o n  

o f  th e  s i n k e r  s e e m e d  th e  m o s t l i k e l y  c a u s e s .  I n t e r e s t i n g l y  a tm o s p h e r ic  

p r e s s u r e  f a l l  t im e s  b e lo w  a b o u t  5 s e c o n d s  h a d  an u n c e r t a i n t y  w h ich  f e l l  

o f f  to  l e s s  th a n  0 .1  p e r c e n t  a t  t h e  s h o r t e s t  f a l l  t i m e s .  The f a l l  t im e  

s ta n d a r d  d e v i a t i o n  a l s o  becam e s m a l l e r  u n d e r  p r e s s u r e  a s  th e  f a l l  t im e s  

in c r e a s e d .  The o v e r a l l  u n c e r t a i n t y  on  f a l l  t im e  was o f  th e  o r d e r  o f  

+_0.5 p e r c e n t  a n d  t h i s  w as c o n f i r m e d  b y  r e p e a t i n g  som e e x p e r im e n ta l  

p o i n t s .  T h is  w as an a c c e p ta b le  f i g u r e  i n  te r m s  o f  t h e  e r r o r  i t  p r o 

duced i n  v i s c o s i t y  c o e f f i c i e n t s . E x a c t  q u a n t i f i c a t i o n  o f  th e  e f f e c t s  

from  a l l  o f  th e  v a r io u s  s o u r c e s  w o u ld  c l e a r l y  b e  r e q u i r e d  f o r  t h e  m o s t  

p r e c i s e  m e a su re m e n ts  o r  f o r  u se  i n  an a b s o l u t e  i n s t r u m e n t , h o w e v e r  th e  

u n c e r t a i n t i e s  o b t a i n e d  a r e  s u f f i c i e n t l y  s m a l l  t o  m e e t th e  o b j e c t i v e  o f  

m e a su r in g  v i s c o s i t y  c o e f f i c i e n t s  t o  an a c c u r a c y  o f  b e t t e r  th a n  2  p e r c e n t .

The b a la n c e  p o i n t  o f  th e  b r id g e  c i r c u i t  was s e n s i t i v e  t o  ch a n g e s  i n  

te m p e r a tu r e  o f  th e  v i s c o m e t e r  c o i l s  s o  t h i s  p r o v id e d  an i n d i c a t i o n  o f  

th e  t im e  ta k e n  f o r  t h e  te m p e r a tu r e  o f  t h e  b a th  and  v i s c o m e te r  t o  e q u i 

l i b r a t e .  i t  was fo u n d  n e c e s s a r y  t o  a l lo w  one h o u r  a f t e r  th e  th e rm o 

s t a t  b a th  r e a c h e d  a s t e a d y  t e m p e r a tu r e , f o r  th e  te m p e r a tu r e  o f  th e  

v is c o m e te r  t o  becom e c o n s t a n t .  T h is  was due t o  th e  t h i c k  w a l l s  o f  

th e  p r e s s u r e  v e s s e l .

121



S e v e r a l  e x p e r im e n ts  w ere  c a r r i e d  o u t  t o  f i n d  o u t  how lo n g  th e  t e s t  

l i q u i d  t a k e s  t o  r e - e q u i l i b r a t e  a f t e r  i n c r e a s i n g  o r  d e c r e a s in g  p r e s s u r e .  

The r e s u l t s  o f  tw o  o f  t h e s e  t e s t s  a r e  show n i n  F ig u r e  4 .1 1 .

M easurem ent o f  f a l l  t im e  v e r s u s  t im e  a f t e r  p r e s s u r e  ch a n g e  g a ve  an i n 

d i c a t io n  o f  t h e  s t a t e  o f  t h e  t e s t  l i q u i d .  I t  was fo u n d  t h a t  f i v e  

m in u te s  was s u f f i c i e n t  t im e  t o  a l lo w  b e f o r e  r e c o r d in g  f a l l  t im e s  a t  

th e  new p r e s s u r e .  D u r in g  e x p e r im e n t s  h o w e v e r , t e n  t o  f i f t e e n  m in u te s  

w ere a l lo w e d  t o  g i v e  a s a f e  m a r g in .

4 .4 .6  V is c o m e te r  C a l ib r a t i o n

F a ll  t im e s  r e c o r d e d  i n  th e  f a l l i n g  b o d y  v i s c o m e te r  h a v e  t o  b e  c o r r e c t e d  

f o r  th e  b u o y a n c y  e f f e c t s  o f  t l fe  t e s t  l i q u i d  on  t h e  s i n k e r .  F u r th e r  

c o r r e c t io n s  due t o  c o m p r e s s i b i l i t y  a n d  th e r m a l  e x p a n s io n  o f  th e  com

p o n e n ts  a r e  a l s o  n e c e s s a r y  b e f o r e  v i s c o s i t y  c o e f f i c i e n t s  can  b e  c a l 

c u la te d  fr o m  f a l l  t im e  m e a s u r e m e n ts . The e q u a t io n  u s e d  to  c a l c u l a t e  

v i s c o s i t y  c o e f f i c i e n t s  fr o m  f a l l  t im e  m e a su re m e n ts  was t h a t  d e r i v e d  b y  

I s d a le  f o r  a s i m i l a r  v i s c o m e te r  fr o m  a c o n s i d e r a t i o n  o f  th e

p h y s ic a l  d im e n s io n s  o f  t h e  v i s c o m e t e r  a n d  i s  o f  t h e  fo r m

t ( l  -  PL/P S ' )

np  = A {1 + 2&(T -  T ) ) ( 1  -  0 .6 6 6  a P) ( 4 ' 8)o

where r\p  i s  t h e  v i s c o s i t y  c o e f f i c i e n t  a t  p r e s s u r e  P , t  th e  f a l l  t i m e ,

p . and  p ' t h e  d e n s i t y  o f  t h e  l i q u i d  an d  s i n k e r  a t  p r e s s u r e  P , A th e  L s

v is c o m e te r  c o n s t a n t ,  T t h e  e x p e r im e n ta l  t e m p e r a tu r e ,  T a  r e f e r e n c e  

te m p e r a tu r e  ta k e n  a s  2 9 8 .1 5  K , 3 t h e  l i n e a r  c o e f f i c i e n t  o f  th e r m a l  

e x p a n s io n  an d  a th e  c o m p r e s s i b i l i t y  c o e f f i c i e n t .
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D u r in g  V i s c o s i t y  C o e f f i c i e n t  E x p e r im e n t s . 

HD ~ n -H e x a d e c a n e  .



p th e  c o r r e c t e d  s i n k e r  d e n s i t y  i s  c a l c u l a t e d  fro m  
s

P = P s { I + 3 $ (T  -  T ) }  (1 -  0 .  6 6 6 aP) 
o

( 4 .9 )

where  pg i s  th e  s i n k e r  d e n s i t y  a t  2 9 8 .1 5  K an d  a tm o s p h e r ic  p r e s s u r e .  

The o t h e r  s y m b o ls  a r e  a s  d e f i n e d  f o r  t h e  p r e v io u s  e q u a t i o n .  T h is  

e q u a tio n  i s  o b ta in e d  b y  c o n s i d e r i n g  t h e  s i n k e r  t o  b e  a s im p le  c y l i n d e r  

and s t u d y i n g  t h e  e f f e c t  o f  t e m p e r a tu r e  and  p r e s s u r e  on i t s  v o lu m e .

V a lues o f  v i s c o m e t e r  c o n s t a n t  A , i n  th e  r a n g e  0 .1 6  mPa s  t o  2 4 .7 8  mPa s  

w ere o b ta in e d  v i a  e q u a t io n  ( 4 .8 )  b y  m e a s u r in g  s i n k e r  f a l l  t im e s  a t  

a tm o s p h e r ic  p r e s s u r e  i n  l i q u i d s  o f  a c c u r a t e l y  know n d e n s i t i e s  and  v i s 

c o s i t y  c o e f f i c i e n t s . A s e r i e s  o f  l i q u i d s  w ere  c h o s e n  w h o se  v i s c o s i t y  

c o e f f i c i e n t s  a t  a tm o s p h e r ic  p r e s s u r e  c o v e r e d  th e  f u l l  ra n g e  o f  v i s c o s i t y  

c o e f f i c i e n t s  l i k e l y  t o  b e  e n c o u n te r e d  w i th  th e  n -h e x a n e  p l u s  n -h e x a d e c a n e  

s y s te m  a t  a l l  t e m p e r a tu r e s  a n d  p r e s s u r e s . L iq u id s  u s e d  i n  t h e  c a l i 

b r a t io n  w ere  n - h e x a n e , n -h e x a d e c a n e , m i x t u r e s  o f  n -h e x a n e  p l u s  n - h e x 

adecane an d  S h e l l  V i t r e a  21 c a l i b r a t i o n  o i l .  The k i n e m a t i c  v i s c o s i t y  

c o e f f i c i e n t s  o f  S h e l l  V i t r e a  21 a t  th e  v a r io u s  t e m p e r a tu r e s  w ere  

m easured  i n  N a t io n a l  P h y s i c a l  L a b o r a to r y  c a l i b r a t e d  U - tu b e  v i s c o m e te r s  

and th e  d e n s i t i e s  i n  a c a l i b r a t e d  L ip k i n  p y k n o m e te r .  S a t u r a t io n  

p r e s s u r e  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t s  a n d  d e n s i t i e s  f o r  n - h e x a n e ,  

n -h e x a d e c a n e  a n d  m i x t u r e s  o f  n -h e x a n e  p l u s  n -h e x a d e c a n e  w ere  m e a su re d  

i n  s e a l e d  v i s c o m e te r s  a n d  p y k n o m e te r  a s  d e s c r ib e d  i n  S e c t i o n s  3 .2  

and 3 .3 .  The v i s c o s i t y  c o e f f i c i e n t s  a t  s a t u r a t i o n  p r e s s u r e  h a v e  b e e n  

m easured  a t  d i f f e r e n t  t e m p e r a tu r e s  fr o m  t h e  h ig h  p r e s s u r e  v i s c o m e te r  

m e a su re m en ts . H ow ever v i s c o s i t y  c o e f f i c i e n t s  w ere  o b ta in e d  a t  th e  

r e q u ir e d  t e m p e r a tu r e  b y  i n t e r p o l a t i o n  fr o m  a q u a d r a t i c  f i t  o f  I n  r| 

v e r s u s  1 /T  f o r  t h e  e x p e r im e n ta l  p o i n t s .  F ig u r e  4 .1 2  sh o w s th e  v a r i 

a t io n  o f  th e  c a l i b r a t i o n  c o n s t a n t ,  A , w i th  i n c r e a s i n g  v i s c o s i t y  c o 

e f f i c i e n t .  A s t h e  f a l l  t im e  d e c r e a s e s  th e  c a l i b r a t i o n  c o n s t a n t ,  A ,
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in c r e a s e s  p o s s i b l y  i n d i c a t i n g  t h a t  th e  f l o w  o f  l i q u i d  p a s t  t h e  s i n k e r  

i s  b eco m in g  n o n  la m in a r  a t  lo w  v i s c o s i t y  c o e f f i c i e n t s  . B e lo w  0 .2 9  

mPa s  th e  i n c r e a s e  i n  A i s  v e r y  r a p i d .

To e n a b le  A t o  b e  c a l c u l a t e d  w hen t h e  l i q u i d  v i s c o s i t y  c o e f f i c i e n t s  

are unknown t h e  e x p e r i m e n t a l  A v a lu e s  a b o v e  0 .2 9  mPa s  w ere  f i t t e d  b y  

th e  e q u a t io n

A = Aq + B [ ( t * ) ~ N] (4 .1 0 )

where A i s  th e  c a l i b r a t i o n  c o n s t a n t  a t  i n f i n i t e  v i s c o s i t y  c o e f f i c i -  o *
I

e n t  and t*  c o r r e s p o n d s  t o  t ( l  -  (p / p  ) ) .  A c o m p a r iso n  b e tw e e n  th e
Li S

e x p e r im e n ta l  and  f i t t e d  v a lu e s  o f  A i s  g iv e n  i n  T a b le  4 . 6 .  I n  t h i s

ta b le  y = 1 + 2 $ ( t  -  t ^ ) . The f i t t e d  A v a lu e s  a r e  r e p r e s e n t e d  i n

F igure 4 .1 2  a s  a s o l i d  l i n e  c o r r e s p o n d in g  t o  e q u a t io n  ( 4 .1 0 )  w i th  th e

v a lu e s  A = 7 .9 9 4 ,  B = 1 .1 6 8  a n d  N = 0 .2  s u b s t i t u t e d .  The maximum  o

d e v ia t io n  fr o m  t h e  e x p e r i m e n t a l  A v a l u e s  i s  1 .5 9  p e r c e n t  w i th  a mean 

d e v ia t io n  o f  +_ 0 .5  p e r c e n t .  B e lo w  0 .2 9  mPa s  A v a l u e s  w ere  f i t t e d  

by a g r a p h ic a l  m e th o d . A g re e m e n t w i th  e x p e r im e n ta l  A v a lu e s  was 

w ith in  + _0 .2  p e r c e n t .  The v i s c o m e t e r  t u b e / s i n k e r  c o m b in a t io n  i s  th u s  

c a l ib r a te d  i n  t h e  r a n g e  0 .1 6  mPa s  t o  2 4 .7 8  mPa s  ( 1 .6  t o  2 3 5 .5  s e c o n d s ) .

S u b seq u en t in d e p e n d e n t  e x p e r im e n t s  on  o i l s  w i th  f a l l  t i m e s  o f  369 and  

386 s e c o n d s  a t  a tm o s p h e r ic  p r e s s u r e  g a ve  e x p e r im e n ta l  A v a lu e s  o f  

8 .3 7  and 8 .4 1  r e s p e c t i v e l y . T h e se  a g r e e d  w i th  th e  c a l c u l a t e d  A v a lu e  

o f  8 .3 6  fro m  th e  a b o v e  c a l i b r a t i o n  t o  0 .1  a n d  0 .6  p e r c e n t  r e s p e c t i v e l y . 

c o n fir m in g  t h e  c a l i b r a t i o n  f o r  h ig h  v i s c o s i t y  c o e f f i c i e n t s .
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4 . 4 . 7  A c c u r a c y  o f  V i s c o s i t y  C o e f f i c i e n t  M e a s u re m e n ts

Measurements o f  f a l l  t im e  t ,  l i q u i d  d e n s i t y  p , s i n k e r  d e n s i t y  p ,
Li S

v is c o m e te r  c o n s t a n t  A , t e m p e r a tu r e  T a n d  p r e s s u r e  P h a v e  t o  b e  made an d  

th e  d e g re e  o f  a c c u r a c y  w i th  w h ic h  e a c h  ca n  b e  m e a su re d  w i l l  d e te r m in e  

th e  c o n t r i b u t i o n  t o  t h e  t o t a l  u n c e r t a i n t y  i n  a v i s c o s i t y  c o e f f i c i e n t .

An e s t i m a t e  o f  t h e  u n c e r t a i n t y  i s  a s  f o l l o w s .  T e m p e ra tu r e  c o n t r o l  o f  

th e  b a th  was b e t t e r  th a n  + 0 .0 3  K . T h is  w i l l  p r o d u c e  an u n c e r t a i n t y  

o f  0 .0 3  p e r c e n t  i n  f a l l  t im e  f o r  lo w  v i s c o s i t y  c o e f f i c i e n t s  an d  0 .0 6  

p e r c e n t  i n  f a l l  t im e  a t  t h e  h i g h e s t  v i s c o s i t y  c o e f f i c i e n t  m e a su r e d .

P r e s s u r e  may ch a n g e  b y  up to  0 .5  MPa o v e r  th e  t im e  ta k e n  t o  c o l l e c t  

th e  s e t  o f  f a l l  t i m e s  a t  a p a r t i c u l a r  p o i n t  on  an i s o t h e r m .  T h is  

e f f e c t  w i l l  b e  m ore s i g n i f i c a n t  a t  lo w  p r e s s u r e s  a n d  s h o r t  f a l l  t i m e s .  

For n -h e x a n e  a t  298 K b e tw e e n  50 MPa a n d  80 MPa t h i s  c o u ld  p r o d u c e  an  

u n c e r ta in t y  o f  0 .3  p e r c e n t  i n  t h e  f a l l  t i m e .  H o w ev er , s i n c e  th e  

p r e s s u r e  ch a n g e  o c c u r s  c o n s t a n t l y  a n d  s l o w l y , a s  a r e s u l t  o f  s lo w  

le a k a g e  o f  p r e s s u r i s i n g  f l u i d ,  th e  mean v a lu e  o f  f a l l  t im e  a t  th e  

a vera g e  p r e s s u r e  s h o u ld  b e  r e p e a ta b l e  t o  b e t t e r  th a n  t h i s .  P r e s s u r e  

changes o f  t h i s  m a g n itu d e  w e re  fo u n d  o n l y  a t  a fe w  p o i n t s  an d  u s u a l l y  

w here f a l l  t im e s  a r e  l o n g e r  r e s u l t i n g  i n  a l o n g e r  t im e  t o  c o l l e c t  t h e  

f i v e  o r  t e n  f a l l  t im e  v a l u e s  a t  a p a r t i c u l a r  p r e s s u r e .

The u n c e r ta i n t y  i n  t h e  f a l l  t im e  t ,  w as fo u n d  i n  S e c t i o n  4 . 4 .5  t o  b e  

+ 0 . 5  p e r c e n t .  T h is  f i g u r e  w i l l  h a v e  c o n t r i b u t i o n s  fr o m  t h e  te m p e r a 

tu r e  and  p r e s s u r e  f l u c t u a t i o n s  a l r e a d y  m e n t io n e d  a n d  a l s o  c o n t r i b u t i o n s  

from  o t h e r  s o u r c e s  s u c h  a s  s i n k e r  i m p e r f e c t i o n s . T h is  f i g u r e  o f  

+_0.5 p e r c e n t  w i l l  a p p e a r  d i r e c t l y  a s  u n c e r t a i n t y  i n  t h e  v i s c o s i t y  

c o e f f i c i e n t s .
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The m a jo r s o u r c e s  o f  u n c e r t a i n t y  i n  c a l c u l a t i n g  e x p e r i m e n t a l  A v a l u e s  

are th e  u n c e r t a i n t y  i n  f a l l  t im e  an d  t h e  u n c e r t a i n t y  i n  t h e  v i s c o s i t y  

c o e f f i c i e n t  m e a su re d  i n  t h e  c a p i l l a r y  v i s c o m e t e r .

V i s c o s i t y  c o e f f i c i e n t  m e a su r e m e n ts  a t  s a t u r a t i o n  p r e s s u r e  h a v e  b e e n  

found  i n  S e c t i o n  3 .2  t o  b e  a c c u r a te  t o  + 0 . 5  p e r c e n t  s o  a d d in g  t h e  un 

c e r ta i n t y  i n  f a l l  t im e  g i v e s  a t o t a l  u n c e r t a i n t y  o f  +_1 . 0  p e r c e n t  on  t h e  

A v a lu e s .  T h is  a g r e e s  w e l l  w i th  t h e  d i f f e r e n c e  b e tw e e n  e x p e r i m e n t a l  an d  

f i t t e d  A v a lu e s  g i v e n  i n  T a b le  4 . 6 .

From e q u a t io n  ( 4 .8 )  i t  i s  s e e n  t h a t  th e  maximum c o n t r i b u t i o n  t o  u n c e r 

ta i n t y  i n  v i s c o s i t y  c o e f f i c i e n t  a r i s i n g  fr o m  u n c e r t a i n t y  i n  l i q u i d  d e n 

s i t y  , p / w i l l  b e  a t  maximum d e n s i t y .  The maximum d e n s i t y  e n c o u n te r e dLt

i s  f o r  n -h e x a d e c a n e  a t  373 K a n d  425 MPa. D e n s i t y  a t  p r e s s u r e  i s  

a c c u ra te  t o  +_ 0 .2  p e r c e n t  a n d  t h i s  w i l l  p r o d u c e  an e r r o r  o f  0 .0 3  p e r c e n t  

in  v i s c o s i t y  c o e f f i c i e n t .

t
The e s t im a te d  u n c e r t a i n t y  i n  s i n k e r  d e n s i t y ,  ,  i s  + 0 .2  p e r c e n t  and

th e  maximum e r r o r  t h i s  w i l l  p r o d u c e  i n  a v i s c o s i t y  c o e f f i c i e n t  i s  f o r  

n -h exa d eca n e  a t  373 K a n d  425 MPa. The e r r o r  i n  v i s c o s i t y  c o e f f i c i e n t  

h ere  i s  + 0 .0 2  p e r c e n t .  H o w ev er , s i n c e  t h e  s i n k e r  i s  u s e d  t o  c a l i b r a t e  

th e  v i s c o m e te r  i n i t i a l l y  t h i s  v a lu e  w i l l  b e  r e d u c e d .

The e s t im a te d  u n c e r t a i n t y  i n  t h e  v i s c o s i t y  c o e f f i c i e n t  f o r  p u r e  l i q u i d s  

o b ta in e d  b y  sum m ing t h e s e  i n d i v i d u a l  c o n t r i b u t i o n s  i s  b e t t e r  th a n  2 

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

from  c o m p o s i t io n  c h a n g e s  w h i l e  f i l l i n g  t h e  v i s c o m e t e r .  T h is  i s  d i f f i c u l t  

to  q u a n t i f y  b u t  c o u ld  c o n t r i b u t e  + 1 p e r c e n t .
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4 .5  DESIGN, PREPARATION AND TESTING OF THE NEW VISCOMETER

4 .5 .1  D e s ig n

W hile u s in g  t h e  h ig h  p r e s s u r e  v i s c o m e t e r  i t  so o n  becam e a p p a r e n t  t h a t  

th e r e  w ere som e f e a t u r e s  o f  t h e  d e s ig n  w h ic h , i f  m o d i f i e d , w o u ld  i n 

c re a se  th e  p r e s s u r e  ra n g e  a n d  t h e  r e l i a b i l i t y  w h i l e  m a k in g  t h e  v i s c o 

m e te r  e a s i e r  t o  f i l l  a n d  o p e r a t e .  To t h i s  e n d  t h e  e x p e r i e n c e  g a in e d  

to g e th e r  w i th  som e s u g g e s t i o n s  made b y  B r a w n we r e  i n c o r p o r a t e d  i n  

a new v i s c o m e te r  d e s i g n .

One o f  th e  m a jo r  l i m i t a t i o n s  o f  t h e  o l d  v i s c o m e t e r  w as t h a t  t h e  m e ta l  

b e llo w s  o n ly  a l lo w e d  a r e d u c t i o n  i n  l i q u i d  v o lu m e  o f  a b o u t  25 p e r c e n t  

when f u l l y  c o m p r e s s e d . T h is  r e d u c t i o n  w as o n ly  l a r g e  en o u g h  to  

accommodate th e  r e d u c t i o n  i n  vo lu m e  e x p e r i e n c e d  b y  n -h e x a n e  w hen  

p r e s s u r i s e d  t o  a b o u t  250 MPa. I f  h i g h e r  p r e s s u r e s  th a n  t h i s  h a d  

been  a t t e m p te d  damage t o  t h e  b e l l o w s  w o u ld  h a v e  r e s u l t e d .  The r e 

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

a d d in g  a s o l i d  f i l l e r  r o d  t o  t h e  b e l l o w s  t o  d e c r e a s e  th e  ’ d e a d  v o lu m e ’ 

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

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

ca p . H o w ever, th e  r e d u c t i o n  i n  vo lu m e  u n d e r  an  a p p l i e d  p r e s s u r e  

w hich c o u ld  b e  a cco m m o d a ted  w as s t i l l  v e r y  c l o s e  t o  t h e  d e fo r m a t io n  

l i m i t  o f  t h e  b e l l o w s  a n d  i t  w as o n l y  p o s s i b l e  t o  p r e s s u r i s e  n -h e x a n e  

to  a maximum o f  400 MPa b e f o r e  t h i s  l i m i t  w as r e a c h e d .

The new v i s c o m e te r  d e s ig n  o v e rca m e  t h i s  p r o b le m  i n  tv/o  w a y s . The  

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

m e te r  tu b e  fr o m  23 cm to  1 2  cm an d  t h e  s e c o n d  a r e d e s ig n  o f  t h e  

b e llo w s  s e c t i o n  t o  e n a b le  a l a r g e r  l i q u i d  v o lu m e  t o  b e  e x p e l l e d .
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A s k e tc h  o f  th e  new  v i s c o m e t e r  tu b e  d e s ig n  i s  g i v e n  i n  F ig u r e  4 .1 3 .

The new tu b e  h a s  an  o u t s i d e  d ia m e te r  o f  24 mm, an i n t e r n a l  d ia m e te r

3
o f  7 .5 6 2  mm a n d  a c a p a c i t y  o f  5 cm .

A n o th er  d e s ig n  ch a n g e  i n c o r p o r a t e d  w as th e  new  v i s c o m e t e r  e n d  ca p  

s e a l in g  a r r a n g e m e n t .  T h is  new  a r r a n g e m e n t i s  an im p r o v e d  m e th o d  o f  

s e a l in g  th e  t e s t  l i q u i d  a s  i t  w as d i f f i c u l t  t o  e n s u r e  t h a t  t h e  c o p p e r  

w asher was p r o p e r l y  s e a t e d  b e f o r e  t i g h t e n i n g  t h e  g ru b  s c r e w  i n  t h e  o l d  

a rra n g em e n t. W ith  t h i s  new  a r r a n g e m e n t a c o n i c a l  p l u g  i s  t i g h t e n e d  

i n t o  a s e a t  b y  m eans o f  a n u t  w h ic h  i s  s c r e w e d  o n to  t h e  v i s c o m e t e r  

tu b e .

The b e l lo w s  s e c t i o n  w as r e p l a c e d  i n  t h e  new  v i s c o m e t e r  d e s i g n  b y  a 

c o l l a p s i b l e  tu b e  s e c t i o n  w i th  an o v e r a l l  l e n g t h  o f  16 cm a n d  a d i a -

3
m e te r  o f  2 cm a t  t h e  c o l l a p s i b l e  t u b e .  I t  h a s  a c a p a c i t y  o f  16 cm 

and th e  e x p e c te d  d e c r e a s e  i n  v o lu m e  w h ic h  c a n  b e  a cco m m o d a ted  i s  1 3  cm ^  

or 62 p e r c e n t  o f  t h e  t o t a l  l i q u i d  v o lu m e  i n  t h e  v i s c o m e t e r  tu b e  a n d  

c o l l a p s i b l e  t u b e .  T h is  co m p a re s  f a v o u r a b l y  w i t h  t h e  25 p e r c e n t  r e 

d u c t io n  o b ta in e d  w i th  th e  o r i g i n a l  b e l l o w s / t u b e  c o m b in a t io n .  A 

s k e tc h  o f  t h i s  new  s e c t i o n  i s  show n i n  F ig u r e  4 .1 4 .  The r e d u c t i o n  

i n  l i q u i d  vo lu m e  i s  ta k e n  up  b y  a c o l l a p s i b l e  p t f e  t u b e .  T h is  tu b e  

was c la m p ed  a t  e i t h e r  e n d  b y  th e  c o n n e c to r  a n d  tu b e  b a s e  p i e c e  a n d  t h e  

tu b e  end  p i e c e  a n d  c a p .  The c o n n e c to r  w as a t t a c h e d  t o  t h e  v i s c o m e t e r  

as d e s c r ib e d  i n  S e c t i o n  4 . 4 . 1 .  The tu b e  b a s e  p i e c e  w as v e n te d  t o  

a llo w  tr a p p e d  a i r  t o  e s c a p e  w hen f i l l i n g .

The e l e c t r i c a l  w i r i n g  o f  t h e  o l d  v i s c o m e t e r  h a d  som e l i m i t a t i o n s  th e  

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

io n s  w ere made b y  s o l d e r i n g  w i r e s  t o  a c o l l a r  w h ic h  a l s o  h a d  t h e
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f r a g i l e  d e t e c t o r  c o i l  w i r e s  a t t a c h e d .  T h i s  o c c a s i o n a l l y  l e d  t o  

b r e a k i n g  o f  t h e  c o i l  w i r e s  and  d e s o l d e r i n g  o f  t h e  c o n n e c t i o n s  when  

h e a t  was a p p l i e d .  I t  was a l s o  a d i s a d v a n t a g e  t o  u s e  t h e  p i n / s o c k e t  

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

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

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

l e a d  r e s i s t a n c e  t o  t h e  W h e a t s to n e  B r i d g e  t h u s  c h a n g i n g  t h e  b a l a n c e  

p o i n t  o f  t h e  c i r c u i t .  I n  t h e  new d e s i g n  t h e  p i n / s o c k e t  c o n n e c t o r  i s  

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

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

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

c o i l s  w h ic h  t a k e s  o v e r  a s  t h e  p o i n t  o f  c o n n e c t i o n  a n d  d i s c o n n e c t i o n  o f  

t h e  e l e c t r i c a l  w i r i n g .

The f i n a l  d e s i g n  c h a n g e  w a s♦ t o  a l t e r  t h e  s e a l i n g  a r r a n g e m e n t  b e tw e e n  

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

p o l y u r e t h a n e  s e a l  b e tw e e n  t h e  p r e s s u r e  v e s s e l  a n d  t h e  p r e s s u r e  v e s s e l  

en d  ca p  i n  t h e  o l d  a r r a n g e m e n t  n e c e s s i t a t e d  t h e  u s e  o f  a cum bersom e  

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

s i g n  i s  show n i n  F i g u r e  4 . 1 5 .  The i n i t i a l  s e a l  i s  p r o v i d e d  b y  a 

t i g h t  f i t t i n g  'O '  r i n g  a n d  h i g h e r  p r e s s u r e s  m a i n t a i n e d  b y  e x t r u s i o n  o f  

a p h o s p h o r  b r o n z e  r i n g  i n t o  t h e  b o r e  o f  t h e  p r e s s u r e  v e s s e l .

