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ABSTRACT

ARTHUR LAKES LIBRARY 
/COLORADO SCHOOL OF MINES 

GOLDEN. COLORADO

I n v e s t i g a t i o n s  were made to  determ ine  th e  e f f e c t  t h a t  

tem p era tu re  has on th e  e f f i c i e n c y  of d i s p l a c i n g  a v i s c o u s  

crude o i l  w i th  a weak s o l u t i o n  of sodium hydrox ide .  

D isplacement t e s t s  i n  a berea  sandstone  core were made a t  

130, 160, and 190°F. At each  tem pera tu re  a t e s t  was made 

w i th  b o th  d i s t i l l e d  w ate r  and a weak sodium hydroxide 

s o l u t i o n  a s  the  f lo o d in g  a g e n t .

Measurement o f  i n t e r f a c i a l  t e n s io n s  between a 

L loydm ins te r  crude o i l  and severad  weak s o l u t i o n s  of  sodium 

hydroxide  i n d i c a t e d  t h a t  a 0 .20  weight  p e r  cen t  s o l u t i o n  

c r e a t e d  th e  g r e a t e s t  r e d u c t io n  in  i n t o r f a e i a l  t e n s i o n .  

I n t e r p r e t a t i o n  of  the  t e s t  da ta  showed t h a t  the  sodium 

hydroxide  i n  the  i n j e c t i o n  w a te r  in c re a s e d  the  reco v e ry  

over  t h a t  ob ta in ed  by w a te r f lo o d in g .  The data  a l s o  

I n d ic a te d  t h a t  the  reco v e ry  was in c re a se d  a t  160°P

v
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s u b s t a n t i a l l y  more th a n  a t  e i t h e r  130 °P or  190 °F ,

v i
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INTRODUCTION

The improved p ro d u c t io n  of  o i l  by secondary reco v e ry  

te ch n iq u e s  i s  becoming more im por tan t  due to  the  in c r e a s in g  

co s t  of  f i n d i n g  new o i l  r e s e r v e s .  The heavy v isco u s  crude 

o i l  r e s e r v o i r s  e x h i b i t  very  low r e c o v e r i e s  and o f f e r  a 

g r e a t  p o t e n t i a l  f o r  new methods o f  secondary r ec o v e ry .

One p ro cess  t h a t  has been proposed i s  th e  a d d i t i o n  of 

sodium hydroxide in  small  amounts to  th e  water  used in  a 

w a te r f lo o d .  R esea rchers  have s tu d ie d  the  e f f e c t s  of  r a t e ,  

v i s c o s i t y  r a t i o  and i n t e r f a c i a l  t e n s i o n  on sodium hydroxide 

o r  c a u s t i c  w a te r f lo o d  reco v e ry  of  v iscous  crude o i l  in  an 

un co n so l id a te d  sand pack model. However, no work has been 

done to  c o r r e l a t e  the  e f f e c t  o f  te m p era tu re  on recove ry  

of a v isco u s  c rude .  This  i n v e s t i g a t i o n  was conducted in  

o rd e r  to  de te rm ine  i f  t h e r e  i s  a tem pera tu re  e f f e c t  on the  

sodium hydroxide w a te r f lo o d  in  a c o n s o l id a te d  sandstone

1
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co re .  The l a b o ra to ry  s tudy u t i l i z e s  a t h r e e  f o o t  long, 

two inch  d iam ete r  l i n e a r  berea  sandstone  model. T es t s  

were conducted a t  v a r io u s  te m p era tu re s  w i th  b o th  d i s t i l l e d  

water  and a weak s o l u t i o n  o f  sodium hydroxide as  a 

w a te r f lo o d  a g e n t .  The o i l  recove ry  as  a f u n c t i o n  of the  

amount of w a te r f lo o d  f l u i d  i n j e c t e d  i s  compared a t  each 

t e m p e ra tu re .  The e f f e c t s  o f  tem pera tu re  on a l l  f a c t o r s  

b e s id e s  the  sodium hydroxide can be e l im in a te d  by the  use 

of da ta  ob ta ined  w i th  d i s t i l l e d  w a te r .  A l l  t e s t s  were 

conducted w i th  two pore volumes of  w a te r f lo o d  agen t  being  

i n j e c t e d .
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REVIEW OP LITERATURE

