
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Amount of Precipitated Asphaltenes

T h e  a m o u n t  o f  a s p h a l te n e s  th a t  p r e c ip i ta te d  a s  a  f u n c t io n  o f  t im e  f ro m  
c e n t r i f u g a t io n  e x p e r im e n ts  o n  O i l  A  a t  6 0 ° c  fo r  35  v o l. %  h e p ta n e , o c ta n e ,  n o n a n e , 
a n d  d e c a n e  a re  s h o w n  in  F ig u r e  4 .1 .1 . O n e  c a n  o b s e rv e  th a t  d i f f e r e n t  p r é c ip i ta n ts  
p r e c ip i ta te  d i f f e r e n t  a m o u n ts  o f  a s p h a l te n e s  d u e  to  d i f f e re n t  d e g re e s  o f  
d e s ta b i l iz a t io n .  M o re o v e r ,  th e  t im e s  r e q u i r e d  fo r  th e  a m o u n t  o f  p r e c ip i ta te d  
a s p h a l te n e s  to  r e a c h  a  p l a te a u  v a lu e , th e  a c tu a l  a m o u n t o f  p re c ip i ta te d  a s p h a l te n e s  a t  
e q u i l ib r iu m , w e re  a p p ro x im a te ly  7 0 , 1 7 0 , 2 0 0 , a n d  2 7 0  h o u r s  fo r  35  v o l. %  h e p ta n e , 
o c ta n e ,  n o n a n e ,  a n d  d e c a n e  r e s p e c t iv e ly .  T h is  r e s u l t  s u g g e s ts  th a t  th e  t im e  r e q u i re d  
fo r  th e  a m o u n t  o f  p r e c ip i ta te d  a s p h a l te n e s  to  r e a c h  its  p la te a u  v a lu e  in c re a s e s  w ith  
h ig h e r  c a r b o n  n u m b e r  o f  p r é c ip i ta n ts .  In  a d d i t io n ,  F ig u re  4 .1 .2  a n d  4 .1 .3  s h o w  th e  
a m o u n t  o f  p r e c ip i ta te d  a s p h a l te n e s  f ro m  c e n t r i fu g a t io n  e x p e r im e n ts  fo r  O i l  A  a t  6 0 ° c  
fo r  3 0  v o l. %  h e p ta n e  a n d  4 0  v o l .  %  d e c a n e  r e s p e c tiv e ly .

A l th o u g h , th e  a m o u n t  o f  p r e c ip i ta te d  a s p h a lte n e s  a s  a  f u n c t io n  o f  t im e  fo r  
O il A  a t  6 0 ° c  fo r  35  v o l. %  h e x a n e  w a s  n o t s h o w n  d u e  to  f a s t  a s p h a l te n e s  
p r e c ip i ta t io n ,  th e  a m o u n t o f  p r e c ip i ta te d  a s p h a l te n e s  a t  e q u i l ib r iu m  c a n  b e  o b ta in e d . 
F ig u r e  4 .1 .4  s h o w s  th e  a m o u n t  o f  p r e c ip i ta te d  a s p h a l te n e s  a t e q u i l ib r iu m  as  a  
f u n c t io n  o f  c a r b o n  n u m b e r  o f  p r é c ip i ta n ts .  A s  c a n  b e  s e e n , it s e e m s  to  h a v e  a n  
u p w a rd  p a r a b o la  tr e n d  a s  a  f u n c t io n  o f  c a r b o n  n u m b e r ,  w h ic h  is in  a  g o o d  a g r e e m e n t  
w i th  p r e v io u s  w o rk  a s  s h o w n  in  F ig u re  2 .2 .4  [ S r ik ira t iw o n g , 2 0 1 0 ] ,

In  a d d i t io n , a ll o f  th e  r e s u l t s  fo r  th e  q u a n t i ty  o f  a s p h a l te n e s  p r e c ip i ta te d  a s  a  
f u n c t io n  o f  t im e  f o r  O il A  d i lu te d  w ith  h e p ta n e ,  o c ta n e , n o n a n e , a n d  d e c a n e  a t  6 0 ° c  
w e r e  u s e d  to  c a lc u la te  th e  c o l l i s io n  e f f ic ie n c y ,  /? , u s in g  th e  p o p u la t io n  b a la n c e  
m o d e l .
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F i g u r e  4 .1 .1  A m o u n t  o f  p r e c ip i ta t e d  a s p h a l te n e s  f o r  O i l  A  a t  6 0 ° c  f o r  3 5  v o l. %  
h e p ta n e ,  o c ta n e , n o n a n e ,  a n d  d e c a n e .
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F i g u r e  4 .1 .2  A m o u n t  o f  p r e c ip i ta te d  a s p h a l te n e s  f o r  O il A  a t  6 0 ° c  f o r  3 0  v o l. %  
h e p ta n e .
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F i g u r e  4 .1 .3  A m o u n t  o f  p r e c ip i ta t e d  a s p h a l te n e s  fo r  O il A  a t  60°c f o r  4 0  v o l. %  
d e c a n e .

F i g u r e  4 .1 .4  A m o u n t  o f  p r e c ip i ta te d  a s p h a l te n e s  a t  e q u i l ib r iu m  f o r  3 5  v o l. %  
h e p ta n e ,  o c ta n e ,  n o n a n e ,  a n d  d e c a n e  a s  a  f u n c t io n  o f  c a r b o n  n u m b e r  o f  p r é c ip i ta n ts  
a t  60°c.
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4.2 Collision Efficiency

D u e  to  th e  c o m p le x i ty  o f  th e  p o p u la t io n  b a la n c e  m o d e l , M a tL a b  w a s  u s e d  to  
c a lc u la te  th e  c o l l is io n  e f f ic ie n c y  u s in g  th e  a m o u n t  o f  p r e c ip i ta te d  a s p h a l te n e s  a s  a  
f u n c t io n  o f  t im e  fo r  O il A  a t  6 0 ° c  d i lu te d  w ith  v a r io u s  p r é c ip i ta n ts  a n d  a t  v a r io u s  
p r e c ip i ta n t  c o n c e n t r a t io n s .  It is  to  b e  n o te d  th a t  th e  c o d e  to  c a lc u la te  c o l l is io n  
e f f ic ie n c y  h a s  a lr e a d y  w r i t te n  in  M a tL a b  f ro m  p r e v io u s  w o rk  [M a q b o o l  e t a i ,  2 0 1 1 ] ,