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

m en t w ere  d e s i g n e d  s u c h  t h a t  t h e y  w o u ld  b e  i n t e r c h a n g e a b l e  w i t h  t h e  

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

s e p a r a t e l y .
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4 . 5 . 2 .  P r e p a r a t i o n  o f  t h e  V i s c o m e t e r  Tube

The f i r s t  s t a g e  i n  t h e  p r e p a r a t i o n  o f  t h e  new t u b e  r e a d y  f o r  u s e  was

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

damage o r  c u t  t h e  c o i l  w i r e  w h i l e  i t  was b e i n g  wound i n t o  t h e  g r o o v e . 

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

th e  g r o o v e .  A l t h o u g h  t h e  c o i l  w i r e  t o  b e  u s e d  was s i l k  wound t h i s  

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

a b l e .  A p p r o x i m a t e l y  700 t u r n s  o f  44 SWG i n s u l a t e d  c o p p e r  w i r e  w ere  

wound i n t o  e a c h  g r o o v e  b y  t u r n i n g  t h e  v i s c o m e t e r  t u b e  w i t h  an e l e c 

t r i c  m o t o r .  The t e n s i o n  on t h e  w i r e  was k e p t  c o n s t a n t  b y  u s i n g  t h e  

m a k e s h i f t  a p p a r a t u s  show n i n  F i g u r e  4 . 1 6 .  The f i g u r e  show s a c o i l  

i n  t h e  i n i t i a l  s t a g e s  o f  b e i n g  w ound . When t h e  f o u r  c o i l s  had  b e e n  

wound t h e  a p p r o x i m a t e  r e s i s t a n c e  o f  e a c h  w i r e  was m e a su r e d  u s i n g  an  

A v o m e te r  a n d  t h r e e  o f  t h e  c o i l s  t r im m e d  b a c k  t i l l  a l l  f o u r  g a ve  t h e  

same r e s i s t a n c e  r e a d i n g .  R e s i s t a n c e  r a t i o s  w ere  t h e n  m e a su r e d  

a c c u r a t e l y  u s i n g  t h e  R o se m o u n t  E n g i n e e r i n g  Company VLF P r e c i s i o n  

C om parison  B r i d g e  an d  o n e  o f  t h e  w i r e s  s h o r t e n e d  a s  i t s  r e s i s t a n c e  

was h i g h e r  t h a n  t h e  o t h e r  t h r e e .  The mean f i n a l  r e s i s t a n c e  was

5 7 .9  +_ 0 . 8  f t. A t u f n o l  r i n g  w i t h  s i x  p i n s  was g l u e d  t o  t h e  c e n t r e

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

c o n n e c t e d  t o  t h e s e  p i n s  i n  s u c h  a way a s  t o  f o r m  t h e  W h e a ts to n e  B r id g e  

a r r a n g e m e n t  d e s c r i b e d  f o r  t h e  o l d  v i s c o m e t e r  i n  S e c t i o n  4 . 4 . 2 .  The  

tu b e  was t e m p o r a r i l y  w i r e d  t o  t h e  v i s c o m e t e r  b r i d g e  u n i t  an d  t h e  

W h e a ts to n e  B r i d g e  b a l a n c e d  u s i n g  t h i s  u n i t .  A s m a l l  p i e c e  o f  f e r r i t e  

was t h e n  p u s h e d  s l o w l y  up t h e  t u b e  and  was f o u n d  t o  o p e r a t e  t h e  S c h m i t t  

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

c y c l e d  b y  h e a t i n g  t o  a p p r o x i m a t e l y  373 K w i t h  a h o t  a i r  b l o w e r  and  

a l l o w i n g  t o  c o o l .  T h i s  c y c l e  was r e p e a t e d  a f u r t h e r  f i v e  t i m e s  and
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th e  v i s c o m e t e r  t u b e  was t h e n  r e a d y  f o r  u s e .

4 . 5 . 3  P r e p a r a t i o n  o f  t h e  C o l l a p s i b l e  Tube S e c t i o n

The i n d i v i d u a l  c o m p o n e n ts  o f  t h e  c o l l a p s i b l e  t u b e  s e c t i o n  w ere  c l e a n e d  

b y  im m e r s io n  i n  an u l t r a s o n i c  b a t h  f o r  30 m i n u t e s  and  t h e n  a s s e m b le d  

u s i n g  a p i e c e  o f  n y l o n  t u b i n g  i n  p l a c e  o f  t h e  p t f e  t u b i n g  w h ic h  h a d  n o t  

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

f i l l e d  w i t h  a c e t o n e  t o  s e e  i f  a n y  l e a k s  c o u l d  b e  d e t e c t e d .  No l e a k s  

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

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

s e c t i o n  p r i o r  t o  a s s e m b l y  i s  show n i n  F i g u r e  4 . 1 7 .  T w e lv e  0 .0 1  mm 

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

They w e r e  t h e n  h e a t e d  o v e r  a b u n s e n  f l a m e  t o  s o f t e n  t h e n  a f t e r  w h ich  

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

b e d d e d  i n  b y  t i g h t e n i n g  t h e  v i s c o m e t e r  t u b e  i n t o  p o s i t i o n .  The  

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

and t h e  v i s c o m e t e r  on a s s e m b l y .

4 . 5 . 4  T e s t i n g  t h e  V i s c o m e t e r  A s s e m b ly

B e f o r e  t e s t i n g , a new  s i n k e r  w i t h  a s u i t a b l e  d i a m e t e r  was s e l e c t e d

f r o m  a s t o c k  w i t h  d i f f e r e n t  d i a m e t e r s . The new s i n k e r  w as 14  mm l o n g

and  7 .5 0 0  mm i n  d i a m e t e r .  The s i n k e r  d e n s i t y  was m e a su r e d  a s  d e s c r i b e d

- 3
i n  S e c t i o n  4 . 4 . 4  a n d  h a d  a v a l u e  o f  6 8 4 3 .6  k g  m a t  2 9 8 .1 5  K.

T h i s  t i m e  t h e  a n n u l u s  b e t w e e n  t h e  s i n k e r  a n d  t h e  t u b e  was 0 .0 3 1  mm.

S i n c e  t h e  a n n u l u s  was s m a l l e r  th a n  w i t h  t h e  p r e v i o u s  v i s c o m e t e r  t u b e /  

s i n k e r  c o m b in a t i o n  an d  t h e  d i s t a n c e  b e tw e e n  t h e  d e t e c t o r  c o i l s  was th e  

sa m e , t h e  s i n k e r  f a l l  t i m e  f o r  a p a r t i c u l a r  l i q u i d  s h o u l d  b e  g r e a t e r
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th a n  t h a t  i n  t h e  o l d  v i s c o m e t e r  a t  t h e  same t e m p e r a tu r e  and  p r e s s u r e .  

n -H e xa n e  was c h o s e n  a s  t h e  t e s t  l i q u i d  a s  i t  was t h e  m o s t  c o m p r e s s 

i b l e  an d  l e a s t  v i s c o u s  o f  t h e  tw o l i q u i d s  s t u d i e d  i n  t h e  o l d  v i s c o 

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

I t  a l s o  p r o v i d e d  a c h e c k  on  t h e  a c c u r a c y  o f  t h e  v i s c o s i t y  c o e f f i c i 

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

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

t h e  f a l l  t i m e  a n d  c o n s e q u e n t l y  may b e  s u b j e c t  t o  a h i g h e r  d e g r e e  o f  

u n c e r t a i n t y .  A v i e w  o f  t h e  c o m p l e t e  v i s c o m e t e r  p r i o r  t o  a s s e m b ly  i s  

shown i n  F i g u r e  4 . 1 8 .

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

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

m e te r  e n d  p l u g  t i g h t e n e d  dow n. No l e a k s  w ere  d e t e c t e d  on c o m p r e s s 

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

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

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

p r e s s u r e  v e s s e l  e n d  ca p  t i g h t e n e d  down.

I n i t i a l l y  a t  298 K t h e  v i s c o m e t e r  b e h a v e d  v e r y  w e l l  w i t h  f a l l  t i m e s  

f o r  a p a r t i c u l a r  p o i n t  o n  t h e  i s o t h e r m  a g r e e i n g  t o  w i t h i n  + ^ 0 .4  p e r 

c e n t .  H o w e v e r ,  on  i n c r e a s i n g  t h e  t e m p e r a t u r e  t o  323 K ,  a l l o w i n g  t o  

c o o l  o v e r n i g h t  a n d  r e h e a t i n g  t o  323 K t h e  n e x t  d a y ,  i t  was n o t  p o s s i b l e  

t o  o b t a i n  c o n s i s t e n t  f a l l  t i m e  r e s u l t s .  The v i s c o m e t e r  was rem o ved  

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

s o l d e r e d  an d  t h e  b e l l o w s  ca g e  rem o v ed  t h e  c o l l a p s i b l e  t u b e  was s e e n  

t o  b e  a l m o s t  e m p ty .  The r e m a i n i n g  l i q u i d  was c o n t a m i n a t e d  w i t h  t h e  

p r e s s u r i s i n g  f l u i d  an d  t h e  s c r e w s  w h ic h  c la m p e d  t h e  n y l o n  t u b i n g  w ere  

s l a c k .  I t  s e e m e d  t h a t  e x p a n s i o n  o f  t h e  m e ta l  c o m p o n en ts  a s  t e m p e r a tu r e
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i n c r e a s e d  o r  t h e  e f f e c t  o f  t e m p e r a tu r e  on t h e  n y l o n  t u b i n g  c a u s e d  a 

gap b e tw e e n  t h e  m e t a l  an d  t h e  t u b i n g  a l l o w i n g  n - h e x a n e  t o  e s c a p e  and  

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

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

f u r t h e r  t i g h t e n e d  a f t e r  h e a t i n g  w i t h  a h o t  a i r  b l o w e r .  A g a in  t h e  

same p r o b l e m  was e x p e r i e n c e d  on  i n c r e a s i n g  t h e  t e m p e r a tu r e  a f t e r  a 

s u c c e s s f u l  r u n  a t  a l o w e r  t e m p e r a t u r e . A f t e r  s e v e r a l  a t t e m p t s  t o  

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

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

t h e  o r i g i n  o f  t h e  p r o b le m  was t h e  n y l o n  t u b i n g  d e f o r m i n g  a t  t h e  j o i n t  

w i t h  t h e  m e ta l  a s  t h e  t e m p e r a tu r e  was i n c r e a s e d .  H o w ev er , s i n c e  t h e  

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

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

t h e  o r i g i n a l  m e ta l  b e l l o w s  and  b e l l o w s  c a g e .  T h i s  e l i m i n a t e d  t h e  

p r o b le m  o f  l e a k i n g  an d  no a d d i t i o n a l  p r o b le m s  w ere  e n c o u n t e r e d .

Due t o  a l i m i t a t i o n  i n  t h e  t i m e  a v a i l a b l e  f o r  f u r t h e r  e x p e r i m e n t a l  

work t h e  new  p r e s s u r e  v e s s e l  e n d  ca p  s e a l i n g  a r r a n g e m e n t  was n o t  

t e s t e d .

* U n f o r t u n a t e l y  t h e  t u b i n g  d i d  n o t  a r r i v e  b e f o r e  t h i s  r e s e a r c h  was com

p l e t e d  b u t  s u b s e q u e n t  t e s t i n g  b y  R o b e r t s o n p r o v e d  s u c c e s s f u l  

w i t h  p r e s s u r e s  up t o  500 MPa b e i n g  o b t a i n e d  w i t h  no  l e a k i n g  o f  c o n 

t e n t s  o c c u r r i n g  o v e r  a w id e  ra n g e  o f  t e m p e r a t u r e .
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4 . 5 . 5  C a l i b r a t i o n

The new v i s c o m e t e r  t u b e / s i n k e r  c o m b in a t io n  was c a l i b r a t e d  i n  t h e  

same m a n n er  a s  d e s c r i b e d  i n  S e c t i o n  4 . 4 . 6  f o r  t h e  o l d  v i s c o m e t e r  t u b e /  

s i n k e r  c a l i b r a t i o n  u s i n g  e q u a t i o n s  ( 4 .8 )  and  ( 4 . 1 0 ) .  S a t u r a t i o n  

p r e s s u r e  f a l l  t i m e s  f o r  n - h e x a n e  a t  323 K and  f o r  n - h e x a d e c a n e  a t  298 K, 

323 K , 348 K a n d  373 K p r o v i d e d  s i x  c a l i b r a t i o n  p o i n t s  o v e r  t h e  v i s 

c o s i t y  c o e f f i c i e n t  r a n g e  0 . 2 4  mPa s  t o  3 .0 7  mPa s .  A l t h o u g h  t h i s  c a l i 

b r a t i o n  was f a i r l y  l i m i t e d  t h e  m ain  i n t e r e s t  was t o  com pare v i s c o s i t y  

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

v i s c o m e t e r  b o t h  a s  a t e s t  o f  t h e  e s t i m a t e d  a c c u r a c y  o f  t h e  q u o t e d  v i s 

c o s i t y  c o e f f i c i e n t s  an d  a s  a t e s t  o f  t h e  new v i s c o m e t e r .  T h i s  ra n g e  

was s u f f i c i e n t  t o  c o v e r  n -h e x a n e  v i s c o s i t y  c o e f f i c i e n t s  o b t a i n e d  a t  

323 K a n d  348 K up t o  500 MPa. The c a l i b r a t i o n  r e s u l t s  a r e  g i v e n  

i n  T a b le  4 . 7  a n d  shown i n  F ig u r e  4 . 1 9 .  A g a in  t h e  s o l i d  l i n e  r e p r e 

s e n t s  t h e  v a l u e s  c a l c u l a t e d  u s i n g  e q u a t i o n  ( 4 . 1 0 ) .  The c o n s t a n t s  i n  

e q u a t i o n  ( 4 . 1 0 ) f o r  t h i s  p a r t i c u l a r  v i s c o m e t e r  t u b e / s i n k e r  c o m b in a t i o n  

a r e  A = 1 0 3 .4 7 9  f B = 1 0 .8 8 1  a n d  N = 0 . 2 .  U s in g  t h e s e  c o n s t a n t s  

e q u a t i o n  ( 4 . 1 0 ) f i t s  t h e  d a ta  t o  w i t h i n  one  p e r c e n t .
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4 .6  RESULTS FOR THE n-HEXANE PLUS n-HEXADECANE SYSTEM

4 . 6 . 1  E x p e r i m e n t a l  D e n s i t y  R e s u l t s

D e n s i t i e s  f o r  n —h e x a n e ,  n —h e x a d e c a n e  and f o u r  m i x t u r e s  o f  n - h e x a n e  

p l u s  n - h e x a d e c a n e  h a v e  b e e n  m e a su re d  a t  2 9 8 .1 5  K, 3 2 3 .1 5  K , 3 4 8 .1 5  K 

and 3 7 3 .1 5  K up t o  t h e  f r e e z i n g  p r e s s u r e  o r  a maximum o f  a p p r o x i m a t e l y  

500 MPa. E q u a t i o n  ( 4 .6 )  was u se d  t o  c a l c u l a t e  d e n s i t y  and  t h e  e x p e r i 

m e n ta l  r e s u l t s  a r e  g i v e n  i n  T a b le  4 . 8  and p l o t t e d  a s  d e n s i t y  v e r s u s  

p r e s s u r e  i n  F i g u r e s  4 .2 0  t o  4 . 2 5 .

D u r in g  m e a su r e m e n t  o f  d e n s i t y  t h e  f o r m a t i o n  o f  a s o l i d  p h a s e  becam e  

e v i d e n t  when t h e  p o s i t i o n  o f  t h e  c o i l  b l o c k  a t  t h e  b a l a n c e  p o i n t  c o n 

t i n u e d  t o  ch a n g e  a f t e r  th e r m a l  e q u i l i b r i u m  h a d  b e e n  e s t a b l i s h e d .

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

a g a i n s t  p r e s s u r e , t h e  c u r v e  show ed  a s h a r p  ch a n g e  i n  s l o p e  a t  t h i s  

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

F i g u r e  4 .2 6  f o r  t h e  m i x t u r e  w i t h  a m o le  f r a c t i o n  o f  n - h e x a d e c a n e  o f  

0 .2 0 0  a t  2 9 8 .1 5  K. The a p p r o x im a te  p o s i t i o n  o f  t h e  s o l i d / l i q u i d  

e q u i l i b r i u m  l i n e  d e r i v e d  f r o m  s u c h  m e a su r e m e n ts  a t  2 9 8 .1 5  K , 3 2 3 .1 5  K,

3 4 8 .1 5  K a n d  3 7 3 .1 5  K i s  shown i n  F ig u r e  4 . 2 7 .  No a t t e m p t  was made 

t o  d e t e r m i n e  e x a c t  f r e e z i n g  p r e s s u r e s . T h ese  w i l l  l i e  b e tw e e n  t h e  

l o w e s t  p r e s s u r e  a t  w h ic h  f r e e z i n g  was d e t e c t e d  and  t h e  p r e v i o u s  

p r e s s u r e  r e a d i n g .  The u n c e r t a i n t y  i s  i l l u s t r a t e d  i n  F i g u r e  4 .2 7  b y  

v e r t i c a l  l i n e s .  The f r e e z i n g  p r e s s u r e  f o r  m i x t u r e s  c o n t a i n i n g  a 

s m a l l  m o le  f r a c t i o n  o f  n —h e x a d e c a n e  i s  s i g n i f i c a n t l y  l o w e r  th a n  t h e  

f r e e z i n g  p r e s s u r e  o f  n - h e x a n e  i t s e l f  a t  t h e  same t e m p e r a t u r e ,  b u t  

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

c h a n g e  i n  f r e e z i n g  p r e s s u r e ,  e v e n  up t o  a m o le  f r a c t i o n  o f  n - h e x a n e  o f  

0 . 6 0 0 .
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Few d a t a  a r e  a v a i l a b l e  f o r  t h e  f a c t o r s  a f f e c t i n g  t h e  f r e e z i n g  p r e s s u r e  

o f  l i g u i d  m i x t u r e s  u n d e r  p r e s s u r e . B r id g m a n ^3 3 3  ̂  was m a i n l y  c o n c e r n e d

w i t h  m e a s u r i n g  t h e  f r e e z i n g  p r e s s u r e  o f  p u r e  l i q u i d s  and o t h e r  w o r k e r s ^3 3 8  ̂  

h a v e  a s su m e d  a l i n e a r  r e l a t i o n s h i p  w i t h  m o le  f r a c t i o n  b e tw e e n  t h e  f r e e z 

i n g  p r e s s u r e s  o f  t h e  p u r e  co m p o n e n ts  w h ic h  i s  c e r t a i n l y  n o t  t h e  c a s e  f o r  

t h i s  s y s t e m .

4 , 6 . 2  C o m p a r iso n  o f  D e n s i t y  R e s u l t s  w i t h  L i t e r a t u r e  V a lu e s

A t  a t m o s p h e r i c  p r e s s u r e  t h e  d e n s i t y  o f  n - h e x a n e  a t  2 9 8 .1 5  K was f o u n d  

t o  b e  6 5 5 .0  k g  m 3  w h ic h  can  b e  com pared  w i t h  l i t e r a t u r e  v a l u e s  o f  

6 5 5 . 1 3 (95)  , 6 5 5 . 1 8 ( 5 4 ) , 6 5 4 . 8 (89) and  6 5 4 . 8 5 (96) k g  m ' 3 . F o r  n - h e x 

a d e c a n e  a t  2 9 8 .1 5  K an d  a t m o s p h e r i c  p r e s s u r e  t h e  e x p e r i m e n t a l  d e n s i t y  

o f  7 7 0 .2  k g  m 3 can  b e  com pared  w i t h  7 7 0 ,7 9 ^ 3 4  ̂ and  7 6 9 . 9 7 ^ " ^  k g  m 3 .

A t  h i g h e r  p r e s s u r e s ,  d e n s i t y  m e a su r e m e n ts  on n - h e x a n e  h a v e  b e e n  made

b y  M o p s ik ^ 3 ^   ̂ , E d u l j e e ,  N e w i t t  a n d  W eale^3 3 9  ̂ , B r id g m a n ^3 3 3  ̂  a n d

(23)
I s d a l e ,  Dymond and  Brawn , a n d  t h e  p r e s e n t  r e s u l t s  a g r e e  w i t h  t h e

v a l u e s  r e p o r t e d  b y  t h e s e  a u t h o r s  g e n e r a l l y  t o  w i t h i n  0 . 1  p e r c e n t  a t

2 9 8 .1 5  K . The maximum d i f f e r e n c e  i s  0 .2 1  p e r c e n t .  A t  3 2 3 .1 5  K,

(1 2 2 ) .a g r e e m e n t  w i t h  t h e  r e s u l t s  o f  Bridgm an i s  w i t h i n  0 . 1 8  p e r c e n t  up

t o  500 MPa, and  a t  3 4 8 .1 5  K t h e  a g r e e m e n t  w i t h  I s d a l e ,  Dymond and  

Brawn^3 3 * i s  w i t h i n  0 . 2  p e r c e n t  o v e r  t h i s  p r e s s u r e  r a n g e .  F o r  n - h e x 

a d e c a n e ,  t h e  e x p e r i m e n t a l  d e n s i t i e s  a t  3 2 3 .1 5  K and  3 7 3 .1 5  K a g r e e  t o  

w i t h i n  0 . 1 2  p e r c e n t ,  o v e r  t h e  w h o le  l i q u i d  r a n g e ,  w i t h  v a l u e s  c a l c u l a t e d

fr o m  t a b l e s  o f  s p e c i f i c  v o lu m e s  g i v e n  b y  D o o l i t t l e  . The d e n s i t i e s
(3. 3 2 ) #

g i v e n  i n  A . S .M . E .  P r e s s u r e  V i s c o s i t y  R e p o r t ,  1953  a g r e e  w i th -  t h e

p r e s e n t  v a l u e s  t o  w i t h i n  0 . 2  p e r c e n t .  T h i s  g e n e r a l  a g r e e m e n t  t o  

+ 0 . 2  p e r c e n t  c o n f i r m s  t h e  e s t i m a t e  o f  t h e  a c c u r a c y  o f  +_0 . 2  p e r c e n t  

f o r  t h e  d e n s i t y  d a t a  c a l c u l a t e d  i n  S e c t i o n  4 . 3 . 3 .
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4 . 6 . 3  C a l c u l a t i o n  o f  D e n s i t i e s  a t  o t h e r  P r e s s u r e s  

To e n a b l e  v i s c o s i t y  c o e f f i c i e n t s  t o  b e  c a l c u l a t e d  f r o m  s i n k e r  f a l l  t i m e s  

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

same t e m p e r a t u r e s  an d  p r e s s u r e s  a r e  r e q u i r e d . E x p e r im e n t a l  d e n s i t i e s

w ere  m e a s u r e d  i n  a s e p a r a t e  e x p e r i m e n t  and  t h e  r e s u l t s  w ere  o b t a i n e d  

a t  s l i g h t l y  d i f f e r e n t  t e m p e r a tu r e s  and  d i f f e r e n t  p r e s s u r e s . To 

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

e x p e r i m e n t s  t h e  e x p e r i m e n t a l  d e n s i t i e s  w ere  f i t t e d  b y  a p o l y n o m i a l  

e q u a t i o n .  An e q u a t i o n  o f  t h e  fo r m

2 3 4
p = A + BP + CP + DP + EP + . .  . ( 4 .1 1 )

was t r i e d  b u t  t h i s  r e q u i r e d  f i v e  o r  s i x  t e r m s  t o  r e p r o d u c e  t h e  d e n 

s i t i e s  t o  t h e  r e q u i r e d  a c c u r a c y .  S i n c e  t h e  maximum num ber  o f  e x p e r i 

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

t h i s  t y p e  was o v e r f i t t i n g  t h e  d a t a .  I t  was t h e r e f o r e  d e c i d e d  t o  u s e  

some f o r m  o f  t h e  s e c a n t  b u l k  m o d u lu s  e q u a t i o n  s u g g e s t e d  b y  H a y w a r d ^ 3  ̂ .

I s o t h e r m a l  c o m p r e s s i b i l i t y  i s  d e f i n e d  a s  t h e  f r a c t i o n a l  vo lu m e  ch a n g e  

p e r  u n i t  p r e s s u r e  a t  c o n s t a n t  t e m p e r a tu r e  and  i t s  r e c i p r o c a l , t h e  b u l k  

m o d u l u s , i s  d e f i n e d  a s

K =  - V ( j j )  ( 4 . 1 2 )
T

I t  i s  much e a s i e r  h o w e v e r  t o  d e r i v e  t h e  a v e r a g e  v a l u e  o f  t h e  b u l k

m o d u lu s  f r o m  P t o  P w h ere  P i s  a t m o s p h e r i c  p r e s s u r e . T h i s  a v e r a g e  
o o

v a l u e  i s  c a l l e d  t h e  s e c a n t  b u l k  m o d u lu s  a n d  i s  d e f i n e d  a s

V (P -  P )
K =

o

I t  f o l l o w s  t h a t
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V = V
o

K -  (P -  p  )
  o ( 4 .1 4 )

K

and  h e n c e

P ( 4 .1 5 )
K -  (P -  P ) 

o

w here  p a n d  p a r e  t h e  d e n s i t i e s  a t  p r e s s u r e  P and  P .
O  r \

From e q u a t i o n  ( 4 .1 5 )  i t  f o l l o w s  t h a t

P
K = P ( 4 .1 6 )P -  P

o

w here  P i s  n e g l i g i b l e  co m p a red  t o  P.

T h is  e q u a t i o n  was u s e d  t o  c a l c u l a t e  K f r o m  e x p e r i m e n t a l  p r e s s u r e - d e n -  

s i t y  d a t a  an d  a q u a d r a t i c  e q u a t i o n  o f  t h e  fo r m

was u s e d  t o  c a l c u l a t e  s e c a n t  b u l k  m od u lu s  and  h e n c e  d e n s i t y  a t  o t h e r  

p r e s s u r e s . T a b le  4 . 9  g i v e s  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  d e r i v e d  

u s i n g  e q u a t i o n  ( 4 .1 7 )  f o r  t h e  n - h e x a n e  p l u s  n - h e x a d e c a n e  s y s t e m .

T h is  r e p r e s e n t a t i o n  h a s  t h e  a d v a n ta g e  o f  r e q u i r i n g  f e w e r  e m p i r i c a l  

c o n s t a n t s  t h a n  a p o l y n o m i a l  e q u a t i o n  o f  d e n s i t y .  The s e c a n t  b u l k  

m o d u lu s  d a t a  was f i t t e d  b y  e q u a t i o n  ( 4 .1 7 )  t o  w i t h i n  + _ 2 .3  p e r c e n t  

w h ich  i s  e q u i v a l e n t  t o  + _0.21  p e r c e n t  i n  d e n s i t y .  The g e n e r a l  f i t  

was s i g n i f i c a n t l y  b e t t e r  th a n  t h i s , t h e  mean d e v i a t i o n  f o r  a l l  i s o 

th e r m s  b e i n g  w i t h i n  + 0 . 0 7  p e r c e n t  i n  d e n s i t y . A t  2 9 8 .1 5  K t h e  

p r e s s u r e  r a n g e  o v e r  w h ic h  m i x t u r e s  h a v i n g  a m o le  f r a c t i o n  o f  n —h e x a d e — 

ca n e  g r e a t e r  th a n  0 . 2 0 0  r e m a in  l i q u i d  was t o o  s m a l l  t o  w a r r a n t  a q u a d 

r a t i c  f i t .  F o r  t h e s e  a l i n e a r  f i t  o f  t h e  e x p e r i m e n t a l  s e c a n t  b u l k

K = K + mP + nP 2 ( 4 .1 7 )o

143



T a b le  4 .9

V a lu e s  o f  C o e f f i c i e n t s  U sed i n  E q u a t io n  
(4 .1 7 )  f o r  S e c a n t  B u lk  M odulus

M ole  f r a c t i o n  
o f

n - h e x a d e c a n e

T e m p e ra tu r e
(K)

Ko

(MPa)

m - 1 0 3 n 

(M P a ^ )

0 2 9 8 .1 5 6 6 8 . 2 4 .1 5 6 1 .5 8 0
3 2 3 .1 5 5 3 1 .2 4 .0 1 6 1 .4 4 2
3 4 8 .1 5 4 5 4 .8 3 .6 3 6 1 .1 5 6
3 7 3 .1 5 3 3 2 .4 3 .7 3 1 1 .6 3 6

0 . 2 0 0 2 9 8 .1 5 7 1 7 .6 6 .3 3 7 9 .5 9 7
3 2 3 .1 5 5 7 2 .8 5 .4 8 7 4 .6 4 9
3 4 8 .1 5 5 4 7 .2 4 .2 7 5 1 .9 7 6
3 7 3 .1 5 4 5 5 .1 4 .1 0 4 1 .8 3 2

0 .4 0 0 2 9 8 .1 5 8 9 1 .3 5 .0 9 0
3 2 3 .1 5 7 2 9 .3 5 . 6 6 6 5 .7 6 3
3 4 8 .1 5 6 3 8 .9 4 .7 9 8 2 .8 4 4
3 7 3 .1 5 5 2 8 .9 4 .4 6 2 2 .1 3 7

0 .6 0 0 2 9 8 .1 5 8 6 6 . 6 7 .0 8 9
3 2 3 .1 5 7 8 1 .3 6 .6 1 7 9 .2 7 1
3 4 8 .1 5 7 3 0 .0 4 .8 7 2 2 .8 0 3
3 7 3 .1 5 6 4 5 .3 4 .4 5 8 1 .9 9 2

0 .8 0 0 2 9 8 .1 5 9 5 5 .9 7 .7 8 1
3 2 3 .1 5 8 7 3 .5 6 .5 2 1 9 .1 1 8
3 4 8 .1 5 7 9 7 .2 5 .2 2 4 3 .6 4 4
3 7 3 .1 5 6 9 5 .4 4 .6 5 6 2 . 2 2 1

1 2 9 8 .1 5 9 7 8 .3 9 .6 4 9
3 2 3 .1 5 9 2 6 .8 6 .7 7 3 1 0 .0 6 5
3 4 8 .1 5 8 4 8 .3 5 .2 5 6 3 .5 6 6
3 7 3 .1 5 7 6 4 .8 4 .6 1 4 2 .0 6 6
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m o d u l u s - p r e s s u r e  d a ta  r e p r o d u c e d  t h e  d e n s i t y  r e s u l t s  t o  w i t h i n  0 .0 5  

p e r c e n t .

