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CHAPTER IV

T h e  p r e s s u r e  d e c a y  o f  C02 f r o m  4 0 0  p s i  t o  950 p s i  a t 30 °c in  c r u d e  o i l  A P I  

6 2 .1 ,  n - p e n t a n e  a n d  n - h e p t a n e  a re  s h o w n  in  F ig  4 .1  - T i g .  4 .5 .

4.1 Pressure Decay Curves
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F ig u r e '4 .1  P r e s s u r e  d e c a y  c u r v e s  o f  c r u d e  o i l  A P I  6 2 .1  a t 3 0  °c.

Time (miก)

Figure 4.2 Pressure decay curves of n-pentane (C5) at 30 °c
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F ig u r e  4 .3  P r e s s u r e  d e c a y  c u r v e s  o f  n - h e p t a n e  ( C 7)  a t 3 0  °c.
T h e  a v e r a g e  in j e c t io n  t im e  o f  C O 2 g a s  in  c r u d e  o i l  A P I  6 2 .1 ,  n - p e n t a n e  a n d  

n - h e p ta n e  a t 3 0  °c w e r e  2 2 . 6 6  ±  3 .6 6 ,  1 9 .4 0  ±  3 .6 0  a n d  2 0 .7 2  ±  2 .9 1  s e c o n d ,  
r e s p e c t iv e ly .  A f t e r  in je c t in g  C O 2 g a s  in to  th e  r e a c to r , C O 2 r a p id ly  d i f f u s e s  in to  o i l  a s  

s e e n  b y  th e  p r e s s u r e  in s id e  th e  r e a c to r  r a p id ly  d e c r e a s e s  a t th e  in i t ia l  t im e  a n d  

g r a d u a lly  d e c r e a s e s  to  r e a c h  th e  e q u i l ib r iu m . It in d ic a t e s  th a t th e  m a s s  tr a n s fe r  o f  

C O 2 fr o m  g a s  p h a s e  in to  th e  h y d r o c a r b o n  p h a s e  at th e  in it ia l  s ta te  w a s  fa s te r  th a n  th e  

la t e r  s ta te . T h e  t im e  fo r  C O 2 d i f f u s io n  to  r e a c h  th e  e q u i l ib r iu m  o f  c r u d e  o i l  A P I  6 2 .1 ,  
n - p e n ta n e  a n d  n - h e p ta n e  w e r e  4 0 ,  1 0  a n d  2 0  m in ,  r e s p e c t iv e ly .

T h e  d i f f e r e n t  e q u i l ib r iu m  t im e  fo r  d if fe r e n t  h y d r o c a r b o n s  in d ic a t e d  d i f f e r e n t  

m o le c u la r  w e i g h t  o f  p e tr o le u m  c r u d e . C r u d e  o i l  A P I  6 2 .1  t o o k  th e  l o n g e s t  t im e ,  a n d  

th a t  o f  n - h e p ta n e  w a s  lo n g e r  th a n  n - p e n t a n e  I n c r e a se  o f  m o le c u la r  w e i g h t  (C5 t o  C7) 
in c r e a s e  th e  t im e  fo r  th e  s y s t e m  to  r e a c h  t h e  e q u i l ib r iu m . In a d d it io n ,  th e  lo w e r  o i l  

v i s c o s i t y ,  in  t h is  c a s e  n - p e n ta n e  is  th e  l o w e s t ,  is  b e n e f i c ia l  to  g e t  fa s te r  s p e e d  o f  C O 2 

d i f f u s e  in to  t h e  o i l  p h a s e  ( S o n g  e t a l., 2 0 1 0 ) .
T h e  e f f e c t  o f  t e m p e r a tu r e  w a s  s tu d ie d  u s in g  c r u d e  o i l  A P I  6 2 .1  a n d  ท- 

h e p ta n e . W h e n  th e  p r e s s u r e  d e c a y  w a s  d e te r m in e d  a t 4 0  °c a s  th e  r e s u lt  s h o w n  in  

F ig .  4 .4  a n d  F ig .  4 .5 ,  r e s p e c t iv e ly .  T h e  a v e r a g e  in je c t io n  t im e  o f  CO2 g a s  in  c r u d e  o i l  

