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A B S T R A C T

T h e  l o w - p r e s s u r e  m i s  c i b l e - s l u g  p r o c e s s  c o n s i s t s  of the  d i s ­

p la c e m e n t  of a s lu g  of s o lv e n t  th rou gh  an o i l  r e s e r v o i r  by a d r iv in g  

f lu id ,  su c h  a s  n a tu ra l  g a s .  R e s e r v o i r  p r e s s u r e  i s  m a in ta in e d  h ig h  

en o u g h  fo r  m i s c i b i l i t y  o f  r e s e r v o i r  o i l  and s o lv e n t ,  but not h ig h  enough  

fo r  m i s c i b i l i t y  o f  s o lv e n t  and s c a v e n g in g  g a s .  P r o p a n e  or  butane i s  

g e n e r a l l y  u se d  a s  a s o lv e n t  s lu g ,  and m e th a n e  i s  g e n e r a l l y  u s e d  a s  a 

s c a v e n g in g  g a s .

T h is  s tu d y  w a s  c o n d u cted  fo r  the  p u rp o se  o f  in v e s t ig a t in g  the  

p o s s i b i l i t y  o f  s u b s t i tu t in g  n it r o g e n  fo r  m e th a n e  a s  a  s c a v e n g in g  g a s  

in  the l o w - p r e s s u r e  m i s c i b l e  - s l u g  p r o c e s s . S u b jec t  to l im i t a t io n s  

im p o s e d  by the m o d e l  u s e d  f o r  the in v e s t ig a t io n ,  the fo l lo w in g  c o n ­

c lu s io n s  h a v e  b e e n  r e a c h e d :

1. F o r  a p r o c e s s  in  w h ic h  the p r im a r y  m o d e  of d i s p e r s i o n  i s  

m e c h a n ic a l  m ix in g ,  n i t r o g e n  and m e th a n e  a r e  v e r y  n e a r ly  

eq u a l in  e f f i c i e n c y  a s  s c a v e n g in g  g a s e s .

2. The i n c r e a s e  in  o i l  r e c o v e r y  w h ic h  ca n  be o b ta in ed  w ith  a  

l a r g e  s lu g  o f s o lv e n t  m a y  not be g r e a t  en ou gh  to  j u s t i f y  the

i i i





T - 1 0 3 9

C O N T E N T S

P a g e

A B S T R A C T  . . . . . . . . . . . . . . . . . . . . . . .  i i i

A C K N O W L E D G M E N T S . . . . . . . . . . . . . . . . . . .  v i

IN T R O D U C T IO N  . . . . . . . . . . . . . . . . . . . . . .  1

X O W -P R E S S U R E  M IS C IB L E -S L U G  DR IV E PR O C E SS E S . 4

P a r t i a l l y  M is c ib le  S c a v e n g in g  G a s .  . . . . . . . . .  4

I m m i s c i b l e  S c a v e n g in g  G as . . . . . . . . . . . . .  7

N IT R O G E N  IN JE C T IO N . . . . . . . . . . . . . . . . . . .  9

R e  p r e s s u r in g  w ith  N i t r o g e n  or  A ir  . . . . . . . . .  9

U se  o f F lu e  G a s  in  M is c ib le  D is p la c e m e n t  
P r o c e s s e s  . . . . . . . . . . . . . . . . . . . . .  1 0

U se  of N i tr o g e n  in  T e r t i a r y  R e c o v e r y  . . . . . . . .  1 0

N IT R O G E N  AS A  S C A V E N G IN G  G A S. . . . . . . . . . . .  1 2

A d v a n ta g e s  . . . » . . . . . . . . . .  . . . . . .  . 1 2

D is a d v a n t a g e s  . . . . . . . . . . . . . . .  . . . . .  13

S C O P E  OF IN V E S T IG A T IO N . . . . . . . . . . . . . . . .  15

E Q U IP M E N T  A N D  M A T E R IA L S   .....................   16

E X P E R IM E N T A L  P R O C E D U R E  . . . . . . . . . . . . . .  17

R E S U L T S  OF E X P E R IM E N T S  . . . . . . . . . . . . . .  19

O il R e c o v e r y  .......................................    19

O il R e c o v e r y  at G as B r e a k th r o u g h  . . . . . . . . .  20

In je c te d  G as V o lu m e  . . . . . . . . . . . . . . . . .  2 0

v



T - 1 0 3 9

p a g e

P o r e  V o lâ m e s  of G as In je c te d  . . . . . . . . . . . . .  2 1

R e c o v e r y  o f  B utan e  S lug  . . . . . . . . . . . . . . . .  2 1

C O N C LU SIO N S . . . . . . . . . . . . . . . . . . . . . . . .  22

A P P E N D I X  . . . . . . . . . . . . . . . . . . . . . . . .  24

S c h e m a t ic  D ia g r a m  of A p p a ra tu s  . . . . . . . . . . . .  25

P r o d u c t io n  H is t o r y  o f  T e s t s  19 and 20 . . . . . . . .  . 26

O il R e c o v e r i e s  . . . . . . . . . . . . . . . . . . . . .  27

S u m m a r y  of A v e r a g e  O il  R e c o v e r i e s  . . . . . . . . . .  29

O il R e c o v e r i e s  a t  G as  B r e a k th r o u g h  . . . . . . . . . .  30

S u m m a r y  o f A v e r a g e  O il  R e c o v e r i e s  at G as . . . . . .
B r e a k th r o u g h  . . . . . . . . . . . . . . . . . . . . .  32

In je c ted  G as V o lu m e s  at L im it in g  G as /O i l  R a tio  . . .  33

S u m m a r y  of A v e r a g e  I n je c te d  G as V o lu m e s  at 
L im it in g  G as / O il R a tio  . . . . . . . . . . . . . . . .  35

S u m m a r y  o f  A v e r a g e  P o r e  V o lu m e s  of In je c ted  
G as at L im it in g  G as / O il R atio  . . . . . . . . . . . .  36

L iq u id  B u tan e  R e c o v e r i e s  . . . . . . . . . . . . . . .  37

S u m m a r y  o f A v e r a g e  L iq u id  B u tan e  R e c o v e r i e s  . . . 3 9

R E F E R E N C E S  . . . . . . . . . . . . « . . . . . . . . . « » 40

v i



T - 1 0 3 9

A C K N O W L E D G M E N T S

A p p r e c ia t io n  i s  e x p r e s s e d  to  P r o f e s s o r  D„ M„ B a s s  fo r  a c t in g  

a s  t h e s i s  a d v i s o r  and to D r .  R. V. H u g h es  and P r o f e s s o r  Carl. G. 

N o r d q u is t  fo r  s e r v in g  on the g ra d u a te  c o m m it t e e .

v i i



T - 1 0 3 9

IN TR O D U C TIO N

S e c a u .s e  of th e  g r a d u a l ly  in c r e a s in g  c o s t  o f  f in d in g  new  o i l  r e ­

s e r v e s  in  the U nited  S t a t e s ,  the  p r o d u ct io n  of o i l  by s e c o n d a r y  r e ­

c o v e r y  m e th o d s  i s  in c r e a s i n g  in  im p o r t a n c e .  A lth o u g h  g a s  in j e c t io n  

and w a te r f lo o d in g  a r e  the m o s t  w id e ly  u se d  m e th o d s  fo r  s e c o n d a r y  

r e c o v e r y  of o i l ,  t h e s e  r e c o v e r y  m e th o d s  u s u a l ly  l e a v e  a la r g e  p e r ­

c e n ta g e  of the r e s e r v o i r  o i l  tr a p p ed  in  the r o c k  c a p i l l a r y  s y s t e m .

U nd er  id e a l  c o n d it io n s  s e v e r a l  o f  the m o r e  r e c e n t ly  d e v e lo p e d  r e ­

c o v e r y  p r o c e s s e s  w i l l  r e c o v e r  m o r e  of the  r e s e r v o i r  o i l  than w i l l  

e i t h e r  w a te r f lo o d in g  or g a s  in je c t io n .  H o w e v e r ,  the c o s t s  of th e^ e  

p r o c e s s e s  a re  h igh , and c a r e f u l  s tu d y  i s  r e q u ir e d  to  d e t e r m in e  w h e th e r  

o r  not an y  o f t h e s e  p r o c e s s e s  c o u ld  be u s e d  p r o f ita b ly  in  a g iv e n  f ie ld .