The c o e f f i c i e n t s  g i v e n  i n  T a b le  4 .9  can  b e  u s e d  t o  c a l c u l a t e  s e c a n t  

b u l k  m o d u lu s  a t  a n y  p r e s s u r e  up t o  t h e  maximum e x p e r i m e n t a l  p r e s s u r e  

and  t h e  c o r r e s p o n d i n g  d e n s i t y  can  t h e n  b e  o b t a i n e d  f r o m  e q u a t i o n  ( 4 . 1 5 ) .  

V a lu e s  f o r  d e n s i t y  a t  r o u n d e d  p r e s s u r e  s t e p s  o f  50 MPa h a v e  b e e n  c a l 

c u l a t e d  i n  t h i s  way a n d  t h e s e  a r e  g i v e n  i n  T a b le  4 . 1 0 .

4 . 6 . 4  E x p e r i m e n t a l  V i s c o s i t y  C o e f f i c i e n t  R e s u l t s

V i s c o s i t y  c o e f f i c i e n t s  f o r  n - h e x a n e , n -h e x a d e c a n e  and  f o u r  m i x t u r e s  

o f  n - h e x a n e  p l u s  n - h e x a d e c a n e  h a v e  b e e n  m e a su re d  i n  t h e  o l d  v i s c o m e t e r , 

h e r e a f t e r  r e f e r r e d  t o  a s  v i s c o m e t e r  1 ,  a t  298 K , 323 K, 348 K and  

373 K up t o  j u s t  b e l o w  t h e  f r e e z i n g  p r e s s u r e  o r  a maximum o f  500 MPa.

The p r e c a u t i o n  o f  k e e p i n g  t h e  p r e s s u r e  b e lo w  t h e  f r e e z i n g  p r e s s u r e  was 

t a k e n  a s  i f  t h e  l i q u i d  o r  l i q u i d  m i x t u r e  h a d  f r o z e n , t h e  v i s c o m e t e r  

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

e n c e  a t  t h e  v i s c o m e t e r  w a l l . T h i s  p r e c a u t i o n  was t a k e n  e v e n  th o u g h

Hogenboom, Webb an d  D i x o n f o u n d  t h a t  t h e  l i q u i d s  t h e y  s t u d i e d ,  

w h ic h  i n c l u d e d  n - a l k a n e s , c o u l d  b e  s u p e r p r e s s e d  a b o ve  t h e  e q u i l i b r i u m  

f r e e z i n g  p o i n t  and  w ere  v e r y  s t a b l e  d e s p i t e  a g i t a t i o n  o f  t h e  s a m p le  b y  

t h e  f a l l i n g  b a l l .  E q u a t io n  ( 4 .8 )  was u s e d  t o  c a l c u l a t e  v i s c o s i t y  c o 

e f f i c i e n t s  an d  t h e  r e s u l t s  a r e  g i v e n  i n  T a b le  4 .1 1  a n d  p l o t t e d  a s  

v i s c o s i t y  c o e f f i c i e n t  v e r s u s  p r e s s u r e  i n  F ig u r e  4 .2 8  t o  4 . 3 3 .  F a l l  

t i m e s  q u o t e d  f o r  n —h e x a n e  a t  348 K and  373 K a t  0 . 1  MPa and  f o r  t h e  

m i x t u r e  w i t h  t h e  m o le  f r a c t i o n  o f  n —h e x a n e  o f  0 .2 0 0  a t  373 K and  0 . 1  

MPa w e r e  e x t r a p o l a t e d  f r o m  f a l l  t i m e s  m e a su r e d  a t  p r e s s u r e s  b e tw e e n  

0 . 5  MPa a n d  10 MPa s i n c e  i t  was n e c e s s a r y  t o  a p p l y  a s m a l l  p r e s s u r e  

a t  t h e s e  t e m p e r a t u r e s  a s  t h e  s a m p le s  w ere  a b o ve  t h e  n o rm a l  b o i l i n g
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T a b le  4 .1 0

- 3D e n s i t i e s  ( i n  k g  m ) f o r  t h e  n -H exa n e  p l u s  n -H e x a d e c a n e

S y s t e m  a t  50 MPa I n t e r v a l s

P r e s s u r e
(MPa)

Mole f r a c t i o n  o f  n -h e x a d e c a n e

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

T e m p e r a tu r e : 2 9 8 .1 5 K

0 . 1 6 5 5 .0 6 9 8 .8 7 2 6 .3 7 4 5 .3 7 5 9 .5 7 7 0 .2
5 0 .0 6 9 4 .8 7 3 5 .2 7 5 9 .4 777 .1

1 0 0 . 0 7 2 2 .7 7 5 9 .3
1 5 0 .0 7 4 3 .8
2 0 0 . 0 7 6 1 .0
2 5 0 .0 7 7 5 .5
3 0 0 .0 7 8 8 .4
3 5 0 .0 8 0 0 .2
4 0 0 .0 8 1 1 .2
4 5 0 .0 8 2 1 .7
5 0 0 .0 8 3 1 .9

T e m p e r a tu r e : 3 2 3 .1 5 K

0 . 1 6 3 1 .6 6 7 8 .0 7 0 6 .9 7 2 6 .7 7 4 1 .6 7 5 3 .0
5 0 .0 6 7 8 .2 7 2 1 .2 7 4 4 .2 7 6 1 .7 7 7 4 .5 7 8 4 .6

1 0 0 . 0 7 0 8 .8 7 4 7 .5 7 6 9 .0 7 8 4 .8 79 7 .2 8 0 6 .7
1 5 0 .0 7 3 1 .2 767 .1 7 8 8 .5 8 0 3 .7 8 1 5 .9
2 0 0 . 0 7 4 8 .9 7 8 3 .6 8 0 5 .6
2 5 0 .0 7 6 3 .7 7 9 8 .7
3 0 0 .0 7 7 6 .7 8 1 3 .6
3 5 0 .0 7 8 8 .4
4 0 0 .0 7 9 9 .3
4 5 0 .0 8 0 9 .7
5 0 0 .0 8 1 9 .7

T e m p e r a tu r e : 3 4 8 .1 5 K

0 . 1 6 0 6 .7 6 5 6 .3 6 8 7 .0 7 0 7 .9 7 2 3 .8 7 3 5 .8
5 0 .0 6 5 8 .7 7 0 2 .8 7 2 8 .8 7 4 6 .5 7 6 0 .0 7 7 0 .8

1 0 0 . 0 6 9 2 .5 7 3 3 .1 7 5 6 .4 7 7 2 .9 7 8 5 .0 7 9 5 .2
1 5 0 .0 7 1 7 .1 7 5 5 .3 7 7 7 .0 7 9 3 .0 8 0 4 .3 8 1 4 .3
2 0 0 . 0 7 3 6 .4 7 7 3 .2 7 9 4 .0 8 0 9 .6 8 2 0 .6 8 3 0 .3

2 5 0 .0 7 5 2 .3 7 8 8 .4 8 0 8 .8 8 2 4 .1 8 3 5 .1 8 4 4 .7

3 0 0 .0 7 6 6 .1 8 0 2 .0 8 2 2 .4 8 3 7 .5 8 4 8 .9

3 5 0 .0 7 7 8 .5 8 1 4 .6 8 3 5 .5 8 5 0 .1

4 0 0 .0 7 9 0 .0 8 2 6 .7
4 5 0 .0 8 0 0 .7 8 3 8 .5
5 0 0 .0 8 1 1 .1
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T a b le  4 .1 0  ( c o n t i n u e d )

P r e s s u r e  
(MPa)

Mole f r a c t i o n  o f  n - h e x a d e c a n e

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

T e m p e r a tu r e 3 7 3 .1 5  K

0 . 1 5 8 0 .5 6 3 4 .4 6 6 6 .9 6 8 8 .9 7 0 5 .5 7 1 8 .6
5 0 .0 6 4 2 .9 6 8 6 . 8 7 1 4 .8 7 3 1 .3 7 4 5 .9 7 5 6 .8

1 0 0 . 0 6 7 9 .0 7 1 9 .3 7 4 5 .0 7 5 9 .8 7 7 3 .4 7 8 3 .6
1 5 0 .0 7 0 4 .0 7 4 2 .6 7 6 6 .9 7 8 1 .2 7 9 4 .1 8 0 4 .1
2 0 0 . 0 7 2 3 .3 7 6 0 .9 7 8 4 .3 7 9 8 .5 8 1 1 .0 8 2 0 .9
2 5 0 .0 7 3 9 .5 7 7 6 .4 7 9 9 .1 8 1 3 .2 8 2 5 .4 8 3 5 .3
3 0 0 .0 7 5 3 .9 7 9 0 .2 8 1 2 .4 8 2 6 .4 8 3 8 .4 8 4 8 .2
3 5 0 .0 7 6 7 .3 8 0 3 .0 8 2 4 .7 8 3 8 .5 8 5 0 .5 8 6 0 .2
4 0 0 .0 7 8 0 .2 8 1 5 .2 8 3 6 .6 8 5 0 .1 8 6 2 .1 8 7 1 .5
4 5 0 .0 7 9 2 .9 8 2 7 .1 8 4 8 .3 8 6 1 .3 8 7 3 .4 8 8 2 .5
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T a b le  4 .1 1

E x p e r i m e n t a l  E l e v a t e d  P r e s s u r e  V i s c o s i t y  C o e f f i c i e n t s  f o r  t h e  n -H e xa n e
p l u s  n -H e x a d e c a n e  S y s te m

M ole f r a c t i o n  
o f

n - h e x a d e c a n e

T e m p e ra tu r e  
(K)

P r e s s u r e  
(MPa)

F a l l  t im e  
( s )

C a l c u l a t e d  
d e n s i t y

- 3(k g  m )

V i s c o s i t y  
c o e f f i c i -  

e n t  
(mPa s )

0 2 9 8 .2 9 0 . 1 2 .9 2 3 6 5 5 .0 0 .2 9 7 6
2 1 . 1 3 .5 5 9 6 7 3 .8 0 .3 6 2 8
4 2 .2 4 .1 8 6 9 8 .6 0 .4 2 6 5
5 9 .8 4 .7 5 7 0 1 .0 0 .4 8 5 0
8 2 .6 5 .4 8 7 1 3 .9 0 .5 6 0 1

1 0 2 . 2 6 . 2 0 7 2 3 .7 0 .6 3 4 2
2 0 3 .4 1 0 .4 9 7 6 2 .0 1 .0 7 7
2 9 8 .7 1 5 .8 9 7 8 8 .1 1 .6 3 7
3 5 8 .2 2 0 .3 5 8 0 2 .0 2 . 1 0 0

0 3 2 3 .1 5 0 . 1 2 .3 5 7 6 3 1 .6 0 .2 3 5 7
4 8 .4 3 .5 9 8 6 7 7 .0 0 .3 6 6 5

1 0 1 .5 5 .0 1 7 0 9 .6 0 .5 1 0 9
1 4 4 .5 6 .3 1 7 2 9 .0 0 .6 4 4 8
1 9 8 .4 8 . 1 1 7 4 8 .4 0 .8 2 0 2
2 5 2 .0 1 0 .1 9 7 6 4 .3 1 .0 4 5
3 0 1 .7 1 2 .4 5 7 7 7 .1 1 .2 7 9
3 5 0 .7 1 4 .9 1 7 8 8 .5 1 .5 3 3
4 0 2 .0 1 7 .7 7 7 9 9 .7 1 .8 2 9

0 3 4 8 .3 8 0 . 1 1 .9 2 5 6 0 6 .7 0 .1 9 0 2
3 .9 2 .0 1 8 6 1 1 .8 0 . 2 0 0 1

7 .4 2 .1 0 4 6 1 6 .2 0 .2 0 9 4
4 9 .8 3 .0 3 2 6 5 8 .5 0 .3 0 8 4

1 0 0 .9 4 .1 6 8 6 9 3 .0 0 .4 2 4 6
1 5 5 .0 5 .5 0 7 1 9 .2 0 .5 6 1 1
2 0 4 .5 6 .8 2 7 3 7 .9 0 .6 9 6 7
2 4 8 .9 8 .1 5 7 5 2 .0 0 .8 3 3 5
2 9 9 .3 9 .8 4 7 6 6 .0 1 .0 0 8
3 4 9 .8 1 1 .7 5 7 7 8 .5 1 .2 0 5
4 0 1 .1 1 3 .8 5 7 9 0 .2 1 .4 2 1

0 3 7 3 .3 6 0 . 1 1 .6 1 8 5 8 0 .5 0 .1 5 4 9
4 . 8 1 .7 2 2 5 8 8 .6 0 .1 6 6 9

1 0 . 0 1 .8 3 7 5 9 6 .7 0 .1 8 0 3
5 2 .5 2 .6 6 2 6 4 5 .2 0 .2 6 7 2

1 0 2 . 2 3 .6 1 3 6 8 0 .3 0 .3 6 7 5

1 5 3 .1 4 .6 5 7 7 0 5 .3 0 .4 7 4 3
2 0 2 .7 5 .7 5 7 2 4 .2 0 .5 8 6 5
2 5 0 .0 6 .9 0 7 3 9 .5 0 .7 0 4 8

3 0 0 .0 8 .2 4 7 5 3 .9 0 .8 4 2 2

3 5 0 .1 9 . 7 3 7 6 7 .3 0 .9 9 5 5

4 0 0 .7 1 1 .3 1 7 8 0 .4 1 .1 5 8

4 1 9 .6 1 2 .0 7 7 8 5 .2 1 .2 3 6
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T a b le  4 .1 1  ( c o n t i n u e d )

M ole  f r a c t i o n  
o f

n - h e x a d e c a n e

T e m p e ra tu r e  
(K)

P r e s s u r e  
(MPa)

F a l l  t im e  
( s )

C a l c u l a t e d  
d e n s i t y

( k g  m 3)

V i s c o s i t y  
c o e f f i c i -  

e n t  
(mPa s )

0 . 2 0 0 2 9 8 .2 2 0 . 1 5 .7 0 6 9 8 .8 0 .5 8 4 2
1 . 4 5 .8 4 7 0 0 .2 0 .5 9 8 7
9 . 0 6 .3 0 7 0 7 .0 0 .6 4 6 2

1 8 .5 6 .9 1 7 1 4 .7 0 .7 0 9 1
4 1 .4 8 .5 3 7 3 0 .2 0 .8 7 6 7
6 1 .2 9 .9 4 7 4 1 .2 1 . 0 2 3
8 0 .9 1 1 .5 0 7 5 0 .8 1 .1 8 4

1 0 3 .9 1 3 .6 1 7 6 0 .9 1 .4 0 4

0 . 2 0 0 3 2 3 .1 9 0 . 1 4 .3 3 6 7 8 .0 0 .4 4 2 6
1 . 6 4 .4 1 6 7 9 .9 0 .4 5 0 8
8 .4 4 .7 6 6 8 7 .3 0 .4 8 6 8

4 8 .5 6 .8 4 7 2 0 .2 0 .7 0 0 9
9 8 .7 9 .7 6 7 4 7 .0 1 . 0 0 2

1 2 7 .9 1 1 .7 3 7 5 9 .0 1 .2 0 6
1 5 2 .5 1 3 .5 2 7 6 8 .0 1 .3 9 2
2 0 4 .5 1 8 .0 0 7 8 5 .0 1 .8 5 7
2 3 0 .4 2 0 .7 7 7 9 2 .9 2 .1 4 5

0 . 2 0 0 3 4 8 .0 7 0 . 1 3 .4 3 2 6 5 6 .3 0 .3 5 0 1
3 .1 3 .5 6 0 6 6 0 .0 0 .3 6 3 2
9 . 4 3 .8 2 3 6 6 7 .0 0 .3 9 0 2

4 8 .3 5 .4 0 7 0 1 .5 0 .5 5 2 1
1 0 1 . 1 7 .8 5 7 3 3 .6 0 .8 0 4 3
1 5 2 .7 1 0 .5 4 7 5 6 .4 1 .0 8 2
2 0 2 .5 1 3 .6 3 7 7 4 .0 1 .4 0 1
2 4 8 .7 1 6 .8 6 7 8 8 .0 1 .7 3 6
2 9 6 .0 2 0 .7 4 8 0 0 .9 2 .1 3 8
3 5 1 .1 2 5 .9 6 8 1 4 .9 2 .6 8 0
4 0 1 .8 3 2 .0 3 8 2 7 .1 3 .3 1 0
4 5 0 .4 3 8 .5 0 8 3 8 .6 3 .9 8 2
4 8 2 .2 4 2 .5 2 8 4 6 .2 4 .3 9 9

0 . 2 0 0 3 7 3 .1 2 0 . 1 2 .7 7 9 6 3 4 .4 0 .2 8 0 3
4 8 .6 4 .4 8 6 8 5 .7 0 .4 5 7 2

1 0 1 . 8 6 .4 6 7 2 0 .3 0 .6 6 0 5
1 5 1 .6 8 .5 3 7 4 3 .2 0 .8 7 3 6
2 0 1 .4 1 0 .8 1 7 6 1 .4 1 .1 0 9
2 4 9 .5 1 3 .3 2 7 7 6 .3 1 .3 6 8
3 0 2 .2 1 6 .6 2 7 9 0 .8 1 .7 0 9
3 5 1 .5 2 0 . 0 2 8 0 3 .3 2 .0 6 1
3 9 8 .3 2 3 .7 4 8 1 4 .8 2 .4 4 6
4 4 7 .7 2 8 .0 9 8 2 6 .6 2 .8 9 6
5 0 1 .9 3 3 .9 0 8 3 9 .6 3 .4 9 8
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T a b le  4 .1 1  ( c o n t i n u e d )

M ole f r a c t i o n  
o f

n - h e x a d e c a n e

T e m p e ra tu r e
(K)

P r e s s u r e
(MPa)

F a l l  t im e  
( s )

C a l c u l a t e d  
d e n s i t y

(k g  m 3)

V i s c o s i t y
c o e f f i c i 

e n t
(mPa s )

0 .4 0 0 2 9 8 .1 2 0 . 1 9 . 6 2 7 2 6 .3 0 .9 9 1 3
4 .6 9 .9 7 7 3 0 .0 1 .0 2 7

1 0 . 6 1 0 .7 5 7 3 4 .5 1 .1 0 9
1 9 .6 1 1 .8 9 7 4 1 .0 1 .2 2 7
3 2 .0 1 3 .5 2 7 4 9 .0 1 .3 9 6
4 0 .7 1 4 .5 2 7 5 4 .3 1 .5 0 0
5 0 .7 1 5 .9 2 7 5 9 .8 1 .6 4 6
6 1 .9 1 7 .4 6 7 6 5 .6 1 .8 0 6
7 0 .8 1 9 .1 1 7 6 9 .9 1 .9 7 8
8 2 .0 2 0 . 8 6 7 7 4 .9 2 .1 6 1

0 .4 0 0 3 2 3 .3 3 0 . 1 6 .8 5 7 0 6 .9 0 .7 0 3 2
5 . 3 7 .3 0 7 1 1 .9 0 .7 4 9 8

1 0 .5 7 .6 4 7 1 6 .4 0 .7 8 4 8
2 6 .2 9 .0 2 7 2 8 .8 0 .9 2 7 6
5 0 .7 1 1 .1 8 7 4 4 .6 1 .1 5 1
7 5 .0 1 3 .7 1 7 5 7 .6 1 .4 1 4

1 0 1 .5 1 6 .7 5 7 6 9 .7 1 .7 3 0
1 2 1 .5 1 9 .4 0 7 7 7 .8 2 .0 0 6
1 5 3 .8 2 3 .9 5 7 8 9 .9 2 .4 7 9
1 7 2 .1 2 6 .6 7 7 9 6 .3 2 .7 6 3
1 9 9 .2 3 1 .7 9 8 0 5 .4 3 .2 9 7

0 .4 0 0 3 4 8 .2 9 0 . 1 5 .1 0 6 8 7 .0 0 .5 2 1 9
2 . 6 5 .2 3 6 8 9 .3 0 .5 3 5 3
4 . 3 5 .3 2 6 9 1 .5 0 .5 4 4 5
9 . 2 5 .6 7 6 9 6 .4 0 .5 8 0 7

5 1 .1 8 .4 3 7 2 9 .5 0 .8 6 5 3
1 0 1 .4 1 2 .4 8 7 5 7 .0 1 .2 8 4
1 5 3 .0 1 7 .1 6 7 7 8 .1 1 .7 7 0
2 0 2 .7 2 3 .1 1 7 9 4 .8 2 .3 8 8
2 4 9 .7 2 9 .3 1 8 0 8 .7 3 .0 3 3
2 9 8 .4 3 7 .0 0 8 2 2 .0 3 .8 3 4
3 4 1 .7 4 5 .4 8 8 3 3 .3 4 .7 1 7

0 .4 0 0 3 7 3 .2 4 0 . 1 4 .0 6 6 6 6 .9 0 .4 1 4 7
5 . 2 4 .3 5 6 7 3 .2 0 .4 4 4 5

1 0 .5 4 .6 5 6 7 9 .3 0 .4 7 5 3
4 9 .8 6 .7 0 7 1 4 .6 0 .6 8 6 0

1 0 3 .3 9 .8 9 7 4 6 .7 1 .0 1 5
1 5 2 .3 1 3 .1 6 7 6 7 .8 1 .3 5 3
2 0 3 .7 1 7 .4 5 7 8 5 .5 1 .7 9  7
2 5 1 .9 2 1 . 8 6 7 9 9 .7 2 .2 5 4
3 0 3 .3 2 7 .6 2 8 1 3 .2 2 .8 5 2
3 5 1 .3 3 3 .8 7 8 2 5 .0 3 .5 0 2
4 0 2 .3 4 1 .7 7 8 3 7 .1 4 .3 2 3
4 5 1 .7 5 0 .4 5 8 4 8 .7 5 .2 2 5
4 7 8 .3 5 6 .8 1 8 5 5 .0 5 .8 8 8
5 0 2 .8 6 1 .1 1 8 6 0 .8 6 .3 3 4
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T a b le  4 .1 1  ( c o n t i n u e d )

M ole f r a c t i o n  
o f

n - h e x a d e c a n e

T e m p e ra tu r e  
(K)

P r e s s u r e
(MPa)

F a l l  t i m e  
(s )

C a l c u l a t e d  
d e n s i t y

(k g  m 3)

V i s c o s i t y  
c o e f f i c i 

e n t  
(mPa s )

0 .6 0 0 2 9 8 .1 5 0 . 1 1 4 .6 7 7 4 5 .3 1 . 5 1 8
4 . 3 1 5 .9 2 7 4 8 .9 1 .6 4 9
9 . 0 1 6 .7 7 7 5 2 .6 1 .7 3 7

1 5 . 7 1 8 .1 5 7 5 7 .5 1 .8 8 1
2 1 . 6 1 9 .4 0 7 6 1 .4 2 . 0 1 1
3 1 .6 2 1 .6 7 7 6 7 .5 2 .2 4 8
3 6 .9 2 1 .9 5 7 7 0 .5 2 .2 7 7
4 1 .8 2 4 .0 1 7 7 3 .1 2 .4 9 3
4 6 .2 2 4 .9 9 7 7 5 .3 2 .5 9 5
5 7 .2 2 7 .5 4 7 8 0 .4 2 .8 6 2

0 .6 0 0 3 2 3 .1 3 0 . 1 9 .9 8 7 2 6 .7 1 .0 2 8
2 5 .8 1 3 .3 6 7 4 7 .1 1 .3 7 9
5 2 .1 1 6 .9 2 7 6 2 .8 1 .7 4 9
7 7 .6 2 1 .1 5 7 7 5 .3 2 .1 9 0

1 1 1 . 0 2 7 .8 7 7 8 9 .2 2 .8 9 1
1 2 6 .9 3 1 .2 8 7 9 5 .3 3 .2 4 8
1 5 3 .2 3 7 .6 7 8 0 4 .9 3 .9 1 5
1 7 8 .4 4 4 .9 6 8 1 3 .8 4 .6 7 8

0 .6 0 0 3 4 8 .3 1 0 . 1 7 .3 4 7 0 7 .9 0 .7 5 4 0
4 .9 7 .7 7 7 1 2 .5 0 .7 9 8 4
8 . 7 8 . 1 1 7 1 6 .0 0 .8 3 3 5

4 9 .8 1 2 .2 8 7 4 6 .4 1 .2 6 5
1 0 2 . 0 1 8 .2 1 7 7 3 .8 1 .8 8 1
1 3 7 .1 2 2 .8 0 7 8 8 .2 2 .3 5 8
1 6 7 .3 2 7 .7 6 7 9 9 .1 2 .8 7 4
2 0 2 . 6 3 4 .3 7 8 1 0 .4 3 .5 6 3
2 4 9 .9 4 4 .9 4 8 2 4 .1 4 . 6 6 6

2 9 7 .1 5 9 .7 9 8 3 6 .7 6 .2 1 9

0 .6 0 0 3 7 3 .1 8 0 . 1 5 .5 5 6 8 8 .9 0 .5 6 8 4
4 . 3 5 .8 1 6 9 3 .4 0 .5 9 5 2
9 . 6 6 .2 4 6 9 8 .7 0 .6 3 9 6

4 9 .9 9 .3 4 7 3 1 .2 0 .9 5 9 6
9 1 .4 1 2 .8 0 7 5 5 .6 1 .3 1 7

1 4 0 .9 1 7 .6 9 7 7 7 .7 1 .8 2 4
2 0 2 . 2 2 5 .1 3 7 9 9 .2 2 .5 9 7
2 9 8 .9 4 1 .3 2 8 2 6 .1 4 .2 8 2
4 0 0 .0 6 5 .3 7 8 5 0 .1 6 .7 9 1
4 1 8 .4 7 1 .1 9 8 5 4 .2 7 .3 9 8
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T a b le  4 .1 1  ( c o n t i n u e d )

M ole  f r a c t i o n  
o f

n - h e x a d e c a n e

T e m p e ra tu r e  
(K)

P r e s s u r e  
(MPa)

F a l l  t im e  
( s )

C a l c u l a t e d
d e n s i t y

( k g  m ^ )

V i s c o s i t y  
c o e f f i c i 

e n t  
(mPa s )

0 .8 0 0 2 9 8 .0 9 0 . 1 2 1 .5 3 7 5 9 .5 2 .2 3 6
4 . 3 2 2 .4 0 7 6 2 .8 2 .3 2 7

1 0 . 2 2 4 .3 5 7 6 7 .1 2 .5 3 1
1 9 . 8 2 7 .5 7 7 7 3 .3 2 . 8 6 8
3 0 .1 3 1 .4 5 7 7 9 .2 3 .2 7 5
3 4 .3 3 2 .6 5 7 8 1 .4 3 .4 0 0
3 9 .5 3 4 .1 0 7 6 4 .0 3 .5 5 2

0 .8 0 0 3 2 3 .2 1 0 . 1 1 3 .6 3 7 4 1 .6 1 .4 0 9
5 .0 1 4 .3 9 7 4 5 .7 1 .4 8 8
9 . 8 1 5 .3 4 7 4 9 .4 1 .5 8 7

3 9 .0 2 0 .9 1 7 6 8 .5 2 .1 6 7
6 1 .4 2 5 .9 3 7 8 0 .3 2 .6 9 1
7 9 .0 3 0 .3 8 7 8 9 .4 3 .1 5 6

1 0 1 .3 3 7 .3 2 7 9 7 .7 3 .8 8 2
1 2 3 .4 4 5 .2 6 8 0 6 .2 4 .7 1 4
1 4 2 .9 5 2 .5 9 8 1 3 .4 5 .4 8 3
1 5 6 .6 5 7 .6 6 8 1 8 .3 6 .0 1 4

0 .8 0 0 3 4 8 .0 9 0 . 1 9 .6 0 7 2 3 .8 0 .9 8 8 4
4 . 5 1 0 .0 4 7 2 7 .8 1 .0 3 4
9 . 7 1 0 .7 0 7 3 2 .2 1 . 1 0 2

4 8 .9 1 5 .7 7 7 5 9 .4 1 .6 2 8
9 9 . 4 2 4 .6 1 7 8 4 .7 2 .5 4 9

1 4 8 .2 3 5 .2 7 8 0 3 .7 3 .6 6 1
2 0 1 . 8 4 9 .8 4 8 2 1 .1 5 .1 8 4
2 4 6 .8 6 4 .6 5 8 3 4 .2 6 .7 3 3
3 0 0 .4 8 9 .5 7 8 4 9 .0 9 .3 4 4