A P I  6 2 .1  w a s  2 2 .6 2  ± 4 . 1 8  s e c o n d ,  a n d  2 1 .4 3  ± ‘ 4 .0 0  s e c o n d  fo r  n - h e p t a n e .  T h e  

p r e s s u r e  d e c a y  r e a c h e s  e q u i l ib r iu m  a r o u n d  2 0  m in  fo r  c r u d e  o i l  s y s t e m  a n d  1 0  m in  

fo r  n - h e p ta n e  s y s t e m .  W h e n  th e  t e m p e r a tu r e  w a s  in c r e a s e  fr o m  30 °c to  4 0  °c, CO2
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c o u ld  d i f f u s e  in t o  th e  o i l  f a s te r  th a n  l o w  te m p e r a tu r e  a t 3 0  °c. T h e  o i l  v i s c o s i t y  w a s  

d e c r e a s e  w ith  th e  in c r e a s e  o f  te m p e r a tu r e . C O ?  c a n  d i f f u s e  in t o  th e  l o w  v i s c o s i t y  o i l  

fa s t e r  th a n  th e  h ig h  v i s c o s i t y  o i l .  A t  th e  h ig h e r  te m p e r a tu r e , th e  s y s t e m  b e t w e e n  C O 2 

a n d  h y d r o c a r b o n  w i l l  r e a c h  th e  e q u i l ib r iu m  fa s te r .

F ig u r e  4 .4  P r e s s u r e  d e c a y  c u r v e  o f  c r u d e  o i l  A P I  6 2 .1  at 4 0  °c.
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F ig u r e  4 .5  P r e s s u r e  d e c a y  c u r v e  o f  n - h e p t a n e  (C7) at 40 °c.
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T h e  to ta l p r e s s u r e  d r o p  w a s  p lo t te d  a g a in s t  th e  in it ia l  p r e s s u r e  a s  s h o w n  in  

F ig . 4 .7  to  F ig .  4 .9 .  T h e  r e s u lt s  s h o w  th e  to ta l  p r e s s u r e  d r o p  in c r e a s e s  a s  t h e  in it ia l  
p r e s s u r e  is  in c r e a s e d  a n d  r e a c h e s  t h e  m a x im u m  a t 8 9 0  p s i  fo r  c r u d e  o i l  A P I  6 2 .1 ,  6 8 0  

p s i fo r  C5 a n d  7 8 5  p s i  f o r  C7 at 3 0  °c m e a s u r e m e n t .

4.2 Pressure Drop Curves

F ig u r e . 4 .6  P r e s s u r e  d r o p  c u r v e  o f  c r u d e  o i l  A P I  6 2 .1  at 3 0  °c.

F ig u r e  4 .7  P r e s s u r e  d r o p  c u r v e  o f  n - p e n t a n e  (C5) a t 3 0  °c.
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Initial pressure (psi)

F ig u r e  4 .8  P r e s s u r e  d r o p  c u r v e  o f  n - h e p t a n e  (C 7) a t 30 °c.

In  t h e  p lo t  o f  t h e  to ta l  p r e s s u r e  d r o p  a g a in s t  th e  in it ia l  p r e s s u r e ,  th e r e  a re  

t w o  im p o r ta n t  r e g io n s  w h e r e  th e  to ta l  p r e s s u r e  d r o p  in c r e a s e ,  r e a c h  m a x im u m , a n d  

d e c r e a s e  a s  th e  in it ia l  p r e s s u r e  in c r e a s e d  d u e  to  d i f f e r e n t  m e c h a n i s m s  in v o lv e d .  T h e  

f ir s t  r e g io n ,  w h i c h  th e  to ta l  p r e s s u r e  d r o p  w a s  in c r e a s e  w ith  th e  in i t ia l  p r e s s u r e ,  is  

in v o lv e d  t h e  i m m is c i b i l i t y  b e t w e e n  C O 2 a n d  h y d r o c a r b o n  C O 2 c r e a te d  th e  b o u n d a r y  

la y e r  a t t h e  in te r fa c e  b e t w e e n  c r u d e  o i l  ( l iq u id  p h a s e )  a n d  C O 2 ( g a s  p h a s e ) .  T h e  

b o u n d a r y  la y e r  l im it e d  th e  m o v e m e n t  o f  C O 2 a n d  th e  c r u d e  o i l  i n s id e  th e  r e s e r v o ir  

a n d  g iv i n g  a  l o w  o i l  r e c o v e r y .  T h e  m a x im u m  p o in t  in  th e  p r e s s u r e  d r o p  c u r v e  w a s  

p r o p o s e d  t o  b e  th e  M M P  p o in t  o f  th e  s y s t e m ,  h o w e v e r ,  it r e q u ir e s  t h e  o th e r  M M P  

m e a s u r e d  e x p e r im e n t  to  c o n f ir m  th e  r e s u lt .
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4 .3  S u p p o r t  t h e  P r o p o s e d  o f  M M P

T o  s u p p o r t  th e  p r o p o s e d  r e s u lt s  o f  M M P  in  t h is  s tu d y , a  r e f e r e n c e  o i l  w a s  

u s e d  to  m e a s u r e  th e  M M P  v a lu e  b y  th e  p r e s s u r e  d e c a y  m e t h o d  a n d  th e  r e s u lt  w a s  

c o m p a r e d  w i t h  th e  l ite r a tu r e . Y o n g - C h e n  e t  a l. (2011) m e a s u r e d  th e  M M P  o f  th e  C O 2 

a n d  n - d e c a n e  (C10) s y s t e m  a t 20 °c u s i n g  m a g n e t i c  r e s o n a n c e  im a g i n g  (M R 1 )  

t e c h n iq u e  a n d  th e  M M P  m e a s u r e d  w a s  8 1 8  p s i .
In  t h is  w o r k , th e  t o t a l  p r e s s u r e  d r o p  p lo t t e d  a g a in s t  th e  in i t ia l  p r e s s u r e  o f  

