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2.1 C r u d e  o il

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

v a r ie t y  o f  m o le c u l e s  w i t h  d i f f e r e n t  p h y s ic a l  a n d  c h e m ic a l  p r o p e r t ie s .  C r u d e  o i l  is  

c o m m o n l y  s e p a r a te d  in to  fo u r  m a jo r  f r a c t io n s :  s a tu r a te s ,  a r o m a t ic s ,  r e s in s ,  a n d  

a s p h a l t e n e s  ( S A R A ) .  T h e  s c h e m a t ic  o f  S A R A  s e p a r a t io n  is  s h o w n  in  F ig u r e  2 .1 .

C r u d e  O il  
I

D i lu t e  w it h  n - A lk a n e s

S o l u b l e  I n s o lu b le

Figure 2.1 Scheme of crude oil separation (SARA) into four components: saturates,
aromatics, resins and asphaltenes (Wattana, 2004).
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2 .2  A sp h a lte n e s

A s  d i s c u s s e d  e a r l ie r ,  a s p h a l t e n e s  a re  o p e r a t io n a l ly  d e f in e d  a s  a  s o lu b i l i t y  

c l a s s  o f  c r u d e  o i l  th a t  is  s o lu b l e  in  b e n z e n e  o r  t o lu e n e  b u t  in s o lu b l e  in  l iq u id  n o r m a l  
a lk a n e s ,  s u c h  a s  n - p e n t a n e  o r  n - h e p ta n e . T h e y  a re  d a rk  b r o w n  to  b la c k  d r y  p o w d e r s  

w it h  n o  d e f in i t e  m e l t in g  p o in t  ( M u l l in ,  2 0 0 7 ) .  In  a d d it io n ,  t h e  a m o u n t  p r e c ip i ta te d  

a n d  t h e ir  p r o p e r t ie s  a re  d e p e n d e n t  o n  th e  t y p e  o f  p r e c ip i ta n t  ( n - a lk a n e )  u s e d .  D u e  to  

th e  c o n d i t io n a l  d e f in i t io n  o f  a s p h a l t e n e s ,  t h e y  a r e  n a m e d  b a s e d  o n  th e  p r e c ip ita n t  

u s e d , ,  f o r  in s t a n c e ,  p e n ta n e  a s p h a l t e n e s  a n d  h e p t a n e  a s p h a l t e n e s  a re  s e p a r a te d  fr o m  

c r u d e  o i l  b y  u s i n g  p e n ta n e  a n d  h e p ta n e  p r é c ip i t a n t s  r e s p e c t i v e ly .  O n e  m e t h o d  th a t  is  

u s e d  t o  f in d  th e  f r a c t io n  o f  a s p h a lt e n e  in  a  c r u d e  o i l  i s  A S T M  D 2 0 0 7 - 8 0  ( 1 9 8 0 ) ,  
w h e r e  c r u d e  o i l  i s  d i lu t e d  b y  e i th e r  n - p e n ta n e  o r  n - h e p t a n e  a t a  v o lu m e  r a t io  o f  1 :4 0  

t h e n  f i l t e r e d  t o  th e  s e p a r a te  a s p h a l t e n e s  a f te r  t w o  d a y s .  S p e i g h t  ( 1 9 9 9 )  p r e c ip i ta te d  

a s p h a l t e n e s  b y  a d d in g  d i f f e r e n t  p r é c ip i ta n t s  ( n - a lk a n e s )  to  th e  c r u d e  o i l  a t v o lu m e  

r a t io  o f  4 0 : 1 .  E x p e r im e n t a l ly ,  a  g r e a te r  q u a n t i ty  o f  a s p h a l t e n e s  w a s  r e c o v e r e d  w it h  

th e  l o w e r  c a r b o n  n u m b e r  n - a lk a n e s ,  a s  s e e n  in  F ig u r e  2 .2 .

F ig u re  2 .2  A m o u n t  p r e c ip i t a t e d  a s p h a lt e n e  a s  a  f u n c t io n  o f  p r e c ip i t a n t  ( S p e ig h t ,  
1 9 9 9 ) .



4

T h e  m a in  c o m p o n e n t s  o f  a s p h a l t e n e s  a re  c a r b o n  a n d  h y d r o g e n  (C  a n d  H )  

b u t th e r e  a re  s m a l l  q u a n t i t i e s  o f  h e t e r o a t o m s  s u c h  a s  N ,  ร  a n d  o  a n d  s o m e  m e t a ls  

l ik e  N i ,  V  a n d  F e . K a m in s k i  et al. ( 2 0 0 0 )  s e p a r a te d  a n  a s p h a l t e n e  s a m p le  in to  v a r io u s  

c o m p o n e n t s  d e p e n d in g  o n  th e ir  p o la r ity .