One of the m o r e  r e c e n t l y  d e v e lo p e d  r e c o v e r y  p r o c e s s e s  i s  

m i s c i b l e  s lu g  d i s p la c e m e n t .  In th is  p r o c e s s  a s o lv e n t  i s  f i r s t  in je c te d  

in to  the r e s e r v o i r ;  the s o lv e n t  i s  th en  d is p la c e d  th rou gh  th e  r o c k  w ith  

a d r iv in g  f lu id ,  s u c h  a s  m e th a n e  or  w a te r .  F r e q u e n t ly ,  butane or p r o ­

p an e  i s  u se d  fo r  the s o lv e n t  s lu g  and n a tu ra l g a s . i s  u s e d  fo r  the  d r iv in g  

f lu id .  T he m o s t  im p o r ta n t  a d v a n ta g e  of the m i s c i b l e - s l u g  p r o c e s s  i s

1
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that it  w i l l  r e c o v e r  v ir t u a l ly  on e  hu n d red  p e r c e n t  of the r e s e r v o i r  o i l  

f r o m  that p o r t io n  o f  the r e s e r v o i r  w h ic h  i s  sw e p t  by the in j e c te d  f lu id s .

A  c o n v e n t io n a l  m i s c i b l e  s lu g  d r iv e  r e q u ir e s  m i s c i b i l i t y  o f  s o l ­

v e n t  and d r iv in g  f lu id  a s  w e l l  a s  m i s c i b i l i t y  o f  s o lv e n t  and  r e s e r v o i r  

o i l .  If p ro p a n e  i s  u se d  fo r  a  s o lv e n t  and n a tu ra l  g a s  i s  u s e d  for  a 

d r iv in g  f lu id ,  a p r e s s u r e  of a p p r o x im a te ly  1 2 0 0  p s i  i s  r e q u ir e d  under  

t y p ic a l  r e s e r v o i r  c o n d it io n s  to o b ta in  m i s c i b i l i t y  b e tw e e n  the g a s  and  

p r o p a n e  (K och, J r .  , and S lob od , 1 9 5 7 , p. 40). S in c e  a p r e s s u r e  of  

1 2 0 0  p s i  w o u ld  c a u s e  h y d r a u l ic  f r a c tu r in g  of the  r e s e r v o i r  r o c k  in  m a n y  

v e r y  sh a l lo w  o i l  f i e l d s , the  m i s c i b l e  s lu g  d r iv e  m u s t  be m o d i f ie d  i f  it  

i s  to  be u se d  s u c c e s s f u l l y  in  t h e s e  f i e l d s .

A  m o d if ie d  f o r m  of the m i s c i b l e  » s lu g  d r iv e  i s  o b ta in ed  w h e n  the  

p r o c e s s  i s  o p e r a te d  b e lo w  the p r e s s u r e  of m i s c i b i l i t y  of the g a s  - s o lv e n t  

m ix t u r e .  With th is  typ e  o f r e c o v e r y  p r o c e s s ,  the  s o lv e n t  and r e s e r ­

v o ir  o i l  a r e  c o m p le t e ly  m i s c i b l e  but the  in t e r f a c e  b e tw e e n  the s o lv e n t  and  

d r iv in g  g a s  i s  one o f  co n tin u o u s  d i s t i l l a t io n  a n d  c o n d e n s a t io n .  T h is  

typ e  of r e c o v e r y  p r o c e s s  w i l l  r e c o v e r  a lm o s t  one h u n d red  p e r c e n t  of  

th e  r e s e r v o i r  o i l  f r o m  that p o r t io n  o f  the r e s e r v o i r  w h ich  i s  sw e p t  by  

the  in j e c te d  f lu id s  (H andy, 1963 , p. 196). T he p r o c e s s  i s  s u i ta b le  fo r  

u s e  in  v e r y  s h a l lo w  o i l  f i e l d s ,  s in c e  th e  r e s e r v o i r  m a y  be o p e r a te d  at  

a p r e s s u r e  l e s s  than the p r e s s u r e  of m i s c i b i l i t y  of th e  g a s  - s o lv e n t  

m ix t u r e .

M o st  in v e s t ig a t io n s  of l o w - p r e s s u r e  m i s c i b l e - s l u g  p r o c e s s e s  

h a v e  b e e n  co n d u c ted  w ith  butane or  p ropan e a s  a s o lv e n t  and m e th a n e
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a s  a  s c a v e n g in g  g a s .  S in c e  m i s c i b i l i t y  i s  not o b ta in ed  b e tw e e n  the L P G  

and  th e  g a s  in  th is  typ e  of s y s t e m ,  the q u e s t io n  m a y  b e  r a i s e d  w h e th e r  

o r  not it  i s  n e c e s s a r y  to u s e  m e th a n e  a s  a s c a v e n g in g  g a s .  If n i t r o g e n  

c o u ld  be s u b s t i tu te d  fo r  th e  m e th a n e ,  th is  p r o c e s s  co u ld  be  u s e d  m o r e  

e c o n o m i c a l l y  in  a r e a s  w h e r e  l o w - c o s t  n a tu r a l  g a s  i s  not a v a i la b le .

A lth o u g h  the  p o s s i b i l i t y  of u s in g  n i t r o g e n  a s  a  s c a v e n g in g  g a s  

in  a  l o w - p r e s s u r e  m i s c i b l e - s l u g  p r o c e s s  h a s  b e e n  d i s c u s s e d  by L. L. 

H andy (1 9 6 3 ) ,  a s e a r c h  o f  the l i t e r a t u r e  r e v e a le d  o n ly  one la b o r a to r y  

in v e s t ig a t i o n  of the  p r o c e s s  ( C s a s z a r  and H o lm ,  1963). T h is  e x p e r i ­

m e n t a l  w o r k  c o n c e r n e d  th e  u s e  of the p r o c e s s  in  t e r t ia r y  r e c o v e r y ,  

w ith  both n i t r o g e n  and w a t e r  in j e c t io n  fo l lo w in g  a  p ro p a n e  s lu g .  It 

w a s  c o n c lu d e d  by C s a s z a r  and H o lm  that e i th e r  n i t r o g e n  or  m e th a n e  

co u ld  be  u s e d  a s  a  s c a v e n g in g  g a s  in  th is  ty p e  o f  p r o c e s s .

It i s  the p u r p o se  o f  th is  in v e s t ig a t io n  to c o m p a r e  the e f f i c i e n c i e s  

o f  n i t r o g e n  and m e th a n e  a s  s c a v e n g in g  g a s e s  under c e r t a in  s im u la t e d  

r e s e r v o i r  c o n d it io n s .  A  s t e e l  tube p a ck ed  w ith  a n  u n c o n so l id a te d  sand  

h a s  b e e n  u s e d  to r e p r e s e n t  a n  o i l  r e s e r v o i r ,  and n o r m a l  butane h a s  

b e e n  u s e d  a s  a m i s c i b l e  s lu g  w h ic h  w a s  d i s p la c e d  th ro u g h  the tube by 

a s c a v e n g in g  g a s .  The e f f i c i e n c i e s  of the tw o g a s e s  h a v e  b e e n  c o m ­

p a r e d  f r o m  the s ta n d p o in ts  o f  o i l  r e c o v e r i e s ,  butane r e c o v e r i e s ,  and  

g a s  v o lu m e  r e q u ir e d  to  o b ta in  a p r e d e t e r m in e d  g a s / o i l  r a t io .
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L O W -P R E S S U R E  M IS C IB L E -S L U G  D R IV E P R O C E SS E S

T w o ty p e s  of l o w - p r e s s u r e  m i s c i b l e - s l u g  d r iv e s  h a v e  b e e n  d e ­

s c r ib e d .  B oth  p r o c e s s e s  in v o lv e  the in j e c t io n  of a m i s c i b l e  s lu g ,  su c h  

a s  bu tane , fo l lo w e d  by a  s c a v e n g in g  g a s  w h ic h  i s  not c o m p le t e ly  m i s ­

c ib l e  w ith  the s lu g .  T h e  d i f f e r e n c e  b e tw e e n  t h e s e  tw o  p r o c e s s e s  i s  in  

the  d e g r e e  o f  m i s c i b i l i t y  o b ta in ed  b e tw e e n  the m i s c i b l e  s lu g  and the  

s c a v e n g in g  g a s .  In one r e c o v e r y  p r o c e s s  the g a s  and s lu g  a r e  p a r ­

t i a l l y  m i s c i b l e .  In the o th er  p r o c e s s  the g a s  i s  e s s e n t i a l l y  in s o lu b le  

in  the s o lv e n t  s lu g .