C 0 2 fo r  th e  C 0 2- n - d e c a n e  s y s t e m  a t 2 0  °c s h o w n  in  F ig .  4 .9  a n d  th e  m a x im u m  

p o in t  at f ir s t  s ta te  o f  th e  c u r v e  i s  8 2 0  p s i ,  a n d  c o m p a r is o n  o f  th e  r e s u l t s  i s  s h o w n  in  

T a b le  4 .1  w i t h  th e  p e r c e n t  a b s o lu t e  d e v ia t io n  ( % A D )  o f  0 .2 4 % . Y o n g - C h e n  e t al. 
( 2 0 1 1 )  r e p o r te d  th e  M M P  o f  n - d e c a n e  o f  8 1 8  p s i  w h ic h  d e te r m in e d  th e  M M P  o f  C O 2 

a n d  n - d e c a n e  s y s t e m  at 2 0  °c b y  th e  m a g n e t i c  r e s o n a n c e  im a g in g  ( M R I )  t e c h n iq u e .  
T h u s ,  th e  m a x im u m  to ta l  p r e s s u r e  d r o p  o f  n - d e c a n e  in  t h e  p r e s s u r e  d r o p  c u r v e  a s  

s h o w n  in  F ig .  4 .1 1  in d ic a te d  th e  M M P  o f  n - d e c a n e  a t 2 0  °c. F o r  th e  s y s t e m  o f  C O 2 - 

c r u d e  o i l  A P I  6 2 .1 ,  c c > 2 - n - p e n t a n e  a n d  c c > 2-n - h e p t a n e ,  th e  M M P  p o in t  a t 3 0  ๐c  

w h i c h  c o u ld  b e  in te r p r e te d  in  th e  s im i la r  m a n n e r  to  th e  CC>2 - n - d e c a n e  s y s t e m  w e r e  

8 9 0  p s i ,  6 8 0  p s i  a n d  7 8 5  p s i ,  r e s p e c t iv e ly .

F ig u r e  4 .9  P r e s s u r e  d r o p  c u r v e  o f  n - d e c a n e  a t 2 0  °c.

I 2 X Ï K S V .
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T a b l e  4 .1  C o m p a r is o n  o f  M M P  fr o m  th is  w o r k  w ith  Y o n g - C h e n  e t al. ( 2 0 1 1 )

Experiment MMP of n-decane/CC>2 at 20 °c 
(psi) %AD (%)

T h is  w o rk 8 2 0 -
Y o n g -C h en  et al. ( 2 0 1 1 ) 8 1 8 0 .2 4

4 .3 .1  C o m p o n e n t  o f  P r e s s u r e  D r o p  C u r v e s
In th e  p r e s s u r e  d r o p  c u r v e  c o u ld  b e  s e p a r a te  to  b e  th r e e  r e g io n s .  In  th e  

f ir s t  r e g io n ,  a s  th e  to ta l  p r e s s u r e  d r o p  in c r e a s e s  w ith  th e  in i t ia l  p r e s s u r e ,  it  i s  r e la te d  

to  t h e  i m m is c i b i l i t y  o f  th e  g a s  in  th e  o i l  p h a s e  a s  i l lu s tr a te d  in  F ig .  4 .1 0  (a ) .  C O 2 g a s  

i s  b u b b le d  a n d  d is p e r s e d  in to  th e  o i l  p h a s e  c a u s in g  th e  o i l  to  s w e l l  a s  i l lu s t r a t e d  in  

F ig .  4 .1 0  (b )  w h i c h  c o u ld  b e  c o m p a r e d  to  o i l  b e in g  s t a b i l iz e d  in  th e  s u r f a c ta n t  p h a s e  

o f  e m u ls i o n  in  th e  s u r fa c ta n t  f l o o d i n g  m e c h a n is m .  A s  th e  r e s u l t s ,  th e  v o l u m e  o f  o i l  

p h a s e  in c r e a s e s  a n d  th e  o i l  v i s c o s i t y  r e d u c e s ,  th is  e v i d e n c e  o f  o i l  s w e l l i n g  i s  r e p o r te d  

b y  A b e d in i  a n d  T o r a b i  ( 2 0 1 3 ) .T h e  a m o u n t  o f  o i l  s w e l l i n g  c o u ld  b e  d e t e r m in e d  b y  th e  