The poor performance of  secondary  recove ry  p r o j e c t s  

in  h igh  v i s c o s i t y  o i l  r e s e r v o i r s  has been d is c o u ra g in g  

to  th e  o i l  i n d u s t r y .  One p rocess  t h a t  may lead to  

in c re a se d  secondary reco v e ry  from t h i s  type of r e s e r v o i r  

i s  the  a d d i t i o n  of sodium hydroxide to  the  i n j e c t i o n  

w a te r .  Emery, Mungan, and N icholson  (1969) have 

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

was recovered  as  a r e s u l t  of  th e  use of sodium hydroxide 

in  the  i n j e c t i o n  w a te r .  Approximate ly  e ig h t  p e rc e n t  of  a 

pore volume of a 0 .5  N NaOH s o l u t i o n  was i n j e c t e d  i n t o  a 

s i n g l e  w e l l .  The pore volume was th e  lj.0-acre t e s t  a rea  

p lu s  a l lowance f o r  25 p e rce n t  m ig ra t io n  o u t s id e  of th e  

t e s t  a r e a .  T h e re fo re ,  a l l  c a l c u l a t i o n s  were based on 50 

a c r e s .  P ro d u c t io n  of one w e l l  a d j a c e n t  to  t h i s  i n j e c t i o n  

w e l l  changed from a l l  w a te r  to  23 b a r r e l s  of  o i l  pe r  day

3
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and 300 b a r r e l s  of water  p e r  day. A l l  of  t h i s  o i l  was 

a t t r i b u t e d  to  the  i n j e c t i o n  of the  c a u s t i c  s o l u t i o n .

L abora to ry  work by Emery, Mungan and N icholson (1969) 

showed t h a t  a d d i t i o n a l  o i l  could be recovered  from n a t u r a l  

r e s e r v o i r  cores  even a f t e r  a w a t e r - o i l  r a t i o  of  100 to  1 . 

However, the  g r e a t e s t  e f f e c t  on r eco v e ry  occurred  when the  

NaOH i n j e c t i o n  was s t a r t e d  imm edia te ly .  A 0.5N NaOH 

s o l u t i o n  w a te r f lo o d  in c re a s e d  re co v e ry  by app rox im a te ly

5 .5  p e rc e n t  of  a pore volume. The t e s t s  were made us ing  

S in g le to n  crude ( v i s c o s i t y —1.60 c e n t i p o i s e  a t  160 °F, 500 

p s i )  a t  160 °P in  u n c o n s o l id a te d  sand c o r e s .

S c o t t ,  C o l l in s  and F lock  (1965) have s tu d i e d  the 

e f f e c t s  of  pH on i n t e r f a c i a l  t e n s io n s  of  s e v e r a l  crude 

o i l  b r in e  systems.  They dem onstra ted  t h a t  lowering  the  

pH reduces  th e  i n t e r f a c i a l  t e n s io n  between the  b r in e  and 

crude o i l .  However, the  g r e a t e s t  e f f e c t  was demonstra ted 

by i n c r e a s in g  th e  pH of  th e  b r in e  s o l u t i o n .  S ev e ra l  

w a te r f lo o d s  were th en  conducted on sand pack models 

which in d ic a t e d  an improved reco v e ry  by use of  weak 

sodium hydroxide s o l u t i o n s  as  the  f lo o d in g  a g e n t .  The 

in c r e a s e  in  r eco v e ry  was found to  be 30 p e r c e n t  g r e a t e r  

th a n  th e  reco v e ry  o b ta in ed  by b r i n e  w a te r f lo o d in g .  These 

t e s t s  were a l l  conducted a t  80 °P u s in g  L loydm inster  

crude o i l .  The core was n o t  c leaned  between subsequent



T-1291 5

t e s t s  u s in g  sodium hydro x id e .  This f a c t  makes c o r r e l a t i o n  

of the  r e s u l t s  r a t h e r  d i f f i c u l t .