T h e  b e s t  f it b e tw e e n  th e  s im u la t io n  a n d  e x p e r im e n ta l  r e s u l t s  w a s  d e f in e d  as 
th e  o n e  w h ic h  m in im iz e d  th e  S u m  S q u a re  E r r o r  (S S E ) . S S E  is  d e f in e d  a s  th e  
d i s c re p a n c y  b e tw e e n  th e  e x p e r im e n ta l  d a ta  a n d  th e  e s t im a te d  r e s u l t s  f ro m  th e  m o d e l  
w a s  u s e d . T h e  lo w e r  v a lu e  o f  S S E , th e  c lo s e r  th e  s im u la t io n  a n d  th e  e x p e r im e n ta l  
r e s u lts  a re . F ig u re  4 .2 .1  s h o w s  a n  e x a m p le  o f  th e  a m o u n t  o f  a s p h a l te n e  p r e c ip i ta te d  
a s  a  f u n c t io n  o f  t im e  a t  a  m in im u m  S S E  b e tw e e n  th e  s im u la te d  a n d  e x p e r im e n ta l  
r e s u lt s  fo r  O il A  a t 6 0 ° c  a n d  35  v o l. %  h e p ta n e . I t is  im p o r ta n t  to  n o te  th a t  a ll  th e  
d a ta  p o in ts  w e re  u se d  to  f i t  th e  p o p u la t io n  b a la n c e  m o d e l  in  o r d e r  to  c a lc u la te  th e  
c o l l is io n  e f f ic ie n c y .

0  M a s s  c o l l e c t e d

F ig u r e  4 .2 .1  A m o u n t o f  a s p h a l te n e  p r e c ip i ta te d  a s  a  f u n c t io n  o f  t im e  a t  m in im u m  
SSE b e tw e e n  th e  s im u la te d  a n d  e x p e r im e n ta l  r e s u l t s  fo r  Oil A  a t  60°c a n d  35 v o l.  %  
h e p ta n e .
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H o w e v e r ,  in  o r d e r  to  e s t im a te  th e  a c c u ra c y  o f  th e  c a lc u la t e d  c o l l i s io n  
e f f ic ie n c y ,  th e  r e s u l t s  o f  th e  a m o u n t  o f  a s p h a l te n e  p r e c ip i ta te d  a s  a  f u n c t io n  o f  t im e  
w e r e  d iv id e d  in to  2  p o r t io n s  to  d e te rm in e  a  m a x im u m  a n d  m in im u m  v a lu e  o f  th e  
c o l l i s io n  e f f ic ie n c y . F ig u re  4.2.2 s h o w s  a n  e x a m p le  o f  a m o u n t  o f  a s p h a l te n e  
p r e c ip i ta te d  a s  a  f u n c t io n  o f  t im e  f o r  O il A  a t  60°c fo r  35 v o l. %  h e p ta n e  th a t  w e re  
d iv id e d  in to  2 p o r t io n s .  T h e  d e s ta b i l iz a t io n  o f  a s p h a l te n e  is  v e ry  r a p id  in  th e  f i r s t  s e t  
o f  d a ta  p o in ts  so  w e  a s s u m e  35% o f  th e  d a ta  is  in  th is  r a p id  d e s ta b i l iz a t io n  r e g io n  
a n d  to  m a k e  a ll th e  d a ta  to  b e  c o n s is te n t ,  w e  e m p lo y e d  th is  35% th r e s h o ld  fo r  a ll 
e x p e r im e n ta l  d a ta  se t. T h u s , th e  f i r s t  p o r t io n  is  th e  f ir s t  35% d a ta  o f  th e  a m o u n t  o f  
a s p h a l te n e  p r e c ip i ta te d  a n d  th e  s e c o n d  o n e  is  th e  r e s t  o f  th e  d a ta . T h e  r e s u l t s  in  e a c h  
p o r t io n  w e re  th e n  u s e d  to  c a lc u la te  th e  c o l l i s io n  e f f ic ie n c y  u s in g  th e  p o p u la t io n  
b a la n c e  m o d e l  in  th e  s a m e  m a n n e r  o f  u s in g  a l l  e x p e r im e n ta l  d a ta ,  w h ic h  w a s  
p r e s e n te d  a b o v e . T h e  a m o u n t  o f  a s p h a l te n e s  th a t  p r e c ip i ta te d  a s  a  fu n c t io n  o f  t im e  a t 
m in im u m  S S E  b e tw e e n  th e  s im u la te d  r e s u l t s  u s in g  a l l ,  th e  f ir s t  p o r t io n ,  a n d  th e  
s e c o n d  p o r t io n  d a ta  a n d  e x p e r im e n ta l  r e s u lt s  fo r  O il A  a t  60°c a n d  35 v o l. %  h e p ta n e  
a r e  s h o w n  in  F ig u re  4.2.3

Figure 4.2.2 Amount of asphaltene precipitated as a function of time for Oil A at
60°c for 35 vol. % heptane.
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o  M a s s  c o l l e c t e d

F i g u r e  4 .2 .3  A m o u n t  o f  a s p h a l te n e  p r e c ip i ta te d  a s  a  fu n c t io n  o f  t im e  a t  m in im u m  
S S E  b e tw e e n  th e  s im u la te d  r e s u l t s  u s in g  a ll , th e  f i r s t  p o r t io n ,  a n d  th e  s e c o n d  p o r t io n  
o f  th e  d a ta  a n d  e x p e r im e n ta l  r e s u l t s  fo r  O il A  a t  60°c a n d  35 v o l. %  h e p ta n e .