s w e l l i n g  fa c to r  ( S F )  a n d  a  p lo t  o f  S F  a g a in s t  e q u i l ib r iu m  p r e s s u r e .  T h e  p l o t  b e t w e e n  

th e  to ta l  p r e s s u r e  d r o p  p lo t  c o u ld  b e  c o m p a r e d  w it h  th e  p lo t  o f  S F  w h e r e  t h e  in it ia l  

s t a g e  o f  to ta l  p r e s s u r e  d r o p  c u r v e  w a s  in c r e a s e  w ith  th e  in c r e a s e  o f  t h e  in i t ia l  

p r e s s u r e  d u e  to  th e  in c r e a s e  o f  th e  m a s s  tr a n s fe r  o f  C O 2 c a u s in g  th e  o i l  to  s w e l l .  T h e  

h ig h e r  th e  to ta l p r e s s u r e  d r o p  i n c r e a s e s ,  th e  m o r e  g a s  d i s p e r s in g  in  th e  o i l .  F u r th e r  

in c r e a s e  th e  in it ia l  p r e s s u r e ,  th e  to ta l  p r e s s u r e  d r o p  r e a c h e s  th e  m a x im u m  p o in t .  
A c c o r d in g ly ,  th e  s i z e s  o f  th e  b u b b le s  o f  g a s  a re  a ls o  d e c r e a s e  a s  th e  p r e s s u r e  

in c r e a s e s  a s  i l lu s tr a t e d  in  F ig .  4 . 1 0  ( c )  a n d  e v e n t u a l ly  v a n i s h e d  w h e r e  t h e  in te r fa c ia l  

t e n s io n  o f  g a s - o i l  (y„o) is  d is a p p e a r , th u s ,  th e  im m is c i b i l i t y  o f  C O 2 a n d  t h e  o i l  i s  a ls o  

v a n i s h e d  w h ic h  t a k e s  p la c e  a t th e  to ta l  p r e s s u r e  d r o p  r e a c h in g  m a x im u m  p o in t  a n d  

th e  m e c h a n is m  o f  g a s  b e y o n d  t h is  p o in t  is  i n v o lv e d  th e  d i f f u s io n  o f  C O 2 in  th e  o i l  

p h a s e .
T h e  s e c o n d  r e g io n  o f  th e  s w e l l i n g  fa c to r  c u r v e  is  th e  r e d u c t io n  o f  

s w e l l i n g  fa c to r  b e c a u s e  th e  o i l  v o lu m e  d e c r e a s e s  d u e  to  th e  l ig h t  c o m p o n e n t  o f  c r u d e  

o i l  v a p o r iz e d .  T h e  in c r e a s e  o f  C O 2 p r e s s u r e  in c r e a s e s  th e  a m o u n t  o f  e x t r a c t e d  o i l ,  
a n d  th e  e x t r a c t io n  i s  c o n t in u e d  u n t i l  th e  s y s t e m  a c h ie v e d  th e  m is c ib i l i t y .  T h e  M M P
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p o in t  a t th e  S F  c u r v e  w a s  th e  in t e r s e c t io n  b e t w e e n  s e c o n d  s t a g e  ( S F  d e c r e a s e  w i t h  

h ig h  s l o p e )  a n d  th ird  s t a g e  (S F  is  s l i g h t ly  d e c r e a s e )  o f  S F  c u r v e . I t’s  d i f f e r e n t  t o  th e  

s e c o n d  r e g io n  o f  th e  p r e s s u r e  d r o p  c u r v e .  F o r  th e  s e c o n d  r e g io n  o f  th e  p r e s s u r e  d r o p  

c u r v e  w a s  in v o lv e d  t h e  d i f f u s io n  o f  C O 2 , fu r th e r  in c r e a s e  th e  in i t ia l  p r e s s u r e  m a y  

c a u s e  th e  l ig h t  c o m p o n e n t s  in  th e  o i l  to  r e le a s e  in to  th e  g a s  p h a s e  a s  i l lu s t r a t e d  in  

F ig . 4 .1 0  (d ) ,  th u s  c r e a t e s  g a s  m ix t u r e  in  th e  s y s t e m .  T h e n , th e  g a s  m ix t u r e  w a s  

in je c te d  a n d  d i f f u s e d  in to  th e  o il  p h a s e  b y  th e  f ir s t  c o n t a c t  m i s c ib i l i t y  ( F C M )  o r  th e  

m u lt ip le  c o n t a c t  m i s c ib i l i t y  ( M C M ) . A f t e r  th e  s y s t e m  b e c a m e  m i s c ib le  c o n d i t io n  a s  

i l lu s tr a te d  in  F ig . 4 .1 0  ( e ) ,  th e  to ta l p r e s s u r e  d r o p  w a s  d e c r e a s e .  I n c r e a s e  o f  t h e  in i t ia l  

p r e s s u r e  p o s s i b l y  e x p a n d e d  th e  m i s c i b l e  p h a s e  u n til  th e  s y s t e m  b e c a m e  a  fu ll  
m i s c ib i l i t y  a s  i l lu s tr a t e d  in  F ig . 4 .1 0  ( f ) .  A t  th e  m a x im u m  p o in t  o f  to ta l  p r e s s u r e  

d r o p , it w a s  p r o p o s e d  d u e  to  a  m i s c i b l e  c o n d i t io n  b e t w e e n  C O 2 a n d  h y d r o c a r b o n  

a fte r  th e  to ta l  p r e s s u r e  d r o p  c u r v e  w a s  p a s s  th e  m a x im u m  p o in t .