P a r t i a l l y  M is c ib le  S c a v e n g in g  G as  

A  s o lv e n t  s lu g  m a y  be d i s p l a c e d  th ro u g h  the  r e s e r v o i r  by m e a n s  

o f  a s c a v e n g in g  g a s  w h ic h  i s  p a r t ia l ly  m i s c i b l e  in  the s o lv e n t  (Handy,  

1963). In th is  type of s y s t e m  the s o lv e n t  and s c a v e n g in g  g a s  f o r m  two  

e q u i l ib r iu m  p h a s e s  in  w h ic h  the va p o r  p h a se  c o n ta in s  a s ig n i f i c a n t  

a m o u n t of s o lv e n t  and the l iq u id  p h a se  c o n ta in s  a s ig n i f i c a n t  a m o u n t of  

s c a v e n g in g  g a s .

T he m e c h a n i s m  of the p r o c e s s  m a y  b e  i l lu s t r a t e d  by m e a n s  of

4
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a t e r n a r y  d ia g r a m , a lth o u g h  th is  typ e  of r e p r e s e n t a t io n  i s  not r ig o r o u s  

u n le s s  e a c h  of the th r e e  c o m p o n e n ts  c o n s i s t s  of a s in g le  m o le c u la r  

s p e c i e s .  F o r  p u r p o s e s  o f  c o m p a r is o n ,  tw o  te r n a r y  d ia g r a m s  a r e  

p r e s e n t e d  b e lo w .

F i g u r e  1 r e p r e s e n t s  a t h r e e - c o m p o n e n t  s y s t e m  in  w h ic h  the  p r e s ­

s u r e  i s  g r e a t e r  than the m in im u m  p r e s s u r e  of m i s c i b i l i t y  for  the  

b in a r y  g a s - s o l v e n t  s y s t e m  a t  th e  e x i s t in g  t e m p e r a t u r e .  S in c e  the  tw o -  

p h a s e  r e g io n  d o e s  not ex te n d  to the s id e  of th e  g ra p h  w h ic h  r e p r e s e n t s  

a b in a r y  g a s - s o l v e n t  s y s t e m ,  m i s c i b i l i t y  b e t w e e n  g a s  and s o lv e n t  i s  

in d ic a te d .  L in e  A -C  r e p r e s e n t s  a l im it in g  t ie  l in e ,  tan gen t to the t w o - 

p h a se  r e g io n  and i n t e r s e c t i n g  th e  g a s  - s o lv e n t  l in e  at point A. TPoint A  

r e p r e s e n t s  the m in im u m  c o n c e n tr a t io n  of s o lv e n t  r e q u ir e d  fo r  the  i n ­

j e c t e d  g a s  to be m i s c i b l e  w ith  an  o i l  of c o m p o s i t io n  D, a s  in d ic a te d  on  

th e  d ia g r a m .

Oi) So lven t

F ig u r e  1 T e r n a r y  d ia g r a m  fo r  o i l - g a s - s o l v e n t  s y s t e m ,
p r e s s u r e  g r e a t e r  than  c r i t i c a l  p r e s s u r e  of g a s -  
s o lv e n t  s y s t e m
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F ig u r e  2  r e p r e s e n t s  the p h a se  r e la t io n s h ip s  in  a . s y s t e m  in  .which  

p r e s s u r e  i s  g r e a t e r  than the v a p o r  p r e s s u r e  of the s o lv e n t  but l e s s  than  

th e  m in im u m  p r e s s u r e  of m i s c i b i l i t y  of the g a s - s o l v e n t  s y s t e m .  S in c e  

the  t w o -p h a s e  r e g io n  e x te n d s  to the g a s - s o l v e n t  l in e ,  th e r e  a r e  c e r t a in  

p r o p o r t io n s  of g a s  and s o lv e n t  w h ic h  w i l l  e x i s t  a s  a t w o - p h a s e  rp ix tu re .  

T h e s e  c o m p o s i t io n s  of g a s - s o l v e n t  m ix t u r e s  l i e  b e tw e e n  p o in ts  A  and B 

on  the g a s - s o l v e n t  l in e .  P o in t  A  r e p r e s e n t s  the c o m p o s i t io n  of the dew  

point vap or  w h ic h  w o u ld  be p r e s e n t  in  su c h  a m ix t u r e ;  point B r e p r e s e n t s  

th e  c o m p o s i t io n  of the c o r r e s p o n d in g  g a s  - s a tu r a te d  s o lv e n t .

. F i g u r e  2 T e r n a r y  d ia g r a m  f o r  o i l - g a s - s o l v e n t  s y s t e m ,  
p r e s s u r e  l e s s  than c r i t i c a l  p r e s s u r e  of g a s  - 
s o lv e n t  s y s t e m ;  g a s  p a r t ia l ly  m i s c i b l e

In p r a c t i c e  the  s o lv e n t  m a y  be in j e c t e d  in to  the r e s e r v o i r  a s  a 

s lu g  w h ic h  i s  f o l lo w e d  by d r y  g a s .  E q u i l ib r iu m  w i l l  be e s t a b l i s h e d  in  

th e  r e s e r v o i r  b e tw e e n  g a s  and s o lv e n t  at the a r e a  of c o n ta c t  b e tw e e n  

g a s  and s o lv e n t .  In th is  r e g io n  the f lu id s  c o n s i s t  of v a p o r  of c o m p o s i ­

t io n  A and l iq u id  of c o m p o s i t io n  B.

O i l
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A lth ou gh  c o m p le t e  m i s c i b i l i t y  o f  s o lv e n t  and s c a v e n g in g  g a s  i s  

not o b ta in ed  in  th is  p r o c e s s ,  i t  i s  s t i l l  p o s s ib l e  to  r e m o v e  e s s e n t i a l l y  

a l l  o f  the r e s e r v o i r  o i l  f r o m  the a r e a  sw e p t  by the s o lv e n t .  One s i g ­

n if ic a n t  a d v a n ta g e  of the p r o c e s s  i s  th at i t  ca n  be u s e d  in  s h a l lo w  r e s e r ­

v o i r s . t h a t  co u ld  not. c o n ta in  th e  p r e s s u r e  r e q u ir e d  fo r  a c o m p le t e ly  

m i s c i b l e  g a s - s o l v e n t  r e c o v e r y  p r o c e s s .  A n o th er  a d v a n ta g e  o f the p a r ­

t ia l l y  m i s c i b l e  g a s  - s o lv e n t  d r iv e  i s  th at the f in g e r in g  o f  the  s o lv e n t  m a y  

be r e d u c e d  (H andy, 1963 , p. 202).

I m m i s c i b l e  S c a v e n g in g  G as  

A n o th er  typ e  o f l o w - p r e s s u r e  m i s c i b l e  - d i s p la c e m e n t  p r o c e s s  i s  

o b ta in e d  w h en  the s c a v e n g in g  g a s  i s  p r a c t i c a l ly  i m m i s c i b l e  in  the s o l ­

v e n t  s lu g .  T h is  typ e  o f  d i s p l a c e m e n t  m e c h a n i s m  i s  o b ta in ed  w h e n  b u ­

ta n e  or  p rop an e  i s  d i s p l a c e d  th ro u g h  the r e s e r v o i r  by l o w - p r e s s u r e  

n it r o g e n .  O nly  a  l im i t e d  a m o u n t of data  h a s  b e e n  p u b lish e d  on th is  

p r o c e s s , and i t  i s  th e  p u r p o se  o f  th is  s tu d y  to i n v e s t ig a t e  c e r t a in  a s ­

p e c t s  of th is  d i s p la c e m e n t  m e c h a n i s m .  T he d i s p la c e m e n t  p r o c e s s  m a y  

be r e p r e s e n t e d  s c h e m a t i c a l l y  by a  t e r n a r y  d ia g r a m ,  a s  in  F ig u r e  3 

on  the fo l lo w in g  p age . . S in c e  th is  p r o c e s s  i s  a l im i t in g  c a s e  of the  

p r o c e s s  in  w h ic h  the s c a v e n g in g  g a s  i s  p a r t ia l ly  m i s c i b l e  w ith  the  s o l ­

v e n t  s lu g ,  the t e r n a r y  d ia g r a m s  r e p r e s e n t in g  the tw o p r o c e s s e s  a r e  

q u ite  s i m i l a r .  T he d i f f e r e n c e  in  th e  two p r o c e s s e s ,  a s  in d ic a te d  in  

F i g u r e  2 and F i g u r e  3, i s  in  the  s i z e  o f  the t w o - p h a s e  r e g io n .  On 

b oth  d ia g r a m s  p o in ts  A  and B  r e p r e s e n t  the c o m p o s i t io n s  of the tw o  

p h a s e s  p r e s e n t  in  an  e q u i l ib r iu m  m ix t u r e  o f  g a s  and s o lv e n t .  T he



point; design ated  Â -rep resen ts-ttie  com p osition  of the dew point,.xapor-»

, and tTie. point designated ^  representsV tlie.com position of the co rn e- 

sponding gas ̂ sa tu ra ted  liquid. In a .low -pressure ■ slug .drive with -an. 