2 .3  A sp h a lte n e  P r e c ip ita t io n  O n se t P o in t

A s p h a l t e n e s  a re  s t a b le  in  c r u d e  o i l s  a t r e s e r v o ir  c o n d i t io n s ,  h ig h  p r e s s u r e  

a n d  h ig h  t e m p e r a tu r e .  C h a n g in g  th e  p r e s s u r e ,  t e m p e r a tu r e  o r  c o m p o s i t i o n  c a n  le a d  to  

a s p h a l t e n e  d e s t a b i l i z a t io n .  F o r  f i e ld  c a s e s ,  th e  m o s t  c o m m o n  m e c h a n is m  fo r  

a s p h a l t e n e  p r e c ip i t a t io n  a n d  d e p o s i t io n  is  p r e s s u r e  d e p l e t i o n  in d u c e d  w h i l e  th e  o i l  

m o v e s  u p  th e  w e l lb o r e  t o  th e  s u r f a c e  ( H a s k e t t  et a l . , 1 9 6 5 ) .  A s  th e  r e s e r v o ir  p r e s s u r e  

i s  d e p le t e d ,  e n h a n c e d  o i l  r e c o v e r y  ( E O R )  c a n  b e  p e r f o r m e d  b y  in j e c t in g  a m i s c ib le  o r  

i m m is c i b l e  s o lu t io n .  A l t h o u g h  a d d it io n a l  o i l  i s  r e c o v e r e d ,  E O R  le a d s  to  

c o m p o s i t io n a l  c h a n g e s  a n d , c a n  c a u s e  a s p h a l t e n e  p r e c ip i t a t io n  in  th e  p o r o u s  r o c k  in  

th e  r e s e r v o ir  ( V a f a i e - S e f t i  et al., 2 0 0 6 ) .  U s in g  a n  n - a lk a n e  p r e c ip i ta n t  in  th e  

la b o r a to r y  c a n  s im u la t e  t h e  e f f e c t  o f  d e p r e s s u r iz a t io n  th a t  o c c u r s  in  th e  r e s e r v o ir .  T h e  

m in im u m  v o l u m e  o f  n - a lk a n e  p r e c ip i ta n t  th a t  c a n  in d u c e  p r e c ip i t a t io n  i s  d e f in e d  a s  

th e  o n s e t  p o in t .  M a q b o o l  et al. ( 2 0 0 9 )  h a s  s h o w n  in  h i s  w o r k  th a t  th e  a s p h a lt e n e  

p r e c ip i t a t io n  p r o c e s s  i s  k in e t ic  a n d  th e  o n s e t  p o in t  i s  t im e  d e p e n d e n t  a n d  c a n  ta k e  

d a y s  o r  m o n t h s  t o  d e t e c t ,  a s  s h o w n  in  F ig u r e  2 .3 .

2 .4  A sp h a lte n e  D e p o s it io n  E x p er im en t

M o s t  o f  th e  p r e v io u s  c a p i l la r y  d e p o s i t io n  w o r k  h a s  la r g e ly  s t u d ie d  

a s p h a l t e n e  d e p o s i t io n  a t o r  p a s t  th e  o n s e t  p o in t .  B r o s e t a  et al. ( 2 0 0 0 )  u s e d  o i l -  

h e p t a n e - x y l e n e  m ix t u r e s  a s  th e  f e e d  to  th e  c a p i l la r y  a n d  t h e n  m e a s u r e d  th e  p r e s s u r e  

d r o p  (A P )  t o  d e t e c t  d e p o s i t io n  a n d  th u s ,  p r e c ip i t a t io n .  T h e  H a g e n - P o i s e u i l l e  e q u a t io n  

c a n  b e  u s e d  to  c a lc u la t e  th e  p r e s s u r e  d r o p  fo r  a  c e r ta in  f l o w  r a te  (Q ) :

A P =  ป ี. ! . ( I )
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F ig u r e  2 .3  M ic r o g r a p h s  s h o w i n g  th e  t im e  d e p e n d e n c e  o f  a s p h a l t e n e  p r e c ip i t a t io n  

fo r  m ix t u r e  c o n t a in in g  5 0  v o l%  C 7  a n d  5 0  v o l%  o i l  ( M a q b o o l  et a i ,  2 0 0 9 ) .