F ro m  H a ji A k b a r i  B a lo u , N . ,  2 0 1 3 , c o l l is io n  e f f ic ie n c y  is  a  f u n c t io n  o f  th e  
m a x im u m  p o te n t ia l  b a r r ie r , Umax, a n d  te m p e ra tu re  a n d  th e  m a x im u m  p o te n t ia l  
b a r r ie r ,  Umaxis a s s u m e d  to  b e  in v e r s e ly  p r o p o r t io n a l  to  th e  d i f f e r e n c e  b e tw e e n  
s o lu b i l i ty  p a r a m e te r  o f  a s p h a l te n e  a n d  s o lu t io n  s q u a re d , (Ô a sp h a ite n e -S so lu tio n )2 , a s  s h o w n  
in  e q u a t io n  4 .2 .1  a n d  4 .2 .2 .

0 r u m axV
p  =  e x P (  . 7  ) (4 .2 .1 )

1
Umax ■ 2 

\Pasphlatene ~  3 solution)
(4 .2 .2 )

w h e r e k B is  a  B o ltz m a n  c o n s ta n t  w h ic h  is  1 .3 8 0 7  X 1 0 ~ 23 m k

A c c o rd in g  to  th e s e  tw o  e q u a t io n s , a n d  a s s u m in g  th a t  a s p h a l te n e  s o lu b i l i ty  
p a r a m e te r  is  c o n s ta n t ,  th e  c o l l is io n  e f f ic ie n c y  d e c r e a s e s  w i th  h ig h e r  c a r b o n  n u m b e r  
f o r  a  f ix e d  v o lu m e  f ra c t io n  o f  p r e c ip i ta n t .  T h is  is  d u e  to  th e  f a c t  th a t  th e  s o lu b i l i ty  
p a r a m e te r  o f  in c re a s e s  fo r  h ig h e r  c a r b o n  n u m b e r  p r é c ip i ta n ts .
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F ig u r e  4 .2 .4  s h o w s  th e  c o l l i s io n  e f f ic ie n c y  a t  m in im u m  S S E  w i th  m in -m a x  
e r ro r  b a r  f o r  O il A  a t  6 0 ° c  a t  d i f f e r e n t  p r é c ip i ta n ts  a n d  p r e c ip i ta n t  c o n c e n t r a t io n s .  I t 
c a n  b e  o b s e rv e d  th a t  f o r  a  f ix e d  v o lu m e  f r a c t io n  o f  p r e c ip i ta n t ,  th e  c o l l is io n  
e f f ic ie n c y  d e c r e a s e s  b y  a p p r o x im a te ly  2 5 .4 % , 3 9 .9 % , a n d  8 4 .4 %  w h e n  th e  c a rb o n  
n u m b e r  o f  p r é c ip i ta n ts  in c re a s e s  f ro m  C 7  to  C 8 , C 9 , a n d  C IO  r e s p e c t iv e ly  in d ic a t in g  
th a t  th e  c o l l is io n  e f f ic ie n c y  d e c r e a s e s  w i th  th e  h ig h e r  c a r b o n  n u m b e r  o f  p ré c ip i ta n ts  
a s  e x p e c te d . In  a d d i t io n ,  d e c r e a s in g  th e  p r e c ip i ta n t  c o n c e n t r a t io n  r e s u l te d  in  lo w e r  
c o l l is io n  e f f ic ie n c y , w h ic h  is  c o n s is te n t  w i th  p re v io u s  w o rk  [ M a q b o o l  e t a i , 2 0 1 1 ] ,
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Figure 4.2.4 T h e  c o l l is io n  e f f ic ie n c y  a t  m in im u m  S S E  w i th  m in - m a x  e r r o r  b a r  fo r  
O i l  A  a t  6 0 ° c  f o r  d i f f e r e n t  p r é c ip i ta n ts  a n d  d i f f e r e n t  p r e c ip i ta n t  c o n c e n t r a t io n s .

4.3 A Correlation between Collision Efficiency and Solubility Parameter

F ro m  H a ji A k ib a r iB a lo u ,  N ., 2 0 1 3 , th e  c o r r e la t io n  b e tw e e n  d e te c t io n  t im e ,  
Selection, a n d  th e  d i f f e r e n c e  b e tw e e n  s o lu b ili ty  p a r a m e te r  o f  a s p h a l te n e  a n d  s o lu t io n  
s q u a re d , (Sasphaitene-Ssolution)2, a t  2 0 ° c  u s in g  h e p ta n e  a s  a  p r e c ip i ta n t  w a s  e s ta b l i s h e d  a s  
s h o w n  in  e q u a t io n  4 .3 .1 .
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1 I ^ d e t e c t i o n y  c 0

๒  r r r  ,
3 .3 1 5 3 7  X  1 0 9

(^asphaltene — ^so lu tion)1
-  2 0 .7 1 1 9 (4 .3 .1 )

w h e re  t detection  is  th e  r e q u i r e d  t im e  fo r  a s p h a l te n e  p a r t i c le s  to  r e a c h  0 .5  
Mm (ร), M is  th e  v i s c o s i ty  o f  th e  m ix tu r e  (P a * s ) ,  ôasphaitene is  a s p h a l te n e  s o lu b i l i ty  

p a r a m e te r  ( P a ° 5), ôsolution is  s o lu t io n  ( c ru d e  o il a n d  p r e c ip i ta n t)  s o lu b i l i ty  p a r a m e te r  
( P a 05), a n d  c 0 is  n u m b e r  c o n c e n t r a t io n  o f  a s p h a l te n e s  a t  t= 0

(----------------- ----------------------------- - ) ; c 0 =  2 . 0 0 7 3 8  X  1 0 25 X  b w h e re  b  is v o lu m e  o f

a s p h a l te n e  ( m 3) in  1 m 3 o f  s o lu tio n .
B y  m o d ify in g  th is  c o r r e la t io n ,  th e  c o r r e la t io n  b e tw e e n  d e te c t io n  t im e , 

tdetection, a n d  th e  d if f e r e n c e  b e tw e e n  s o lu b i l i ty  p a r a m e te r  o f  a s p h a l te n e  a n d  s o lu t io n  
s q u a re d , (S a s p h a ite n e -S s o lu tio n )2 , a t 6 0 ° c  w a s  o b ta in e d  a s  s h o w n  in  e q u a t io n  4 .3 .2 .