G as phase  

Oil phase

(a) (b ) (c ) (d ) (e )  (f)

F ig u r e  4 .1 0  C o m p a r e  th e  m e c h a n is m  o f  m i s c ib i l i t y  in  0 Ü -C O 2 s y s t e m  t o  th e  

m e c h a n i s m  o f  e m u ls i o n ,  e f f e c t  o f  p r e s s u r e  in c r e a s e  fr o m  (a )  to  ( f ) .

A n d  th e  th ird  r e g io n  w a s  th e  e x t e n s io n  o f  th e  p r e s s u r e  d r o p  c u r v e ,  at 

a b o v e  th e  m a x im u m  p o in t .  F ig . 4 .7  a n d  F ig . 4 .8  s h o w  th e  r e s u lt s  o f  th e  to ta l  p r e s s u r e  

d r o p  in c r e a s e  a g a in  fo r  n - p e n ta n e  a n d  n - h e p ta n e  s y s t e m s  a s  th e  in i t ia l  p r e s s u r e  w a s  

h ig h e r  th a n  th e  m a x im u m  p o in t  a r o u n d  5 0  p s i .  T h e  in c r e a s e  o f  to ta l  p r e s s u r e  d r o p  

a b o v e  th e  m a x im u m  p o in t  c o u ld  o c c u r  b y  th e  d i f f e r e n t  p h a s e  c o n d i t io n s  o f  b e l o w  a n d  

a b o v e  th e  m i s c ib le  c o n d i t io n s  m a k in g  th e  d i f f u s io n  p h e n o m e n a  o f  g a s  in to  th e  l iq u id  

c h a n g e .  In  th e  i m m is c i b l e  c o n d i t io n  ( b e l o w  th e  m a x im u m  p o in t ) ,  C O 2 a n d  l iq u id
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h y d r o c a r b o n  w e r e  in  th e  t w o  p h a s e s .  C O 2 d i f f u s e d  in to  th e  l iq u id  u n t i l  it r e a c h e d  th e  

e q u i l ib r iu m . A f t e r  r e a c h in g  th e  m i s c ib le  c o n d i t io n ,  C O 2 a n d  l iq u id  h y d r o c a r b o n  fo r m  

th e  s in g le  o n e  p h a s e .  T h e  m e c h a n is m  o f  th e  C O 2 d i f f u s io n  w a s  c h a n g e d .  A n d  a f te r  

th e  s y s t e m  c r e a te d  th e  m i s c ib le  p h a s e  l ik e  F ig . 4 .1 0  ( e ) ,  it w a s  p o s s i b l e  th a t  th e  

in c r e a s e  o f  in i t ia l  p r e s s u r e  e x p a n d e d  th e  m i s c ib le  p h a s e  u n til  th e  s y s t e m  w a s  f u l l y  a  

s in g le  p h a s e  a s  i l lu s tr a te d  in  F ig .  4 .1 0  ( f ) .
4 .3 .2  C h a n g e  in  D i f f u s i o n  M e c h a n is m

T o  s u p p o r t  th e  c h a n g e  in  d i f f u s io n  m e c h a n is m ,  th e  p r e s s u r e  d e c a y  

c u r v e  b e l o w  (a t  6 5 0  p s i )  a n d  a b o v e  (a t  7 0 0  p s i ) 4 h e  m a x im u m  p o in t  fr o m  p r e s s u r e  

d r o p  c u r v e  o f  C 0 2 - n - p e n t a n e  s y s t e m  i s  s h o w n  in  F ig .  4 .1 1 .  T h e  s h a p e  o f  p r e s s u r e  

d e c a y  c u r v e  b e l o w  th e  m a x im u m  p o in t  o f  n -p e n ta n e  a t 30 °c l o o k  l ik e  th e  n o r m a l  

p r e s s u r e  d e c a y  c u r v e  ( e x p o n e n t ia l  c u r v e ) .  T h e  p r e s s u r e  d e c a y  a t t h e  f ir s t  s ta g e  t a k e s  