..im m iscible r scavenging., g a s ,, th e r e . i s , l i t t l e  ..solvent, vapor.in  the ■ g a s . and 

little  gas d isso lved  in the so lv en t ,  o f  an equillhrium  mixture of g a s ..and 

■solvent. .'"Therefore»., points A and""B a re .fa r  ap a rt on the te rn a ry  d ia - 

g ram  represen ting , this., system»., and.-the tw o-phase a re a  covers a  la rg e  

part of the phase d iagram .

Gas

Oi

. F ig u re  3 -T e rn a ry  -d iag ram  fo r  o i l -g a s  -so lv e n t, system » 
. p re s s a re - ,.le s s .. th a n  c r i t i c a l ■ p r e s s u r  e of g a s  - 
solvent-:.system ;; g a s  .e s s e n t ia l ly im m is c ib le
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NITROGEN INJECTION

V a r io u s  r e c o v e r y  p r o c e s s e s  in v o lv in g  n i t r o g e n  In jection , h a v e  

b e e n  d e s c r i b e d  i n  the l i t e r a tu r e »  and s e v e r a l  of t h e s e  p r o c e s s e s  h a v e  

b e e n  u s e d  in  the f i e ld ,  A s u m m a r y  o f p r o c e s s e s  w h ic h  a r e  r e le v a n t  

to  the p r e s e n t  s tu d y  i s  p r e s e n t e d  b e lo w ,

 '"'R e p r e s s u r i n g  w ith  N i tr o g e n  or  A ir

A ir  in j e c t io n  i s  on e  of the o ld e s t  m e th o d s  of s e c o n d a r y  r e c o v e r y .  

T h e p r o c e s s  i s  not f r e q u e n t ly  u s e d  tod ay , but s e v e r a l  p a p e r s  h a v e  b e e n  

p u b lish e d  d e s c r ib in g  a ir  or n i t r o g e n  r e p r e s s u r i n g  p r o j e c t s  in  the  U nited  

S t a t e s  w ith in  the p a s t  f i f t e e n  y e a r s  (C la r k  and o t h e r s ,  1964; B r e s t o n ,

195 3; L a n g > 1953; S p e a r o w , 1954; E d in g e r ,  1952; T ig n o r  and o t h e r s ,  

1950). D i f f i c u l t i e s  w h ic h  a r e  e n c o u n t e r e d  w ith  a ir  in j e c t io n  p r o j e c t s  

in c lu d e  f i r e  h a z a r d ,  o x id a t io n  of r e s e r v o i r  o i l ,  and c o r r o s i o n .  T h e s e  

p r o b le m s  a r e  not m e t  w h e n  n i t r o g e n  i s  in j e c te d ,  and s e v e r a l  s u c c e s s ­

fu l  n i t r o g e n  in j e c t io n  p r o j e c t s  h a v e  b e e n  d e s c r i b e d  (L a n g , 1953 , and  

M c C a s l in ,  J r .  , 1947). T he  in j e c t io n  of e x h a u s t  g a s  h a s  a l s o  b e e n  

s u g g e s t e d  for  the p u r p o s e  o f  r e d u c in g  o i l  v i s c o s i t y  by a b s o r p t io n  of

9
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c a r b o n  d io x id e  f r o m  the  in j e c t e d  g a s  (M c C a s l in ,  J r .  1947, and S c o tt ,  

1965).

U s e  of F lu e  G as in  .M isc ib le  D is p la c e m e n t  P r o c e s s e s  

T he u se  of f lu e  g a s  in  m i s c i b l e  d i s p la c e m e n t  p r o c e s s e s  h a s  b e e n  

s tu d ie d  by K och  and H u tch in so n ,  J r .  (1 9 5 8 ) .  T h e  e x p e r im e n t s  w e r e  

c o n d u c te d  at p r e s s u r e s  h ig h  en o u g h  to o b ta in  m i s c i b i l i t y  e i th e r  b e tw e e n  

n i t r o g e n  and s o lv e n t  or  b e tw e e n  n i t r o g e n  and th e  r e s e r v o i r  c r u d e .  It 

w a s  c o n c lu d e d  by the i n v e s t i g a t o r s . that n i t r o g e n  w a s  s l ig h t ly  l e s s  e f ­

f i c i e n t  than  n a tu r a l  g a s  in  d i s p la c in g  o i l  f r o m  a  lo n g  c o r e  un der  p r e s ­

s u r e s  h igh  enough to  o b ta in  m i s  c i  b i l i t  y b e tw e e n  in j e c t e d  g a s  and the o i l .  

T h e  r e l a t i v e  e f f i c i e n c y  of n i t r o g e n  a s  c o m p a r e d  to  n a tu r a l  g a s  im p r o v e d  

f o r  lo n g e r  f lo w  p a th s ,  and the a u th o r s  concluded, that th e r e  sh o u ld  be  

l i t t l e  d i f f e r e n c e  in  e f f i c i e n c i e s  o f  the  tw o g a s e s  fo r  ty p ic a l  r e s e r v o i r  

path  le n g th s .

U se  o f N i t r o g e n  in  T e r t i a r y  R e c o v e r y  

C s a s z a r  and H o lm  (1 9 6 3 )  c o n d u c te d  la b o r a t o r y  e x p e r im e n t s  on  

c o r e s  w h ic h  had b een  s a tu r a te d  w ith  o i l  and th en  f lo o d e d  w ith  w a te r  

un til  a  h ig h  w a t e r - o i l  r a t io  had  b e e n  r e a c h e d .  T e r t ia r y  r e c o v e r y  of  

o i l  f r o m  the c o r e  w a s  o b ta in e d  by in j e c t in g  p ro p a n e  d r iv e n  by g a s  w h ic h  

w a s  f o l lo w e d  by w a t e r . B o th  n i t r o g e n  and m e th a n e  w e r e  in v e s t ig a t e d  

fo r  u s e  a s  the  g a s  p h a se  in  th is  r e c o v e r y  p r o c e s s .  T h e  e x p e r im e n t s  

w e r e  c o n d u cted  at p r e s s u r e s  w h ic h  w e r e  too  lo w  for  m i s c i b i l i t y  to be  

o b ta in e d  b e tw e e n  th e  g a s  and p ro p a n e  p h a s e s .  It w a s  c o n c lu d e d  that an
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o i l  v o lu m e  o f tw o to t h r e e  t i m e s  th e  v o lu m e  of the  p rop an e  s lu g  co u ld  

be  r e c o v e r e d  under the t e s t  c o n d it io n s ,  r e g a r d l e s s  of w h e th e r  the  

d r iv in g  g a s  w a s  n i t r o g e n  or  m e th a n e .
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N IT R O G E N  AS A  SC A V E N G IN G  GAS

T h e d e c i s i o n  w h e th e r  o r  not to u s e  n i t r o g e n  a s  a s c a v e n g in g  g a s  

in  a  l o w - p r e s s u r e  m i s c i b l e  =■ s lu g  d i s p la c e m e n t  p r o c e s s  w i l l  d ep en d  on  

e c o n o m ic  f a c t o r s  and r e s e r v o i r  c o n d it io n s  * w h ic h  w i l l  d i f fe r  f r o m  one  

r e s e r v o i r  to a n o th e r .  It i s  p o s s ib l e  to  l i s t  s o m e  s ig n i f i c a n t  a d v a n ta g e s  

and  d is a d v a n ta g e s  o f u s in g  n i t r o g e n  a s  a  l o w - p r e s s u r e  s c a v e n g in g  g a s ,  

but the im p o r t a n c e  of e a c h  o f  t h e s e  f a c t o r s  w i l l  d ep en d  on lo c a l  c o n ­

d i t io n s .  S ig n if ic a n t  a d v a n ta g e s  and d is a d v a n ta g e s  of the u se  of n i t r o ­

g e n  fo r  th is  p u r p o se  a r e  l i s t e d  b e lo w .