In  I Ld e t e c t i o n V c ô '1 2 .9 1 7 1  X  1 0 9
(^asphaltene — ^so lu tion)1

-  1 4 .5 5 2 4 (4 .3 .2 )

w h e r e  c 0 =  x y ( 1 .4 5 3 2  X  1 0 25) ;  X is  m a s s  o f  a s p h a l te n e  (k g )  in  1 k g  o f  
c ru d e  o il a n d  y  is v o lu m e  o f  c ru d e  o i l  ( m 3) in  1 m 3 o f  s o lu tio n .

S in c e  d e te c t io n  t im e  c a n  b e  r e la te d  to  c o l l i s io n  e f f ic ie n c y , th e  c o r r e la t io n  
b e tw e e n  th e  c o l l is io n  e f f ic ie n c y  a n d  s o lu b i l i ty  p a r a m e te r  w e re  in v e s t ig a te d .  F ir s t ,  th e  
r e f r a c to m e te r  w a s  u s e d  to  m e a s u re  th e  r e f r a c t iv e  in d e x , ท, o f  O il A  a n d  p r é c ip i ta n ts  
a t 6 0  ° c  a n d  a  l in e a r  r e la t io n s h ip  b e tw e e n  th e  r e f r a c t iv e  in d e x  a n d  s o lu b i l i ty  
p a r a m e te r  fo r  p a r a f f in ic  a n d  a ro m a tic  h y d r o c a r b o n s s h o w n  in  e q u a t io n  2 .2 .1  [W a n g , 
J. X ., a n d  B u c k le y , J. ร ., 2 0 0 1 ]  w a s  th e n  u s e d  to  d e te rm in e  th e  s o lu b i l i ty  p a r a m e te r  
o f  O il A  a n d  th e  p r é c ip i ta n ts .  T a b le  4 .3 .1  s h o w s  r e f r a c t iv e  in d e x  a n d  s o lu b i l i ty  
p a r a m e te r  o f  O il A  a n d  p r é c ip i ta n ts  a t  6 0 ° c .
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T a b l e  4 .3 .1  R e f ra c t iv e  in d e x  a n d  s o lu b i l i ty  p a r a m e te r  o f  O i l  A  a n d  p r é c ip i ta n ts  a t
6 0°c

C h e m ic a ls R e f ra c t iv e  in d e x , ท (n D  H ) S o lu b i l i ty  p a r a m e te r ,  Ô ( M P a 0 5)
O il A 1 .5 0 5 3 18 .35

H e x a n e 1 .3 5 2 2 1 4 .1 7
H e p ta n e 1 .3 6 6 4 1 4 .5 7
O c ta n e 1 .3 7 7 7 1 4 .8 9

N o n a n e 1 .386 1 15 .13
D e c a n e 1 .3 9 3 4 15 .33

H o w e v e r ,  th e  r e la t io n  b e tw e e n  th e  R I  a n d  s o lu b i l i ty  p a r a m e te r  f o r  
p a r a f f in ic  a n d  a r o m a tic  h y d r o c a r b o n s  w a s  e s ta b l i s h e d  b a s e d  o n  u s in g  a m b ie n t  
c o n d i t io n .  T a b le  4.3.2 s h o w s  th e  c o m p a r is o n  o f  s o lu b i l i ty  p a r a m e te r  b e tw e e n  f ro m  
A k b a r z a d e h ’s w o r k  in  2005 a n d  th e  r e la t io n  b e tw e e n  th e  R I a n d  s o lu b i l i ty  p a r a m e te r  
fo r  p a r a f f in ic  a n d  a ro m a tic  h y d r o c a r b o n s  a t 60°c a n d  th e  r e s u l t s  in d ic a te s  th a t  th is  
r e la t io n  c a n  b e  u s e d  to  e s t im a te  s o lu b i l i ty  p a r a m e te r  a t 60°c.

T a b l e  4 .3 .2  S o lu b i l i ty  p a r a m e te r  a t  6 0 ° c  f ro m  A k b a r z a d e h ’s w o rk  in  2 0 0 5  a n d  th e  
r e la t io n  b e tw e e n  th e  R I a n d  s o lu b il i ty  p a r a m e te r  fo r  p a r a f f in ic  a n d  a ro m a tic  
h y d r o c a r b o n s  a t  6 0 ° c .

C h e m ic a ls
S o lu b i l i ty  p a r a m e te r  ( M P a 0'5)

%  e r ro rA k b a r z a d e h ’s w o rk U s in g  th e  
r e la t io nE q . (7 ) E q . (9 ) R e f . (2 2 )

n - H e x a n e 13 .8 7 14 .0 7 1 4 .2 0 1 4 .1 7 1 .5 9
n - H e p ta n e 14.31 14 .3 9 14.41 1 4 .5 7 1.43
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U s in g  th e  v o lu m e tr ic  a v e ra g e  o f  s o lu b i l i ty  p a r a m e te r s  o f  i t s  c o m p o n e n ts  a s  
s h o w n  in  e q u a t io n  4 .3 .3 , th e  s o lu t io n  s o lu b i l i ty  p a r a m e te r  a t  6 0 ° c  c a n  b e  e s t im a te d . 
T h e  r e s u l t s  s h o w n  in  ta b le  4 .3 .3  s h o w  th e  s o lu t io n  s o lu b i l i ty  p a r a m e te r  a t  6 0 ° c  f o r  
v a r io u s  v o lu m e  %  p r é c ip i ta n ts  in  O il A .

ท
à s o l u t i o n  ~  ^  ' X j f i j  (4 .3 .3 )

i= 1

w h e re  S s o i u t i o n  is  s o lu t io n  s o lu b i l i ty  p a r a m e te r  ( M P a 05), X j  is  v o lu m e  
f ra c t io n  o f  e a c h  c o m p o n e n t ,  is  s o lu b i l i ty  p a r a m e te r  o f  e a c h  c o m p o n e n t  ( M P a 0 5), 
a n d  ท is  n u m b e r  o f  c o m p o n e n t .