w h e r e  R  a n d  L  a r e  th e  r a d iu s  a n d  l e n g t h  o f  c a p i l la r y  r e s p e c t i v e ly  a n d  p  i s  th e  f lu id  

v i s c o s i t y .  T h e  c o n c e n t r a t io n  o f  h e p t a n e ,  th e  p r e c ip i t a n t ,  w a s  in c r e a s e d  u n t i l  th e  

p r e s s u r e  d r o p  in c r e a s e d ,  in d ic a t in g  d e p o s i t  f o r m a t io n .  A n  e x a m p l e  r e s u lt  fr o m  th is  

w o r k  c a n  b e  s e e n  in  F ig u r e  2 .4 .  T h is  t e c h n iq u e  c a n  d e t e c t  a s p h a l t e n e  p r e c ip i t a t io n  

l ik e  o t h e r  t e c h n iq u e s ,  s u c h  a s  IR  l ig h t  s c a t t e r in g .

F ig u r e  2 .4  Pressure drop evolution from increasing the precipitant concentration at points 
1, 2 and 3 respectively. A fter point 3, the increase in pressure drop signifies the start o f  a 
deposition form ing (B roseta et a i ,  2000).
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W a n g  et al. ( 2 0 0 4 )  s t u d ie d  th e  u n i f o r m it y  o f  a s p h a l t e n e  d e p o s i t io n  in  

c a p i l la r ie s  b y  c o l l e c t in g  th e  d e p o s i t .  In  t h e s e  e x p e r im e n t s ,  o i l - p r e c ip i t a n t  m ix t u r e s  

w e r e  f e d  in t o  a  c a p i l la r y  a t a  l o w  f l o w  r a te  o f  4 .8  m L /h r . T o  e n s u r e  th e  p r o p e r  

m i x i n g ,  th e  s o lu t i o n  f l o w e d  th r o u g h  a  s o n ic a t in g  b a th  b e f o r e  e n t e r in g  t h e  c a p i l la r y .  
T h e  p r e s s u r e  d r o p  w a s  m e a s u r e d  in  th is  w o r k  a l s o .  N i t r o g e n  ( N 2)  w a s  u s e d  to  

d i s p la c e  th e  r e m a in in g  o i l  in  th e  c a p i l la r y  w i t h  a  l o w  f l o w  ra te  a n d  t h e n  d r y  th e  

d e p o s i t  w i t h  a  h ig h  f l o w  ra te . T h e  d e p o s i t  w a s  d i s s o l v e d  w i t h  t o lu e n e  a n d  T H F  a n d  

w e i g h e d  a f te r  th e  s o lv e n t  h a d  e v a p o r a te d . W ith  th e  a s s u m p t io n  o f  a  u n if o r m  d e p o s i t ,  
th e  H a g e n - P o i s e u l l e  E q u a t io n , ( 1 ) ,  w a s  u s e d  fo r  c a l c u la t e  t h e  d e p o s i t  t h ic k n e s s  in  th e  

c a p i l la r y  b y  a p p r o x im a t in g  E q u a t io n  1 :
Sj-iQ £  .

■ T [ R 0 - A R ( t ) ] 4

w h e r e  R o  a n d  A R (t )  a re  th e  a c tu a l  r a d iu s  o f  c a p i l la r y  a n d  t h ic k n e s s  o f  d e p o s i t  a t t im e ,  

t, r e s p e c t i v e ly .  T h e  c o n c lu s io n  o f  th is  w o r k  w a s  th a t  th e  d e p o s i t  is  u n i f o r m  w h e n  th e  

c o n c e n t r a t io n  is  c l o s e  to  th e  o n s e t  p o in t .  T h e  c o l l e c t e d  d e p o s i t  i s  a p p r o x im a t e ly  th e  

s a m e  a s  c a l c u la t e d ,  a n d  th e  a u th o r s  c o n s id e r e d  th e  d e p o s i t  a s  u n if o r m , a s  c a n  b e  s e e n  

in  F ig u r e  2 .5 .

o  from amount ๙  recovered deposit 
■  from pressure drop

50:50 60:40 50:50 50:50 50:50 65:35
n-C5 n-C10 n-C10 n-Cl5 n-C15 n-C15

□  from amount ๙  recovered deposit 
■  from pressure drop

E
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length = 16.7 m length = 32.5 กา

ta )  O il  ร ( b )  O il  F

Figure 2.5 Thickness from predicted and collected of two crude oils, Oil ร and Oil F
(Wang ๙ ๔ ., 2004).
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H o e p f n e r  ( 2 0 0 9 )  in v e s t ig a t e d  a s p h a lt e n e  d e p o s i t io n  b e l o w  th e  o n s e t  p o in t .  
T h e  o n s e t  p o in t  o f  th e  o i l  u s e d  w a s  4 0 v o l%  h e p ta n e  a n d  w a s  m e a s u r e d  b y  