A d v a n ta g e s

In the fo l lo w in g  r e s p e c t s ,  n i t r o g e n  i s  s u p e r io r  to  m e th a n e  a s . a  

s c a v e n g in g  g a s  in  a  l o w - p r e s s u r e  m i s c i b l e - s l u g  d i s p l a c e m e n t  p r o c e s s  

in  w h ic h  n e i th e r  g a s  i s  c o m p le t e ly  m i s c i b l e  in  th e  s o lv e n t :

1. . The c o s t  of n i t r o g e n  i s  u s u a l ly  l e s s  than the  c o s t  of n a tu ra l

g a s .  E n g in e  e x h a u s t  and c o m b u s t io n  g a s e s  g e n e r a l l y  c o n ­

ta in  10 p e r c e n t  to  1Z p e r c e n t  c a r b o n  d io x id e ,  but r e m o v a l  

of  c a r b o n  d io x id e  i s  not r e q u ir e d .  (K och , J r .  and H u tch in so n ,  

J r .  , 1958).

12
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2 . T h e  v i s c o s i t y  of n i t r o g e n  i s  a p p r o x im a t e ly  6 0  p e r c e n t  h ig h e r  

than  the  v i s c o s i t y  of m e th a n e  at low  p r e s s u r e s  (H od gm an,  

1950* p. 1 8 3 7 -1 8 3 8 ) .  T h is  h ig h e r  v i s c o s i t y  sh o u ld  be b e n e ­

f i c i a l  to o i l  r e c o v e r y  b e c a u s e  of the m o r e  fa v o r a b le  m o b i l i t y  

r a te .

3. T he g a s  v o lu m e  f a c t o r  i s  l a r g e r  fo r  n i t r o g e n  than fo r  m e th a n e  

under ty p ic a l  f i e ld  c o n d it io n s .  B e c a u s e  of the l a r g e r  Z 

fac tor*  f e w e r  s ta n d a r d  cu b ic  f e e t  o f  n i t r o g e n  a r e  r e q u ir e d

to f i l l  a g iv e n  p o r e  v o lu m e  in  the r e s e r v o i r  than w ou ld  be  

r e q u ir e d  i f  m e th a n e  w e r e  u sed . T h is  e f f e c t  i s  b e l ie v e d  to  

b e  l a r g e  en ou gh  to m o r e  than  c o m p e n s a t e  fo r  the s h r in k a g e  

of in j e c t e d  f lu e  g a s  due to the d i s s o lv in g  o f c a r b o n  d io x id e  

in  th e  r e s e r v o i r  f lu id s .  H o w e v e r ,  the v o lu m e t r ic  a d v a n ta g e  

of n i t r o g e n  o v e r  m e th a n e  b e c o m e s  in s ig n i f i c a n t  w h e n  v e r y  

lo w  o p e r a t in g  p r e s s u r e s  a r e  c o n s id e r e d  (K och , J r . and  

H u tch in so n ,  J r .  , 1958).

D is a d v a n t a g e s

In the f o l lo w in g  r e s p e c t s ,  n i t r o g e n  i s  in f e r io r  to m e th a n e  in  a 

l o w - p r e s s u r e  m i s c i b l e  - s lu g  d is  p la c e m e n t  p r o c e s s  in  w h ic h  n e i th e r  g a s  

i s  c o m p le t e ly  m i s c i b l e  in  the  so lv e n t :

1. The d e g r e e  o f  m i s c i b i l i t y  o f  g a s  in  the s o lv e n t  i s  h ig h e r  fo r  

m e th a n e  than fo r  n itr o g e n .

2. I n je c t io n  of n i t r o g e n  in to  th e  r e s e r v o i r  w i l l  d e s t r o y  the fu e l  

v a lu e  o f p r o d u ce d  g a s .
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3. . If m e th a n e  i s  in j e c te d ,  s o m e  g a s  w i l l  d i s s o l v e . i n  r e s e r v o i r

o i l ,  c a u s in g  i t  to  s w e l l  and b e c o m e  l e s s  v i s c o u s .  T h e s e  

e f f e c t s  w i l l  be of m u c h  s m a l le r ,  m agnitude- i f  n i t r o g e n  i s  u s e d  

a s  a s c a v e n g in g  g a s .  H o w e v e r ,  the  e f f e c t s  a r e  p ro b a b ly  of  

l i t t l e  s i g n i f i c a n c e  fo r  e ith e r ,  n i t r o g e n  or m e th a n e  in  r e c o v e r y  

p r o c e s s e s  w h ic h  a r e  o p e r a te d  a t  v e r y  lo w  p r e s s u r e s ,

4 .  N i t r o g e n  ob ta in ed  fr o m  en g in e  e x h a u s t  g a s e s . c o n ta in s  . n i t r ic  

a c id  a s  w e l l  a s  a  la r g e  a m o u n t of w a t e r  v a p o r .  P r o c e s s i n g  

i s  r e q u ir e d  b e f o r e  the g a s  c a n  b e  in j e c te d .  T h is  p r o c e s s i n g  

m a y  c o s t  6  c e n t s  to  12 c e n t s  per MG IT ( B re s to n ,  1953).  

N itr o g e n  o b ta in ed  by b u rn in g  n a tu r a l  g a s  or c r u d e  o i l  a l s o  

c o n ta in s  c o r r o s i v e  s u b s t a n c e s  i f  the n a tu r a l  g a s  or  cru d e  o i l  

c o n ta in s  h y d r o g e n  s u l f id e .

5. T he  data  a v a i la b le  on the  n i t r o g e n  i n j e c t io n  p r o c e s s e s  a r e  

ra th er  l im ite d .
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S C O P E  O F  IN V ESTIG A TIO N

T he in v e s t ig a t i o n  c o n s i s t e d  of tw en ty  m i s c i b l e - s l u g  d i s p l a c e m e n t  

t e s t s  w h ic h  w e r e  c o n d u c te d  i n  a s t e e l  tube p a ck ed  w ith  an u n c o n s o l i ­

d a ted  san d . N o r m a l  butane w a s  u s e d  a s  a m i s c i b l e  s lu g ,  and s o lv e n t  

v o lu m e s  e q u a l  to 2 p e r c e n t ,  6 p e r c e n t ,  and 12 p e r c e n t  of h y d r o c a r b o n  

p o r e  v o lu m e  w e r e  u se d .  . F o r  e a c h  of the th r e e  s lu g  v o lu m e s ,  t e s t s  

w e r e  m a d e  w ith  n i t r o g e n  and w ith  m e th a n e  a s  a  s c a v e n g in g  g a s .  The  

t e s t s . w e r e  c o n d u c te d  at p r e s s u r e s  o f  45 p s ig  and 90 p s ig .  S ix t e e n  of  

th e  t e s t s  w e r e  co n d u cted  to a . l im iting  g a s / o i l  r a t io  of 1$ 820 c u b ic  f e e t  

p e r  b a r r e l ,  and fo u r  t e s t s  w e r e  c o n d u c te d  to  a  l im it in g  g a s / o i l  r a t io  

of 21 ,  800  cu b ic  f e e t  per b a r r e l .  A  c o n s ta n t  in j e c t io n  r a te  of 89 s t a n ­

d a r d  c u b ic  c e n t i m e t e r s  per  m in u te  w a s  u s e d  f o r  a l l  t e s t s .

15
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E Q U IP M E N T  AND M A T E R IA L S

T he sa n d  -used -for. the T e s t s  w a s  50 p e r c e n t  2 0 / 4 0  m e s h  and 50  

p e r c e n t  1 0 0 /1 8 0  m e s h . .O tta w a .sa n d . P o r o s i t y  w a s .  c a lc u la te d - t o  be 

33. 3 p e r c e n t  and w a t e r . sa tu ra tion , .was. c a lc u la te d - t o  be 23 p e r c e n t .  

L en g th  of. th e  s te e l ,  tube- w a s  31. 3 c m  and in t e r n a l  d ia m e t e r  w a s  5. 33 

c m .  T he g a s e s  u s e d  w e r e  p u re  g r a d e  n i t r o g e n  and p a r e  g r a d e  m e th a n e .  