T a b l e  4 .3 .3  S o lu t io n  s o lu b i l i ty  p a r a m e te r  a t  6 0 ° c  fo r  v a r io u s  v o lu m e  %  p r é c ip i ta n ts  
in  O il A

V o lu m e  %  p r e c ip i ta n t  in  O il A S o lu t io n  s o lu b i l i ty  p a r a m e te r  ( M P a 0'5)
3 0  v o l. %  h e p ta n e 1 7 .2 2
3 5  v o l. %  h e p ta n e 1 7 .03
35  v o l. %  o c ta n e 1 7 .1 4
3 5  v o l. %  n o n a n e 1 7 .2 2
3 5  v o l. %  d e c a n e 1 7 .2 9
4 0  v o l. %  d e c a n e 1 7 .1 4

M o r e o v e r ,  o n s e t e x p e r im e n ts  fo r  O il A  a t  6 0  ° c  fo r  35  v o l. %  h e p ta n e ,  
o c ta n e ,  n o n a n e ,  a n d  d e c a n e  w e re  p e r f o rm e d  to  o b ta in  th e  d e te c t io n  t im e ,  a n d  th e  
r e s u l t s  a re  s h o w n  in  F ig u re  4 .3 .1 . F ro m  th e  d e te c t io n  t im e  a n d  s o lu t io n  s o lu b i l i ty  
p a r a m e te r  r e s u l t s ,  th e  a s p h a l te n e  s o lu b i l i ty  p a r a m e te r  a t  6 0 ° c  fo r  h e p ta n e ,  o c ta n e , 
n o n a n e , a n d  d e c a n e  c a n  b e  c a lc u la te d  f ro m  e q u a t io n  4 .3 .2  a n d  th e  r e s u l t  is  s h o w n  in  
F ig u r e  4 .3 .2 .  It c a n  b e  o b s e rv e d  th a t  th e  d e te c t io n  t im e  a n d  s o lu t io n  s o lu b i l i ty  
p a r a m e te r  in c r e a s e  w ith  h ig h e r  c a rb o n  n u m b e r  o f  p r é c ip i ta n ts ,  s u g g e s t in g  th a t  
a s p h a l te n e s  a t  h ig h e r  c a rb o n  n u m b e r  o f  p ré c ip i ta n ts  te n d  to  h a v e  s m a l le r  t e n d e n c y  to
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p r e c ip i ta t e  r e s u l t in g  in  h ig h e r  a s p h a l te n e  s o lu b i l i ty  p a r a m e te r .  In  th is  in v e s t ig a t io n ,  
th e  a s p h a l te n e  s o lu b i l i ty  p a r a m e te r  w a s  a s s u m e d  to  b e  a  c o n s ta n t  a s  a  f u n c t io n  o f  th e  
p r e c ip i ta n t  c o n c e n t r a t io n  b u t  w a s  v a r ie d  fo r  e a c h  p r e c ip i ta n t  ty p e .

F i g u r e  4 .3 .1  D e te c t io n  t im e  fo r  O il A  a t  60°c f o r  3 5  v o l. %  h e p ta n e , o c ta n e ,  n o n a n e , 
a n d  d e c a n e .

24.50

~  I  24 .40  

o  S tfp  24.30  

I I I  24.20  

1 1

24.00
6 7 8 9 10 11

Precip itant Carbon num ber

F i g u r e  4 .3 .2  A s p h a l te n e  s o lu b i l i ty  p a r a m e te r  fo r  O il A  a t  6 0 ° c  fo r  h e p ta n e ,  o c ta n e , 
n o n a n e ,  a n d  d e c a n e .

B y  o b ta in in g  th e  c o l l is io n  e f f ic ie n c y , a s p h a l te n e  s o lu b i l i ty  p a r a m e te r ,  a n d  
s o lu t io n  s o lu b i l i ty  p a ra m e te r ,  th e  c o r r e la t io n  b e tw e e n  th e  c o l l is io n  e f f ic i e n c y  a n d  
s o lu b i l i ty  p a r a m e te r  fo r  O il A  a t  6 0  ๐c  w a s  e s ta b l is h e d  a s  s h o w n  in  F ig u re  4 .3 .3 .  T h is  
c o r r e la t io n  c a n  b e  u s e d  to  e s t im a te  th e  c o l l is io n  e f f ic ie n c y  f o r  O il A  a t  6 0  ° c  fo r  
o th e r  p r é c ip i ta n ts  a n d  p r e c ip i ta n t  c o n c e n t ra t io n s .  It c a n  a ls o  b e  u t i l i z e d  f u r th e r  in  
a c tu a l  o i l  f ie ld  c o n d i t io n s  w h e re  th e  p r e c ip i ta n t  is  m e th a n e  a n d  th e  c o l l is io n
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e f f ic ie n c y  o f  th e  a s p h a l te n e s  c a n  b e  e s t im a te d  a n d  c o n s e q u e n t ly  th e  a g g r e g a t io n  r a te  
o f  a s p h a l te n e  m a y  b e  a c h ie v e d .

-10

30%C7

-17
1.88 1.9 1.92 1.94 1.96 1.98 2 2.02 2.04 2.06

F i g u r e  4 .3 .3  T h e  c o r r e la t io n  b e tw e e n  c o l l is io n  e f f ic ie n c y  a n d  s o lu b i l i ty  p a r a m e te r  
fo r  O il A  a t  6 0 ° c .