a r o u n d  3 m in  b e f o r e  i t s  c h a n g e  to  th e  n e x t  s ta te  b y  c h a n g in g  th e  s lo p e  o f  th e  c u r v e .  
F o r  th e  p lo t  a b o v e  th e  m a x im u m  p o in t  o f  n - p e n ta n e  at 30 °c, th e  f ir s t  s ta te  o f  

p r e s s u r e  d e c a y  t o o k  s h o r te r  t im e  th a n  ( 2  m in ) .  A t  b e l o w  th e  m a x im u m  p o in t  it ta k e s  

t im e  in  th e  f ir s t  s ta g e  h ig h e r  th a n  a b o v e  th e  m a x im u m  p o in t  d u e  t o  th e  s lo p e  w h i c h  

th e  s lo p e  o f  b e l o w  th e  m a x im u m  p o in t  c u r v e  w a s  lo w e r .  T h e  s h a p e  o f  p r e s s u r e  d e c a y  

c u r v e  a n d  th e  s lo p e  o f  th e  c u r v e  w a s  r e s u lt  o f  th e  d i f f e r e n t  m e c h a n i s m  o f  C O 2 

d i f f u s io n  in to  th e  c r u d e  o i l  p h a s e .

F i g u r e  4 .1 1  P r e s s u r e  d e c a y  c u r v e  o f  n - p e n ta n e  a t 30 °c a n d  b e l o w  a n d  a b o v e  th e  

m a x im u m  p o in t  in  p r e s s u r e  d r o p  c u r v e .



39

4 .3 .3  M e c h a n is m  o f  M M P
T h e  m i s c ib i l i t y  m e c h a n is m  o f  CO2 a n d  c r u d e  o i l  s y s t e m  m ig h t  b e  

s im i la r  to  th e  m e c h a n i s m  o f  s u r fa c ta n t  f l o o d i n g .  T h e  s u r fa c ta n t  fo r m s  m i c e l l e s  w i t h  

o i l  a n d  d is p e r s e s  in  th e  w a t e r  p h a s e  s im i la r  t o  th e  CO2 b u b b le s  d i f f u s in g  in  th e  o i l  

p h a s e .  T h e  CO2 d i f f u s io n  i n c r e a s e s  th e  v o lu m e  o f  th e  o th e r  p h a s e  a n d  d e c r e a s e  in  th e  

in te r fa c ia l  t e n s io n .  I n c r e a s e  o f  th e  s u r fa c ta n t  c o n c e n t r a t io n  in c r e a s e s  th e  d r iv in g  

f o r c e  a n d  th e  a m o u n t  o f  o i l  s o lu b i l i z i n g  in  t h e  m i c e l le .  S im i la r ly ,  th e  in c r e a s e  o f  CO2 
p r e s s u r e  in c r e a s e s  th e  a m o u n t  o f  CO2 d i f f u s io n  in to  th e  o i l  u n t i l  th e  s y s t e m  fo r m  th e -  

m i s c i b l e  z o n e .  T h e  m i s c ib le  z o n e  o f  CO2 a n d  c r u d e  o i l  s y s t e m  c o u ld  b e  th e  f ir s t  

c o n t a c t  m i s c ib i l i t y  (FCM) o r  m u lt ip le  c o n t a c t  m is c ib i l i t y  (MCM) d e p e n d in g  o n  its  

p s e u d o - t e r n a r y  d ia g r a m . H o w e v e r ,  th e  FCM g e n e r a l ly  h a p p e n s  at h ig h e r  p r e s s u r e  

th a n  th e  MCM c o n d i t io n .  T h u s ,  th e  MCM w a s  m o s t  l ik e l y  h a p p e n in g  w i t h  th e  CO2- 
e r u d e  A P I  6 2 .1  s y s t e m  a n d  p o s s i b l y  c o u ld  b e  d e s c r ib e d  b y  th e  p s e u d o - te r n a r y  p h a s e  

d ia g r a m  w h ic h  c a n  b e  d e s c r ib e d  b y  m o le  p e r c e n t a g e s  o f  th r e e  c o m p o n e n t s ,  m o l%  o f  

CO2, m o l%  o f  in te r m e d ia te  c o m p o n e n t  (C2-C6) a n d  m o l%  o f  C7+. T h e  c o m p o s i t io n  

o f  c r u d e  A P I  6 2 .1  s h o w n  in  T a b le  4 .2  c o n s i s t s  o f  n o  Cl, 9 .1 9  %  m o le  o f  C2-C6 a n d  

9 0 .8 1  % m o le  o f  C 7+. T h e  p s e u d o - te r n a r y  p h a s e  d ia g r a m  in  th is  s t u d y  w a s  n o t  

d e t e r m in e d ,  b u t c o u ld  b e  d e s c r ib e d  in  th e  s im i la r  m a n n e r  to  th a t r e p o r te d  b y  J iitn e r
( 1 9 9 7 )  w h ic h  th e  m e c h a n i s m  o f  th e  s y s t e m  w a s  c o n c lu d e d  to  b e  th e  v a p o r iz in g  g a s  

d r iv e .
F o r  h y d r o c a r b o n  s y s t e m s  ( C O 2 - C 5, C O 2 - C 7) ,  th e  i m m is c i b l e  c o n d i t io n  