The e f f e c t  o f  tem p era tu re  on c a u s t i c  d isp lacem ent  

of crude o i l  from th e  L loydm ins te r  F i e l d  in  A l b e r t a ,

Canada i s  the  s u b je c t  m a t t e r  f o r  t h i s  t h e s i s .  A l l  

pa ram ete rs  except  tem p era tu re  a r e  he ld  as  c o n s ta n t  as  

p o s s i b l e  dur ing  th e  t e s t s .  A n a ly s is  i s  accomplished 

a t  each tem pera tu re  by r e f e r e n c e  to  t e s t s  made w i th  

d i s t i l l e d  w ater  a s  th e  f lo o d in g  a g e n t .  I n t e r f a c i a l  

t e n s io n s  a r e  measured f o r  c o r r e l a t i o n  of the  t e s t  r e s u l t s *
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EXPERIMENTAL PROCEDURE

The e x p e r im en ta l  p rocedure  w i l l  be d i s c u s s e d  w ith  

r e s p e c t  t o  model s c a l i n g ,  equipment d e s ig n ,  i n v e s t i g a t i o n  

of model p r o p e r t i e s ,  and method of  t e s t i n g .

Model S ca l in g  

End e f f e c t s  can be e l im in a te d  in  a model i f  the  

w a te r f lo o d  i s  s t a b i l i z e d  (Kyte,  Rapoport ,  1958)* One 

c r i t e r i a  f o r  s t a b i l i z e d  w a te r f lo o d s  c o n s i s t s  of  having 

s u f f i c i e n t  magnitude of th e  s c a l in g  c o e f f i c i e n t  which i s  

d e s c r ib e d  by th e  fo l lo w in g  eq u a t io n  (Rapoport ,  Leas,  1953)*

S ca l in g  c o e f f i c i e n t  = LV;uw
where

L = Length ( c e n t im e t e r s )
V s= T o ta l  f low  r a t e  p e r  u n i t  c r o s s - s e c t i o n a l  

a rea  ( c e n t im e te r s / s e c o n d )
AX\j = Water v i s c o s i t y  ( c e n t i p o i s e )

6



T-1291

A s c a l i n g  c o e f f i c i e n t  g r e a t e r  th a n  app rox im a te ly  1 .5  

s i g n i f i e s  s t a b i l i t y .  Another  c r i t e r i a  f o r  s t a b i l i t y  i s  

t h a t  a 50 p s i  p r e s s u re  drop ac ro s s  th e  model in s u r e s  

s t a b i l i t y  (Kyte,  Rapoport ,  1958).

At a l l  t im es  d u r ing  the  t e s t s  a t  l e a s t  one c r i t e r i a  was 

always met and t h e r e f o r e  no end e f f e c t s  should be 

cons idered  in  th e  a n a l y s i s  of  the  d a t a .

Equipment Design

The model c o n s i s t e d  of  a th r e e  f o o t  long ,  tw o- inch  

d iam ete r  berea  sandstone  c o re .  The core was f i r e d  a t  

825 °F to  reduce th e  e f f e c t  of  c lay  sw e l l in g  when f r e s h  

w a te r  i s  used .  The core was coa ted  w i th  a chem ica l ly  

r e s i s t a n t  p a i n t  and th e n  se a le d  in  a f lan g ed  s t a i n l e s s  

s t e e l  tube w i th  a e u t e c t i c  m e ta l  t h a t  expands on co o l in g .

The ends of the  core  and th e  excess  m e ta l  were th e n  faced  

o f f  t o  be f l u s h  w i th  the  f l a n g e s .  Two p r e s s u r e  t a p s  were 

th e n  d r i l l e d  i n t o  th e  tube so t h a t  they  were 25*0 inches  

a p a r t  and ce n te red  on the  c o re .  The f lan g ed  ends were 

th e n  b o l t e d  w i th  0 - r i n g  s e a l s  to  complete th e  i n s t a l l a t i o n  

of  th e  co re .

The o i l  used was a dead crude from the  L loydm ins te r  

F i e l d  in  A l b e r t a ,  Canada.