0 .8 0 0 3 7 3 .1 7 0 . 1 7 .1 0 7 0 5 .5 0 .7 2 8 7
4 8 .2 1 1 .7 4 7 4 4 .8 1 .2 0 8

1 0 0 . 1 1 7 .7 8 7 7 3 .5 1 .8 3 5
1 5 8 .5 2 6 .2 4 7 9 7 .2 2 .7 1 4
2 0 2 . 2 3 3 .9 4 8 1 1 .7 3 .5 1 5
2 5 1 .0 4 4 .6 0 8 2 5 .7 4 .6 2 7
3 0 2 .1 5 9 .3 1 8 3 8 .9 6 .1 6 3
3 5 1 .4 7 5 .4 6 8 5 0 .8 7 .8 5 1
4 0 1 .0 9 4 .6 7 8 6 2 .3 9 .8 5 9
4 4 6 .1 1 1 6 .4 7 8 7 2 .5 1 2 .1 3 9
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T a b le  4 .1 1  ( c o n t i n u e d )

M ole f r a c t i o n  
o f

n - h e x a d e c a n e

T e m p e ra tu r e
(K)

P r e s s u r e  
(MPa)

F a l l  t im e  
( s )

C a l c u l a t e d
d e n s i t y

(k g  m 3)

V i s c o s i t y  
c o e f f i c i 

e n t  
(mPa s )

1 2 9 8 .0 8 0 . 1 2 9 .5 5 7 7 0 .2 3 .0 7 8
0 . 7 2 9 .8 4 7 7 0 .8 3 .1 0 9
4 .5 3 1 .4 4 7 7 3 .6 3 .2 7 6

1 5 .1 3 6 .0 3 7 8 0 .7 3 .7 5 8
2 7 .9 4 2 .1 0 7 8 7 .8 4 .3 9 5

1 3 2 3 .0 9 0 . 1 1 7 .8 1 7 5 3 .0 1 .8 4 5
0 . 8 1 8 .0 7 7 5 3 .7 1 .8 7 2
4 . 3 1 8 .8 7 7 5 6 .4 1 .9 5 6

2 7 .3 2 4 .8 6 7 7 2 .1 2 .5 8 1
5 2 .4 3 2 .5 6 7 8 5 .8 3 .3 8 7
7 8 .6 4 1 .7 9 7 9 7 .9 4 .3 5 4

1 0 3 .4 5 2 .7 5 8 0 8 .0 5 .5 0 4
1 3 9 .1 7 1 .7 0 8 2 1 .2 7 .4 9 5

1 3 4 8 .1 1 0 . 1 1 2 .0 4 7 3 5 .8 1 .2 4 2
0 . 9 1 2 .1 5 7 3 6 .6 1 .2 5 4
4 .1 1 2 .6 9 7 3 9 .3 1 .3 1 0

5 0 .6 2 0 .9 2 7 7 1 .1 2 .1 6 6
1 0 2 .5 3 2 .9 3 7 9 6 .3 3 .4 1 9
1 5 4 .2 4 8 .7 2 8 1 5 .7 5 .0 7 0
2 0 4 .9 6 9 .0 6 8 3 1 .8 7 .2 0 0
2 7 3 .1 1 0 6 .2 5 8 5 1 .0 1 1 . 1 0 2

1 3 7 3 .2 4 0 . 1 8 .7 1 7 1 8 .6 0 .9 8 5 4
5 1 .1 1 5 .0 4 7 5 7 .5 1 .5 5 1

1 0 3 .1 2 3 .1 5 7 8 5 .0 2 .3 9 4
2 0 1 . 8 4 4 .6 2 8 2 1 .5 4 .6 3 1
3 3 0 .1 9 0 .8 2 8 5 5 .5 9 .4 6 2
3 9 8 .8 1 2 7 .7 7 8 7 1 .3 1 3 .3 3 1
4 2 5 .1 1 4 4 .4 2 8 7 7 .1 1 5 .0 7 5
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p o i n t .  V i s c o s i t y  c o e f f i c i e n t s  f o r  n - h e x a n e  a t  323 K a n d  348 K w ere  

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

f e r r e d  t o  a s  v i s c o m e t e r  2 and  r e s u l t s  a r e  p r e s e n t e d  i n  T a b le  4 . 1 2  a n d  

F ig u r e  4 . 3 4 .  A l s o  shown on  F ig u r e  4 .3 4  a r e  v i s c o s i t y  c o e f f i c i e n t  r e 

s u l t s  f r o m  v i s c o m e t e r  1 f o r  n - h e x a n e  a t  a p p r o x i m a t e l y  t h e  same t e m p e r a 

t u r e s  .

T h i s  f i g u r e  sh o w s  t h a t  t h e  v i s c o s i t y  c o e f f i c i e n t  r e s u l t s  f o r  n - h e x a n e  

a t  323 K a n d  348 K o b t a i n e d  f r o m  t h e  two d i f f e r e n t  v i s c o m e t e r  t u b e /  

s i n k e r  c o m b i n a t i o n s  a g r e e  t o  w i t h i n  + 3 p e r c e n t  o v e r  p r e s s u r e  r a n g e  

0 .1  MPa t o  400 MPa. I f  an u n c e r t a i n t y  o f  +_ 2 p e r c e n t  i s  a s su m ed  f o r  

t h e  r e s u l t s  f r o m  v i s c o m e t e r  2 ( i n  l i n e  w i t h  t h e  u n c e r t a i n t y  f r o m  v i s c o 

m e te r  1) t h e n  t h e  v a l u e  o f  +_ 3 p e r c e n t  i s  w e l l  w i t h i n  t h e  c o m b in e d  un

c e r t a i n t y  o f  + 4 p e r c e n t  f o r  t h e  tw o v i s c o m e t e r s . T h i s  c o n f i r m s  t h e  

e s t i m a t e  o f  t h e  u n c e r t a i n t y  o f  t h e  m e th o d  a s  c a l c u l a t e d  i n  S e c t i o n  

4 . 4 . 7 .

4 . 6 . 5  C o m p a r iso n  o f  V i s c o s i t y  C o e f f i c i e n t  R e s u l t s  w i t h  
L i t e r a t u r e  V a lu e s

The r a t i o  o f  v i s c o s i t y  c o e f f i c i e n t  a t  p r e s s u r e ,  r\ , t o  t h e  v i s c o s i t yhr

c o e f f i c i e n t  a t  a t m o s p h e r i c  p r e s s u r e , / h a s  b e e n  m e a su r e d  f o r  n —h e x a n e

b y  B r a z i e r  a n d  F reem an^   ̂ 3.t  273  K , 303 K an d  333 K up t o  400 MPa, b y

B r id g m a n (135) a t  303 K an d  348 K up t o  980 MPa a n d  b y  I s d a l e ,  Dymond 

and B ra w n (23) a t  298 K , 323 K , 348 K and  373 K up t o  500 MPa u s i n g  a 

s i m i l a r  N a t i o n a l  E n g i n e e r i n g  L a b o r a to r y  h i g h  p r e s s u r e  v i s c o m e t e r  w i t h  

a d i f f e r e n t  t u b e / s i n k e r  c o m b in a t i o n .  The p r e s e n t  v i s c o s i t y  c o e f f i c i e n t  

r e s u l t s  w ere  c o n v e r t e d  t o  v i s c o s i t y  c o e f f i c i e n t  r a t z o  an d  a c o m p a r i s o n  

made w i t h  t h e  l i t e r a t u r e  v a l u e s .  The c o m p a r is o n  i s  shown i n  F i g u r e s  4 .3 5  

and 4 . 3 6 .
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T a b le  4 .1 2

E x p e r i m e n t a l  E l e v a t e d  P r e s s u r e  V i s c o s i t y  C o e f f i c i e n t s  
f o r  n -H e xa n e  M e a su re d  U s in g  V i s c o m e t e r  2

T e m p e r a tu r e
(K)

P r e s s u r e  
(MPa)

F a l l  t i m e  
(s )

C a l c u l a t e d
d e n s i t y

(k g  m 3)

V i s c o s i t y
c o e f f i c i e n t  

(mPa s )

3 2 3 .2 1 0 . 1 2 8 .4 3 6 3 1 .6 0 .2 3 6 3

9 9 . 2 6 2 .1 2 7 0 3 .6 0 .5 1 4 2

2 0 2 . 6 1 0 4 .4 5 7 4 2 .0 0 .8 6 3 1

3 0 0 .0 1 5 6 .0 9 7 6 6 .9 1 .2 8 9

3 9 5 .3 2 2 1 .6 9 7 8 6 .7 1 .8 3 0

3 4 8 .2 3 0 . 1 2 2 .7 9 6 0 6 .7 0 .1 8 9 6

1 2 . 7 2 7 .0 2 6 2 2 .5 0 .2 2 4 6

1 0 0 .9 5 2 .3 0 6 9 3 .0 0 .4 3 2 7

2 0 3 .4 8 6 .2 4 7 3 7 .5 0 .7 1 1 6

2 9 6 .6 1 2 4 .3 7 7 6 2 .5 1 .0 2 5

3 9 5 .0 1 7 4 .4 2 7 8 8 .8 1 .4 3 6

5 0 3 .1 2 4 4 .4 2 8 1 1 .8 2 .0 0 9
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F ig u r e  4 .3 5  sh o w s  t h a t  a t  303 K BT3. z i e T  e n d  F reem an*1 3 ^* a g r e e  c l o s e l y

w i t h  B r id y m e n  up  t o  150 MPa b u t  s h o v e  t h i s  p r e s s u r e  t h e  r e s u l t s

becom e i n c r e s s i n g l y  d i v e r g e n t  t o  a  msximum o f  8 p e r c e n t  a t  t h e  h i g h e s t

p r e s s u r e .  The p r e s e n t  v i s c o s i t y  r s t i o  r e s u l t s  a t  298 K f e l l  b e tw e e n

t h e s e  tw o  s o u r c e s , s s  do r e s u l t s  b y  I s d s l e , Dymond a n d  Brawn * * .

( 23 )
A g r e e m e n t  w i t h  I s d a l e r Dymond and  Brawn o v e r  t h e  f u l l  p r e s s u r e  r a n g e  

i s  w i t h i n  2 , 5  p e r c e n t ,  w e l l  w i t h i n  t h e  c o m b in e d  u n c e r t a i n t y  o f  4 p e r c e n t .

F ig u r e  4 ,3 6  sh o w s  r e s u l t s  o b t a i n e d  i n  v i s c o m e t e r s  1 an d  2 a t  348 K t o 

g e t h e r  w i t h  r e s u l t s  b y  I s d a l e , Dymond an d  Brawn*33* a n d  B r id g m a n * 135* 

a t  348 K a n d  B r a z i e r  a n d  F r e e m a n t1 3 4 ) a t  333 K, A t  350 MPa t h e  r e 

s u l t s  o f  B r a z i e r  a n d  F r e e m a n e x t r a p o l a t e d  t o  348 K d i s a g r e e  w i t h

t h e  v a l u e s  g i v e n  b y  B r id g m a n * 135* b y  a s  much a s  22 p e r c e n t  w h i l e  t h e

( 23 )p r e s e n t  v a l u e s  a g r e e  w i t h  I s d a l e ,  Dymond and  Brawn t o  w i t h i n  1 p e r 

c e n t  and  w i t h  B r id g m a n ^ 3 3^* t o  w i t h i n  7 p e r c e n t .  R e s u l t s  f o r  v i s c o 

m e te r  2 a g r e e  w i t h  t h o s e  f r o m  v i s c o m e t e r  1 t o  w i t h i n  3 p e r c e n t , w i t h i n  

t h e  c o m b in e d  u n c e r t a i n t y ,  an d  w i t h  B r id g m a n *135* t o  w i t h i n  4 p e r c e n t .

B r a z i e r  a n d  F re e m a n *1 3 ^^ do n o t  g i v e  an e s t i m a t e  o f  t h e  a c c u r a c y  o f  

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

t i m e  i s  w i t h i n  + 0 , 3  p e r c e n t .  The v e r y  l a r g e  d i f f e r e n c e  b e tw e e n  t h e  

r e s u l t s  o f  B r a z i e r  an d  F reem an*134* a n d  t h o s e  o f  B r id g m a n * 1 3 3 * a n d  t h e  

p r e s e n t  m e a s u r e m e n ts  s u g g e s t s  t h e  f o r m e r  a t  333 K a r e  i n  e r r o r .  B r i d g 

man e s t i m a t e s  t h a t  h i s  t i m e  o f  f a l l  m e a su r e m e n ts  a r e  a c c u r a t e  t o  w i t h i n  

+ 1 . 6  p e r c e n t  f o r  n - h e x a n e  a t  303 K a n d  0 . 1  MPa and  w i t h i n  + _ 2 .5  p e r c e n t  

a t  348 K a n d  0 . 1  MPa w i t h  t h e  v a r i o u s  c o r r e c t i o n s  t o  f a l l  t i m e  u n d e r  

p r e s s u r e  a m o u n t in g  t o  3 t o  4 p e r c e n t  a n d  a s  much a s  10 p e r c e n t  i n  e x 

t r e m e  c a s e s .  T h i s  s u g g e s t s  t h a t  t h e  p r e s e n t  r e s u l t s  a t  298 K a n d  

348 K a r e  i n  a g r e e m e n t  w i t h  B r id g m a n * 135* i f  an u n c e r t a i n t y  o f  b e t w e e n
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2 an d  5 p e r c e n t  i s  a s su m ed  f o r  B r id g m a n 1 s   ̂ r e s u l t s . A g r e e m e n t

(  2 3 )
w i t h  I s d a l G ,  D y m o n d  a n d  B r a w n  f o r  t h G  o t h e r  i s o t h e r m s  ( 3 2 3  K a n d  

3 7 3  K )  i s  w i t h i n  2  p e r c e n t  o v G r  t h G  w h o l G  p r G s s u r G  r a n g G  c o v G r G d  i n  

t h i s  w o r k .

V i s c o s i t y  c o e f f i c i e n t s  f o r  n-hGxadGcanG h a v e  jbeen m e a su r e d  a t  2 9 3 .2  K , 2 9 8 .2  K 

3 1 0 .9  K a n d  3 7 2 .0  K f r o m  0 . 1  MPa t o  thG f r G G z in g  p rG ssu rG  f o r  Gach i s o -  

th a r m  i n  t h e  A . S .M . E .  PrGssurG V i s c o s i t y  R e p o r t ,  1 9 5 3 ^ 132  ̂ . A t  2 9 8 .2  K 

an d  0 . 1  MPa t h e  r e p o r t  g i v e s  a v a l u e  o f  2 .9 8 8  mPa s  w h i l e  t h i s  r e s e a r c h  

u s i n g  t h e  h i g h  p r e s s u r e  v i s c o m e t e r  g a ve  a v a l u e  o f  3 .0 7 8  mPa s ,  a d i f f 

e r e n c e  o f  2 . 9  p e r c e n t .  O th e r  l i t e r a t u r e  v a l u e s  a t  298 K a n d  0 . 1  MPa 

a r e  3 .0 6 2  mPa s ^ ^  an d  3 .0 8 6  mPa s ^ ^  w h ic h  s u g g e s t s  t h a t  t h e  A . S . M . E %̂ 3^  

v a l u e  i s  t o o  lo w  b y  a t  l e a s t  2 . 5  p e r c e n t .  S i n c e  t h i s  i s  o u t s i d e  t h e i r  

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

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

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

a t  a t m o s p h e r i c  p r e s s u r e  a r e  c a l c u l a t e d  an d  com pared  w i t h  v i s c o s i t y  c o 

e f f i c i e n t  r a t i o s  o b t a i n e d  f r o m  t h i s  r e s e a r c h ,  a g r e e m e n t  i s  w i t h i n  2 . 3  

p e r c e n t  w h ic h  i s  w i t h i n  t h e  c o m b in e d  u n d e r t a i n t y  o f  4 p e r c e n t .  A t  

3 7 2 .0  K A . S .M . E .  ^ r e s u l t s  i n  t h e  r a n g e  o f  p r e s s u r e  286 MPa t o  450 

MPa e x t r a p o l a t e d  t o  3 7 3 .2  K a g r e e  w i t h  t h e  p r e s e n t  r e s u l t s  t o  w i t h i n  6  

p e r c e n t .  I n  t h i s  p r e s s u r e  r a n g e  t h e  A . S .M . E .  r e s u l t s  f o r  n - h e x a d e c a n e  

h a v e  a p o s s i b l e  u n c e r t a i n t y  o f  2 t o  5 p e r c e n t .  The a g r e e m e n t  a t  373 K 

i s  t h e r e f o r e  w i t h i n  t h e  c o m b in e d  e x p e r i m e n t a l  u n c e r t a i n t y . No l i t e r a 

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

o f  n - h e x a n e  w i t h  n - h e x a d e c a n e  w ere  f o u n d .
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4 . 6 , 6  C a l c u l a t i o n  o f  V i s c o s i t y  C o e f f i c i e n t s  a t  O th e r  P r e s s u r e s

To o b t a i n  v i s c o s i t y  c o e f f i c i e n t s  a t  r o u n d e d  t e m p e r a t u r e s  a n d  p r e s s u r e s  

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

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

i s o t h e r m  b y  u s e  o f  t h e  e q u a t i o n

( ^ u ' p u) - /p  ■) a r e  e x p e r i m e n t a l  p o i n t s  a n d  p t  < P . < P . .
n n 3 J h i  j

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

P ^ .  I n  e f f e c t  t h i s  e q u a t i o n  i s  i n t e r p o l a t i n g  v i s c o s i t y  c o e f f i c i e n t s  

f r o m  a p l o t  o f  lnr\ v e r s u s  P and  s i n c e  i n  m o s t  c a s e s  t h e  r o u n d e d  p r e s s 

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

c e r t a i n t y  i n  v i s c o s i t y  c o e f f i c i e n t  i s  v e r y  s m a l l .  By t a k i n g  t h e s e  

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

e x p e r i m e n t a l  t e m p e r a t u r e s  i t  was t h e n  p o s s i b l e  t o  c a l c u l a t e  v i s c o s i t y  

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

p l o t  o f  ln r i v e r s u s  1 / T  u s i n g  e q u a t i o n  ( 4 . 1 9 ) .

( 4 .1 8 )  a t  t h e  e x p e r i m e n t a l  t e m p e r a t u r e s  a n d  T ^ .  i s  t h e  c a l c u 

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

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

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

c a l c u l a t e d  i n  t h i s  way i s  + 3 .5  p e r c e n t .  T a b le  4 . 1 3  l i s t s  c a l c u l a t e d  

v i s c o s i t y  c o e f f i c i e n t s  f o r  t h e  n —h e x a n e  p l u s  n - h e x a d e c a n e  s y s t e m

r\^ »  e x p ( 4 .1 8 )

r\ 2  = e x p In rk  -  l n ( r \ , / r )  ) (T. -  T ) / ( T ,  -  T j  k  k  m k  m k  I ( 4 .1 9 )

w h ere  T, < T , < T . k  1  m

I n  t h i s  e q u a t i o n  n, and  n a r e  now t h e  c a l c u l a t e d  v a l u e s  f r o m  e q u a t i o n  k m

r o u n d e d  t e m p e r a t u r e  T^ i s  v e r y  c l o s e  t o  t h e  e x p e r i m e n t a l  t e m p e r a t u r e  s o
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T a b le  4 .1 3

V i s c o s i t y  C o e f f i c i e n t s  ( i n  mPa s )  f o r  t h e
n -H e x a n e  p l u s  n -H e x a d e c a n e  S y s t e m  a t  50 MPa I n t e r v a l s

P r e s s u r e
(MPa)

M ole  f r a c t i o n  o f  n - h e x a d e c a n e

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

T e m p e r a tu r e : 2 9 8 .1 5  K

0 . 1 0 .2 9 8 0 0 .5 8 4 7 0 .9 9 0 9 1 .5 1 8 2 .2 3 3 3 .0 7 3
5 0 .0 0 .4 5 2 0 0 .9 3 8 1 1 .6 3 4 2 .6 8 4

1 0 0 . 0 0 .6 2 6 2 1 .3 6 5
1 5 0 .0 0 .8 1 5 5
2 0 0 . 0 1 .0 6 0
2 5 0 .0 1 .3 2 4
3 0 0 .0 1 .6 4 8
3 5 0 .0 2 .0 3 2

T e m p e r a tu r e  : 3 2 3 .1 5  K

0 . 1 0 .2 3 5 7 0 .4 4 2 8 0 .7 0 4 8 1 .0 2 8 1 .4 1 0 1 .8 4 3
5 0 .0 0 .3 7 0 2 • 0 .7 0 8 7 1 .1 4 7 1 .7 1 6 2 .4 1 2 3 .2 9 6

1 0 0 . 0 0 .5 0 6 1 1 . 0 1 1 1 .7 1 4 2 .6 3 8 3 .8 4 0 5 .3 2 3
1 5 0 .0 0 .6 6 1 7 1 .3 7 2 2 .4 2 4 3 .8 2 6 5 .7 5 8
2 0 0 . 0 0 .8 3 5 9 1 .8 1 2
2 5 0 .0 1 .0 3 6
3 0 0 .0 1 .2 7 0
3 5 0 .0 1 .5 2 9
4 0 0 .0 1 .8 1 7

T e m p e r a tu r e  : 3 4 8 .1 5  K

0 . 1 0 .1 9 1 5 0 .3 4 9 8 0 .5 2 2 6 0 .7 5 5 5 0 .9 8 7 6 1 .2 4 1
5 0 .0 0 .3 0 9 3 0 .5 5 8 4 0 .8 5 7 4 1 .2 7 0 1 .6 4 3 2 .1 5 1

1 0 0 . 0 0 .4 2 2 8 0 .7 9 7 5 1 .2 7 2 1 .8 5 6 2 .5 5 8 3 .3 4 2

1 5 0 .0 0 .5 4 7 7 1 .0 6 4 1 .7 4 0 2 .5 7 1 3 .7 0 1 4 .9 0 7

2 0 0 . 0 0 .6 8 4 2 1 .3 8 2 2 .3 5 4 3 .5 1 5 5 .1 1 9 6 .9 5 5

2 5 0 .0 0 .8 3 8 4 1 .7 4 4 3 .0 4 3 4 .6 8 0 6 .8 5 9 9 .5 8 0

3 0 0 .0 1 . 0 1 2 2 .1 7 2 3 .8 7 0 9 .3 1 1
3 5 0 .0 1 .2 0 8 2 .6 6 5
4 0 0 .0 1 .4 1 9 3 .2 8 2

T e m p e r a tu r e  : 3 7 3 .1 5  K

0 . 1 0 . 1 6 0 3 0 .2 8 0 2 0 .4 1 5 0 0 .5 6 8 6 0 .7 2 8 9 0 .8 9 6 4

5 0 .0 0 .2 6 1 6 0 .4 6 1 6 0 .6 8 7 5 0 .9 6 0 7 1 .2 2 6 1 .5 3 5

1 0 0 . 0 0 .3 6 2 9 0 .6 5 2 2 0 .9 9 1 4 1 .3 9 4 1 .8 3 4 2 .3 3 6

1 5 0 .0 0 .4 6  76 0 .8 6 5 6 1 .3 3 6 1 .9 2 3 2 .5 6 4 3 .2 8 0

2 0 0 . 0 0 .5 8 0 5 1 . 1 0 1 1 .7 6 2 2 .5 6 5 3 .4 7 1 4 .5 8 2

2 5 0 .0 0 .7 0 5 8 1 .3 7 0 2 .2 3 6 3 .3 2 6 4 .6 0 2 6 .0 6 6

3 0 0 .0 0 .8 4 3 4 1 .6 9 3 2 .8 1 3 4 .3 0 4 6 . 0 9 3 8 . 0 0 2

3 5 0 .0 0 .9 9 6 7 2 .0 4 9 3 .4 8 2 5 .4 0 6 7 .7 9 7 1 0 .4 5 0

4 0 0 .0 1 .1 5 7 2 .4 6 0 4 .2 8 2 6 .7 9 1 9 .8 1 3 1 3 .4 0 6

4 5 0 .0 2 .9 1 9 5 .1 9 2

5 0 0 .0 3 .4 7 5 6 .2 8 1 ---------------

159



i n  s t e p s  o f  50 MPa a t  2 9 8 .1 5  K , 3 2 3 .1 5  K , 3 4 8 .1 5  K a n d  3 7 3 .1 5  K.

4 . 6 . 7  C a l c u l a t i o n s  

A F o r t r a n  p r o g r a m  i n c o r p o r a t i n g  e q u a t i o n s  ( 4 . 6 ) ,  ( 4 . 8 ) ,  ( 4 . 9 ) ,  ( 4 . 1 6 ) ,  

( 4 . 1 7 ) ,  ( 4 . 1 8 )  a n d  ( 4 .1 9 )  was w r i t t e n  t o  p e r f o r m  t h e  c a l c u l a t i o n  o f  

d e n s i t y  a n d  s e c a n t  b u l k  m o d u lu s  f r o m  t h e  raw e x p e r i m e n t a l  p r e s s u r e  

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

and s e c a n t  b u l k  m o d u lu s  an d  e v a l u a t e d  and  t a b u l a t e d  t h e  p a r a m e t e r s  

i n  E q u a t i o n  ( 4 . 1 7 )  f o r  s e c a n t  b u l k  m o d u lu s .

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

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

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

t h e  f i r s t  p a r t  o f  t h e  p ro g ra m .

V i s c o s i t y  c o e f f i c i e n t s  a n d  d e n s i t i e s  s o  c a l c u l a t e d  w ere  s t o r e d  on  

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

C h a p te r  6 .
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C H A P T E R  5

MOLAR EXCESS VOLUMES FROM DENSITY 

MEASUREMENTS
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5 .1  INTRODUCTION

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

m o la r  e x c e s s  vo lu m e  V , c a l c u l a t e d  f r o m  t h e  m e a su r e d  d e n s i t i e s  o f  t h em

b i n a r y  h y d r o c a r b o n  m i x t u r e s  s t u d i e d .

When tw o  m i s c i b l e  l i q u i d s  a r e  c o m b in e d  t o  f o r m  a b i n a r y  m i x t u r e  t h e  

f i n a l  vo lu m e  i s  n o t  u s u a l l y  t h e  sum  o f  t h e  v o lu m e s  o f  t h e  p u r e  com

p o n e n t s .  The m e a su re m e n t  o f  t h e  r e s u l t i n g  vo lu m e  c h a n g e ,  t h e  m o la r  

E
e x c e s s  v o l u m e , V , h a s  b e e n  t h e  o b j e c t  o f  much r e s e a r c h  i n  t h e  m

p a s t ^ ^ ^  . T h e re  a r e  c u r r e n t l y  tw o  g e n e r a l  m e th o d s  e m p lo y e d  i n  t h e

d e t e r m i n a t i o n  o f  V f o r  b i n a r y  m i x t u r e s .  The f i r s t  o f  t h e s e  i s  an m

i n d i r e c t  m e th o d  i n v o l v i n g  t h e  m e a su re m en t  o f  t h e  d e n s i t y  o f  t h e  p u r e

c o m p o n e n ts  a n d  a s e r i e s  o f  m i x t u r e s  a t  t h e  same t e m p e r a t u r e . D e n s i t y

h a s  n o r m a l l y  b e e n  m e a su r e d  b y  p y k n o m e t r y ^ 3 7 ) £ u t  ^ qjtq r e c e n t l y  m easure -

(  7 1ft 7 IQ )m e n ts  h a v e  b e e n  made u s i n g  v i b r a t i n g  tu b e  d e n s i m e t e r s  .

EM o la r  e x c e s s  vo lu m e  o f  t h e  m i x t u r e ,  V , i s  c a l c u l a t e d  f r o m  t h em

m e a su r e d  d e n s i t i e s  u s i n g  t h e  e q u a t i o n

if x  M
( 5 . 1 )y  E = X1M1 + X2M2

m pm

X1M1 ; X2M2 

P1 ^  P 2

w h e re  x  i s  m o le  f r a c t i o n ,  M i s  m o l e c u l a r  w e i g h t  an d  p i s  d e n s i t y .

The s e c o n d  g e n e r a l  m e th o d  d e t e r m i n e s  t h e  ch a n g e  i n  vo lu m e  d i r e c t l y

(140)
u s i n g  a d i l a t o m e t r i c  t e c h n i q u e  a n d  i s  i n h e r e n t l y  c a p a b l e  o f

h i g h e r  p r e c i s i o n  and  a c c u r a c y .  H o w ev er ,  t h e  d e n s i t y  r e s u l t s  o b t a i n e d

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

E
o f  t e m p e r a t u r e  and  p r e s s u r e  on  V’ .
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5 .2  MOLAR EXCESS VOLUME FOR BINARY HYDROCARBON MIXTURES AT 

SATURATION PRESSURE

T?
From t h e  d e n s i t i e s  g i v e n  i n  C h a p te r  3 ,  v a l u e s  o f  V a t  s a t u r a t i o n

m

p r e s s u r e  ca n  b e  c a l c u l a t e d  u s i n g  e q u a t i o n  ( 5 . 1 ) .  A l t h o u g h  t h e  m ain  

r e a s o n  f o r  m e a s u r i n g  d e n s i t i e s  was t o  e n a b l e  d y n a m ic  v i s c o s i t y  c o 

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

Et o  sh o w  t h e  v a r i a t i o n  o f  V w i t h  t e m p e r a t u r e .  T h i s  e x e r c i s e  i sm

w o r t h w h i l e  a s  v e r y  f e w  s t u d i e s  o f  t h i s  k i n d  h a v e  b e e n  m ade . S u ch

s t u d i e s  t h a t  h a v e  b e e n  made a r e  u s u a l l y  l i m i t e d  t o  a n a r r o w  r a n g e  o f

t e m p e r a t u r e .  F o r  e x a m p le  r e c e n t  m e a su r e m e n ts  b y  H a r r i s o n  a n d  W i n n i c k (1 4 1 )

on n - a l k a n e  m i x t u r e s  c o v e r  t h e  r a n g e  o f  t e m p e r a t u r e  298  K t o  318 K.