T e c h n ic a l  g r a d e .n o r m a l  bu tan e  w a s  u s e d  f o r  in j e c t e d  s o lv e n t  s lugs»  

an d  the  o i l  u s e d  w a s  P h i l l ip s  S o l t r o l  160,

M e a s u r e m e n t s  o f  in j e c t e d  butane w e r e  m a d e  un der  p r e s s u r e  in  

a L u c i te  tube, and p r o d u c e d  l iq u id s  w e r e  m e a s u r e d  under p r e s s u r e  in  

a n o th e r  L u c i te  tu be . P r o d u c e d  g a s e s  w e r e  m e a s u r e d  th rou gh  a f lo w  

m e t e r  w h ic h  w a s  c a l ib r a t e d  b y  d i s p la c e m e n t  of w a t e r  f r o m  a g r a d u a te d  

c y l in d e r .  A  s c h e m a t i c  d ia g r a m  of the a p p a ra tu s  u s e d  f o r  the t e s t s  h a s  

b e e n  in c lu d e d  in  th e  a p p en d ix .

16
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E X P E R IM E N T A L  P R O C E D U R E

T he s t e e l  tube w a s  p ack ed  w ith  m o i s t  sa n d  and th en  s e a le d  by- 

s c r e w i n g  on  the end b u sh in g . T h e  sa n d  w a s  d r ie d  by p a s s in g  w a r m  a ir  

th ro u g h  the tu b e , and it  w a s  c o o le d  and  w e ig h e d .  T he tube w a s  th en  

c o n n e c te d  to a v a c u u m  pum p s o  that a ir  w a s  - r e m o v e d  f r o m  the p ore  

s p a c e s .  A fte r  a ir  had  b e e n  r e m o v e d ,  tap w a te r  w a s  a l lo w e d  to e n te r  

the tube so  that one h u n d red  p e r c e n t  w a te r  s a tu r a t io n  w a s  .ob ta in ed .

T h e  tube w a s  w e ig h e d  o n c e  m o r e  » and p o r o s i t y  w a s  c a lc u la t e d  to be 

33 . 3 p e r c e n t .

A fte r  p o r o s i t y  had b e e n  d e t e r m in e d ,  w a te r  s a tu r a t io n  w a s , r e -  

d u ced  to Mir r e d u c i b le  m in im u m .  n T h is  r e d u c t io n  in  w a te r  s a tu r a t io n  

w a s  a c c o m p l i s h e d  by p u m pin g  o i l  th ro u g h  the tube until the p ro d u ced  

l iq u id  w a s  w a te r  - f r e e .  O il in  the tube w a s  then d is p la c e d  by a s m a l l  

s lu g  of bu tane w h ic h  w a s  f o l lo w e d  by n itr o g e n .  T h is  p r o c e d u r e  w a s  

r e p e a t e d  s e v e r a l  t im e s  s o  that w a te r  s a tu r a t io n  w a s  r e d u c e d  to a  

l e v e l  w hich  w o u ld  not v a r y  d u r in g  t h e , t e s t s .  F in a l  w a te r  s a tu r a t io n  

w a s  d e t e r m in e d  to  be 23 p e r c e n t .

17



O il r e c o v e r y  t e s t s  w e r e  m a d e  by in je c t in g  a s m a l l  s lu g  of butane  

in to  the t e s t  c y l in d e r  and fo l lo w in g  the butane w ith  a s c a v e n g in g  g a s .  

In je c t io n  r a t e s  w e r e  c o n t r o l le d  by m e a n s  of a n e e d le  v a lv e  lo c a te d  

d o w n s tr e a m  fr o m  the t e s t  c y l in d e r  and a p r e s s u r e  r e g u la to r  lo c a te d  

u p s t r e a m  f r o m  the  t e s t  c y l in d e r .  A  c o n s ta n t  in j e c t io n  r a te  o f  89 

s ta n d a r d  cu b ic  c e n t i m e t e r s  p er  m in u te  w a s  u s e d  fo r  a l l  t e s t s .  G as  

b r e a k th r o u g h  w a s  d e t e c t e d  v i s u a l l y  in  the Laïcité c y l in d e r ,  and i n j e c ­

t io n  w a s  c o n tin u ed  u n til  a p r e d e t e r m in e d  g a s / l i q u i d  r a t io  w a s  r e a c h e d .  

T h e in j e c te d  f lu id s  d i s p la c e d  o i l  f r o m  the c o r e  in to  a  L u c i t e  c y l in d e r ,  

w h e r e  the o i l  and butane w e r e  .m e a s u r e d  un der  p r e s s u r e .  T he p r o ­

d u ce d  l iq u id s  w e r e  th en  r e m o v e d  fr o m  the L u c ite  c y l in d e r ,  w a r m e d ,  

c o o le d  to 6 0 ° F ,  and w e r e  m e a s u r e d  a g a in  at a t m o s p h e r ic  p r e s s u r e .  

B u tan e  co n ten t  w a s  d e t e r m in e d  by d i f f e r e n c e  f r o m  the tw o v o lu m e t r ic  

m e a s u r e m e n t s .

A fter  e a c h  te s t .  it. w a s  n e c e s s a r y  to . r e - s a t u r a t e ,  the san d  s o .th a t  

a n o th er  t e s t  c o u ld  be  m a d e .  . R e - s a t u r a t io n  w a s  a c c o m p l i s h e d  by t u r n ­

in g  the tube in  a v e r t i c a l  p o s i t io n  and f lu sh in g  it  w ith  k e r o s e n e  w h ic h  

w a s  in tr o d u c e d  at the b o tto m  o f the tube. G as  r e m a in in g  in  the tube  

w a s  e x h a u s te d  by m e a n s  o f  a  v a c u u m  pum p c o n n e c te d  to the top  of the  

tu b e . S o l t r o l  w a s  th en  in tr o d u c e d  in to  the b o t to m  of the tu b e , and the  

k e r o s e n e  w a s  f lu s h e d  f r o m  the  sa n d  w ith  S o l t r o l .
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R E S U L T S  O F E X P E R IM E  NTS

T he r e la t iv e  e f f i c i e n c i e s  of n i t r o g e n  and m e th a n e  a s  s c a v e n g in g  

g a s e s  in  a l o w - p r e s s u r e  m i s c i b l e  - s lu g  p r o c e s s  h a v e  b e e n  c o m p a r e d  

on  the fo l lo w in g  b a s e s :  ( 1 ) o i l  r e c o v e r y  at a l im it in g  g a s / o i l  ra t io ;

(2) o i l  r e c o v e r y  at g a s  b r e a k th ro u g h ;  (3) in j e c t e d  g a s  v o lu m e s  (at  

s ta n d a r d  t e m p e r a t u r e  and p r e s s u r e )  r e q u ir e d  to  r e a c h  l im i t in g  g a s /  

o i l  r a t io ;  (4) in j e c t e d  g a s  p o re  v o lu m e s  (at r e s e r v o i r  t e m p e r a t u r e  and  

p r e s s u r e )  r e q u ir e d  to  r e a c h  l im it in g  g a s / o i l  r a t io ;  and (5) r e c o v e r y  

o f  bu tane  s lu g .

O il  R e c o v e r y

O il r e c o v e r i e s  to a l im it in g  g a s / o i l .  r a t io  of 1 ,8 2 0  s ta n d a rd  

c u b ic  f e e t  per  b a r r e l  r a n g e d  f r o m  43 . 1 p e r c e n t  to  6 6 . 8  p e r c e n t  of  

o i l  in i t i a l l y  in  p la c e .  R e c o v e r i e s  w e r e  h ig h e r  fo r  l a r g e r  butane s lu g s ,  

and r e c o v e r i e s  w e r e  h ig h e r  in  t e s t s  m a d e  at 45 p s ig  than  in  t e s t s  m a d e  

at 90 p s ig .  In a l l  t e s t s  the r e c o v e r i e s  ob ta in ed  w ith  n i t r o g e n  w e r e  

w ith in  tw o p e r c e n t  of the  r e c o v e r i e s  o b ta in e d  in  c o m p a r a b le  t e s t s  

m a d e  w ith  m e th a n e .

19
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F o u r  t e s t s  w e r e  c a r r i e d  out to  a l im it in g  g a s / o i l  r a t io  of 21 , 800  

s ta n d a r d  cu b ic  f e e t  p er  b a r r e l .  A l l  o f  t h e s e  t e s t s  w e r e  c o n d u cted  w ith  

a  s i x  p e r c e n t  b u tan e  s lu g ,  and r e c o v e r i e s  r a n g e d  f r o m  56 . 4 p e r c e n t  to  

61 . 5 p e r c e n t  o f  o i l  in i t i a l l y  in  p la c e .  A v e r a g e  o i l  r e c o v e r i e s  w e r e  4 . 5 

p e r c e n t  h ig h e r  fo r  t e s t s , c o n d u c t e d  at 45 p s ig  than  fo r  t e s t s  c o n d u c te d  

at 90  p s ig .  A v e r a g e  o i l  r e c o v e r i e s  o b ta in e d  w ith  m e th a n e  w e r e  o n e “ 

h a lf  o f  one  p e r c e n t  h ig h e r  than a v e r a g e  o i l  r e c o v e r i e s  o b ta in e d  w ith  

n i t r o g e n .