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

h y d r o c a r b o n  g a s  c o m p le t e ly  d i s s o l v e s  in to  t h e  C O 2 ( Y o n g - C h e n  e t a l., 2 0 1 1 ) .  T h e  

b in a r y  p h a s e  d ia g r a m  c a n  b e  u s e d  to  p r e d ic t  th e  F C M  w h i c h  h a p p e n  a t th e  c o n d i t io n  

a b o v e  th e  c r it ic a l  p o in t  w h i c h  w a s  v a r ie d  w i t h  te m p e r a tu r e  ( Y u  e t a l.,  2 0 0 6 ) .  T h e  

s y s t e m  w h ic h  t h e  p r e s s u r e  is  h ig h e r  th a n  th e  c r it ic a l  p o in t  a t i t s  t e m p e r a tu r e  w i l l  b e  

t h e  m i s c ib le  c o n d i t io n  a n d  b e l o w  th e  c r i t ic a l  p o in t ,  w i l l  b e  th e  M C M , b u t th e  

m e c h a n i s m ,  c o n d e n s i n g  g a s  d r iv e  o r  v a p o r iz in g  g a s  d r iv e ,  c o u ld  n o t  b e  id e n t i f ie d .
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T a b le  4 .2  O il  c o m p o s i t io n s  o f  c r u d e  o i l

A P I  g r a v ity 6 2 .1
S p e c i f i c  g r a v ity 0.7301

A v e r a g e  m o le c u la r  w e i g h t 1 5 4
M W C7+ 1 4 5 .1 9

M o l%  o f  C | 0

M o l % o f C 2 -C 6 9 .1 9
M o l%  o f  c 7+ 9 0 .8 1

4 .4  E f f e c t  o f  M o le c u la r  W e ig h t .

E f f e c t  o f  m o le c u la r  w e ig h 't  o f  o i l  o n  M M P  w a s  s tu d ie d  u s in g  th r e e  d if f e r e n t  

l iq u id  h y d r o c a r b o n  s a m p le s  a s  s h o w n  in  T a b le  4 .3  a n d  F ig .  4 .1 2 .

T a b le . 4 .3  E f f e c t  o f  m o le c u la r  w e i g h t  o n  M M P  o f  C O 2- o i l  s y s t e m

Sam ple M olecular
w eight Tem perature (°C ) M M P

C ru d e o il A PI 62 .1 154 3 0 .3 4  ± 0 . 2 0 8 9 0  ±  1 1 .55  psi
n -p en tan e 7 2 .1 5 3 0 .3 6  ± 0 .1 3 6 8 0  ±  10.61 psi
n -liep tan e 100.20 3 0 .3 6  ± 0 .1 4 7 8 5  ±  1 4 .1 4  psi
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F ig u r e  4 .1 2  E f f e c t  o f  m o le c u la r  w e i g h t  o n  M M P  o f  c r u d e  o i l  A P I  6 2 .1 ,  n - p e n t a n e  

a n d  n - h e p t a n e  s y s t e m s .

F ig u r e  4 .1 3  P lo t  o f  M M P  a g a in s t  m o le c u la r  w e ig h t .

A t  30 °c, th e  M M P  v a lu e s  o f  th e  C 0 2-c r u d e  o i l  A P I  62.1, C 0 2 - n - p e n t a n e ,  
a n d  C 0 2 - n - h e p t a n e  s y s t e m s  w e r e  890 p s i ,  680 p s i  a n d  785 p s i ,  r e s p e c t iv e ly .  I n c r e a s e  

o f  th e  o i l  m o le c u la r  w e i g h t  in c r e a s e s  th e  M M P  v a lu e s  to  a l l  th e  C 0 2- o i l  s y s t e m  

w h e r e  c r u d e  o i l  A P I  62.1 w a s  th e  h i g h e s t  M M P  a n d  n - p e n ta n e  w a s  th e  l o w e s t .  T h e  

M M P  w a s  r e la te d  to  th e  v i s c o s i t y  o f  th e  o i l .  L o w e r  v i s c o s i t y  c r u d e  o i l  w a s  b e n e f i t  to  

th e  fa s te r  d i f f u s io n  o f  C 0 2 in to  th e  o i l .  M o r e  C 0 2 d i f f u s e  w a s  e a s y  to  e x tr a c t  t h e  l ig h t  

c o m p o n e n t  a n d  r e a c h  to  th e  m i s c ib le  c o n d i t io n .  In  a d d it io n ,  l o w  m o le c u la r  w e i g h t  o i l  

( l ig h t  o i l )  w a s  h ig h e r  th e  a m o u n t  o f  l ig h t  c o m p o n e n t  th a n  th e  h e a v y  c r u d e  o i l .
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Lighter component in the oil provides a benefit to get the miscibility condition which 
was easy to vaporize (extracted) the intermediate components including C2 to Cô by 
the CO2 at high pressure and form the MCM with vaporizing gas drive. (Li e t a l.,
2012).