4 .4  A s p h a l t e n e  D e p o s i t io n

F ig u re  4.4.1 s h o w s  th e  r e s u l t s  o f  (A P  -  AP0 ) vs. t im e  fo r  O il A a t  60°c a n d  a t  
a  to ta l  f lo w  ra te  o f  5 m L /h  f o r  35 a n d  30 v o l. %  h e p ta n e  u s in g  th e  c a p i l la ry  
d e p o s i t io n  a p p a ra tu s .  It c a n  b e  o b s e rv e d  th a t  a t  35 v o l. %  h e p ta n e ,  th e  d e p o s i t io n  w a s  
d e te c te d  s o o n e r  th a n  a t  30 v o l, %  h e p ta n e  b e c a u s e  h ig h e r  p r e c ip i ta n t  c o n c e n t r a t io n s  
h a v e  m o r e  d e s ta b i l iz e d  a s p h a l te n e s ,  w h ic h  r e s u l t s  in  a  g r e a te r  in c re a s e  in  th e  p r e s s u r e  
d r o p  a c r o s s  th e  c a p i l la ry . T h is  o b s e rv a t io n  IS in  a  g o o d  a g r e e m e n t  w ith  p r e v io u s  
w o rk  [ H o e p fn e rc /  a l., 2013],

M o re o v e r ,  th e  p r e s s u r e  d r o p  t r a je c to r y  p lo ts  in  F ig u re  4.4.1 w e r e  c o m p a r e d  
w i th  p r e v io u s  r e s u l t s  [P lo e p fn e rc /  a l ., 2013] a t th e  s a m e  o p e r a t in g  c o n d i t io n s  a s  
s h o w n  in  F ig u re  4.4.2. S in c e  a ll o f  th e  e x p e r im e n ta l  c o n d i t io n s  b e tw e e n  th e  c u r r e n t  
r e s u l t s  a n d  th e  p re v io u s  r e s u l t s  a r e  th e  s a m e , b o th  p r e s s u r e  d r o p  t r a je c to r y  s h o u ld
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s u p e r im p o s e  w i th  e a c h  o th e r . H o w e v e r ,  it  w a s  f o u n d  th a t  th e  s lo p e s  b e tw e e n  th e  
p r e s s u r e  d r o p  a n d  t im e  r e s u l t s  o f  th e  c u r r e n t  r e s u l t s  a r e  lo w e r  th a n  th a t  o f  th e  
p r e v io u s  r e su lts .

Figure 4.4.1 P re s s u r e  d r o p  t r a je c to r y  fo r  O i l  A  a t  6 0 ° c  f o r  3 5  a n d  3 0  v o l. %  h e p ta n e .

Time (hrs)

Figure 4.4.2 Pressure drop trajectory of the previous and current results for Oil A at
60°c for 35 and 30 vol. % heptane.
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T o  in v e s t ig a te  th is  d e v ia t io n ,  th e  c a p i l la ry  in n e r  d ia m e te r s  w e r e  m e a s u r e d ,  a s  
d i s c u s s e d  in  th e  e x p e r im e n ta l  p ro c e d u re . N o m in a l ly ,  th e  in n e r  d ia m e te r s  o f  th e  
c a p i l la r ie s  in  a ll th e  e x p e r im e n ts  w e r e  0 .01  in c h ;  h o w e v e r ,  s m a ll  d e v ia t io n s  c o u ld  
o c c u r . F ig u r e  4 .4 .3  s h o w s  th e  m e a s u r e d  c a p i l la ry  in n e r  d ia m e te r s ,  a n d  it w a s  
o b s e r v e d  th a t  th e  c a p i l la ry  d ia m e te r s  f ro m  p r e v io u s  r e s u l t s  a r e  s m a l le r  th a n  th a t  f ro m  
c u r r e n t  r e su lts . T h e  a v e r a g e  c a p i l la ry  d i a m e te r  f ro m  th e  c u r r e n t  r e s u l t s  is  0 .0105  
in c h e s  a n d  th e  a v e r a g e  c a p i l la ry  d ia m e te r  f ro m  p r e v io u s  r e s u l t s  is  0 .0 0 7 7  in c h e s . 
T h e r e fo re ,  it  c a n  b e  c o n c lu d e d  th a t  th e  s h if t  o f  th e  s lo p e  in  th e  c u r r e n t  r e s u l t s  is  d u e  
to  b ig g e r  in n e r  d ia m e te r s  o f  th e  c a p i l la ry  tu b e s . T h u s , to  c o m p a r e  th e  p r e s s u r e  d ro p  
t r a je c to r y  a t  d i f f e r e n t  ru n s , r a d iu s  o f  c a p i l la ry  ( r )  w a s  u s e d  to  n o rm a l iz e  th e  p r e s s u r e  
d r o p  d a ta .

0.012

0.011

ะE  0.01
oj
I  0.009 

๐  0.008 

0.007 

0.006

F i g u r e  4 .4 .3  C a p i l la ry  d i a m e te r s  o f  35 a n d  30 v o l. %  h e p ta n e  o f  p r e v io u s  r e s u l t s  a n d  
c u r r e n t  re su lts .

F ig u r e  4 .4 .4  s h o w s  th e  p r e s s u r e  d r o p  t r a je c to r y  f o r  O il A  a t  6 0 °c  fo r  35 a n d  
30  v o l. %  h e p ta n e  a f te r  n o r m a l iz a t io n  b y  th e  in n e r  r a d iu s  o f  th e  c a p i l la r ie s  ( r ) .  I t 
r e v e a le d  th a t  th e  r e s u l t s  f ro m  p re v io u s  w o rk  a n d  th e  c u r r e n t  w o rk  s u p e r im p o s e  w ith  
e a c h  o th e r ,  in d ic a t in g  th a t  a f te r  th e  r a d iu s  o f  c a p i l la ry  ( r )  w a s  t a k e n  in to  a c c o u n t ,  th e  
r e s u l t s  w e r e  r e p r o d u c ib le  a n d  c o n s is te n t .

35%hep 35%hep 30%hep 30%hep
previous result current result previous result current result
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In  a d d i t io n ,  v i s c o s i ty  o f  m ix tu r e  ( /f ) , m a s s  f r a c t io n  o f  in s o lu b le  a s p h a l te n e s  
p r e c ip i ta t e d  f ro m  c r u d e  o il ( F ) ,  a n d  th e  v o lu m e  f ra c t io n  o f  c r u d e  o il ( 0 Oii) w e r e  a ls o  
u s e d  to  n o r m a l iz e  th e  d a ta  a s  s h o w n  in  F ig u r e  4 .4 .5  s in c e  v a r io u s  p r é c ip i ta n ts  a n d  
p r e c ip i ta n t  c o n c e n t r a t io n s  w e re  in v e s t ig a te d  in  th is  s tu d y . T h is  n o r m a l iz a t io n  w a s  
d o n e  in  th e  s a m e  m a n n e r  a s  in  th e  w o rk  o f  H o e p f n e r  e t a i ,  2 0 1 3 .