m i c r o s c o p y  o f  th e  e f f l u e n t  a f te r  m i x i n g  o i l - h e p t a n e .  P r o p e r  m i x i n g  w a s  o b t a in e d  b y  

f l o w in g  th e  o ih h e p t a n e s  s o lu t io n  th r o u g h  a  m i x i n g  t e e ,  w h i c h  c o n t a in e d  a  1 0  p m  

p o r o u s  fr it , a t a  l o w  f l o w  ra te  5 m L /h r . T h is  e x p e r im e n t  a l s o  u s e d  t h e  p r e s s u r e  d r o p  

m e a s u r e m e n t s  to  d e t e c t  th e  f o r m a t io n  o f  a  d e p o s i t io n .  A s p h a l t e n e  d e p o s i t io n  a t l o w e r  

c o n c e n t r a t io n  th a n  o n s e t  p r e c ip ita n t  c o n c e n t r a t io n s  c a n  b e  s e e n  in  F ig u r e  2 .6 .

F ig u re  2 .6  P r e s s u r e  d r o p  p r o f i l e  o f  d i f f e r e n t  p r e c ip i t a n t  c o n c e n t r a t io n  ( H o e p f n e r ,  
2 0 0 9 ) .

A n o t h e r  c o n c lu s io n  fr o m  th is  w o r k  w a s  th a t  d e p o s i t  i s  n o n - u n if o r m . F o r  

c h a r a c t e r iz in g  th e  n o n - u n if o r m it y ,  th e  a u th o r  c o n s id e r e d  d i v i d i n g  th e  c a p i l la r y  in to  

t w o  s e c t i o n s ,  o n e  w i t h  a  u n ifo r m  d e p o s i t  a n d  o n e  w i t h o u t  a  d e p o s i t .  M o d i f y i n g  th e  

H a g e n - P o i s e u l l e  E q u a t io n ,  ( 1 ) ,  a n d  u s in g  th e  c o l l e c t e d  m a s s ,  H o e p f n e r  w a s  a b le  to  

c a lc u la t e  th e  le n g th  a n d  t h ic k n e s s  o f  th e  d e p o s i t  s e c t i o n  w i t h  th e  t w o  b e l o w  e q u a t io n s  

b e lo w :

à P  =  I T
s e g m e n ts  LiQ

n R J (3)

and m d =  L A n p d ( R l  - / ? d ) (4)
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w h e r e  p  is  d e n s i t y .  F o r  s u b s c r ip t io n s ,  d  a n d  o  m e a n  d e p o s i t  a n d  o i l .

R e p r o d u c ib i l i t y  in  p r e v io u s  s t u d ie s  h a s  n o t  b e e n  s t r o n g ly  e m p h a s iz e d .  F o r  

e x a m p l e ,  B o e k  et al. ( 2 0 0 8 )  s tu d ie d  c o l lo i d a l  a s p h a l t e n e  d e p o s i t io n  b y  a d d in g  

h e p t a n e s  to  a a s p h a l t e n e : t o lu e n e  s o lu t io n  in  a  g la s s  c a p i l la r y  at l o w  f l o w  ra te  o f  5 o r  

1 0  p L /m in .  A  Y  c o n n e c t o r  w a s  u s e d  fo r  m i x i n g .  T h e  r e s u lt s  a re  s h o w n  in  F ig u r e  2 .7 .  

It c a n  c le a r ly  b e  s e e n  in  F ig u r e  2 .7  th a t th e  r e s u lt s  a re  n o t  r e p r o d u c ib le .  
R e p r o d u c ib i l i t y  m u s t  b e  o b t a in e d  b e fo r e  c o n c lu s io n s  c a n  b e  m a d e . O n e  p o s s ib le  

e x p la n a t io n  fo r  th e  in c o n s i s t e n t  r e s u lt s  is  p o o r  m ix in g .

Figure 2 . 7  P r e s s u r e  d r o p  p r o f i l e  fo r  th r e e  r e p e a t  e x p e r im e n t s  a t 5 p L /m in  ( B o e k  et 

a l,  2 0 0 8 ) .