O il R e c o v e r y  at G as  B r e a k th r o u g h  

O il r e c o v e r y  at g a s  b r e a k th r o u g h  r a n g e d  f r o m  25 . T p e r c e n t  to  

4 1 . 2 p e r c e n t  of o i l  in i t i a l l y  in  p la c e .  R e c o v e r i e s  w e r e  h ig h e r  for  

l a r g e r  s lu g  s i z e s ,  but no s ig n i f i c a n t  d i f f e r e n c e  w a s  n o ted  b e tw e e n  r e ­

c o v e r i e s  at 45 p s ig  and a t 90 p s ig .  M o st  o f  the  t e s t s  in d ic a te d  a r e ­

c o v e r y  at g a s  b r e a k th r o u g h  w h ic h  w a s  s l ig h t ly  h ig h e r  fo r  m eth a n p  than  

f o r  n it r o g e n .  H o w e v e r ,  th e  g r e a t e s t  d i f f e r e n c e  o b s e r v e d  in  r e c o v e r i e s  

fo r  the tw o g a s e s  w a s  e q u a l  to  o n ly  fo u r  p e r c e n t  o f  in i t ia l  o i l  in  p la c e .

In je c te d  G as V o lu m e  

In je c te d  g a s  v o l u m e s ,  to  a  l im i t in g  g a s / o i l  r a t io  of 1, 820  s t a n ­

d a r d  cu b ic  f e e t  p er  b a r r e l ,  r a n g e d  f r o m  3, 110 s ta n d a r d  cu b ic  c e n t i ­

m e t e r s  to  5, 070  s ta n d a r d  cu b ic  c e n t i m e t e r s .  N o  t r e n d  i s  e v id e n t  

w h e n  g a s  v o lu m e  i s  c o m p a r e d  to s lu g  s i z e .  T h e  g a s  v o lu m e s  r e q u ir e d  

w e r e  s l i g h t l y  h ig h e r  w h e n  n i t r o g e n  w a s  u s e d  a s  a s c a v e n g in g  g a s  than  

w h e n  m e th a n e  w a s  u s e d  a s  a  s c a v e n g in g  g a s ,  an d  g a s  v o lu m e s  r e q u ir e d
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w e r e  s l ig h t ly  h ig h e r  at 90 p s ig  than at 45 p s ig .

P o r e  V o lu m e s  of G as In je c ted  

T h e n u m b e r  o f  p o r e  v o lu m e s  of g a s  r e q u ir e d  to o b ta in  a l im it in g  

g a s / o i l  r a t io  o f  1 , 820  s ta n d a rd  cu b ic  f e e t  p er  b a r r e l  r a n g e d  f r o m  2 . 2 0  

to 2. 94 for  t e s t s  m a d e  at 90 p s ig .  In t e s t s  m a d e  a t 45 p s ig  the n u m b er  

o f  p o r e  v o lu m e s  r a n g e d  f r o m  3. 64  to 4 , 52 . N o d e f in i te  c o r r e l a t i o n  

c o u ld  be  e s t a b l i s h e d  b e tw e e n  p o r e  v o lu m e s  of g a s  and s lu g  s i z e .  In 

m o s t  t e s t s  the n u m b e r  o f  p o re  v o lu m e s  o f g a s  in j e c t e d  w a s  s l ig h t ly  

h ig h e r  fo r  n i t r o g e n  than f o r  m e th a n e .

R e c o v e r y  o f B utan e  S lu g  

S in c e  p r o d u ce d  g a s e s  w e r e  not a n a ly z e d ,  no data  a r e  a v a i la b le  

o n  the r e c o v e r y  o f  b u tan e  a s  a v a p o r .  R e c o v e r i e s  of l iq u id  bu tane  

w e r e  found to r a n g e  f r o m  19 p e r c e n t  to 55 p e r c e n t  o f  the  bu tane s lu g .  

R e c o v e r i e s  in  t e s t s  c o n d u c te d  at 45 p s ig  w e r e  g e n e r a l l y  h ig h e r  than  

th e  r e c o v e r i e s  o b ta in e d  in  t e s t s  c o n d u c ted  at 90 p s ig .  No d e f in ite  

c o r r e l a t i o n  co u ld  be. e s t a b l i s h e d  b e tw e e n  p e r c e n t  l iq u id  butane r e ­

c o v e r y  and e i t h e r  s lu g  s i z e  o r  s c a v e n g in g  g a s  c o m p o s i t io n .
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CO NCLUSIO NS

T he m o d e l  u s e d  fo r  th is  s tu d y  w a s  not s c a l e d ,  an d  it  ca n n o t be  

a s s u m e d  that a l l  r e s u l t s  o b ta in e d  w ith  the  s a n d - p a c k e d  tube c o u ld  b e  

d u p l ic a te d  in  an  o i l  f i e ld .  S u b je c t  to  l im i t a t io n s  im p o s e d  by the m o d e l  

u s e d  fo r  the s tu d y , the f o l lo w in g  c o n c lu s io n s  h a v e  b e e n  r e a c h e d :

1. F o r  a  p r o c e s s  in  w h ic h  the p r im a r y  m o d e  of d i s p e r s i o n  i s  

m e c h a n ic a l  m ix in g  r a th e r  than d if fu s io n ,  n i t r o g e n  and  

m e th a n e  a r e  v e r y  n e a r ly  eq u a l in  e f f i c i e n c y  a s  s c a v e n g in g  

g a s e s .  T h e  to ta l  v o lu m e  of g a s  r e q u ir e d  w i l l  p r o b a b ly  be 

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

o i l  r e c o v e r y  i s  to  be e x p e c t e d .

2. O il r e c o v e r i e s  o b ta in e d  w ith  6  p e r c e n t  s lu g s  of butane w i l l  

be h ig h e r  than w ith  2  p e r c e n t  s l u g s ,  and r e c o v e r i e s  o b ­

ta in ed  w ith  1 2  p e r c e n t  s lu g s  w i l l  be h ig h e r  than w e r e  o b ­

ta in e d  w ith  6  p e r c e n t  s l u g s . H o w e v e r ,  i t  i s  doubtful that  

the i n c r e a s e d  r e c o v e r y  ob ta in ed  fo r  the l a r g e r  s lu g  s i z e s  

w o u ld  j u s t i f y  th e  g r e a t e r  c o s t  of the  l a r g e r  s lu g .

22



O il r e c o v e r i e s  o b ta in e d  a t 45  p s ig  w e r e  s ig n i f i c a n t ly  

h ig h e r  than w e r e  o b ta in e d  at 90 p s ig .  T he p r im a r y  r e a s o n  

fo r  h ig h e r  r e c o v e r y  at the lo w e r  p r e s s u r e  i s  b e l i e v e d  to  

be the g r e a t e r  r e s e r v o i r  v o lu m e  o c c u p ie d  by in j e c te d  g a s  at  

the lo w e r  p r e s s u r e . H ig h e r  v e lo c i t y  o f  g a s  m o v in g  th rou gh  

the sa n d  m a y  a l s o  h a v e  c o n tr ib u te d  to the  im p r o v e d  p e r ­

fo r m a n c e  w h ic h  w a s  n o ted  at the lo w e r  p r e s s u r e .
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OIL RECOVERIES AT GAS BREAKTHROUGH

Re covery **
Scavenging Pressure Slug Si&e Run Recovery* % (Oil Plus 

Gas psig % HCV N o □ % Oil Butane )

Nitrogen

Methane

90

90 10

26 « 2

2 5 . 9

25*7

25*4

Nitrogen 90
90

20
13

26*9
30*7

25*4
29*0

Meth ane 90
90
90

19
12
4

30*0
32*1
27*9

28*4
30 * 3 
26*4

Nitrogen 90
90

12
12

37*0
35*5

3 3 * 0
31*6

Meth ane 90 1 2 11 41*2 
39* 8

36*7
35*5

Nitrogen

Methane

45

45

16

8
5

25*1

26*5
26*5

24*7

26*0
26*0

Nitrogen

Methane

45

45

14

15 
7

28*3

31 * 8 
32*8

26*7

30 *0 
30*9



T - 1 0 3 9

OIL RECOVERIES AT GAS BREAKTHROUGH 

(eont inued)