E
E x p e r i m e n t a l  v a l u e s  o f  V m  t h e  r a n g e  o f  t e m p e r a t u r e  283 K t o  393 Km

f o r  t h e  b i n a r y  s y s t e m s  s t u d i e d  i n  t h i s  r e s e a r c h  a r e  g i v e n  i n  T a b le  

5 . 1 .  T h i s  t a b l e  show s  t h a t  f o r  t h e  n - h e x a n e  p l u s  n - h e x a d e c a n e  s y s t e m  

t h e  m o la r  e x c e s s  v o lu m e s  a r e  n e g a t i v e  a t  2 9 8 .1 9  K an d  becom e i n c r e a s 

i n g l y  n e g a t i v e  a s  t e m p e r a t u r e  i s  i n c r e a s e d .  F o r  t h e  b e n z e n e  p l u s
-£

n - a l k a n e  s y s t e m s  s t u d i e d ,  and  f o r  b e n z e n e  p l u s  c y c l o h e x a n e , V i sm

p o s i t i v e  a t  t e m p e r a t u r e s  f r o m  2 8 3 .1 5  K t o  3 9 3 .2  K. The e f f e c t  o f
£

c h a n g e  i n  t e m p e r a t u r e  on V i s  v e r y  much s m a l l e r  f o r  t h e s e  s y s t e m sm

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

t e m p e r a t u r e s ,  e x c e p t  f o r  t h e  b e n z e n e  p l u s  n - h e x a n e  s y s t e m .  F o r  t h i s  

Es y s t e m  V i s  s i g n i f i c a n t l y  l o w e r  th a n  f o r  t h e  c o r r e s p o n d i n g  b e n z e n e  
m

p l u s  c y c l o h e x a n e  s y s t e m .  F i g u r e  5 . 1  sh o w s  t h e  r e s u l t s  p l o t t e d  a s  

EV v e r s u s  m o le  f r a c t i o n  o f  b e n z e n e  f o r  t h e  b e n z e n e  p l u s  n - o c t a n e , 
m

b e n z e n e  p l u s  n - d e c a n e , b e n z e n e  p l u s  n -d o d e c a n e  a n d  b e n z e n e  p l u s  n - h e x -

£>
a d e c a n e  s y s t e m s  a t  2 9 8 .1 9  K. I n  g e n e r a l  t h e r e  i s  an i n c r e a s e  i n  Vm

a s  t h e  n - a l k a n e  c h a in  l e n g t h  i n c r e a s e s  w i t h  a s h i f t  i n  t h e  maximum

to w a r d s  m i x t u r e s  more c o n c e n t r a t e d  i n  b e n z e n e .  T h i s  s h i f t  i n  t h e

• ( R7)maximum i s  a l s o  a p p a r e n t  f r o m  t h e  r e s u l t s  o f  D ia z  Pena a n d  N unez  D e lg a d o
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T a b le  5 .1

M olar E x c e ss  Volume f o r  B in a ry  H ydrocarbon  

M ix tu r e s  a t  S a tu r a t i o n  P r e s s u r e

System T em p e ra tu re
(K) X1 V *

(cm3 mol 3)

X1
v E

m

(cm3 mol 3)

X1 Vm

(cm3 mol 3)

X1 v Em

(cm3 mol 3)

X1 Vm
,  ,--1, (cm mol )

n-hexane p lu s 2 9 8 .1 9 0 .1 9 8 7 - 0 .2 8 0 .3 7 7 2 -0 .4 6 0 .5 9 8 3 - 0 .6 4 O'. 7982 - 0 .5 9
n-hexadecane 3 18 .25 0 .1 9 7 6 - 0 .3 3 0 .3 7 5 8 -0 .5 5 0 .5 9 7 1 -0 .8 1 0 .7 9 7 5 - 0 .  76

3 3 8 .3 6 0 .1 9 5 8 - 0 .4 1 0 .3 7 3 4 -0 .6 9 0 .5 9 4 9 - 1 .0 4 0 .7 9 6 3 - 0 .9 9
3 58 .28 0 .1 9 2 9 -0 .4 8 0 .3 6 9 5 -0 .8 7 0 .5 9 1 6 -1 .3 4 0 .7 9 4 4 - 1 .3 4
3 7 8 .2 8 0 .1 8 8 5 - 0 .4 8 0 . 36 37 -1 .0 6 0 .5 8 6 4 - 1 .7 8 0 .7 9 1 5 - 1 .8 4

b e n ze n e  p lu s 2 8 3 .1 5 0 .4 9 9 5 0 .3 8
n-hexane 2 8 8 .1 5 0 .4 9 9 5 0 .3 7

2 9 8 .1 9 0 .4 9 9 7 0 .3 6
3 1 3 .2 3 0 .5 0 0 2 0 .3 0
333.36 0 .5 0 0 7 0 .2 6
353.28 0 .5 0 1 3 0 .2 1
3 7 3 .2 8 0 .5 0 2 2 0 .1 0

b e n ze n e  p lu s 2 8 3 .1 5 0 .2 5 3 9 0 .5 7 0 .5 0 4 1 0 .8 3 0 .6 7 4 6 0 .7 9 0 .8 2 5 5 0 .5 2
n - o c ta n e 28 8 .1 5 0 .2 5 3 9 0 .5 7 0 .5041 0 .8 4 0 .6 7 4 6 0 .8 0 0 .8 2 5 5 0 .5 1

2 9 8 .1 9 0 .2 5 3 6 0 .5 8 0 .5 0 3 7 0 .8  5 0 .6 7 4 3 0 .8 1 0 .8 2 5 3 0 .5 2
3 1 3 .2 3 0 .2 5 3 3 0 .6 1 0 .5 0 3 4 0 .8 7 0.6 7 4 1 0 .8 2 0 .8 2 5 2 0 .5 2
333 .36 0 .2 5 2 7 0 .6 1 0 .5 0 2 7 0 .9 0 0 .6 7 3 5 0 .8 3 0 .8 2 4 9 0 .5 1
3 5 3 .2 8 0 .2 5 1 8 0 .6 4 0 .5 0 1 6 0 .8 7 0 .6 7 2 6 0 .8 9 0 .8 2 4 3 0 .5 3
3 73 .28 0 .2 5 0 3 0 .6 4 0 .4 9 9 9 0 .8 3 0 .6 7 1 3 0 .9 4 0 .8 2 3 6 0 .5 8
393 .2 0 .2 4 8 2 0 .6 9 0 .4 9 7 5 0 .7 7 0 .6 6 9 4 1 .0 5 0 .8 2 4 4 0 .6 5

b e n ze n e  p lu s 2 8 3 .1 5 0 .4 9 9 1 0 .7 9
n-decane 2 8 8 .1 5 0 .4 9 9 1 0 .8 0

2 9 8 .1 9 0 .4 9 8 6 0 .8 2
3 1 3 .2 3 0 .4 9 8 2 0 .8 1
3 33 .36 0 .4 9 7 2 0 .9 1
353.28 0 .4 9 5 6 0 .9 5
3 7 3 .2 8 0 .4 9 3 1 0 .9 9
393-2 0 .4 8 9 5 1 .0 9

b e n ze n e  p lu s 2 8 3 .1 5 0 .2 5 0 9 0 .5 9 0 .4 9 9 4 0 .9 2 0 .7 4 9 8 0 .9 3
n-dodecane 2 88 .15 0 .2 5 0 9 0 .6 8 0 .4 9 9 4 0 .9 3 0 .7 4 9 8 0 .9 3

2 9 8 .1 9 0 .2 5 0 4 0 .5 6 0 .4 9 8 8 0 .9 2 0 .7 4 9 5 0 .9 4
3 1 3 .2 3 0 .2 5 0 0 0 .5 8 0 .4 9 8 4 0 .9 7 0 .7 4 9 2 0 .9 4
3 33 .36 0 .2 4 9 0 0 .6 3 0 .4 9 7 3 0 .9 8 0 .7 4 8 5 0 .9 7
3 5 3 .2 8 0 .2 4 7 3 0 .6 3 0 .4 9 5 4 1 .0 3 0 .7 4 7 4 1 .0 0
3 7 3 .2 8 0 .2 4 4 6 0 .7 0 0 .4 9 2 5 1 .0 4 0 .7 4 5 7 1 .0 3
3 9 3 .2 0 .2 4 0 8 0 .8 4 0 .4 8 8 2 1 .1 1 0 .7 4 3 1 1 .1 0

b e n ze n e  p lu s 2 9 8 .1 9 0 .1 2 1 1 0 .3 0 0 .2 8 5 8 0 .6 1 0 .5 9 7 6 0 .9 8 0 .8 4 9 7 0 .8 7
n -h e x a d e c a n e 3 1 3 .2 3 0 .1 2 0 7 0 .3 0 0 .2 8 5 2 0 .5 9 0 .5 9 7 1 0 .9 6 0 .8 4 9 5 0 .8 5

3 33 .36 0 .1 1 9 9 0 .3 0 0 .2 8 3 9 0 .6 3 0 .5 9 6 0 0 .9  7 0 .8491 0 .8 5
3 5 3 .2 8 0 .1 1 8 6 0 .3 0 0 .2 8 1 7 0 .7 1 0 .5 9 4 0 1 .0 2 0 .8 4 9 3 0 .8 7
3 73 .28 0 .1 1 6 5 0 .3 0 0 .2 7 8 2 0 .7 0 0 .5 9 1 0 1 .1 5 0 .8 4 7 2 0 .9 0
3 9 3 .2 0 .1 1 3 4 0 .3 0 0 .2 7 3 0 0 .6 7 0 .5 8 6 4 1 .3 1 0 .8 4 5 4 0 .9 8

b e n ze n e  p lu s 2 8 3 .IS 0 .1 9 9 1 0 .4 6 0 .4 0 2 0 0 .6 1 0 .6 0 0 4 0 .5 9 0 .7 9 4 9 0 .4 3 0 .8 7 7 9 0 .2 9
c y c lo h e x a n e 28 8 .1 5 0 .1 9 9 1 0 .4 5 0 .4 0 2 0 0 .6 1 0 .6 0 0 4 0 .5 8 0 . 7949 0 .4 3 0 .8 7 7 9 0 .2 8

2 9 8 .1 9 0 .1 9 8 9 0 .4 6 0 .4 0 1 7 0 .6 1 0 .6 0 0 1 0 .6 0 0 .7 9 4 7 0 .4 3 0 .8 7 7 8 0 .2 9
3 1 3 .2 3 0 .1 9 8 7 0 .4 7 0 .4 0 1 4 0 .6 2 0 .5 9 9 8 0 .6 0 0 .7 9 4 5 0 .4 3 0 .8 7 7 7 0 .2 9
333 .36 0 .1 9 8 2 0 .4 8 0 .4 0 0 7 0 .6 4 0 .5 9 9 1 0 .6 0 0 .7 9 4 1 0 .4 3 0 .8 7 7 4 0 .2 9
3 53 .28 0 .1 9 7 S 0 .5 1 0 .3 9 9 5 0 .6 9 0.5 9 8 0 0 .6 5 0 .7 9 3 4 0 .4 8 0 .8 7 6 9 0 .2 6
3 7 3 .2 8 0 .1 9 6 9 0 .5 9 0 .3 9 7 7 0 .7 4 0 .5 9 6 3 0 .6 8 0 .7 9 2 2 0 .5 4 0 .8 7 6 2 0 .2 6
3 9 3 .2 0 .1 9 4 4 0 .5 4 0 .3 9 5 0 0 .8 2 0.5 9 3 6 0 .6 8 0 .7 9 0 5 0 .6 4 0 .8 7 5 0 0 .2 5
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M O LE FRA CTION  OF BENZENE

F i g u r e  5 . 1  M o la r  E x c e s s  Volum es f o r  B e n z e n e  p l u s  n - A l k a n e  S y s t e m s

a t  2 9 8 .1 9  K a n d  S a t u r a t i o n  P r e s u r e . ---------------------p  p l u s

n - O c t a n e ,  ■  p l u s  n - D e c a n e , #  p l u s  n - D o d e c a n e ,  -O

p l u s  n - H e x a d e c a n e .



on t h e  b e n z e n e  p l u s  n - a l k a n e  s y s t e m s  a t  3 2 3 .1 5  K.

EA c o m p a r i s o n  o f  t h e  V v a l u e s  o b t a i n e d  i n  t h i s  r e s e a r c h  w i t h  r e c e n tm

l i t e r a t u r e  v a l u e s  i s  g i v e n  i n  T a b le  5 . 2 .  A p a r t  f r o m  t h e  n - h e x a n e

( 5 4 )
p l u s  n - h e x a d e c a n e  s y s t e m  t h e s e  l i t e r a t u r e  v a l u e s  h a v e  b e e n  

o b t a i n e d  b y  t h e  more a c c u r a t e  d i l a t o m e t r i c  t e c h n i q u e  ^ 7 ,  8 8 )  ̂

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

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

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

l a t e d  a s s u m i n g  an u n c e r t a i n t y  i n  d e n s i t y  o f  0 . 1  k g  m 3  a t  2 9 8 .1 9  K and
- 3

0 . 3  k g  m a t  3 2 3 .1 5  K. The t a b l e  show s  t h a t  a g r e e m e n t  w i t h  t h e  l i t 

e r a t u r e  v a l u e s  i s  w e l l  w i t h i n  t h e  e x p e r i m e n t a l  u n c e r t a i n t y .
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5 . 3  MOLAR EXCESS VOLUME FOR THE n-HEXANE PLUS n-HEXADECANE SYSTEM 
AT ELEVATED PRESSURES

EV a lu e s  o f  V h a v e  b e e n  c a l c u l a t e d  f r o m  t h e  m e a su r e d  d e n s i t i e s  a t  m

e l e v a t e d  p r e s s u r e  r e p o r t e d  i n  C h a p te r  4 f o r  t h e  n - h e x a n e  p l u s  n -  

h e x a d e c a n e  s y s t e m ^  r e s u l t s  a r e  show n i n  F i g u r e  5 . 2  f o r

d i f f e r e n t  p r e s s u r e s  a t  a c o n s t a n t  t e m p e r a t u r e  o f  3 7 3 .1 5  K. A t  

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

o c c u r s .

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

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

v o lu m e s  a t  e l e v a t e d  p r e s s u r e s ^ 143  ̂ t h e y  i n d i c a t e  c l e a r l y  t h a t  an

i n c r e a s e  i n  p r e s s u r e  a t  c o n s t a n t  t e m p e r a t u r e  c a u s e s  v j 1 t o  becom e

l e s s  n e g a t i v e  an d  e v e n  p o s i t i v e . S n y d e r , B e n s o n , Huang an d

W i n n i c k ( 144  ̂ h a v e  o b s e r v e d  t h a t  t h e  V E v a l u e s  f o r  t h e  n - d e c a n em

p l u s  n - t e t r a d e c a n e  an d  n - d o d e c a n e  p l u s  n - h e x a d e c a n e  s y s t e m s  a l s o  

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

c o n s t a n t  t e m p e r a t u r e . T h e s e  r e s u l t s  ca n  b e  c o n t r a s t e d  w i t h  r e c e n t  

r e s u l t s  b y  J e s c h k e  a n d  S c h n e i d e r ^  f o r  t h e  t o l u e n e  p l u s  m e th y l  

c y c l o h e x a n e  s y s t e m  w h ere  Vm was p o s i t i v e  a n d  d e c r e a s e d  a s  t h e  

p r e s s u r e  i n c r e a s e d  a t  c o n s t a n t  t e m p e r a t u r e .
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MOLE FRACTION OF n - H E X A D E C A N E
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□  200 MPa, ■  400 MPa.
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6 . 1  INTRODUCTION

The e x p e r i m e n t a l  v i s c o s i t y  c o e f f i c i e n t  d a ta  f o r  h y d r o c a r b o n  m i x t u r e s  

r e p o r t e d  i n  C h a p te r s  3 a n d  4 c o v e r  a w id e  ra n g e  o f  t e m p e r a t u r e  and  

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

e m p i r i c a l  e x p r e s s i o n s . I n  S e c t i o n  6 . 2  t h e  r e s u l t s  a r e  c o n s i d e r e d  

i n  t e r m s  o f  t h e  s m o o th  h a r d  s p h e r e  a n d  ro u g h  h a r d  s p h e r e  t h e o r i e s , 

an d  i n  S e c t i o n  6 . 3  t h e y  a r e  d i s c u s s e d  on t h e  b a s i s  o f  t h e  H i l d e b r a n d  

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

t u r e  a n d  p r e s s u r e  on  A G ^, t h e  m o la r  e x c e s s  f r e e  e n e r g y  o f  a c t i v a t i o n

f o r  f l o w  i n  t h e  E y r i n g  t h e o r y , d e r i v e d  f r o m  t h e  e x p e r i m e n t a l  d a t a f i s

* Ei n v e s t i g a t e d . V a lu e s  o f  A G a r e  u s e d  t o  t e s t  t h e  v a l i d i t y  o f  t h e  

P r i n c i p l e  o f  C o n g ru en ce  a s  a p p l i e d  t o  n - a l k a n e  m i x t u r e s  a t  t e m p e r a 

t u r e s  a b o v e  298 K. F i n a l l y  t h e  e f f e c t i v e n e s s  o f  t h e  G ru n b e rg  and  

N is s a n  e q u a t i o n  f o r  r e p r e s e n t i n g  m i x t u r e  v i s c o s i t y  c o e f f i c i e n t s  i s  

d i s c u s s e d .
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6 . 2  HARD SPHERE THEORIES

(145)
The r o u g h  h a r d  s p h e r e  m ode l  h a s  r e c e n t l y  b e e n  a p p l i e d  t o  t r a c e r

d i f f u s i o n  s t u d i e s  i n  s y s t e m s  w i t h  n - h e x a n e  a s  o n e  o f  t h e  c o m p o n e n t s .

I t  i s  t h e r e f o r e  o f  g r e a t  i n t e r e s t  t o  s e e  how c l o s e l y  t h e  p r e s e n t  v i s 

c o s i t y  c o e f f i c i e n t  m e a su r e m e n ts  f o r  n - h e x a n e  a t  e l e v a t e d  p r e s s u r e  

f o l l o w  t h e  r o u g h  h a r d  s p h e r e  p r e d i c t i o n s .  Dymond^  ̂ h a s  show n

t h a t  t h e  f l u i d i t y , o f  a sm o o th  h a r d  s p h e r e  s y s t e m  a t  t e m p e r a t u r e  T 

can  b e  r e p r e s e n t e d  b y

-  = 1 . 3 2 4  x  1 0 8 (V  -  1 .3 8 4  V ) / V  1 / 3 (MRT)1 / 2 ( 6 . 1 )
T"l O O

w h ere  V i s  t h e  m o la r  v o lu m e ,  V i s  t h e  vo lu m e r e l a t i v e  t o  t h e  vo lu m eo

o f  c l o s e  p a c k i n g  a n d  M i s  t h e  m o l e c u l a r  w e i g h t .  By c o m b in i n g  t h i s

(7 2 )e q u a t i o n  w i t h  t h e  e x p r e s s i o n  g i v e n  b y  C h a n d le r  "  f o r  a r o u g h  h a r d  

s p h e r e  s y s t e m

\ u s  “ ( 6 - 2)

t h e  r e l a t i o n s h i p  b e t w e e n  v i s c o s i t y  c o e f f i c i e n t , m o la r  vo lu m e  a n d  tem 

p e r a t u r e  b ec o m es

-  -  1 .3 2 4  x  1 0 8 (V -  1 .3 8 4  V ) /C V  ^ 3 (MRT)1 ^ 2 ( 6 . 3 )n o o'rhs

A p l o t  o f  f l u i d i t y  v e r s u s  m o la r  vo lu m e  a t  c o n s t a n t  t e m p e r a t u r e  s h o u l d

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

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

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

t e m p e r a t u r e  a n d  d e n s i t y  i n d e p e n d e n t .  E x p e r i m e n t a l  d a t a  f o r  n - h e x a n e  

a t '  298  K r e p o r t e d  i n  C h a p te r  4 a r e  p l o t t e d  i n  t h i s  way i n  F i g u r e  6 . 1 .

The p l o t  i s  a l m o s t  l i n e a r  f o r  p r e s s u r e s  up t o  a b o u t  90 MPa th o u g h  t h e r e
~J

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

f o r  V o f  7 8 .9  cm3 m ol~3 i s  o b t a i n e d .  S i n c e  t h i s  t h e o r y  i s  b a s e d  on  
o
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t h e  s m o o th  h a r d  s p h e r e  t h e o r y  i t  c a n n o t  b e  a p p l i e d  a t  V / V  g r e a t e r  t h a n
o

0 . 6 6 ,  i n d i c a t e d  b y  t h e  b r o k e n  l i n e  i n  F i g u r e  6 . 1 .  T h i s  c o r r e s p o n d s

t o  a p r e s s u r e  o f  120 MPa,  b u t  n - h e x a n e  r e m a in s  l i q u i d  t o  p r e s s u r e s  o f  

( 1 2 2 )
a t  l e a s t  1000 MPa . T h i s  a p p ro a c h  i s  t h e r e f o r e  o n l y  v a l i d  f o r

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

v e r y  r e s t r i c t e d  d e n s i t y  r a n g e .  I t  h a s  s e v e r e  l i m i t a t i o n s  f o r  t h e  

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

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

v i s c o s i t y  c o e f f i c i e n t  d a t a .  F o r  n - h e x a n e ,  C h a s  t h e  v a l u e  1 . 4 8 .

As a m e th o d  o f  c o r r e l a t i n g  v i s c o s i t y  c o e f f i c i e n t  d a ta  f o r  p u r e  l i q u i d s

c o m p o se d  o f  p o l y a t o m i c  m o l e c u l e s , b a s e d  on  t h e  ro u g h  h a r d  s p h e r e  m ode l

( 30)  1 1
Dymond a n d  Brawn h a v e  show n t h a t  c u r v e s  o f  n o r  o f  l o g  n ,  w h e re

' . 2 / 3 /  1 / 2ri i s  d e f i n e d  a s  r)V / ( MT) , v e r s u s  l o g  V f o r  e a c h  t e m p e r a t u r e  s h o u l d

b e  s u p e r i m p o s a b l e  b y  a d j u s t m e n t  a l o n g  t h e  l o g  V a x i s .  From t h e  v a l u e s

o f  l o g  V a t  a p o i n t  w h e re  tw o  c u r v e s  s u p e r i m p o s e , t h e  r a t i o  V ( T _ ) / V  (T)o R o

c o r r e s p o n d i n g  t o  t h e  r a t i o  o f  m o la r  v o lu m e s  o f  c l o s e  p a c k i n g  a t  t h e

r e f e r e n c e  t e m p e r a t u r e  T ,  a n d  a t  t e m p e r a t u r e  T can  b e  d e t e r m i n e d .R

T h i s  a p p r o a c h  was v e r y  s a t i s f a c t o r y  f o r  t h e  c o r r e l a t i o n  o f  d a t a  f o r  

p s e u d o - s p h e r i c a l  m o l e c u l e s  and  f o r  r i g i d  b i c y c l i c  h y d r o c a r b o n s , i n 

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

w h ere  t h e  m o l e c u l a r  s h a p e  i s  n o t  e x p e c t e d  t o  v a r y  much w i t h  c h a n g e  o f  

t e m p e r a t u r e  a n d  p r e s s  u r e ^ ^  .

T h i s  a p p r o a c h  was e x t e n d e d  t o  t h e  n - h e x a n e  p l u s  n - h e x a d e c a n e  s y s t e m  

w h ere  t h e  m o l e c u l e s  a r e  more f l e x i b l e  a n d  w h ere  m o l e c u l a r  s h a p e  w o u ld  

b e  e x p e c t e d  t o  v a r y  w i t h  ch a n g e s  i n  t e m p e r a t u r e  and  p r e s s u r e .  How

e v e r ,  i t  was f o u n d  t h a t  i n  t h e  t e m p e r a t u r e  an d  p r e s s u r e  r a n g e  s t u d i e d ,  

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

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

m e n ta l  d a t a  n o t  o n l y  o v e r  t h e  d e n s i t y  r a n g e  f o r  w h ich  t h e  h a r d  s p h e r e  

t h e o r y  m ig h t  b e  e x p e c t e d  t o  a p p l y ,  b u t  o v e r  t h e  w h o le  d e n s i t y  r a n g e .

The r e s u l t s  f o r  n —h e x a n e , n - h e x a d e c a n e  an d  f o r  ea c h  o f  t h e  m i x t u r e s  

a r e  show n i n  F i g u r e s  6 . 2  t o  6 . 7 ,  n i s  p l o t t e d  v e r s u s  l o g  V w h ere
i

^  = ^ q C*-p } / V o ^ )  '  ^  -*s  t h e  r e f e r e n c e  t e m p e r a t u r e .  The 373 K

i s o t h e r m  was c h o s e n  a s  a r e f e r e n c e  i s o t h e r m  f o r  ea c h  l i q u i d  a n d  l i q u i d
t

m i x t u r e ,  an d  e v e n  f o r  m i x t u r e s  t h e  d e v i a t i o n  f r o m  t h e  c u r v e  o f  ri v e r s u s
t

l o g  V a t  t h i s  t e m p e r a tu r e  when t h e  o t h e r  i s o t h e r m s  w ere  s u p e r i m p o s e d  

was i n  a l l  c a s e s  l e s s  th a n  5 p e r c e n t  an d  u s u a l l y  c o n s i d e r a b l y  l e s s  th a n  

t h i s .  I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  an u n c e r t a i n t y  o f  0 .2 5  cm^ mol ^ 

i n  t h e  V' v a l u e s  l e a d s  t o  a d e v i a t i o n  o f  5 p e r c e n t  f r o m  t h e  r e f e r e n c e  

c u r v e .

V a lu e s  d e r i v e d  f o r  V ( T ) / V  ( T )  f o r  t h e  p u r e  l i q u i d s  a n d  m i x t u r e s  a to o R

t h e  d i f f e r e n t  t e m p e r a t u r e s  a r e  g i v e n  i n  T a b le  6 . 1 .  T h i s  t a b l e  show s  

t h a t ,  a s  t e m p e r a t u r e  i s  i n c r e a s e d  v a l u e s  f o r  V , t h e  vo lu m e  o f  c l o s e  

p a c k i n g ,  d e c r e a s e .  The r e l a t i v e  ch a n g e  i n  V' i s  g r e a t e r  f o r  n - h e x 

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

T h e s e  r e s u l t s  d e m o n s t r a t e  t h a t  t h e r e  i s  a d e f i n i t e  r e l a t i o n s h i p  b e tw e e n

t h e  v i s c o s i t y  c o e f f i c i e n t  o f  a d e n s e  f l u i d  and  t h e  m o la r  v o lu m e ,

s p e c i f i c a l l y  t h e  m o la r  vo lum e r e l a t i v e  t o  t h e  c l o s e  p a c k e d  v o lu m e .

V a lu e s  o f  V ( T ) / V  (T  ) f o r  t h e s e  m i x t u r e s  a t  o t h e r  t e m p e r a t u r e s  can  
o o R

b e  i n t e r p o l a t e d  f r o m  a graph  o f  VQ( T) / V0 (TR > v e r s u s  T a n d  v i s c o s i t y  

c o e f f i c i e n t s  p r e d i c t e d  f o r  s p e c i f i c  d e n s i t i e s  a t  t h e s e  t e m p e r a t u r e s .
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2 0 0 2 0 8 2-16
log V7

F i g u r e  6 . 2  C o r r e l a t i o n  o f  E x p e r im e n t a l  V i s c o s i t y  C o e f f i c i e n t  
D ata  f o r  n -H e xa n e  a t  D i f f e r e n t  T e m p e r a tu r e s  and  

P r e s s u r e s .

O 2 9 8 . 2 9  K,  □  3 2 3 . 1 5  K,  ♦  3 4 8 . 3 8  K, *  3 7 3 . 3 6  K.



200

150

100

50

2-48 2 522-442-40
log V 7

F i g u r e  6 . 3  C o r r e l a t i o n  o f  E x p e r im e n t a l  V i s c o s i t y  C o e f f i c i e n t  Data
f o r  n -H e x a d e c a n e  a t  D i f f e r e n t  T e m p e r a tu r e s  and  P r e s s u r e s .

O 2 9 8 .0 8  K ,  □  3 2 3 .0 9  K,  ♦  3 4 8 .1 1  K , J £ 3 7 3 . 2 4  K.
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/

\

40

20

2-20 2-242-162-12
log V '

F i g u r e  6 . 4  C o r r e l a t i o n  o f  E x p e r im e n t a l  V i s c o s i t y  C o e f f i c i e n t  Data  
f o r  t h e  M i x t u r e  w i t h  a M ole F r a c t i o n  o f  n -H e x a d e c a n e  
o f  0 .2 0 0  a t  D i f f e r e n t  T e m p e r a tu r e s  and  P r e s s u r e s .

O  2 9 8 . 2 2  K,  □  3 2 3 . 1 9  K , ♦  3 4 8 . 0 7  K , ^  3 7 3 . 1 2  K.