With the three data of oil molecular weight and MMP could be generate the 
correlation between the MMP and oil molecular weight. The effect of molecular 
weight on MMP was linear function with relative error (R2) was 0.9581 that was 
shown in Fig. 4.13. To improve the accuracy of the correlation, it required more data 
for create a correlation between MMP and molecular weight of crude oil.

4 .5  E f fe c t  o f  T e m p e r a t u r e  o n  M M P

Effect of temperature on MMP between oil and CO2 was studied at two 
different temperature (30 °c and 40 °C). The total pressure drop is plotted against the 
initial pressure for crude oil API 62.1 and n-heptane and shown in Fig. 4.14 to Fig. 
4.15 and the effect of temperature on MMP is shown in Table 4.4.

F ig u r e  4 .1 4  Effect of temperature on CO2 - crude oil API 62.1 system.
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F ig u r e  4 .15"  Effect of temperature onC02- n-heptane system. 

T a b le .  4 .4  Effect of temperatlire on M M P  between C0 2 and oil

Sam ple Tem perature (°C) M M P from experim ent

C ru d e o il
3 0 .3 4  ± 0 . 2 0 8 9 0  psi
4 0 .3 6  ±  0 .2 5 A b o v e  9 5 0  psi

n -h ep ta n e
3 0 .3 6  ±  0 .1 4 7 8 5  psi
4 0 .2 3  ± 0 . 1 2 8 8 0  psi

The MMP of crude oil API 62.1 at 40 °c was is higher than 950 psi which 
could not be measured in this study because it was beyond the pressure range 400 to 
950 psi and the limit of the gas pressure in the CO2 tank. For the C 0 2 -n-heptane 
system, the MMP at 40 °c was 880 psi which was higher than that at 30 °c. Increase 
temperature increases the MMP of the CO2 -0 Ü system. For crude oil'API 62.1 
system, the high temperature induces the vaporization of the oil components that will 
disturb the multi-contact miscibility between C0 2 and intermediate components 
which results in increasing the MMP. For the hydrocarbon system (CO2 -C5 and CO2 - 
C7) the solubility of C0 2 is decrease with increasing of temperature due to the 
expansion of phase envelopment with the result from increase of vapor pressure 
(Abedini and Torabi, 2013).
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4.6 MMP Calculation

To evaluate the results of MMP measured from the pressure decay 
technique, the MMP values was also calculated using Li et a l. correlation (2013). It 
requires MWc7+, X vol, XiNT and T r which could be obtained from Table 4.5 to 
calculate MMP and shows the results of the evaluation, the results of MMP from 
pressure decay technique when comparing with Li e t al. correlation. The calculated 
MMP obtained from the correlation of all systems are good agreement with the 
experimental MMP with percentage absolute error (%AD) less than 10% except that 
of n-decane system. The calculated MMP of crude oil API 62.1 at 40 °c was 1097 
psi, however it could not be obtained in this work due to the limitation of the 
experimental capacity. Li et al. correlation was more accuracy to predict the MMP 
for light oil and can use to predict the MMP for pure hydrocarbon. But the %AD of 
n-decane at 20 °c was 20.48%. This prediction was far from the experimental value 
because in the literature, Li e t a l. correlation W'as testing with the high temperature 
(around 100 °C). This correlation wasn’t accuracy enough for the prediction at low 
temperature. This equation should improve the accuracy for calculation in low 
temperature.

Table 4.5 Comparison of MMPs from this work with Li et al. correlation

S a m p le T r
m w C7+ X vol XiNT

M M P  (psi)
% A D  (% )

(°C) T h is  w o rk L i e t at.
C ru d e o il 3 0 .3 4 1 4 5 .1 9 0 0 .0 9 2 8 9 0 8 7 8 1.35
A PI 62 .1 4 0 .3 6 1 4 5 .1 9 0 0 .0 9 2 A b o v e  9 5 0 1 0 97 -

n -p en ta n e 3 0 .3 6 7 2 .1 5 0 1 6 8 0 6 4 0 5 .8 8

n -h ep ta n e
3 0 .3 6 1 0 0 .2 0 0 0 7 8 5 7 4 7 4 .8 4
4 0 .2 3 1 0 0 .2 0 0 0 8 8 0 9 3 3 6 .0 2

n -d eca n e 2 0 .4 0 1 4 2 .2 8 0 0 8 2 0 6 5 2 2 0 .4 8
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