F lo e p fn e r  ( 2 0 1 0 )  c o n s id e r e d  th e  m i x i n g  p r o b le m  in  c a p i l la r y  d e p o s i t io n  

a p p a r a tu s e s .  In  h i s  la te r  w o r k ,  F lo e p fn e r  a d d e d  a  2  in c h  s t a in le s s  s t e e l  c a p i l la r y  w ith  

0 .0 3  in c h  in n e r  d ia m e t e r  ( I D )  a f te r  th e  m i x i n g  te e .  C o m p u t a t io n a l  f lu id  d y n a m ic  

( C F D )  s im u la t io n s  w e r e  p e r fo r m e d  to  c o n f ir m  p r o p e r  m i x i n g  b y  th e  o u t le t  o f  th e  2  

in c h  c a p i l la r y .  F ig u r e  2 .8  s h o w s  th e  n e w  a p p a r a tu s  fr o m  H o e p f n e r ’s  w o r k .
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C o n s t a n t  T e m p e ra tu re  W a t e r  B a th

R e l ie f

F ig u re  2 .8  A s p h a l t e n e  d e p o s i t io n  a p p a r a tu s  s e tu p  ( H o e p f n e r  2 0 1 0 ) .

2 .5  E ffec ts  on  A sp h a lte n e  D ep o sitio n

N a b z a r  et al. ( 2 0 0 8 )  m i x e d  a n  a s p h a l t e n e : t o lu e n e  s o lu t i o n  w i t h  h e p ta n e  to  

s t u d y  th e  s h e a r  e f f e c t s  o n  a s p h a lt e n e  d e p o s i t io n  b y  u s i n g  th e  s a m e  c a p i l la r y  a n d  

v a r y in g  th e  s h e a r  r a te  b y  a d j u s t in g  th e  f l o w  ra te . A  s a m p le  r e s u lt  i s  s h o w n  in  F ig u r e  

2 .9 .  T h e  c o n c l u s i o n  w a s  th a t a s p h a lt e n e  d e p o s i t io n  i s  s e n s i t i v e  to  th e  s h e a r  r a te  u n t i l  

it r e a c h e d  a  c r i t ic a l  s h e a r  r a te , n o  m o r e  s h e a r  e f f e c t  a f te r  p a s s i n g  th e  c e r ta in  p o in t  

( 1 2 0 m L /h r  fo r  th is  w o r k ) .
J a m ia la h m a d i  et al. ( 2 0 0 9 )  s t u d ie d  f l o c c u la t e d  a s p h a l t e n e s  d e p o s i t in g  in s id e  

a  c a p i l la r y  w i t h  d i f f e r e n t  s u r f a c e  te m p e r a tu r e s .  S t o c k  ta n k  o i l  ( S T O ) ,  o i l  a t r o o m  

te m p e r a tu r e  a n d  p r e s s u r e ,  w a s  m ix e d  w i t h  p e n ta n e  in  a  c o n t r o l l e d  s t ir r e d  ta n k  u n til  
r e a c h in g  d e s ir e d  c o n c e n t r a t io n  th e n  f e d  t o  th e  t e s t in g  c h a m b e r ,  a  c a p i l la r y  w i t h  

h e a t e r  s e c t io n .  F o r  t h is  w o r k ,  th e  m a s s  d e p o s i t e d  w a s  c a lc u la t e d  b y  h e a t  a n d  m a s s  

tr a n s fe r  th e o r y  w i t h  th e  e q u a t io n  b e lo w :

m d = P r i A r f ( i - j - ) (5)
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F i g u r e  2 .9  E v i d e n c e  o f  s h e a r  l im i t a t io n  fr o m  e x p e r im e n t s  ( N a b z a r  et a l,  2 0 0 8 ) .

w h e r e  a  a n d  X a re  h e a t  tr a n s fe r  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 iv i t y  r e s p e c t iv e ly .  

S u b s c r ip t s ,  t  a n d  o  m e a n  t im e  at t a n d  t im e  a t in i t ia l  o f  e x p e r im e n t  r e s p e c t i v e ly .  T h e  

h e a t  t r a n s fe r  c o e f f i c i e n t  d e c r e a s e d  fa s te r  w h e n  th e  d i f f e r e n c e  b e t w e e n  b u lk  a n d  

s u r f a c e  t e m p e r a tu r e  w a s  la r g e r . A n  e x a m p l e  c a n  b e  f o u n d  in  F ig u r e  2 .1 0 .  T h e  r e s u lt s  

in d ic a t e d  th a t  th e  d e p o s i t io n  p r o c e s s  d e p e n d s  s t r o n g ly  o n  th e  s u r f a c e  te m p e r a tu r e .

F i g u r e  2 .1 0  H e a t  t r a n s fe r  c o e f f i c i e n t  a n d  c o l l e c t e d  d e p o s i t  w i t h  d i f f e r e n t  s u r f a c e  

t e m p e r a tu r e  ( J a m ia la h m a d i  et a l,  2 0 0 9 ) .
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