90

60

30

2 2 92-252-21 2 3 3
log V'

F i g u r e  6 . 5  C o r r e l a t i o n  o f  E x p e r im e n t a l  V i s c o s i t y  C o e f f i c i e n t  
D ata  f o r  t h e  M i x t u r e  w i t h  a M ole F r a c t i o n  o f  n -  
H exa d eca n e  o f  0 .4 0 0  a t  D i f f e r e n t  T e m p e r a tu r e s  a n d  

P r e s s u r e s .

O 2 9 8 . 1 2  K,  □  3 2 3 . 3 3  K , ♦  3 4 8 . 2 9  K,  Xr 3 7 3 . 2 4  K.
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25

2 372 3 32-29
log V '

F i g u r e  6 . 6  C o r r e l a t i o n  o f  E x p e r im e n t a l  V i s c o s i t y  C o e f f i c i e n t  
D ata f o r  t h e  M i x t u r e  w i t h  a M ole F r a c t i o n  o f  n -  
H exadecane  o f  0 .6 0 0  a t  D i f f e r e n t  T e m p e r a tu r e s  an d  

P r e s s u r e s .

O 2 9 8 .1 5  K,  □  3 2 3 .1 3  K,  ♦  3 4 8 .3 1  K, 3 7 3 .1 8  K.
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50

2 -452 4 02-35
lo g  v'

F i g u r e  6 . 7  C o r r e l a t i o n  o f  E x p e r im e n t a l  V i s c o s i t y  C o e f f i c i 
e n t  D ata  f o r  t h e  M i x t u r e  w i t h  a M ole  F r a c t i o n  o f  
n -H e x a d e c a n e  o f  0 .8 0 0  a t  D i f f e r e n t  T e m p e r a tu r e s  

a n d  P r e s s u r e s .

O  2 9 8 . 0 9  K,  □  3 2 3 . 2 1  K , ♦  3 4 8 . 0 9  K, 3 7 3 . 1 7  K.



T a b le  6 . 1

V a lu e s  o f  V ( T ) / V  (T_) f o r  t h e  n -H e xa n eO O i\ " 1
p l u s  n —H exa d eca n e  S y s t e m  a t  E l e v a t e d  P r e s s u r e

Hr
X

HD

0 T(K)v r;/w 2 9 8 .3
1 .0 2 7

3 2 3 .2
1 .0 1 6

3 4 8 .4
1 .0 0 9

3 7 3 .4
1 .0 0 0

0 .2 0 0 T(K)
V ( T ) / V ( T )  o o  R

2 9 8 .2
1 .0 3 4

3 2 3 .2
1 .0 2 1

3 4 8 .1
1 .0 1 1

3 7 3 .1
1 .0 0 0

0 .4 0 0 T(K)v r;/w 2 9 8 .1
1 .0 3 9

3 2 3 .3
1 .0 2 6

3 4 8 .3
1 .0 1 2

3 7 3 .2
1 .0 0 0

0 .6 0 0 T(K)
V ( T ) / V  (T  ) o o  R

2 9 8 .2
1 .0 4 0

3 2 3 .1
1 .0 2 5

3 4 8 .3
1 .0 1 2

3 7 3 .2
1 .0 0 0

0 .8 0 0 T(K)
V ( T ) / V ( T  ) 

O  O R

2 9 8 .1
1 .0 4 4

3 2 3 .2
1 .0 2 9

3 4 8 .1
1 .0 1 6

3 7 3 .2
1 .0 0 0 •

1 T(K)
V ( T ) / V  ( T )  

o o  R

2 9 8 .1
1 .0 4 8

3 2 3 .1
1 .0 3 3

3 4 8 .1
1 .0 1 5

3 7 3 .2
1 .0 0 0

Hr
HD = n -h e x a d e c a n e

Now f o r  p s e u d o s p h e r i c a l  m o l e c u l e s  an d  r e l a t i v e l y  r i g i d  r i n g  h y d r o c a r b o n s  

(30)
Dymond a n d  Brawn h a v e  shown a s  h a s  b e e n  d i s c u s s e d  i n  C h a p te r  2 ,  t h a t  

v i s c o s i t y  c o e f f i c i e n t  d a ta  can  b e  f i t t e d  w i t h i n  t h e  e s t i m a t e d  e x p e r i m e n t a l  

u n c e r t a i n t y  b y  t h e  e q u a t i o n

lnr\ = A + BV / ( V  -  V ) ( 6 . 4 )o  o

w h e r e  n i s  d e f i n e d  a s  3/  (MT)1^ 2 . e . g .  s .  u n i t s  w ere  u s e d  and  n was

i n  u n i t s  o f  1 0 ~ ^g  cm~3 s  3 . V r e p r e s e n t s  t h e  c l o s e  p a c k e d  vo lu m e ono

t h e  b a s i s  o f  t h e  h a r d  s p h e r e  m ode l a n d  A an d  B a r e  a d j u s t a b l e  p a r a m e t e r s  

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

t r a n s l a t i o n a l - r o t a t i o n a l  c o u p l i n g .  F o r  t h e  l i q u i d s  s t u d i e d  b y  Dymond

a n d  B ra w n ^30* A was fo u n d  t o  b e  t e m p e r a t u r e  i n d e p e n d e n t  and  e q u a l  t o  

- 1 . 0 .  B was a l s o  f o u n d  t o  b e  t e m p e r a t u r e  i n d e p e n d e n t .  I n  a more  

g e n e r a l  fo r m
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w h ere  A now h a s  t h e  v a l u e  - 1 9 . 3 2 8 .  The e f f e c t i v e n e s s  o f  t h i s  e q u a t 

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

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

e a c h  o f  24 i s o t h e r m s .

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

o f  A ,  B a n d  V' w i t h  t h e  e x p e r i m e n t a l  v i s c o s i t y  c o e f f i c i e n t s , v a l u e s

o f  A ,  B a n d  V w ere  o b t a i n e d  f o r  e a c h  i s o t h e r m  w h ic h  f i t t e d  t h e  d a ta  o

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

an e x c e l l e n t  f i t  t o  t h e  e x p e r i m e n t a l  d a t a  was o b t a i n e d  when A was

e q u a l  t o  - 1 9 . 3 2 8 .  W i th  t h i s  v a l u e  o f  A i t  was f o u n d  t h a t  t h e  V
o

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

s h i p  w i t h  m o le  f r a c t i o n  o v e r  t h e  w h o le  m o le  f r a c t i o n  r a n g e .  V was
o

t h e r e f o r e  s e t  e q u a l  t o  x . V  + x„V  . w i t h  v a l u e s  o f  V f o r  t h e  p u r e1 o l  2 o 2  o

c o m p o n e n ts  g i v e n  i n  T a b le  6 . 2 .  V a lu e s  o f  B w ere  d e t e r m i n e d  w h ic h  g a ve

t h e  o p t im u m  f i t  t o  t h e  e x p e r i m e n t a l  v i s c o s i t y  c o e f f i c i e n t  d a t a  an d

t h e s e  v a l u e s  a r e  a l s o  g i v e n  i n  T a b le  6 . 2 ,  and  B and  V a r e  p l o t t e do

v e r s u s  m o le  f r a c t i o n  o f  n -h e x a d e c a n e  i n  F i g u r e s  6 . 8  a n d  6 . 9 .  U s in g  

t h e s e  v a l u e s ,  v i s c o s i t y  c o e f f i c i e n t s  a r e  f i t t e d  t o  w i t h i n  3 p e r c e n t  

f o r  216 o u t  o f  t h e  230 e x p e r i m e n t a l  p o i n t s  w i t h  t h e  r e m a i n i n g  14  p o i n t s  

f i t t e d  t o  w i t h i n  6 p e r c e n t .

I t  i s  c o n s i d e r e d  t h a t  a g r e e m e n t  t o  w i t h i n  3 p e r c e n t  i s  v e r y  s a t i s f a c t 

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

c e n t s  p l u s  t h e  p o s s i b l e  u n c e r t a i n t i e s  i n  t h e  d e n s i t y  d a t a .  A c h a n g e

3 - 1  3i n  t h e  m o la r  vo lu m e o f  0 . 2  cm m ol w h ere  t h e  m o la r  vo lu m e  i s  254 cm

m o l ' 1 , B i s  2 . 4 1  a n d  V i s  169 cm3 mol 1 p r o d u c e s  a v a r i a t i o n  i n  t h e



T a b l e  6 . 2

V a lu e s  o f  B a n d  V i n  E q u a t i o n  ( 6 . 5 )  a n d  B i n  E q u a t i o n s----------------------------------------------  Q-----------------------------------------------------------------------------------------------------------------

( 6 . 6 )  a n d  ( 6 . 7 )  f o r  t h e  n -H e xa n e  p l u s  n -H e x a d e c a n e  S y s t e m  a t

E l e v a t e d  P r e s s u r e

*
*

is t)

T e m p e r a tu r e
(K)

Vo

(cm^ mol ^ )

B
( e q u a t i o n

6 . 5 )

B
( e q u a t i o n

6 . 6 )

B
( e q u a t i o n

6 . 7 )

0 2 9 8 .2 9 7 3 .0 2 .0 6 4 2 .0 6 4 2 .0 7 0
3 2 3 .1 5 7 2 .0 2 .0 8 4 2 .0 8 4 2 .0 8 7
3 4 8 .3 8 7 1 .0 2 .1 1 5 2 .1 1 5 2 .1 1 2
3 7 3 .3 6 7 0 .0 2 .1 4 4 2 .1 4 4 2 .1 4 5

0 .2 0 0 2 9 8 .2 2 9 8 .2 2 .1 5 3 2 .1 5 0 2 .1 4 2
3 2 3 .1 9 9 6 . 2 2 .1 9 7 2 .1 9 7 2 .1 9 3
3 4 8 .0 7 9 4 . 2 2 .2 3 9 2 .2 5 4 2 .2 4 0
3 7 3 .1 2 9 2 . 2 2 .3 2 1 2 .3 1 3 2 .3 1 6

0 .4 0 0 2 9 8 .1 2 1 2 3 .4 2 .2 0 7 2 .2 2 3 2 .2 0 7
3 2 3 .3 3 1 2 0 .4 2 .2 8 7 2 .2 9 2 2 .2 8 3
3 4 8 .2 9 1 1 7 .4 2 .3 4 1 2 .3 7 0 2 .3 5 2
3 7 3 .2 4 1 1 4 .4 2 .4 4 7 2 .4 5 5 2 .4 5 8

0 .6 0 0 2 9 8 .1 5 1 4 8 .6 2 .2 5 8 2 .2 8 1 2 .2 6 4
3 2 3 .1 3 1 4 4 .6 2 .3 5 6 2 .3 6 9 2 .3 5 9
3 4 8 .3 1 1 4 0 .6 2 .4 5 8 2 . 4 6 3 2 .4 4 7
3 7 3 .1 8 1 3 6 .6 2 .5 8 3 2 .5 7 0 2 .5 7 2

0 .8 0 0 2 9 8 .0 9 1 7 3 .8 2 .3 1 1 2 .3 2 6 2 .3 1 3
3 2 3 .2 1 1 6 8 .8 2 .4 1 3 2 .4 2 7 2 .4 1 9
3 4 8 .0 9 1 6 3 .8 2 .5 2 5 2 .5 3 4 2 .5 2 5
3 7 3 .1 7 1 5 8 .8 2 .6 5 1 2 .6 5 3 2 .6 5 7

1 2 9 8 .0 8 1 9 9 .0 2 .3 5 6 2 .3 5 6 2 .3 5 3
3 2 3 .0 9 1 9 3 .0 2 .4 6 7 2 .4 6 7 2 .4 6 3
3 4 8 .1 1 1 8 7 .0 2 .5 8 3 2 .5 8 3 2 .5 8 6
3 7 3 .2 4 1 8 1 .0 2 .7 1 6 2 .7 1 6 2 .7 1 4

Hr
HD = n - h e x a d e c a n e

c a l c u l a t e d  v i s c o s i t y  c o e f f i c i e n t  o f  1 . 2  p e r c e n t .

I s d a l e ,  Dymond a n d  B r a w n h a v e  s u g g e s t e d  t h a t  a s  a means o f  s u m m a r i s 

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

s y s t e m  B v a l u e s  ca n  b e  r e p r e s e n t e d  b y  t h e  e q u a t i o n

B =  x ] B1 +  x 2 B 2 + 0 . 2  x ] x 2 ( B 2 -  B2 ) ( 6 . 6 )
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T h i s  e q u a t i o n  was a p p l i e d  t o  t h e  n —h e x a n e  p l u s  n - h e x a d e c a n e  r e s u l t s  

and  r e a s o n a b l y  c l o s e  a g r e e m e n t  w i t h  t h e  o p t i m i s e d  B v a l u e s  was o b t a i n e d  

when t h e  0 . 2  was c h a n g e d  t o  0 . 6 .  H o w ev er ,  a more s a t i s f a c t o r y  r e p r e 

s e n t a t i o n  was o b t a i n e d  b y  a q u a d r a t i c  e q u a t i o n  i n  m o le  f r a c t i o n

2
B = m + n x 2 -  p x 2 ( 6 . 7 )

w h ic h  g a v e  c l o s e r  a g r e e m e n t  w i t h  t h e  b e s t  B v a l u e s  o b t a i n e d  a b o v e .

The v a l u e s  o f  m , n  and  p  f o r  e a c h  i s o t h e r m  a r e  g i v e n  i n  T a b le  6 . 3 .

T a b le  6 . 3

V a lu e s  o f  m , n  and  p  i n  E q u a t i o n  ( 6 . 7 )  f o r  t h e  n -H e xa n e  
p l u s  n -H e x a d e c a n e  S y s t e m  a t  E l e v a t e d  P r e s s u r e

T e m p e r a tu r e
(K) m n P

2 9 8 .2 2 .0 6 9 7 0 .3 8 3 6 0 .1 0 0 0

3 2 3 .2 2 .0 8 7 3 0 .5 6 6 6 0 .1 9 0 6

3 4 8 .2 2 .1 1 2 1 0 .6 8 3 4 0 .2 0 9 8

3 7 3 .2 2 .1 4 5 1 0 .9 2 3 0 0 .3 5 3 6

A c o m p a r i s o n  o f  t h e  B v a l u e s  o b t a i n e d  f r o m  e q u a t i o n s  ( 6 . 6 )  a n d  ( 6 . 7 )  

t o g e t h e r  w i t h  t h e  b e s t  B v a l u e s  f r o m  e q u a t i o n  ( 6 . 5 )  f o r  e a c h  m i x t u r e  

i s  g i v e n  i n  T a b le  6 . 2 .  T a b le  6 . 4  co m p a re s  t h e  num ber  o f  p o i n t s  f i t t e d  

w i t h i n  p r e s c r i b e d  l i m i t s  u s i n g  e a c h  o f  t h e  t h r e e  s e t s  o f  B v a l u e s .
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T a b l e  6 . 4

C o m p a r iso n  o f  ' G oodness  o f  F i t '  u s i n g  D i f f e r e n t  B V a lu e s

L i m i t s

(%)

Number o f  p o i n t s  f i t t e d

B
( e q u a t i o n

( 6 . 5 ) )

B
( e q u a t i o n

( 6 . 6 ) )

B
( e q u a t i o n

( 6 . 7 ) )

<1 99 74 89

1 -2 77 66 76

2 - 3 40 31 40

3-r 4 8 22 13

4 -5 2 19 6

5 -6 4 11 6

6 - 7 3

7 -8 0

8 -9 2

9 -1 0 2

Thus a s i m p l e  q u a d r a t i c  e q u a t i o n  i n v o l v i n g  o n l y  m o le  f r a c t i o n  g i v e s  B 

v a l u e s  w h ic h  a r e  a c c u r a t e  en ough  t o  r e p r o d u c e  v i s c o s i t y  c o e f f i c i e n t s  f o r  

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

v a l u e s . Thus  f o r  t h e  n - h e x a n e  p l u s  n - h e x a d e c a n e  s y s t e m  v i s c o s i t y  c o 

e f f i c i e n t s  c a n  b e  c a l c u l a t e d  f r o m  e q u a t i o n  ( 6 . 5 )  b y  s p e c i f y i n g  v a l u e s  o f

A ,  B a n d  V i f  v a l u e s  o f  m o la r  vo lu m e u n d e r  t h e s e  c o n d i t i o n s  a r e  kn o w n ,  
o

T h i s  e q u a t i o n  t h u s  p r o v i d e s  a v e r y  c o n v e n i e n t  way o f  s u m m a r i s i n g  t h e

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

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

a n d  p r e s s u r e .  F u r t h e r m o r e ,  t h e  f a c t  t h a t  v i s c o s i t y  c o e f f i c i e n t  d a ta

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

(23)c y c l o h e x a n e  s y s t e m  can  b e  f i t t e d  t o  g e n e r a l l y  w i t h i n  5 p e r c e n t  b y

t h e  sam e e q u a t i o n  w i t h  i d e n t i c a l  v a l u e s  o f  A ,  a l i n e a r  r e l a t i o n s h i p  i n

m o le  f r a c t i o n  f o r  V a n d  a s i m p l e  e x p r e s s i o n  f o r  B s u g g e s t s  t h a t  v i s -
o

c o s i t y  c o e f f i c i e n t s  o f  o t h e r  b i n a r y  h y d r o c a r b o n  m i x t u r e s  may b e  s i m i l a r l y
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r e p r e s e n t e d .  T h i s  s h o u l d  t h e n  fo r m  a b a s i s  f o r  a s a t i s f a c t o r y  p r e 

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

a c c u r a t e  v a l u e s  a r e  r e q u i r e d  f o r  t h e  m o la r  v o lu m e .
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6 . 3  THE HILDEBRAND EQUATION

The H i l d e b r a n d  e q u a t i o n , w h ic h  i s  d i s c u s s e d  i n  C h a p te r  2 ,  r e l a t e s  t h e  

f l u i d i t y ,  a n d  t h e  m o la r  v o lu m e ,  V, b y  t h e  r e l a t i o n s h i p

1 V ~ v n
~ = B ( ------- 2.; ( 6 . 8 )

 ̂ vo

w h ere  i s  t h e  vo lu m e  f o r  w h ic h  t h e  f l u i d i t y  i s  z e r o .  The d a ta  o b t a i n e d

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

e q u a t i o n  a s  v i s c o s i t y  c o e f f i c i e n t s  h a v e  b e e n  o b t a i n e d  a b o v e  t h e  n o rm a l

b o i l i n g  p o i n t  f o r  n -h e x a n e .  a n d  b e n z e n e , c l o s e  t o  t h e  f r e e z i n g  p o i n t  f o r

n - d o d e c a n e  a n d  n - h e x a d e c a n e  an d  up t o  h i g h  p r e s s u r e s  f o r  n - h e x a n e  and

(36 )n - h e x a d e c a n e .  The r e l a t i o n s h i p  g i v e n  b y  B e r t r a n d  f o r  m i x t u r e s , 

w h ic h  was d e r i v e d  a s  an e x t e n s i o n  o f  t h e  H i l d e b r a n d  e q u a t i o n ,  h a s  b e e n  

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

b i n a r y  s y s t e m s  r e p o r t e d  i n  C h a p te r  3 .

To t e s t  t h e  a p p l i c a b i l i t y  o f  t h e  H i l d e b r a n d  E q u a t i o n  f o r  t h e  n - a l k a n e s

f l u i d i t y  was p l o t t e d  v e r s u s  m o la r  vo lu m e a t  s a t u r a t i o n  p r e s s u r e .

S t r a i g h t  l i n e s  w ere  o b t a i n e d  f o r  n - h e x a n e  and  n - o c t a n e  a s  p r e d i c t e d  b y

e q u a t i o n  ( 6 . 8 )  b u t  f o r  n - d e c a n e , n -d o d e c a n e  and  n - h e x a d e c a n e  i n c r e a s i n g

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

a s  e x p e r i m e n t a l  t e m p e r a t u r e s  came c l o s e  t o  t h e  f r e e z i n g  p o i n t .  A

■ (34 )s i m i l a r  o b s e r v a t i o n  was made b y  E i c h e r  a n d  Z w o l i n k s i  f o r  n - h e x a n e

(35 )
b e l o w  25 3  K . E r t l  a n d  D u l l i e n  h a v e  e s t a b l i s h e d  t h a t  t h e  H i l d e b r a n d  

e q u a t i o n  i s  n o r m a l l y  v a l i d  a t  r e d u c e d  t e m p e r a t u r e s  f / T ^ ,  w h ere  T ^  i s  

t h e  c r i t i c a l  t e m p e r a t u r e ,  a b o v e  0 . 4 6 .  T h i s  i s  c o n f i r m e d  b y  t h e  r e s u l t s  

o f  t h i s  w ork  w h ic h  show  d i v e r g e n c e  f r o m  t h e  s t r a i g h t  l i n e  b e lo w  t h i s  

t e m p e r a t u r e .
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U s in g  t h e  n - h e x a n e  an d  b e n z e n e  v i s c o s i t y  c o e f f i c i e n t  d a t a  i t  was p o s s i b l e  

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

i n g  p o i n t . F i g u r e s  6 .1 0  a n d  6 .1 1  show  t h e  ch a n g e  i n  f l u i d i t y  w i t h  

i n c r e a s i n g  m o la r  vo lu m e  f o r  n - h e x a n e  and  b e n z e n e  r e s p e c t i v e l y . The  

H i l d e b r a n d  e q u a t i o n  h o l d s  t o  t h e  maximum t e m p e r a t u r e  o f  39 3 K r e a c h e d

i n  t h i s  w o rk  w h ic h  c o r r e s p o n d s  t o  a t e m p e r a t u r e  o f  0 . 7 7  T ,  w h e re  T
c  c

i s  t h e  c r i t i c a l  t e m p e r a t u r e ,  f o r  n - h e x a n e  a n d  0 .7 0  T f o r  b e n z e n e .c

The e f f e c t  o f  p r e s s u r e  on t h e  a p p l i c a b i l i t y  o f  e q u a t i o n  ( 6 . 8 )  h a s  b e e n  

s t u d i e d  b y  H i l d e b r a n d  an d  Lam oreaux^  147) u s j_n g  £a t a  f o r  n - d e c a n J 148)  

up  t o  41 MPa a t  444 K. T h e i r  c o n c l u s i o n  was t h a t  f l u i d i t y  i s  u n i q u e l y  

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

r e s u l t  f r o m  c h a n g e s  o f  t e m p e r a t u r e  o r  o f  p r e s s u r e . The p r e s e n t  r e s u l t s  

f o r  n - h e x a n e  a n d  n - h e x a d e c a n e  a t  p r e s s u r e s  up t o  500 MPa p r o v i d e  a c r i t i c a l  

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

e f f i c i e n t s  a t  t e m p e r a t u r e s  s i g n i f i c a n t l y  b e lo w  t h e  c r i t i c a l  t e m p e r a t u r e .  

F i g u r e  6 . 1 2  sh o w s  a p l o t  o f  f l u i d i t y  v e r s u s  m o la r  vo lu m e  f o r  n - h e x a n e  

a t  323 K a n d  373 K. E x p e r im e n t a l  p o i n t s  f o r  t h e  f l u i d i t y  d e p a r t  f r o m  

t h e  s t r a i g h t  l i n e  p r e d i c t e d  b y  e q u a t i o n  ( 6 .8 )  a t  a p r e s s u r e  o f  a b o u t  

90 MPa. S i m i l a r  b e h a v i o u r  was o b s e r v e d  f o r  n - h e x a d e c a n e  an d  t h e  l i q u i d  

m i x t u r e s  s t u d i e d .

Thus  t h e  H i l d e b r a n d  e q u a t i o n  i s  n o t  v a l i d  f o r  t h i s  s y s t e m  a t  p r e s s u r e s  

a b o v e  90 MPa.

f  36 )
The H i l d e b r a n d  e q u a t i o n  h a s  r e c e n t l y  b e e n  e x t e n d e d  b y  B e r t r a n d  i n  

an a t t e m p t  t o  r e l a t e  m i x t u r e  f l u i d i t y  t o  t h e  f l u i d i t i e s  o f  t h e  p u r e  

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



(36)
B e r t r a n d  a p p r o x i m a t e d  t h e  m i x t u r e  p a r a m e t e r s  f o r  e q u a t i o n  ( 6 . 8 )  b y

Vnd x  "  X1V1 + X2 V2 + ' ’ ' ( 6 ' 9>

V • = x  v  . + x n v  + . . .  ( 6 .1 0 )o , m i x  1 o , l  2 o , 2

y y
(B V ,m lx  = fBl V  2

w h e re  y i s  vo lu m e  f r a c t i o n  and  x  i s  m o le  f r a c t i o n .

He t h e n  c a l c u l a t e d  m i x t u r e  f l u i d i t y  f r o m

1 ^2 
-  =  ( B j V j )  (B2 V2> (Xl Vo , l  + X2Vo , 2  + -  (X1 V1 + X2 V2

(6 . 1 2 )

(E q u a t i o n  ( 6 .1 2 )  was t e s t e d  b y  B e r t r a n d  °  u s i n g  e x p e r i m e n t a l  d a ta  f o r
«

11 b i n a r y  s y s t e m s  and  tw o t e r n a r y  s y s t e m s  a t  t e m p e r a t u r e s  g r e a t e r  th a n

0 . 4 6  T f o r  t h e  p u r e  co m p o n e n ts  a n d  fo u n d  t o  b e  c o m p a ra b le  t o ,  o r  b e t t e r  c

t h a n ,  t h e  b e s t  p r e d i c t i o n s  o f  f o u r  commonly u s e d  e q u a t i o n s  f o r  m i x t u r e  

v i s c o s i t y  c o e f f i c i e n t s . H o w ev er , t h i s  s t u d y  o n l y  c o n s i d e r e d  d a ta  a t  

293 K a n d  298 K and  c o u l d  n o t  t h e r e f o r e  t e s t  t h e  v a l i d i t y  o f  t h e  i n 

d i v i d u a l  a p p r o x i m a t i o n s  m ade. The p r e s e n t  a c c u r a t e  m e a s u r e m e n ts  o v e r  

a w id e  t e m p e r a t u r e  ra n g e  make p o s s i b l e  a more s e a r c h i n g  t e s t  o f  t h e  

B e r t r a n d  e q u a t i o n .  I n  T a b le  6 . 5 ,  t h e  p r e s e n t  r e s u l t s  a r e  co m p a red  

w i t h  t h e  p r e d i c t i o n s  o f  e q u a t i o n  ( 6 . 1 2 ) .
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T a b le  6 . 5

D e v i a t i o n  o f  M i x t u r e  F l u i d i t y  f r o m  E q u a t i o n  ( 6 .1 2 )

S y s te m P e r c e n ta g e  D e v ia t io n  a t  
T > 0 .4 6  Tc

b e n z e n e  p l u s  n -h e x a n e  

b e n z e n e  p l u s  n - o c ta n e  

b e n z e n e  p l u s  n -d e c a n e  

b e n z e n e  p l u s  n -d o d e c a n e  

b e n z e n e  p l u s  n -h e x a d e c a n e  

b e n z e n e  p l u s  c y c lo h e x a n e  

n -h e x a n e  p l u s  n -h e x a d e c a n e

- 1 . 4  t o  1 .8

- 0 . 8  t o  4 .3

- 1 . 8  t o  - 7 . 4

-1 0  to  -2 6

1 .0  t o  9 .1

0 .2  t o  5 .4

3 t o  19

C l e a r l y  t h i s  e q u a t io n  d o e s  n o t  p r e d i c t  m ix tu r e  f l u i d i t y  w i th  an a c c u r a c y  

a p p r o a c h in g  t h a t  o f  t h e  e x p e r im e n ta l  m e a s u r e m e n ts , a l th o u g h  f o r  t h e  b e n z e n e  

p l u s  n -d o d e c a n e  sy s te 'm  th e  d e v i a t i o n s  a r e  s m a l l .  F o r  b e n z e n e  p l u s  n - a l k a n e s  

o f  s h o r t e r  c h a in  l e n g t h  th e  p r e d i c t e d  v a lu e s  a r e  g e n e r a l l y  to o  lo w  b u t  

f o r  b e n z e n e  p l u s  n -h e x a d e c a n e  v a lu e s  g iv e n  b y  e q u a t io n  (6 .1 2 )  a r e  to o  

h i g h .  The d i s c r e p a n c ie s  b e tw e e n  t h e  e x p e r im e n ta l  and  p r e d i c t e d  v a lu e s  

a r e  g r e a t e s t  f o r  b e n z e n e  p l u s  c y c lo h e x a n e  w h ere  t h e  c a l c u l a t e d  r e s u l t s  

a r e  s i g n i f i c a n t l y  lo w e r  a n d  f o r  n -h e x a n e  p l u s  n -h e x a d e c a n e  w h ere  t h e  

c a l c u l a t e d  v a lu e s  a r e  much l a r g e r .  I n  o r d e r  t o  d e te r m in e  t h e  r e a s o n s  

f o r  t h e  f a i l u r e  o f  e q u a t io n  (6 .1 2 )  t o  r e p r e s e n t  t h e  d a ta  s a t i s f a c t o r i l y , 

v i s c o s i t y  c o e f f i c i e n t  r e s u l t s  f o r  t h e  tw o  s y s te m s  h a v e  b e e n  u s e d  t o  t e s t  

t h e  t h r e e  a p p r o x im a t io n s  r e p r e s e n t e d  b y  e q u a t io n s  ( 6 . 9 ) ,  ( 6 .1 0 )  a n d

(6 . 1 1 ) .