Tim e (hr)

F i g u r e  4 .4 .4  T h e  p r e s s u r e  d r o p  t r a je c to r y  fo r  O il  A  a t  6 0 ° c  f o r  3 5  a n d  3 0  v o l. %  
h e p ta n e  n o r m a l iz e d  b y  u s in g  r a d iu s  o f  c a p i l la ry .

Figure 4.4.5 The normalized pressure drop trajectory for Oil A at 60°c for 35 and 30
vol. % heptane.
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F ir s t ,  d e c a n e  w a s  u s e d  a s  a  p r e c ip i ta n t  to  in v e s t ig a te  a s p h a l te n e  d e p o s i t io n  
b e c a u s e  th e  b ig g e s t  d i f f e r e n c e  in  c o l l is io n  e f f ic ie n c y  w a s  o b s e r v e d  b e tw e e n  d e c a n e  
a n d  h e p ta n e  a s  s h o w n  in  F ig u re  4.2.4 f o r  35 v o l. %  o f  p r é c ip i ta n ts .  H o w e v e r ,  in  
F ig u r e  4.4.6, th e  p r e s s u r e  d r o p  t r a je c to r ie s  fo r  O il A a t  60°c fo r  35 v o l. %  d e c a n e  
s h o w s  in c o n s is te n t  r e s u l t s  f o r  fo u r ,  a s  o b s e r v e d  b y  d i f f e r e n c e s  a n d  f lu c tu a t io n s  in  th e  
p r e s s u r e  d ro p . O n e  o f  th e  p o s s ib le  e x p la n a t io n s  f o r  th e  in c o n s is te n c y  is  th a t  O il A 
a n d  d e c a n e  w e r e  n o t  h o m o g e n o u s ly  m ix e d  w h e n  th e y  e n te r e d  th e  c a p illa r} ' te s t  
s e c t io n . In  o r d e r  to  in v e s t ig a te  th is ,  S E M  im a g e s  o f  th e  d e p o s i t  a t  th e  c a p i l la ry  in le t  
o f  35 v o l. %  d e c a n e  in  O il A W'ere t a k e n  a s  s h o w n  in F ig u re  4.4.7. It c a n  b e  o b s e rv e d  
th a t  th e  d e p o s i t  d id  n o t  fo rm  a r o u n d  th e  e n t i r e  c a p i l la ry  in le t ,  in s te a d  it  f o r m e d  a  
b r id g e - s h a p e d  d e p o s i t  ( im a g e  b ) . O n e  o f  th e  tw o  h o le s  w a s  e i th e r  o i l - r ic h  o r  d e c a n e -  
r i c h  a n d  th e  d e p o s i t  w a s  f o r m in g  r a p id ly  a t  th e  ju n c t io n  o f  th o s e  tw o  h o le s  in d ic a t in g  
p o o r  m ix in g  in  th e  s y s te m . T h u s , it c a n  b e  c o n c lu d e d  th a t  d u e  to  m ix in g  is s u e , 
d e c a n e  c a n n o t  b e  u s e d  to  in v e s t ig a te  a s p h a l te n e  d e p o s i t io n  w i th o u t  m o d if y in g  th e  
a p p a r a tu s  to  im p ro v e  th e  m ix in g . H o w e v e r ,  i f  th e  a p p a r a tu s  w e r e  m o d if ie d ,  th e  
h e p ta n e  r e s u l t s  w o u ld  n o t  b e  a b le  to  c o m p a re  w ith  th e  p r e v io u s  w o rk  [ H o e p fn e re r  a l ., 
2013] so  o th e r  p r é c ip i ta n ts  th a t  h a v e  lo w e r  v i s c o s i ty  w e r e  u s e d  to  in v e s t ig a te  
a s p h a l te n e  d e p o s i t io n  s in c e  th e  lo w e r  v is c o s i ty  in c re a s e s  q u a l i ty  o f  m ix in g .

8
35 vol. % d e ca n e  run  1

---------35 vo l. % d e ca n e  run  2

35 vol. % d e ca n e  run  3 

—— 35 vol. % d e ca n e  run  4

3 4

Tim e (hrs)

Figure 4.4.6 The pressure drop trajectory' for Oil A at 60°c for 35 vol. % decane.
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a.
F i g u r e  4 .4 .7  S E M  im a g e s  o f  th e  d e p o s i t  a t  c a p i l la ry  in le t  o f  3 5  v o l. %  d e c a n e  in  O il  
A . Im a g e  a. is  a n  u n u s e d  c a p i l la ry  in le t  a n d  im a g e s  b . a n d  c. a r e  u s e d  c a p i l la ry  in le t .

O c ta n e  a n d  h e x a n e  w e r e  u s e d  a s  p r é c ip i ta n ts  a n d  th e  r e s u l t s  s h o w n  in  F ig u re s
4 .4 .8  a n d  4 .4 .9  s h o w s  th e  p r e s s u r e  d r o p  t r a je c to r y  n o r m a l iz e d  b y  r ,  IX, F , a n d  0 O11, 
th e  c a p i l la ry  d i a m e te r  m e a s u r e m e n t  r e s u l t s  a r e  s h o w  in  t a b le  4 .1 ,  f o r  O il A  a t  6 0 ° c  
f o r  3 5  v o l. %  o c ta n e  a n d  h e x a n e ,  r e s p e c tiv e ly . I t c a n  b e  s e e n  th a t  th e  n o rm a l iz e d  
p r e s s u r e  d r o p  t r a je c to r y  fo r  3 5  v o l. %  o c ta n e  a n d  h e x a n e  w a s  c o n s is te n t  a n d  
r e p r o d u c ib le  c o m p a r e d  to  th e  n o rm a l iz e d  p r e s s u r e  d r o p  t r a je c to r y  fo r  3 5  v o l. %  
d e c a n e . T h e  m ix in g  q u a li ty  w a s  a ls o  in v e s t ig a te d  u s in g  S E M  a n d  th e  S E M  im a g e s  o f  
th e  d e p o s i t  a t  th e  c a p i l la ry  in le t  o f  3 5  v o l. %  o c ta n e  a n d  h e x a n e  in  O il A  w e r e  ta k e n  
a n d  s h o w n  in  F ig u r e  4 .4 .1 0 . F ro m  th e  S E M  im a g e s , th e  d e p o s i t  f o r m e d  a r o u n d  th e  
e n t i r e  c a p i l la ry  in le t ,  w h ic h  in d ic a te s  g o o d  m ix in g  a n d  is  in  a  g o o d  a g r e e m e n t  w ith  
th e  p r e s s u r e  d r o p  re su lts .