A Ruska v a r i a b l e  r a t e  p r o p o r t i o n in g  pump was used
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to  m a in ta in  tho  i n j e c t i o n  r a t e  a t  6I4..O cubic c e n t im e te r s  

p e r  hour f o r  the  w a te r f lo o d  t e s t s .  A c y l in d e r  s i m i l a r  to  

th e  core  h o ld e r  was used to  hold the  f l u i d  t h a t  was to  be 

d i s p la c e d  in to  th e  co re .  The Ruska pump could th en  pump 

mercury in to  th e  bottom of t h i s  v e s s e l  and d i s p l a c e  the  

f l u i d  t o  th e  c o re .  Two f i l t e r s  c o n s i s t i n g  of o n e - q u a r t e r -  

inch  t h i c k  s e c t i o n s  of  th e  core were used to  in su re  

c l e a n l i n e s s  o f  th e  i n j e c t e d  f l u i d .  One f i l t e r  was used 

f o r  th e  f lo o d in g  agen t  and th e  o th e r  was used to  f i l t e r  

th e  o i l .

The tem p era tu re  was c o n t r o l l e d  by an a d j u s t a b l e  

mercury th e rm o s ta t  connected to  two 3500-w a t t  h e a t e r s  

in  an  o i l  b a t h .  The h e a t in g  o i l  used f o r  the  b a t h  was 

Texaco P-50 URSA o i l .  The o i l  was c i r c u l a t e d  by motor 

d r iv e n  s t i r r e r s  in  o rd e r  t o  m a in ta in  even tem pera tu re  

d i s t r i b u t i o n  th roughou t  th e  b a t h .

The arrangement of  th e  equipment can be b e s t  

unders tood  from th e  schematic  diagram in  F igu re  1 and 

th e  photograph  in  P l a t e  1 .

I n v e s t i g a t i o n  o f  Model P r o p e r t i e s

The e f f e c t i v e  l i q u i d  p e r m e a b i l i t y  was o b ta ined  by 

f low ing  dry n i t r o g e n  a t  v a r io u s  f low  r a t e s  and p r e s s u r e s  

th rough  th e  co re .
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P o r o s i ty  was ob ta ined  by weighing the  core  dry and 

th e n  when com ple te ly  s a t u r a t e d  w i th  water* The d i f f e r e n c e  

i n  weight i s  r e p r e s e n t a t i v e  of  the  connected pore volume. 

The r e l a t i o n s h i p  of th e  crude o i l  v i s c o s i t y  to  

tem pera tu re  was o b ta in ed  by the  use of r e v e r s e - f lo w  type 

v isco m ete r s  in  a c o n s ta n t  tem p era tu re  b a t h .  The 

tem p era tu re  was v a r i e d  from 90 °F to  200 °P .  V i s c o s i t y  

of  the  NaOH s o l u t i o n  used f o r  the  w a te r f lo o d  experim ents  

was measured w ith  Ostwald v i s c o m e te r s .  The range of 

i n v e s t i g a t i o n  was 100 °P to  200 °P,

The method used t o  determine s p e c i f i c  g r a v i t y  was 

a hydrometer c a l i b r a t e d  w i th  l i q u i d s  of  known s p e c i f i c  

g r a v i t y .  I n  o rd e r  to  de term ine  the  c o n c e n t r a t i o n  of 

sodium hydroxide to  be used ,  the  upward i n t e r f a c i a l  

t e n s i o n  between o i l  and s e v e r a l  d i l u t e  s o l u t i o n s  of 

sodium hydroxide was measured a t  room te m p e ra tu re .  X 

d i r e c t  r e a d in g  BuNouy te n s io m e te r  was used to  make the  

i n t e r f a c i a l  t e n s i o n  measurements. The s o l u t i o n  t h a t  

r e s u l t e d  i n  maximum r e d u c t i o n  of i n t e r f a c i a l  t e n s i o n  was 

th e n  chosen to  be used as  th e  c a u s t i c  f lo o d in g  a g e n t .

The p o s s i b i l i t y  of  a f i l m  forming a t  th e  c a u s t i c -  

crude i n t e r f a c e  ( S c o t t ,  C o l l i n s ,  and F lo ck ,  1965) was 

co n s id e red  as  a p o t e n t i a l  f a c t o r  in  w a te r f lo o d  

perfo rm ance .  Measurements of  i n t e r f a c i a l  t e n s i o n  were
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made a t  two-hour  I n t e r v a l s  up t o  t w e lv e  hours t o  determ ine  

i f  any changes i n  i n t e r f a c i a l  t e n s i o n  occurred  during  the  

p e r io d  o f  th e  t e s t .