( i )  The a s s u m p tio n  i n  e q u a t io n  ( 6 .9 )  i s  t h a t  v a lu e s  a r e  s t r i c t l y

a d d i t i v e  a n d  i t  t h e r e f o r e  d o e s  n o t  t a k e  i n t o  a c c o u n t  th e  a c t u a l

vo lu m e  ch a n g e  on  m ix in g .  F o r  th e  b e n z e n e  p l u s  c y c lo h e x a n e  s y s t e m
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t h e  l a r g e s t  v a lu e  f o r  t h e  m o la r  e x c e s s  vo lu m e  w as fo u n d  t o  h e

3 - 2
0 .8 2  cm m ol . The e r r o r  i n  th e  c a l c u l a t e d  f l u i d i t y  th r o u g h  

n e g l e c t  o f  t h i s  a c t u a l  vo lu m e ch a n g e  i s  3 .7  p e r c e n t .  I n  t h e

rj
c a s e  o f  n -h e x a n e  p l u s  n -h e x a d e c a n e  t h e  maximum v a lu e  o f  Vm

w as -1 * 8 4  cm^ m ol T h is  l e a d s  t o  a d i f f e r e n c e  o f  4 .9  p e r 

c e n t  i n  t h e  c a l c u l a t e d  f l u i d i t y .

( i i )  The a p p r o x im a t io n  in t r o d u c e d  b y  e q u a t io n  ( 6 .1 0 )  i s  t h a t  t h e

p a r a m e te r  v  v a r i e s  l i n e a r i l y  w i th  m o le  f r a c t i o n  o f  th e  m ix -  o

t u r e .  V a lu e s  o f  v ' d e te r m in e d  fr o m  e x p e r im e n ta l  v i s c o s i t y  

c o e f f i c i e n t  d a ta  u s in g  e q u a t io n  ( 0 .8 )  a r e  p l o t t e d  i n  F ig u r e  

6 .1 3  f o r  b e n z e n e  p l u s  c y c lo h e x a n e  and  i n  F ig u r e  6 .1 4  f o r  n -  

h e x a n e  p l u s  n -h e x a d e c a n e .

F o r  t h e  b e n z e n e  p l u s  c y c lo h e x a n e  s y s te m  th e  e x p e r im e n ta l  v -

v a lu e s  d e v i a t e  fr o m  a s t r a i g h t  l i n e  b e tw e e n  t h e  v  v a lu e s  f o ro

t h e  p u r e  co m p o n e n ts  a s  th e  v a lu e  o f  vq f o r  c y c lo h e x a n e  i s  

h i g h e r  th a n  w o u ld  b e  e x p e c t e d  fr o m  th e  b e s t  l i n e  th r o u g h  th e  

e x p e r im e n ta l  v • d a ta  f o r  th e  m i x t u r e s . T h is  may b e  due i n  

p a r t  t o  th e  u n c e r t a i n t y  i n  v ' f o r  c y c lo h e x a n e  d u e  t o  c u r v a tu r e  

fr o m  th e  s t r a i g h t  l i n e  p r e d i c t e d  b y  e q u a t io n  ( 6 .8 )  a t  t h e  lo w e r  

t e m p e r a tu r e s .  The d i f f e r e n c e  b e tw e e n  v ^  c a l c u l a t e d  b y

e q u a t io n  (6 .1 0 )  a n d  t h e  e x p e r im e n ta l  v a lu e  l e a d s  t o  a maximum  

u n c e r t a i n t y  i n  v i s c o s i t y  c o e f f i c i e n t  o f  1 1 .5  p e r c e n t  f o r  t h e  

b e n z e n e  p l u s  c y c lo h e x a n e  m ix tu r e  w i th  a m o le  f r a c t i o n  o f  b e n 

z e n e  o f  0 .6 0 0  a t  2 9 8 .1 9  K . F o r t h e  n -h e x a n e  p l u s  n -h e x a d e c a n e  

s y s t e m  h o w e v e r ,  th e  r e s u l t s  l i e  v e r y  c l o s e  t o  t h e  s t r a i g h t  l i n e  

i n d i c a t i n g  t h a t  e q u a t io n  ( 6 J .0 )  i s  a r e a s o n a b le  a p p r o x im a t io n  

f o r  t h i s  s y s t e m .
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( H i )  The a p p r o x im a t io n  t h a t  ( B V ) i s  g iv e n  b y  e q u a t io n  (6 .1 1 )  i s  

t e s t e d  i n  F ig u r e s  6 .1 5  and  6 .1 6  f o r  t h e  b e n z e n e  p l u s  c y c l o 

h e x a n e  a n d  n -h e x a n e  p l u s  n -h e x a d e c a n e  s y s te m s  r e s p e c t i v e l y .

F ig u r e  6 .1 5  sh o w s t h a t  t h i s  i s  a good  a p p r o x im a t io n  i n  t h e  c a s e  

o f  t h e  b e n z e n e  p l u s  c y c lo h e x a n e  s y s t e m .  H o w ever , f o r  t h e  n -  

h e x a n e  p l u s  n -h e x a d e c a n e  s y s t e m  th e  a g r e e m e n t b e tw e e n  m̂ x  

a n d  t h e  v a lu e s  c a l c u l a t e d  u s in g  e q u a t io n  ( 6 .1 1 )  i s  v e r y  p o o r .

I n d e e d  i t  i s  th e  in a d e q u a c y  o f  t h i s  a p p r o x im a t io n  w h ic h  l e a d s  

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

e n t s  an d  th e  e x p e r im e n ta l  d a ta  f o r  t h i s  s y s t e m .

The c o n c lu s i o n  i s  t h a t  f o r  t h e  b in a r y  h y d r o c a r b o n  s y s t e m s  s t u d i e d ,  

t h e  H ild e b r a n d  e q u a t io n  i s  o n ly  u s e f u l  i n  c o r r e l a t i n g  f l u i d i t i e s  f o r  

t e m p e r a tu r e s  g r e a t e r  th a n  0 .4 6  t im e s  t h e  c r i t i c a l  t e m p e r a tu r e  o f  t h e  

n - a l k a n e , a n d  i n  t h e  ra n g e  o f  p r e s s u r e  fr o m  a tm o s p h e r ic  t o  a p p r o x i 

m a te ly  90 MPa. R e a s o n a b ly  a c c u r a te  p r e d i c t i o n  o f  m ix tu r e  f l u i d i t y

a t  s a t u r a t i o n  p r e s s u r e s  fr o m  p u r e  co m p o n en t f l u i d i t i e s  u s in g  e x p r e s s -

• ("%&) • i o n s  b a s e d  on  t h e  H i ld e b r a n d  e q u a t io n  and  g iv e n  b y  B e r t r a n d  i s  o b ta in e d

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

b e n z e n e  p l u s  c y c lo h e x a n e  and  n -h e x a n e  p l u s  n -h e x a d e c a n e  t h e  a g r e e m e n t

w i th  e x p e r im e n ta l  d a ta  i s  v e r y  p o o r .  The p r o b le m  l i e s  i n  b e i n g  a b le

t o  p r e d i c t  t h e  v a lu e s  o f  B , V a n d  v q f o r  m ix tu r e s  w i t h  s u f f i c i e n t

a c c u r a c y .
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6 . 4  EYRING ACTIVATION MODEL AND THE PRINCIPLE OF CONGRUENCE

A l th o u g h  th e r e  a r e  r e a s o n s  f o r  c o n s i d e r i n g  t h a t  th e  E y r in g  a c t i v a t i o n

th e o r y  o f  t r a n s p o r t  p r o c e s s e s  d o es  n o t  h a v e  a s o u n d  p h y s i c a l  b a s i s ,

a s  d i s c u s s e d  i n  C h a p te r  2 ,  i t  h a s  p r o v e d  e x t r e m e ly  u s e f u l  f o r  th e

c o r r e l a t i o n  a n d  p r e d i c t i o n  o f  v i s c o s i t y  c o e f f i c i e n t s  f o r  n - a l k a n e  

(56 )m i x t u r e s  . V a lu e s  o f  th e  m o la r  e x c e s s  G ib b s f r e e  e n e r g y  o f  

a c t i v a t i o n  f o r  f l o w ,  A (F  a t  298 K c o n fo r m  t o  th e  P r i n c i p l e  o f  Con

g r u e n c e .  F o r t h e  p r e d i c t i o n  o f  m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  i t  

i s  t h e r e f o r e  n e c e s s a r y  t o  e s t a b l i s h  th e  c u r v e  o f  A a s  a f u n c t i o n  

o f  a v e r a g e  c a r b o n  c h a in  l e n g t h  n  o f  t h e  m i x t u r e , w h ic h  C o u rse y  and
(C.f. )

H e r ic  d e te r m in e d  fr o m  m ix tu r e  v i s c o s i t y  c o e f f i c i e n t  d a ta  f o r  t h e  

n -h e x a n e  p l u s  n -h e x a d e c a n e  s y s t e m  a t  298 K . V a lu e s  o f  n  a r e  c a l c u 

l a t e d  fr o m  th e  e x p r e s s i o n

n = Z x^  c . ( 6 .1 3 )
i

w h ere  c  i s  th e  num ber o f  c a r b o n s  i n  t h e  n - a lk a n e  c h a in  o f  co m p o n en t  
i

i .  a n d  x .  i s  i t s  m o le  f r a c t i o n .  The  A (F  v a lu e  f o r  an y  o t h e r  m ix tu r e
l

o f  n - a l k a n e s  w h ic h  h a v e  c h a in  l e n g t h s  fr o m  6 t o  16 i s  o b ta in e d  fr o m

t h i s  r e f e r e n c e  c u r v e .  F o r  e x a m p le  th e  A GE v a lu e  o f  a n -h e x a n e  p l u s

n - o c ta n e  p l u s  n -d o d e c a n e  m ix tu r e  o f  a v e r a g e  c h a in  l e n g t h  n  i s  g iv e n  

b y

A ^ n  = L6 1 6 :n  ” * 6 ^ 6 1 6 :6  “ * 8 ^ 6 1 6 :8  ” X1 2 ^ 6 1 6 :1 2  (6 - 1 4 >

w h ere  A i s  t h e  h e i g h t  fr o m  th e  X - a x i s  t o  t h e  c u r v e  a t  t h e  p o i n t
616 :k

w h e re  n  = k ,  a n d  x , i s  th e  m o le  f r a c t i o n  o f  n - a l k a n e  w i th  c a rb o n  c h a in  

l e n g t h  k .

The v i s c o s i t y  c o e f f i c i e n t  o f  t h i s  n - a l k a n e  m ix tu r e  i s  th e n  c a l c u l a t e d  

fr o m  th e  e q u a t io n
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*  w

lnr \V  =  X j  ln r \] V1 + * 2 I n n ^  +  .  ( 6 . 1 5 )

T he r e s u l t s  o b ta in e d  b y  C o u rse y  a n d  H e r ic ^  ^  i n d i c a t e  t h a t  t h e  v i s -  

c o s i t y  c o e f f i c i e n t s  o f  n - a lk a n e  m i x t u r e s  c a l c u l a t e d  b y  t h i s  m e th o d  h a v e  

an a c c u r a c y  o f  2 .0  p e r c e n t  a t  298 K a n d  s a t u r a t i o n  p r e s s u r e . The m ix 

t u r e  v i s c o s i t y  c o e f f i c i e n t s  g iv e n  i n  C h a p te r  3 now a l lo w s  t h e  ra n g e  o f  

v a l i d i t y  o f  t h e  a p p ro a c h  to  b e  t e s t e d  a t  t e m p e r a tu r e s  fr o m  298 K t o  

378 K a n d  t h e  m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  g i v e n  i n  C h a p te r  4 a l lo w  

t h e  p r e s s u r e  d e p e n d e n c e  o f  A F t o  b e  d e te r m in e d .  T h is  i s  e s s e n t i a l  

f o r  d e t e r m in in g  w h e th e r  th e  P r i n c i p l e  o f  C o n g ru en ce  a p p l i e s  a t  e l e v a t e d

p r e s s u r e s  a l s o .  I n  T a b le  6 .6  a c o m p a r iso n  i s  made b e tw e e n  th e  A F 
(56 )

v a lu e s  p r e d i c t e d  a t  298 K on  th e  b a s i s  o f  t h e  C o n g ru en ce  P r i n c i p l e  

a n d  v a lu e s  d e r i v e d  fr o m  th e  p r e s e n t  e x p e r im e n ta l  v i s c o s i t y  c o e f f i c i e n t  

d a ta  a t  s a t u r a t i o n  p r e s s u r e .  The a g r e e m e n t i s  v e r y  s a t i s f a c t o r y .

T a b le  6 .6

C o m p a riso n  o f  A F V a lu e s  a t  298 K w i th  R e fe r e n c e  (56 )

S y s  tern A F e x p t .  
( J  mo 1 -1 )

A F r e f .  (5 6  )
(J  m o l~ l)

2 co m p o n en t m ix tu r e s  

n - h e x a n e /n - h e x a d e c a n e  

x  = 0 .1 9 8 7 /0 .8 0 1 3 474 456

0 .3 7 7 2 /0 .6 2 2 8 755 753

0 .5 9 8 3 /0 .4 0 1 7 886 886

0 .7 9 8 2 /0 .2 0 1 8 698 694

3 c o m p o n en t m ix tu r e s  

n - h e x a n e /n - o c ta n e /n - h e x a d e c a n e  

x  = 0 .3 2 8 6 /0 .3 2 9 7 /0 .3 4 1 7 687 656

0 .1 0 9 3 /0 .1 1 5 2 /0 .7 7 5 5 408 377

4 co m p o n en t m ix tu r e s

n - h e x a n e /n - o c ta n e /n - d o d e c a n e /  
n -h e x a d e c a n e

x  = 0 .2 5 9 3 /0 .2 9 9 7 /O .2 5 0 7 /O .1 9 0 3 483 484
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The e f f e c t  o f  an  i n c r e e s e  i n  te m p e r a tu r e  on  A & a t  s a t u r a t i o n  p r e s s 

u r e  i s  show n i n  F ig u r e  6 .1 7 ,  w h ere  t h e  v a lu e s  o f  A (P  a r e  p l o t t e d  

a g a i n s t  a v e r a g e  c a rb o n  c h a in  l e n g t h .

F o r t h e  t h r e e  an d  f o u r  co m p o n en t n - a l k a n e  m i x t u r e s , A G^ v a lu e s  fr o m

e q u a t io n  (6 .1 5 )  a r e  u s e d  t o  t e s t  t h e  C o n g ru en ce  P r i n c i p l e  b y  p l o t t i n g

v a lu e s  o f  -n ^ rom  e<Ju a t i ° n  (6 -1 4 )  a g a i n s t  n i n  t h e  sam e f i g u r e .

The c u r v e s  show  t h a t  th e  P r i n c i p l e  o f  C o n g ru en ce  i s  o b e y e d  n o t  o n ly

^ Ea t  298  K b u t  a l s o  a t  h i g h e r  t e m p e r a tu r e s . H ow ever  A G i s  d e f i n i t e l y  

t e m p e r a tu r e  d e p e n d e n t , i n c r e a s i n g  a s  th e  te m p e r a tu r e  i s  r a i s e d  f o r  a 

g iv e n  m ix tu r e  a s  show n b y  th e  v a lu e s  g iv e n  i n  T a b le  6 . 7 .  T h is  i s  

im p o r ta n t  f o r  t h e  c a l c u l a t i o n  o f  v i s c o s i t y  c o e f f i c i e n t s  o f  n - a l k a n e  

m i x t u r e s  a t  s a t u r a t i o n  p r e s s u r e  a t  t e m p e r a tu r e s  a b o ve  298 K . I f  th e  

298  K r e f e r e n c e  c u r v e  i s  u s e d  to  c a l c u l a t e  A (F  f o r  t h e  m ix tu r e  t h e  

p r e d i c t e d  v a lu e s  o f  v i s c o s i t y  c o e f f i c i e n t  w i l l  b e  lo w  f o r  e x a m p le  b y  

4 p e r c e n t  f o r  t h e  t h r e e  co m p o n en t m ix tu r e  w i th  a m o le  f r a c t i o n  o f  n -  

h e x a n e  o f  0 .3 2 2 9 ,  o f  n - o c ta n e  o f  0 .3 3 1 7  a n d  o f  n -h e x a d e c a n e  o f  0 .3 4 5 4  

a t  358 K.
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F ig u r e  6 .1 7  E f f e c t  o f  T e m p e ra tu re  on  A G f o r  n - A lk a n e  M i x t u r e s .

The L in e s  a r e  Drawn T h rough  th e  P r e s e n t  R e s u l t s  f o r  
t h e  n -H e xa n e  p l u s  n -H e x a d e c a n e  S y s te m .  T e r n a r y  
M ix tu r e s  O 298 K , •  358 K. Q u a te r n a r y  M ix tu r e  □

298 K , ■  358 K.
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T.ie e f f e c t  o f  on i n c r e e s e  i n  p r e s s u r e  on t h e  d e r i v e d  A v a lu e s  i s  

i l l u s t r a t e d  i n  F ig u r e  6 .1 8  w h ere  r e s u l t s  a r e  g iv e n  a t  373 K a t  s a t u r a t 

i o n  p r e s s u r e  a n d  f o r  p r e s s u r e s  o f  200 a n d  400 MPa. The p o i n t s  l i e  on  

sm o o th  c u r v e s  a t  e a c h  p r e s s u r e  b u t  m e a su re m e n ts  on o t h e r  n - a l k a n e  m ix 

t u r e s  a r e  r e q u i r e d  t o  e s t a b l i s h  t h a t  th e  C o n g ru en ce  P r i n c i p l e  i s  o b e y e d .  

S u ch  m e a su re m e n ts  a s  h a v e  b e e n  made on o t h e r  n - a l k a n e  s y s t e m s  o n ly  e x 

t e n d  t o  m o d e ra te  p r e s s u r e s  f o r  e x a m p le  v i s c o s i t y  c o e f f i c i e n t  r e s u l t s

(21 )
h a v e  b e e n  r e p o r t e d ,  b y  N a z ie v ,  G u s e in o v  an d  B a d a lo v  f o r  n - h e p ta n e

p l u s  n -d e c a n e  a t  t e m p e r a tu r e s  fr o m  290 K t o  591 K up t o  49 MPa a n d  b y

(22 )A l e s k e r o v , Mamedov a n d  K h a l i l o v  f o r  n - h e p ta n e  p l u s  n - o c ta n e  fr o m

291 K t o  475 K up t o  49 MPa.

F o r  t h e  a c c u r a te  p r e d i c t i o n  o f  m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  t h e  v a lu e  

o f  A s h o u ld  b e  ta k e n  fr o m  th e  c u r v e  f o r  th e  g iv e n  p r e s s u r e . I f  

v a lu e s  a r e  ta k e n  fr o m  th e  0 .1  MPa ( s a t u r a t i o n  p r e s s u r e )  l i n e  th e n  th e  

c a l c u l a t e d  v i s c o s i t y  c o e f f i c i e n t s  w i l l  b e  lo w , b y  up t o  10 p e r c e n t  f o r  

t h e  e q u im o la r  m ix tu r e  o f  n -h e x a n e  p l u s  n -h e x a d e c a n e  f o r  a p r e s s u r e  o f  

400 M P a .a t 373 K . T h u s , i n  o r d e r  t o  c a l c u l a t e  v i s c o s i t y  c o e f f i c i e n t s  

o f  n - a l k a n e  m i x t u r e s  fr o m  e q u a t io n  ( 6 .1 5 )  w i th  an a c c u r a c y  a p p r o a c h in g  

t h a t  o f  t h e  v i s c o s i t y  c o e f f i c i e n t s  o f  th e  p u r e  c o m p o n e n ts ,  v a lu e s  f o r  

A m u st b e  ta k e n  fr o m  th e  c u r v e  f o r  t h e  p a r t i c u l a r  t e m p e r a tu r e  a n d  

p r e s s u r e  (a l th o u g h  i t  s t i l l  r e m a in s  t o  b e  show n t h a t  t h e  C o n g ru en ce  

P r i n c i p l e  i s  o b e y e d  a t  e l e v a t e d  p r e s s u r e s ) .

Two d is a d v a n ta g e s  o f  t h i s  m e th o d  a r e ,  f i r s t l y ,  t h e  n e e d  f o r  a c c u r a te  

d e n s i t y  d a ta  f o r  t h e  p u r e  co m p o n e n ts  a n d  t h e  m ix tu r e  a t  t h e  te m p e r a 

t u r e  a n d  p r e s s u r e  o f  i n t e r e s t ,  and  s e c o n d ly  t h a t  t h e  r e l a t i v e l y  lo w

f r e e z i n g  p r e s s u r e s  o f  n -h e x a d e c a n e  l i m i t s  th e  p r e s s u r e  r a n g e  f o r  w h ic h  

* Ec u r v e s  o f  A G v e r s u s  a v e r a g e  ca rb o n  c h a in  n u m b e r , n ,  can  b e  e s t a b l i s h e d ,
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F ig u r e  6 .1 8  E f f e c t  o f  P r e s s u r e  on  A G f o r  th e  n -H e xa n e  p l u s

n -H e x a d e c a n e  S y s te m  a t  373 K . □  0 .1  MPa, 0 2 0 0  MPa, 
<?>400 MPa.



e s p e c i a l l y  a t  te m p e r a tu r e s  a p p r o a c h in g  th e  m e l t i n g  p o i n t .

I t  i s  n o t  t o  b e  e x p e c t e d  t h a t  t h e  C o n g ru en ce  P r i n c i p l e  w i l l  a p p ly  t o  

t h e  G ib b s  f r e e  e n e r g y  o f  a c t i v a t i o n  f o r  f l o w  f o r  t h e  b e n z e n e  p l u s  n -  

a lk a n e  s y s t e m s  s t u d i e d  i n  t h i s  w ork b u t  n e v e r t h e l e s s  i t  i s  i n s t r u c t i v e  

t o  d e te r m in e  th e  ch a n g e  i n  A G^ w i th  n - a l k a n e  c a rb o n  c h a in  l e n g t h .

A t  2 9 8 .1 9  K , A (P  v a lu e s  a r e  n e g a t i v e  f o r  b e n z e n e  p l u s  n - h e x a n e , b e n z e n e

p l u s  n - o c ta n e  a n d  b e n z e n e  p l u s  n -d e c a n e  a n d  becom e i n c r e a s i n g l y  p o s i t i v e

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

* Ei n  F ig u r e  6 .1 9 .  A G v a lu e s  a t  3 7 3 .2 8  K a r e  a l s o  i n c l u d e d  i n  t h i s

f i g u r e  t o  i l l u s t r a t e  t h e  e f f e c t  o f  te m p e r a tu r e  c h a n g e s .  I t  i s  fo u n d

* Et h a t  an i n c r e a s e  i n  te m p e r a tu r e  c a u s e s  A G t o  becom e l e s s  n e g a t i v e  f o r

b e n z e n e  p l u s  n -h e x a n e  and  b e n z e n e  p l u s  n - o c t a n e .  F or b e n z e n e  p l u s  n -

* Ed o d ec a n e  a n d  b e n z e n e  p l u s  n -h e x a d e c a n e  A G v a lu e s  i n c r e a s e  w i th  i n 

c r e a s in g  t e m p e r a tu r e . F o r b e n z e n e  p l u s  n -d e c a n e  t h e r e  i s  a ch a n g e  i n  

s i g n  w i th  i n c r e a s i n g  t e m p e r a tu r e .  A l th o u g h  th e  C o n g ru en ce  P r i n c i p l e  

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

n - a l k a n e  m i x t u r e s , i t  i s  p o s s i b l e  t o  make a c c u r a te  p r e d i c t i o n s  b y  p l o t t 

i n g  A (F  v e r s u s  n - a l k a n e  c h a in  l e n g t h  a t  c o n s t a n t  m o le  f r a c t i o n .  T h is  

i s  i l l u s t r a t e d  i n  F ig u r e  6 .2 0  f o r  e q u im o la r  b e n z e n e  p l u s  n - a l k a n e  m ix 

t u r e s  a t  2 9 8 .1 9  K a n d  3 7 3 .2 8  K . U s in g  p l o t s  s u c h  a s  t h i s  f o r  d i f f e r 

e n t  c o m p o s i t i o n s , v a lu e s  o f  h GE f o r  b i n a r y  m ix tu r e s  a t  o t h e r  te m p e r a 

t u r e s , a n d  w i th  o t h e r  n - a l k a n e s  a s  t h e  s e c o n d  c o m p o n e n t,  can  b e  i n t e r 

p o l a t e d ,  an d  v i s c o s i t y  c o e f f i c i e n t s  f o r  b e n z e n e  p l u s  n - a l k a n e  m ix tu r e s  

p r e d i c t e d  w i th  an e s t i m a t e d  a c c u r a c y  o f  1 t o  2 p e r c e n t .

E q u a t io n  (6 .1 5 )  can  th u s  p r o v id e  a u s e f u l  b a s i s  f o r  t h e  c o r r e l a t i o n  

an d  p r e d i c t i o n  o f  v i s c o s i t y  c o e f f i c i e n t  d a ta  a l th o u g h  i t  h a s  c e r t a i n
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l i m i t a t i o n s . The m o s t s e r i o u s  o f  t h e s e  i s  t h a t  i t  i s  n o t  p o s s i b l e  t o  

d e te r m in e  A F  v a l u e s , e x c e p t  fr o m  e x p e r im e n ta l  v i s c o s i t y  d a ta .  

A t t e m p t s  t o  c o r r e l a t e  A F w i th  th e rm o d y n a m ic  m ix in g  p r o p e r t i e s , s u c h  

a s  t h e  m o la r  e x c e s s  v o l u m e s ^ ^ ^  h a v e  p r o v e d  u n s u c c e s s f u l .
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6 . 5  THE GRUNBERG AND NISSAN EQUATION

The G ru n b erg  a n d  N is s a n   ̂ e q u a t i o n , o r i g i n a l l y  p r o p o s e d  i n  1949 , h a s  

b e e n  recom m ended  b y  I r v i n g ^ ^ ®   ̂ a f t e r  a s t u d y  o f  m ore th a n  25 e q u a t i o n s , 

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

e n t  d a ta  f o r  b i n a r y  m i x t u r e s . T h is  e m p ir i c a l  e x p r e s s i o n  may b e  

w r i t t e n  a s

In n  = Xj'lnT)^ + x 2ln r \2 + x ^ 2 G (6 .1 6 )

w h ere  r\ i s  t h e  v i s c o s i t y  c o e f f i c i e n t  o f  th e  m i x t u r e ,  x .  t h e  m o le
i

f r a c t i o n  o f  co m p o n en t i  a n d  i t s  v i s c o s i t y  c o e f f i c i e n t . G i s  th e  

G ru n b erg  a n d  N is s a n  c o n s t a n t , w h ic h  I r v i n g r e c o m m e n d e d  s h o u ld  b e  

c o n s id e r e d  a s  a s i n g l e  d i s p o s a b le  p a r a m e te r  e v e n  th o u g h ,  f o r  th e  fe w  

s y s t e m s  f o r  w h ic h  v i s c o s i t y  c o e f f i c i e n t  d a ta  w ere  a v a i l a b l e  a t  e l e v a t e d  

t e m p e r a tu r e ,  G was fo u n d  t o  b e  te m p e r a tu r e  d e p e n d e n t .

I t  i s  now p o s s i b l e  w i th  th e  e x p e r im e n ta l  v i s c o s i t y  c o e f f i c i e n t  d a ta

o b t a i n e d  i n  t h i s  r e s e a r c h  and  r e p o r t e d  i n  C h a p te r s  3 a n d  4 t o  make a

m ore c r i t i c a l  a s s e s s m e n t  o f  t h e  e f f e c t i v e n e s s  o f  t h e  G ru n b erg  and

N i s s a n e q u a t i on a s  a p p l i e d  t o  v i s c o s i t y  c o e f f i c i e n t  d a ta  f o r

b i n a r y  h y d r o c a r b o n  m i x t u r e s . A s a f i r s t  s t e p ,  th e  e f f e c t  on  G o f

c h a n g e s  i n  c o m p o s i t i o n ,  t e m p e r a tu r e ,  a n d  p r e s s u r e  was d e te r m in e d .

F ig u r e  6 .2 1  sh o w s v a lu e s  o f  G v e r s u s  m o le  f r a c t i o n  o f  b e n z e n e  a t  2 9 8 .1 9  K

a n d  3 7 3 .2 8  K f o r  t h e  s y s te m s  s t u d i e d  a t  s a t u r a t i o n  p r e s s u r e  w i th  b e n z e n e

a s  o n e  o f  t h e  c o m p o n e n ts .  I n  g e n e r a l  G i s  n o t  c o n s t a n t  f o r  t h e s e  s y s t e m s ,

b u t  v a r i e s  w i th  b o th  te m p e r a tu r e  an d  c o m p o s i t i o n .  F o r  m ix tu r e s  o f  b e n z e n e

p l u s  n - a l k a n e s  up t o  n -d o d e c a n e  G i s  n e g a t i v e  a t  2 9 8 .1 9  K f o r  a m o le

f r a c t i o n  o f  b e n z e n e  o f  0 .2 5  an d  b ec o m es  m ore n e g a t i v e  f o r  m ix tu r e s

r i c h e r  i n  b e n z e n e .  An i n c r e a s e  i n  te m p e r a tu r e  l e a d s  t o  a l a r g e r  v a lu e

o f  G a n d  r e d u c e s  t h e  e f f e c t  o f  c h a n g e  i n  c o m p o s i t io n  on  G. F o r b i n a r y
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F ig u r e  6 .2 1  D ependence  o f  G on M ole F r a c t io n  a n d  T e m p e ra tu r e
f o r  B in a r y  M ix tu r e s  C o n ta in in g  B e n z e n e .  ------ 298 K ,
 373 K. O p l u s  C y c lo h e x a n e , V p l u s  n -H e x a n e ,

□  p l u s  n - O c ta n e ,  p l u s  n -D e c a n e , A p l u s  n -  
D o d e ca n e , O  p l u s  n -H e x a d e c a n e .



b e n z e n e  p l u s  n - a l k a n e  m ix tu r e s  w h ere  th e  c a rb o n  c h a in  l e n g t h  i s  

g r e a t e r  th a n  1 2 ,  G i s  p o s i t i v e  a t  2 9 8 .1 9  K and  f o r  b e n z e n e  p l u s  n - h e x 

a d e c a n e  b ec o m es  i n c r e a s i n g l y  p o s i t i v e  f o r  m ix tu r e s  r i c h e r  i n  b e n z e n e .