Recovery**
Scavenging P r e s s u r e  Slug Size Run Recovery* % (Oil Plus

Gas % HCV No o % O i l Butane )

Nitrogen 45 1 2 18 3 8 , 1 34 .0
1 3 2 . 1 2 8 . 7

Meth ane 45 1 2 17 3 7 . 7 COCO

*Re covery has been expressed as percentage of oil initially 
in place which was recovered prior to gas breakthrough 0

**Recovery has been expressed as percentage of liquid 
hydrocarbons (oil plus butane slug) recovered prior to gas 
breakthrough »
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SUMMARY OF AVERAGE OIL RECOVERIES 

AT GAS BREAKTHROUGH

Pressure 
P s i g

90 
90 
90

Slug Size 
% HCV

2 
6 

12

% Oil Recovered 
Scavenging Gas 

Nitrogen

26o2 
2 8 . 8  
36 . 3

% Oil Recovered 
Scavenging Gas 

Methane

2 6 . 9
3 0 . 0
4 0 . 5

45
45
45

2
6

12

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

2 6 . 5
3 2 . 3
3 7 . 7
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H ôj
M 1 o O O o o o o o
s CN CN CN CN CN CN o o
M o m 0Û CO GO CO GO CO CO

CD 0-3 ! » A 6» » (A e>
4J H H H 6-H H H

E- Mu CN CN
<

to
W
«H >
03 o CN to CN CN to CN tO to

32 H H
bD
ti o\°
H
03

to
ti bû
to 1 o o O m tn m o in
to to 03 03 03 it it a* 03 it
© (X 
f*eu



LI
QU
ID
 

BU
TA
NE
 

RE
CO

VE
RI

ES

T - 1 0 3 9 37

Xi°H
3

bO O4
g  °hfH
C/1

toœ ro
e m GO C- «3 GO o to to 03 td o td toro x) CN CO CN CO CN CO CN CO CN H  CN id id id4-» rog ^m  ©
<*p oo

roK

F  ®g d O CO o CN zc 03 to CN fH CO tO 00 idc4 % H H  CN H H H fH

H o O o  o O o O O  O O  O o o o05 A <N CN CN O CN CN G> CN CM CN CN CN CN CNO  ^ GO to CO CO GO 00 GO 00 00 CO CO 00 00 00C m & » 6» 6t <&► <5» t»  06 O 66 6> <*
■H H H H  H H H «H «H sH H H fH fHth CN CN

©fcl î> CN03 U CN CN cO tO U» to tO CN CN CN CN CN CNai sH fH H  fHbOgH03

ro
&g beM °H O O O  O O o o O  O O  O id id tdto to 03 03 03 03 03 03 03 03 03 03 03 rf a- srro cxucu

bO e G G G
C ro ro ro ro ro ro ro ro«H bO (5 bd G bd G bd Gbo o ro o ro o ro o roc to u x: u F G jtiro ro ■M ■p p p P P P p> <3 •H i ro »H ro •H ro •H roro a s % s: SS s SS s:o
CO



LI
QU
ID
 

BU
TA
NE
 

RE
CO

VE
RI

ES

T - 1 0 3 9 38

•H
bD o"
9 °H
«—1 i-4
C/3

M
a> «6
c cn r- LO U"> in
<t$ id zr in <N cn in CN'4->
9 ^

m  a)>
tiP o

o
<D
Ctî

- c  •
9 © 3t s> 00 H O

(X 2 1 «H H H rH

H
44 O o a O  O o

Cti 44 a  . CN o CN CN CN
O  ^ 00 00 00 00 00 GO
O c 4 <6 «  «

+J H sH H pH  fH H
W4 1 o* CN

0)
N

•H* ï>
C/3 U a cO cO CN CN CN

zc eH "H eH
bO
9
H
C/3

0)r.
9  bC
til =H in ul if) m  in intil til d- d- d' d d
o) a*
u
04

bO C G
C <0 <ü 0) <u
•H bO c bfl G
bO O fO O (0
C CO U 43 54 44
<U 10 V ■P P P
>  C3 °H O •H 01
10 & 22 a S
u
C/3



SU
MM
AR

Y 
OF 

AV
ER
AG

E 
LI
QU
ID
 

BU
TA
NE
 

RE
CO

VE
RI

ES

T - 1 0 3 9 39

T3
«H
9
o4

CO (0
<0 re

CD
'O
0) 60 0)
S-I t i ti
CD to
> bO « t io t i 4-»
u CD
w > S

ec: tti
ü

<D CZ)
ti
<e
9PQ

*K5
«H
9
O*

to w
n$ re

CD
ti

0) bC CD
ti bO

Q> O
> bO ti
O ti +->
o 0) «H
0) > SS

P=5 re
o

Q> c/i
ti
(tJ
4->
m
o\°

H
ti

cd t i
o
CD eo-H

44

0)
iss

®r4 >
C/3 u

X
bO
9

H
C/3

CD
ti
9 bO
CO ®H
to to
CD cu
tia*

00 CO CN 
co rO (N If) If) m  

if)  if)  CN
o
CN

C"
CN

if) e**. h
CN CN «

O
If)

o
it

a)
co

e**if

o  o  o
CN CN CN
00 CO CO 

«  A  61 

*H r-4 s—1

o  o  o
CN CN CN
CO CO CSSI Cl Cl
H  H  H

O
Oco
H
CN

O
O
00

y-4
CN

CN lO CN CN UO CN CO UD

o  o  o  
0) 0) 0)

if )  if )  If) 
it it oO) If)

it





T - 1 0 3 9

REFERENCE

Breston $ J 0 N 0 9 1953 ̂ "Conditioning engine exhaust gases 
for repressuring" s World Oil, v 0 137, Sept 0 p <, 224 0

Clark „ No J « * and others , 196 4, "Engine exhaust boosts
heavy oil re covery" s Petroleum Management, v „ 36, pp 0
8 3— 84o

Csaszar 9 Albert Ko, and Holm, L 0 W 0s 1 9 6 3 , "Oil recovery 
from watered-out stratified porous systems using 
water-driven solvent slugs"s J our « Petroleum Technology, 
Vo 15, June , p p 0 643-650 0

Edinger, W „ M 0 , 1952, "Air injection revives depleted
field"s World Oil, v» 1 3 5 ,  N o v * , p p ,  196-197 *

Handy, L <, L » , 196 3 , "Oil displacement using part ially 
miscible gas-solvent systems"§ J our « Petroleum 
Technology, v CT 15, Feb =. $ pp » 195-202 0

Hodgman, Charles Do, editor-in-chief, 1950 , Handbook of 
Chemistry and Physicss Cleveland, Ohio, Chemical 
Rubber Publishing Co 0 , 32d e d 0 , pp o 18 3 7-1838 »

Kpch , Ho A » , Jr@ , and Hutchinson, Co A » , Jr o, 19 5 8,
"Miscible displacements of reservoir oil using flue 
gas" s J our o Petroleum Technology, v 0 10, J an » , 
pp o 7-10 0



T - 1 0 3 9

Koch e Ho A 0 Jro * and Slobod s R „ L 0 $ 19 57, "Miscible slug
process"s Am 0 Inst® Mining Métallo Petroleum Engineers 
Trans®, v 0 210 $ p c 40 0

Lang $ J« E , , 195 3 , "Injection of atmospheric nitrogen in 
Elk Basin-pressure maintenance still paying of f " :
Oil and Gas J our *, v „ 52, Nov0 , pp « 94-97 0

McCaslin, Jr « , L 0 S 0 , 1947, "Nitrogen, repressuring agent 
for new experimental secondary recovery project"?
Oil and Gas J our 0 $ v „ 46, Sept 0 27, pp @ 72-73 «

Scott, Robert W 0 , 19 6 5 , "Recent developments in production" 
World Oil, v e 1 6 0 , No® 3 , p p 0 77-780

Spearow, R e, 1954, "Vertical drive ; a correlative force in 
oil production"? Petroleum Engineer $ v □ 26, July s 
pp » B42-4 3 o

Tignor, E 6 M e 9 and others $ 19 5 0 , "Secondary recovery of
oil by air and gas injection in the Brenneman field, 
Hancock County, West Virginia"§ U „ S 0 Bureau Mines 
Rept0 Invo 4690 , p p „ 1-26„