Figure 4.4.8 The normalized pressure drop trajectory for Oil A at 60°c for 35 vol. %
o c ta n e .
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F i g u r e  4 .4 .9  T h e  n o rm a l iz e d  p r e s s u r e  d r o p  t r a je c to r y  fo r  O il  A  a t  6 0 ° c  f o r  3 5  v o l. %  
h e x a n e .

T a b l e  4 .4 .1  C a p i l l a r y  D ia m e te r s

R u n A v e ra g e  C a p i l l a r ) ' d ia m e te r  
( in )

A v e ra g e  C a p i l l a ry  d i a m e te r  
( c m )

3 5  v o l. %  
o c ta n a e

1 0 .0 1 0 5 0 0 .0 2 6 6 8
2 0 .0 1 0 5 5 0 .0 2 6 8 0
3 0 .0 1 0 0 5 0 .0 2 5 5 4
4 0 .0 1 0 1 1 0 .0 2 5 6 8

3 5  v o l. %  
h e x a n e

1 0 .0 1 0 0 1 0 .0 2 5 4 3
2 0 .0 1 0 5 2 0 .0 2 6 7 1
3 0 .0 1 0 5 5 0 .0 2 6 7 9
4 0 .0 1 0 0 7 0 .0 2 5 5 8
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2 a . 2 b .

F ig u r e  4 .4 .1 0  S E M  im a g e s  o f  th e  d e p o s i t io n  c a p i l la ry  in le t  o f  35  v o l. %  o c ta n e  ( l a .  
a n d  lb . )  a n d  h e x a n e  (2 a . a n d  2 b .)  in  O il A .

In  o r d e r  to  c o m p a re  th e  n o rm a l iz e d  p re s s u re  d ro p  t r a je c to r y  fo r  O i l  A  a t 6 0 ° c  
fo r  35  v o l .  %  h e p ta n e , o c ta n e , a n d  h e x a n e  a n d  3 0  v o l. %  h e p ta n e , th e y  w e r e  p lo t te d  
to g e th e r  in  F ig u re  4 .4 .1 1 . It c a n  b e  s e e n  th a t th e  in d u c t io n  t im e , th e  t im e  r e q u i r e d  
u n ti l  th e  p r e s s u r e  d ro p  c a n  b e  d e te c te d , in c re a s e s  f ro m  0 .2 5  h o u r s  fo r  h e x a n e  to  0 .9 4  
h o u r s  f o r  h e p ta n e  a n d  to  1 .05  h o u rs  fo r  o c ta n e  a t 3 5  v o l. %  o f  p r e c ip i ta n t ,  s u g g e s t in g  
th a t  h ig h e r  c a r b o n  n u m b e r  o f  p r é c ip i ta n ts  h a v e  w e a k e r  d e s ta b i l iz e d  a s p h a l te n e s  a n d  
is  in  a g r e e m e n t  w ith  th e  o n s e t  e x p e r im e n t  re su lts  in  F ig u re  4 .3 .1 .

A l th o u g h ,  o n e  o f  th e  35 v o l. %  o c ta n e  r u n s  a p p e a rs  to  d e v ia te  f ro m  th e  o th e r  
ru n s , it c o u ld  b e  d u e  to  th e  s e n s i t iv i ty  o f  th e  a p p a ra tu s .

A f te r  r e m o v in g  th e  in d u c t io n  t im e  a n d  a v e r a g in g  a ll th e  r e s u l t s ,  i t  w a s  f o u n d  
th a t  th e  s lo p e s  o f  a ll p r e s s u r e  d ro p  t r a je c to ry  a re  a p p ro x im a te ly  th e  s a m e  a f te r  
p re s s u re  d r o p  w a s  n o rm a l iz e d  u s in g  r a d iu s  o f  c a p i l la ry  tu b e  ( r ) ,  v i s c o s i ty  o f  m ix tu r e  
(fi), m a s s  f r a c t io n  o f  in s o lu b le  a s p h a l te n e s  p r e c ip i ta te d  f ro m  c ru d e  o i l  (F ) ,  a n d  th e  
v o lu m e  f r a c t io n  o f  c r u d e  o il (0 o ii) .  I t in d ic a te s  th a t  th e  d if f e r e n c e s  in  c o l l i s io n  
e f f ic ie n c y  f o r  d i f f e re n t  p r é c ip i ta n ts  a n d  p r e c ip i ta n t  c o n c e n t r a t io n s  a s  s h o w n  in  F ig u r e  
4 .4 .1 2 , d id  n o t  a p p e a r  to  in f lu e n c e  th e  n o rm a l iz e d  d e p o s i t io n  b e h a v io r .
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F i g u r e  4 .4 .1 1  T h e  n o r m a l iz e d  p r e s s u r e  d r o p  t r a je c to r y  fo r  O il A  a t  6 0 ° c  fo r  v a r io u s  
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F i g u r e  4 .4 .1 2  T h e  a v e r a g e  o f  n o r m a l i z e d  p r e s s u r e  d r o p  t r a je c to r y  f o r  O il  A  a t  6 0 °c  
f o r  v a r io u s  p r é c ip i ta n ts  a n d  p r e c ip i ta n t  c o n c e n t r a t io n s  w i th o u t  th e  in d u c t io n  t im e .
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