The e f f e c t  o f  an i n c r e a s e  i n  te m p e r a tu r e  i s  t o  g i v e  a m ore p o s i t i v e  

v a lu e  o f  G a n d  f o r  t h e  c o m p o s i t io n  d e p e n d e n c e  t o  b e  g r e a t e r . By c o n 

t r a s t ,  f o r  t h e  b e n z e n e  p l u s  c y c lo h e x a n e  s y s te m  th e  c o m p o s i t io n  d e p e n d 

e n c e  o f  G i s  a lm o s t  z e r o  a t  ea c h  te m p e r a tu r e  b u t  a g a in  t h e r e  i s  a m a rked  

te m p e r a tu r e  d e p e n d e n c e ,  G b e c o m in g  l e s s  n e g a t i v e  a s  t h e  te m p e r a tu r e  i s  

r a i s e d .

T h u s ,  f o r  t h e  a c c u r a te  r e p r e s e n t a t i o n  o f  v i s c o s i t y  c o e f f i c i e n t s  o f  b e n 

z e n e  p l u s  n - a l k a n e  an d  b e n z e n e  p l u s  c y c lo h e x a n e  m ix tu r e s  b y  t h e  G ru n b erg  

(149)a n d  N is s a n  e q u a t io n  i t  i s  e s s e n t i a l  t o  ta k e  i n t o  a c c o u n t  th e  com

p o s i t i o n  a n d  te m p e r a tu r e  d e p e n d e n c e  o f  G. F o r e x a m p le ,  i f  a s i n g l e  

v a lu e  i s  ta k e n  f o r  G c o r r e s p o n d in g  t o  t h e  e q u im o la r  m ix tu r e  a t  348 K 

f o r  e a c h  o f  t h e  b e n z e n e  p l u s  n - a l k a n e  s y s te m s  s t u d i e d ,  t h e  c a l c u l a t e d  

m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  d i f f e r  fr o m  th e  e x p e r im e n ta l  v a lu e s  b y  

up t o  8 p e r c e n t .

(149)  . . . .S i n c e  th e  G ru n b erg  an d  N is s a n  e q u a t io n  i s  e m p i r i c a l  an y  p h y s i c a l

s i g n i f i c a n c e  w h ic h  may b e  a t t a c h e d  t o  t h e  p a r a m e te r  G i s  o b s c u r e  and  

a t t e m p t s  t o  r e l a t e  i t s  v a lu e s  t o  o t h e r  d e f i n e d  p h y s i c a l  p r o p e r t i e s  

h a v e  n o t  b e e n  s u c c e s s f u l .  H o w ever , s y s t e m a t i c  v a r i a t i o n s  w i th  c h e m ic a l  

s t r u c t u r e  h a v e  b e e n  o b s e r v e d  i n  l i m i t e d  g ro u p s  . F ig u r e  6 .2 2  i l l u s 

t r a t e s  t h e  v a r i a t i o n  o f  G w i th  c a rb o n  c h a in  l e n g t h  f o r  e q u im o la r  m ix tu r e s  

o f  b e n z e n e  p l u s  n - a l k a n e s  a t  2 9 8 .1 9  K a n d  3 7 3 .2 8  K . T h e re  i s  a sm o o th  

v a r i a t i o n  i n  G w i th  i n c r e a s i n g  c a r b o n  c h a in  l e n g t h ,  a n d  a b o ve  C Q t h i s  

b ec o m es  e f f e c t i v e l y  l i n e a r .  From s u c h  a p l o t  o f  G v e r s u s  n - a l k a n e  c h a in  

l e n g t h  f o r  t h e  b e n z e n e  p l u s  n - a lk a n e  s y s te m s  f o r  a g i v e n  m o le  f r a c t i o n
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o f  b e n z e n e  a t  a p a r t i c u l a r  te m p e r a tu r e  a v a lu e  f o r  G ca n  b e  r e a d  f o r

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

an e s t i m a t e d  a c c u r a c y  o f  + 1 p e r c e n t .

The e f f e c t  o f  p r e s s u r e  on  th e  v a lu e  o f  G was d e te r m in e d  u s in g  th e  m ix 

t u r e  v i s c o s i t y  c o e f f i c i e n t s  r e p o r t e d  i n  C h a p te r  4 f o r  t h e  n -h e x a n e  p l u s  

n -h e x a d e c a n e  s y s t e m .

I n  T a b le  6 . 8 ,  v a lu e s  o f  G a r e  p r e s e n te d  f o r  t h i s  s y s t e m  up t o  400 MPa.

F o r a p a r t i c u l a r  m ix tu r e  th e  e f f e c t  o f  an i n c r e a s e  i n  te m p e r a tu r e  a t  

c o n s t a n t  p r e s s u r e  on th e  G v a lu e s  i s  n e g l i g i b l e  a n d  G i s  c o n s t a n t  w i t h 

i n  t h e  a c c u r a c y  o f  t h e  m ea su re m en t o f  th e  v i s c o s i t y  c o e f f i c i e n t s . F o r  

a p a r t i c u l a r  i s o t h e r m  th e  e f f e c t  o f  an i n c r e a s e  i n  p r e s s u r e  on G i s  

f i r s t  t o  r e d u c e  i t s  v a lu e  up t o  a p r e s s u r e  o f  50 to  100 MPa a f t e r  w h ic h  

t h e  v a lu e  i n c r e a s e s  w i th  i n c r e a s e  i n  p r e s s u r e .  T h is  i s  i l l u s t r a t e d  i n  

F ig u r e  6 .2 3  w h ic h  p r e s e n t s  G v e r s u s  p r e s s u r e  a t  3 7 3 .2  K.

F o r p r e s s u r e s  up t o  100 MPa, m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  ca n  b e

c a l c u l a t e d  t o  w i t h i n  + 2 p e r c e n t  o f  th e  e x p e r im e n ta l  v a lu e s  u s in g

e q u a t i o n  ( 6 .1 6 )  i f  v a lu e s  o f  G a t  a tm o s p h e r ic  p r e s s u r e  a r e  u s e d .

H o w ev er , f o r  p r e s s u r e s  o f  100 MPa and  a b o ve  t h e  e f f e c t  o f  p r e s s u r e  on  

G m u s t  b e  ta k e n  i n t o  a c c o u n t .  The e f f e c t  o f  ch a n g e  i n  c o m p o s i t io n  a n d  

ch a n g e  i n  p r e s s u r e  on  G u n d e r  t h e s e  c o n d i t i o n s  ca n  b e  su m m a r ise d  b y  

e q u a t i o n  ( 6 . 1 7 ) .

G = 1 .5 8  -  1 .7  x 2 + 0 .9  x  * + 0 .0 0 1  P (6 .1 7 )

w h ere  x 2 i s  th e  m o le  f r a c t i o n  o f  n -h e x a d e c a n e  an d  P i s  i n  MPa. M ix

tu r e  v i s c o s i t y  c o e f f i c i e n t s  c a l c u l a t e d  u s in g  e q u a t io n s  (6 .1 6 )  a n d  (6 .1 7 )  

a g r e e  w i th  th e  e x p e r im e n ta l  v a lu e s  t o  w i t h i n  +_ 2 p e r c e n t .
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T a b le  6 . 8

G V a lu e s  f o r  t h e  n -H e x a n e  p l u s  n -H e x a d e c a n e

S y s t e m  a t  E l e v a t e d  P r e s s u r e

T e m p e ra tu r e
(K)

P r e s s u r e
(MPa)

*
XHD

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

2 9 8 .2 0 .1 1 .2 9 1 .1 2 0 .9 5 0 .9 2

3 2 3 .2 0 .1 1 .3 7 1 .1 4 1 .0 0 0 .9 0

5 0 .0 1 .3 3 1 .0 7 0 .9 2 0 .7 8

1 0 0 .0 1 .3 8 1 .1 6 0 .9 9 0 .9 0

3 4 8 .2 0 .1 1 .4 3 1 .0 7 1 .0 5 0 .9 1

5 0 .0 1 .2 7 1 .0 2 1 .0 4 0 .7 4

1 0 0 .0 1 .3 8 1 .1 4 0 .9 9 0 .9 2

1 5 0 .0 1 .4 1 1 .1 6 0 .9 6 0 .9 8

2 0 0 .0 1 .5 0 1 .2 8 1 .0 2 0 .9 8

2 5 0 .0 1 .5 3 1 .3 1 1 .0 8 0 .9 6

3 7 3 ,2 0 .1 1 .3 4 1 .1 0 0 .9 8 0 .8 6

5 0 .0 1 .3 4 1 .0 8 1 .0 0 0 .8 1

1 0 0 .0 1 .3 4 1 .0 8 0 .9 5 0 .8 1

1 5 0 .0 1 .4 1 1 .1 3 1 .0 2 0 .9 0

2 0 0 .0 1 .4 2 1 .1 8 1 .0 3 0 .8 5

2 5 0 .0 1 .4 6 1 .2 2 1 .0 8 0 .9 6

3 0 0 .0 1 .5 4 1 .2 7 1 .1 7 1 .1 1

3 5 0 .0 1 .5 7 1 .3 0 1 .1 7 1 .1 1

4 0 0 .0 1 .6 5 1 .3 7 1 .2 5 1 .1 1

*
HD = n -h e x a d e c a n e

T h u s i t  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  v i s c o s i t y  c o e f f i c i e n t  o f  a n y  n - h e x -

a n e  p l u s  n -h e x a d e c a n e  m ix tu r e  a t  t h e  t e m p e r a tu r e s  and  p r e s s u r e s  o f  t h i s

w o rk  t o  w i t h i n  t h e  e s t i m a t e d  a c c u r a c y  o f  t h e  e x p e r im e n ta l  m e a s u r e m e n ts .

To p r e d i c t  m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  a t  o t h e r  te m p e r a tu r e s  an d

p r e s s u r e s  i t  i s  f i r s t  n e c e s s a r y  t o  o b t a i n  t h e  p u r e  c o m p o n en t v i s c o s i t y

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

t h a t  m ix tu r e  v i s c o s i t y  c o e f f i c i e n t s  c a l c u l a t e d  i n  t h i s  way w i l l  b e
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a c c u r a te  t o  + 4 p e r c e n t .
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CHAPTER 7 -  CONCLUSIONS

F o r  t h e  m o s t s a t i s f a c t o r y  i n t e r p r e t a t i o n  o f  t r a n s p o r t  p r o p e r t y  d a ta  f o r  

l i q u i d s  a n d  l i q u i d  m i x t u r e s , a r ig o r o u s  t h e o r y  b a s e d  on a so u n d  m o le 

c u l a r  m o d e l i s  r e q u i r e d . A t  th e  p r e s e n t  t im e  th e  o n l y  s u c c e s s f u l  m o le 

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

s p h e r i c a l  p a r t i c l e s . F o r m o le c u la r  l i q u i d s  a n d  l i q u i d  m i x t u r e s  i t  i s  

n e c e s s a r y  t o  t a k e  i n t o  a c c o u n t  n o n - s p h e r i c a l  m o le c u la r  sh a p e  a n d  th e  

m a n y -b o d y  i n t e r a c t i o n s .  E ven  w i th  t h e  a d v e n t  o f  f a s t  e l e c t r o n i c  com

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

f o r  c e r t a i n  m ode l s y s t e m s .  M o re o v e r , e v e n  i f  i t  w ere  p o s s i b l e  t o  r e 

p r e s e n t  m o le c u la r  i n t e r a c t i o n s  i n  r e a l  p o ly a to m ic  l i q u i d s  c o r r e c t l y , 

t h e  c o m p u te r  t im e  i n v o l v e d  i n  th e  c a l c u l a t i o n  o f  v i s c o s i t y  c o e f f i c i e n t s  

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

c o e f f i c i e n t s  w o u ld  s t i l l  b e  o f  t h e  g r e a t e s t  im p o r ta n c e .

I n  o r d e r  t o  t e s t  th e  e f f e c t i v e n e s s  o f  e m p ir i c a l  and  o f  s e m i - t h e o r e t i c a l  

e x p r e s s i o n s , t h a t  i s  th o s e  w h ic h  a r e  b a s e d  on a m o le c u la r  m odel b u t  w h ic h  

i n v o l v e  c e r t a i n  a p p r o x im a t io n s  i n  t h e i r  d e r i v a t i o n ,  f o r  r e p r e s e n t i n g  v i s 

c o s i t y  c o e f f i c i e n t  d a ta  i t  i s  e s s e n t i a l  t o  h a v e  a c c u r a te  e x p e r im e n ta l  

d a ta  o v e r  a w id e  ra n g e  o f  t e m p e r a tu r e  a n d  p r e s s u r e . H o w ever,  t h e r e  

a r e  fe w  m e a su re m e n ts  a t  e l e v a t e d  p r e s s u r e s  a n d  e v e n  a t  o n e  a tm o s p h e r e  

t h e  d a ta  g e n e r a l l y  c o v e r  a v e r y  r e s t r i c t e d  ra n g e  o f  t e m p e r a tu r e .  F o r  

t h i s  r e a s o n ,  on e  o f  th e  a im s o f  t h i s  r e s e a r c h  w as th e  m e a su re m e n t a t  

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

s p e c i f i c a l l y  f o r  tw o -c o m p o n e n t, th r e e - c o m p o n e n t  an d  fo u r -c o m p o n e n t  n -  

a lk a n e  m i x t u r e s  fr o m  285 K t o  378 K a n d  f o r  b in a r y  b e n z e n e  p l u s  n - a lk a n e  

m i x t u r e s , w h ere  th e  a lk a n e  was n —h e x a n e ,  n —o c t a n e , n —d e c a n e , n —d o d ec a n e  

a n d  n -h e x a d e c a n e , an d  f o r  b e n z e n e  p l u s  c y c lo h e x a n e  fr o m  283 K t o  393 K.
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The e s t i m a t e d  a c c u r a c y  o f  t h e s e  r e s u l t s  i s  0 , 5  p e r c e n t . The s p e c i a l l y

d e s i g n e d  v i s c o m e t e r  and  vo lu m e  c h a n g e  a p p a r a t u s  a l l o w e d  m e a s u r e m e n ts  t o  

b e  made o f  t h e  k i n e m a t i c  v i s c o s i t y  c o e f f i c i e n t  a n d  d e n s i t y  a t  t e m p e r a t u r e s  

a b o v e  t h e  b o i l i n g  p o i n t  o f  b e n z e n e  and  t h e  l o w e r  n - a l k a n e s . I n  o r d e r  t o  

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

b e e n  m e a s u r e d  f o r  n - h e x a n e , n - h e x a d e c a n e  a n d  f o u r  b i n a r y  m i x t u r e s  u s i n g  a 

s e l f - c e n t r i n g  f a l l i n g  b o d y  v i s c o m e t e r  f r o m  298 K t o  373 K a t  p r e s s u r e s  up 

t o  t h e  f r e e z i n g  p r e s s u r e  o r  500 MPa w i t h  an e s t i m a t e d  a c c u r a c y  o f  2 p e r 

c e n t  f o r  t h e  p u r e  l i q u i d s  a n d  3 p e r c e n t  f o r  t h e  m i x t u r e s . To o v e r c o m e  

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

and  t e s t e d .  An im p r o v e d  m e th o d  f o r  m e a su re m en t  o f  d e n s i t y  a t  e l e v a t e d  

p r e s s u r e  i n c r e a s e d  t h e  a c c u r a c y  t o  0 . 2  p e r c e n t .

T h e s e  a c c u r a t e  m e a s u r e m e n ts  h a v e  b e e n  u s e d  t o  t e s t  t h e  a d e q u a c y  o f  t h e  

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

r e a l  s i n g l e  co m p o n e n t  l i q u i d s . The d e n s i t y  d e p e n d e n c e  o f  t h e  r e s u l t s  

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

e x p e c t e d  on  t h e  b a s i s  o f  t h e  ro u g h  h a r d - s p h e r e  m o d e l  f o r  p r e s s u r e s  up 

t o  150 MPa. The d e r i v e d  v a l u e  f o r  t h e  t r a n s l a t i o n a l - r o t a t i o n a l  c o u p l 

i n g  c o n s t a n t  was 1 . 4 8 .  The s e r i o u s  d i s a d v a n t a g e s  o f  t h i s  a p p r o a c h  a r e  

f i r s t l y  t h a t  i t  c a n  b e  a p p l i e d  o n l y  f o r  d e n s i t i e s  up t o  t h e  p o i n t  w h ere  

t h e  s y s t e m , c o n s i d e r e d  a s  an a s s e m b l y  o f  h a r d - s p h e r e s , b e c o m e s  s o l i d .

T h i s  o c c u r s  when t h e  m o la r  vo lu m e  h a s  d e c r e a s e d  t o  o n e  an d  a h a l f  t i m e s  

t h e  vo lu m e  o f  c l o s e  p a c k i n g  w h ic h  i n  p r a c t i c a l  t e r m s  f o r  n - h e x a n e  c o r r e s 

p o n d s  t o  a p r e s s u r e  o f  a b o u t  150 MPa. H o w ever ,  n - h e x a n e  i t s e l f  r e m a in s  

l i q u i d  o v e r  t h e  w h o le  p r e s s u r e  r a n g e  c o v e r e d  i n  t h i s  w o r k ,  up  t o  500 MPa 

a n d  i n d e e d  up t o  much h i g h e r  p r e s s u r e s . The m ode l ca n  t h e r e f o r e  o n l y  

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

p o i n t  i s  t h a t  t h e r e  i s  a t  p r e s e n t  no  m e th o d  f o r  c a l c u l a t i n g  t h e  t r a n s -
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l & t i o n a l —r o t a t i o n a l  c o u p l i n g  c o n s t a n t , e x c e p t  f r o m  v i s c o s i t y  c o e f f i c i — 

e n t  d a t a .

H o w ev er ,  b a s e d  on  t h e  ro u g h  h a r d - s p h e r e  m o d e l , a m e th o d  f o r  c o r r e l a t i o n  

v i s c o s i t y  c o e f f i c i e n t s  w h ic h  h a s  p r e v i o u s l y  b e e n  a p p l i e d  t o  p s e u d o -  

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

w o rk  s u c c e s s f u l l y  f o r  n - h e x a n e ,  n - h e x a d e c a n e  and  t h e i r  b i n a r y  m i x t u r e s . 

From a c u r v e  o f  n , d e f i n e d  a s  n V2 ^ 3 /  (MT)1^ 2 , v e r s u s  l o g  V o b t a i n e d  

f r o m  e x p e r i m e n t a l  d a t a  on  a g i v e n  m i x t u r e  a t  o n e  t e m p e r a t u r e ,  i t  i s  

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

p r e s s u r e  a t  a n y  o t h e r  t e m p e r a t u r e , w i t h  an e s t i m a t e d  a c c u r a c y  o f  b e t t e r  

t h a n  5 p e r c e n t ,  k n o w in g  t h e  s a t u r a t i o n  p r e s s u r e  v i s c o s i t y  c o e f f i c i e n t  

a t  t h a t  t e m p e r a t u r e .  The one  d i s a d v a n t a g e  i s  t h a t  i t  i s  n e c e s s a r y  t o  

know  t h e  m o la r  vo lu m e a t  t h e  p r e s s u r e  an d  t e m p e r a t u r e  c o n s i d e r e d ,  b u t  

t h i s  m e th o d  i s  v e r y  u s e f u l  i n  t h a t  i t  s a t i s f a c t o r i l y  c o r r e l a t e s  d a ta  

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

w h o le  a v a i l a b l e  p r e s s u r e  r a n g e .

T h e s e  r e s u l t s  i n d i c a t e  t h a t  v i s c o s i t y  c o e f f i c i e n t s  d e p e n d  on  m o la r  

vo lu m e  an d  p a r t i c u l a r l y  on  t h e  vo lu m e  r e l a t i v e  t o  some r e f e r e n c e  vo lu m e  

w h i c h ,  i n  t h e  c a s e  o f  h a r d - s p h e r e s , i s  t h e  vo lu m e  o f  c l o s e  p a c k i n g .

The f r e e - v o l u m e  e x p r e s s i o n  p r o p o s e d  on  t h e  b a s i s  o f  h a r d - s p h e r e  t h e o r i e s  

a n d  p r e v i o u s l y  shown t o  a c c o u n t  s a t i s f a c t o r i l y  f o r  v i s c o s i t y  c o e f f i c i e n t  

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

was a p p l i e d  t o  t h e  d a ta  f o r  t h e  n - h e x a n e  p l u s  n - h e x a d e c a n e  s y s t e m .

I t  was f o u n d  t h a t  t h i s  f o r m  o f  e q u a t i o n  was v e r y  s a t i s f a c t o r y  f o r  r e p r e 

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

a l s o  f o r  t h e i r  m i x t u r e s .  M o r e o v e r ,  t h e  a d j u s t a b l e  p a r a m e t e r s  i n  t h i s
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e x p r e s s i o n  h a d  v a l u e s  f o r  t h e  m i x t u r e  w h ic h  s i m p l y  r e l a t e d  t o  t h e  v a l u e s  

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

i s  t h a t  v a l u e s  a r e  r e q u i r e d  f o r  t h e  m o la r  vo lu m e  o f  t h e  s y s t e m  u n d e r  t h e  

g i v e n  e x p e r i m e n t a l  c o n d i t i o n s . H o w ever , i t  c o r r e l a t e s  a l l  t h e  d a ta  

v e r y  s a t i s f a c t o r i l y , a n d  can  b e  u s e d  f o r  c a l c u l a t i o n  o f  v i s c o s i t y  c o 

e f f i c i e n t s  o f  a n y  m i x t u r e  f o r  a n y  d e n s i t y  w i t h  an  a c c u r a c y  w h ic h  i s  

p r o b a b l y  b e t t e r  t h a n  3 p e r c e n t . T h i s  s e m i —t h e o r e t i c a l  a p p r o a c h  i s  

m o s t  s t r o n g l y  recom m ended  f o r  t h e  c o r r e l a t i o n  a n d  p r e d i c t i o n  o f  v i s 

c o s i t y  c o e f f i c i e n t s .

The i d e a  t h a t  t h e  v i s c o s i t y  c o e f f i c i e n t s  d e p e n d  on t h e  m o la r  vo lu m e  i s  

e m b o d ie d  a l s o  i n  t h e  B a t s c h i n s k i  e q u a t i o n  r e c e n t l y  m o d i f i e d  b y  H i l d e 

b r a n d  a n d  t h e  p r e s e n t  a c c u r a t e  m e a su r e m e n ts  p r o v i d e  a r i g o r o u s  t e s t  o f  

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

i n g s  o f  o t h e r  w o r k e r s  t h a t  d e v i a t i o n s  f r o m  t h e  e q u a t i o n  o c c u r  a t  r e d u c e d  

t e m p e r a t u r e s  b e lo w  0 . 4 6 .  M e a su re m en ts  a b o ve  t h e  n o rm a l  b o i l i n g - p o i n t  

f o r  b e n z e n e  an d  n - h e x a n e  show  t h a t  t h e  e q u a t i o n  i s  s t i l l  v a l i d  a t  r e 

d u c e d  t e m p e r a t u r e s  up t o  0 . 8 .  C o n s i d e r a t i o n  o f  t h e  d a t a  f o r  n - h e x a n e  

a n d  n - h e x a d e c a n e  a t  e l e v a t e d  p r e s s u r e  show  t h a t  t h e  f l u i d i t y  i s  t h e  same  

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

u r e ,  p r o v i d i n g  t h e  m o la r  vo lu m e i s  c o n s t a n t ,  o n l y  up t o  p r e s s u r e s  o f  

a b o u t  90 MPa. The H i l d e b r a n d  e q u a t i o n  i s  n o t  v a l i d  f o r  t h i s  s y s t e m  

a t  h i g h e r  p r e s s u r e s . E x p e r im e n t a l  v i s c o s i t y  c o e f f i c i e n t  d a ta  on  m ix 

t u r e s  a t  s a t u r a t i o n  p r e s s u r e  w ere  u s e d  t o  t e s t  B e r t r a n d ’s  e x t e n s i o n  o f  

t h e  H i l d e b r a n d  e q u a t i o n .  F o r  b e n z e n e  p l u s  n - d o d e c a n e  t h e  e x p e r i m e n t a l  

Z 'G Su lts  w ere  i n  good a g r e e m e n t  w i t h  v a l u e s  p r e d i c t e d  f r o m  t h e  d a ta  f o r  

t h e  p u r e  l i q u i d s .  H o w ever ,  f o r  b e n z e n e  p l u s  c y c l o h e x a n e  a n d  f o r  n -  

h e x a n e  p l u s  n - h e x a d e c a n e  t h e  r e s u l t s  w e r e  s i g n i f i c a n t l y  d i f f e r e n t .
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A m e th o d  w h ic h  h a s  p r o v e d  s u c c e s s f u l  f o r  t h e  c o r r e l a t i o n  an d  p r e d i c t 

i o n  o f  v i s c o s i t y  c o e f f i c i e n t s  o f  n —a l k a n e  m i x t u r e s  a t  s a t u r a t i o n  

p r e s s u r e  a t  298 K i n v o l v e s  t h e  a p p l i c a t i o n  o f  t h e  C o n g ru en ce  P r i n c i p l e  

t o  t h e  m o la r  e x c e s s  G ib b s  f r e e  e n e r g y  o f  a c t i v a t i o n  o f  f l o w , A G*, 

w h ic h  a p p e a r s  i n  t h e  E y r i n g  a c t i v a t i o n  m o d e l . The p r e s e n t  m e a s u r e 

m e n ts  show  t h a t  t h e  C o n g ru en ce  P r i n c i p l e  d o e s  a p p l y  s i m i l a r l y  a t  o t h e r

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

* E
A G . F o r  a c c u r a t e  c a l c u l a t i o n  o f  m i x t u r e  v i s c o s i t y  c o e f f i c i e n t s  i t

* Ei s  e s s e n t i a l  t o  t a k e  v a l u e s  o f  A G f r o m  t h e  c u r v e  f o r  t h e  t e m p e r a t u r e

* Eo f  i n t e r e s t . I n c r e a s e  i n  p r e s s u r e  a l s o  p r o d u c e s  an i n c r e a s e  i n  A G

f o r  t h e  n - h e x a n e  p l u s  n - h e x a d e c a n e  s y s t e m  an d  t h i s  a l s o  m u s t  b e  t a k e n

i n t o  a c c o u n t  i n  t h e  c a l c u l a t i o n  o f  v i s c o s i t y  c o e f f i c i e n t s  f o r  n - a l k a n e

m i x t u r e s . F o r  t h e  b e n z e n e  p l u s  h y d r o c a r b o n  s y s t e m s  s t u d i e d  t h e  Con-

* E
g r u e n c e  P r i n c i p l e  d o e s  n o t  a p p l y  b u t  A G v a r i e s  r e g u l a r l y  f r o m  one

member o f  a s e r i e s  t o  a n o t h e r  w here  t h e  s e c o n d  c o m p o n en t  i s  a n - a l k a n e ,

a t  a g i v e n  m o le  f r a c t i o n  a t  a g i v e n  t e m p e r a t u r e T h i s  m akes i t  p o s s i b l e  

* Et o  d e t e r m i n e  A G f o r  o t h e r  b e n z e n e  p l u s  n - a l k a n e  m i x t u r e s  a n d  h e n c e  

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

o f  t h e  r e s u l t s  f o r  t h e  p u r e  l i q u i d s .  T h i s  a p p ro a ch  a l s o  r e q u i r e s  know 

l e d g e  o f  t h e  m o la r  vo lu m e a n d  e x t e n s i v e  m e a s u r e m e n ts  h a v e  t o  b e  made t o

* E
e s t a b l i s h  t h e  c u r v e s  f o r  A G a s  a f u n c t i o n  o f  c o m p o s i t i o n , t e m p e r a t u r e  

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

u n d e r l y i n g  m o l e c u l a r  m o d e l .

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

b a s e d  on a s o u n d  m o l e c u l a r  m o d e l , i t  i s  a p p r o p r i a t e  a l s o  t o  c o n s i d e r  

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

c o s i t y  c o e f f i c i e n t s .  The G ru n b erg  and  N i s s a n  e q u a t i o n , a s i m p l e  r e 

l a t i o n  c o n t a i n i n g  o n e  a d j u s t a b l e  p a r a m e t e r , w h ic h  h a s  b e e n  shown b y

202



I r v i n g  t o  b e  m o s t  e f f e c t i v e  i n  r e p r e s e n t i n g  v i s c o s i t y  c o e f f i c i e n t  d a t a  

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

w i t h i n  t h e  e s t i m a t e d  e x p e r i m e n t a l  u n c e r t a i n t y  p r o v i d e d  t h a t  t h e  G run-  

b e r g  a n d  N i s s a n  c o n s t a n t  was a l l o w e d  t o  v a r y  w i t h  t e m p e r a t u r e , p r e s s u r e  

a n d  c o m p o s i t i o n .  The o u t s t a n d i n g  a d v a n ta g e  o f  t h i s  e x p r e s s i o n  i s  t h a t  

k n o w le d g e  o f  t h e  m o la r  v o lu m e s  i s  n o t  r e q u i r e d .
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