In  order  t o  v a l i d a t e  r e s u l t s  from th e  equipment u s e d ,  

some t e s t s  were n e c e s s a r y  t o  e l i m i n a t e  p o s s i b l e  e r r o r s .  

Any r e a c t i o n  between t h e  e u t e c t i c  m eta l  used  t o  mount the  

core  and t h e  sodium hydrox ide  s o l u t i o n  cou ld  cause  

e rr o n eou s  r e c o v e r y  d a t a .  The m e ta l  was a l lo w e d  t o  remain  

i n  c o n t a c t  w i t h  th e  sodium hydrox ide  s o l u t i o n  a t  

t e m p er a tu r es  o f  75 °F ,  155 °F and 195 °F f o r  v a r io u s  

l e n g t h s  o f  t im e up t o  96 h o u rs .  Any l o s s  In  w e ight  would  

i n d i c a t e  d e t e r i o r a t i o n  o f  the  m a t e r i a l  and p o s s i b l e  

e r r o r s  in  th e  r e c o v e r y  d a t a .

Method o f  T e s t i n g  

The d i s p la c e m e n t  t e s t  procedure  f o r  each  w a t e r f lo o d  

experim ent  c o n s i s t e d  o f  c l e a n i n g  the  c o r e ,  o b t a i n in g  

i n i t i a l  s a t u r a t i o n s  o f  o i l  and w a te r ,  and w a t e r f l o o d l n g .  

C lea n in g  th e  Core

The core  was f i r s t  c le a n e d  w i t h  f i f t e e n  pore volumes  

o f  a n a l y t i c a l  grade t o l u e n e .  F iv e  pore volumes o f  

a n a l y t i c a l  grade pentane  were th e n  f o r c e d  through th e  core  

i n  order  t o  r e t u r n  th e  core  t o  th e  i n i t i a l  c o n d i t i o n  o f



T-1291

a w ate r  wet system (C la rk ,  1959)* Dry n i t r o g e n  was passed 

th ro u g h  th e  core t o  d i s p l a c e  the  pentane and to  dry the  

c o r e .  The core was th e n  p laced  on a vacuum to  complete 

th e  d ry ing  p r o c e s s .  The core was c le a n  and ready  to  

be s a t u r a t e d  f o r  th e  nex t  w a te r f lo o d  t e s t .

S a t u r a t i n g  the  Core

The co re ,  a f t e r  be ing  c leaned  and d r i e d ,  was f i r s t  

f looded  w i th  2 .5  pore volumes of  d i s t i l l e d  w ate r  o r  u n t i l  

t h e  pH had r e tu r n e d  to  7 .0  i n d i c a t i n g  no p resence  of 

sodium hydrox ide .  The b a t h  was then  hea ted  to  

ap p ro x im a te ly  Hj.0 °F so t h a t  th e  crude o i l  v i s c o s i t y  would 

be n ea r  100 c e n t i p o i s e .  O i l  was th en  i n j e c t e d  in t o  the  

w ater  s a t u r a t e d  core u n t i l  1 .2  pore volumes had been 

d i s p l a c e d .  C ons ider ing  a m o b i l i t y  r a t i o  of  100, the  core 

was a t  i n i t i a l  w a te r  s a t u r a t i o n ,  and e s s e n t i a l l y  no water  

would be produced from t h i s  s a t u r a t i o n  in  th e  w a te r f lo o d in g  

t e s t s .

W ate r f lood ing

The w a te r f lo o d  t e s t s  were performed a t  130, 160, and 

190 °F. At each tem p era tu re  two t e s t s  were made. One t e s t  

was made u s in g  d i s t i l l e d  w ate r  as  the  f lo o d in g  agen t  and 

a comparat ive  t e s t  was made u s in g  a 0.20  weight p e r c e n t  

sodium hydroxide s o l u t i o n .

The i n j e c t i o n  was m a in ta ined  a t  a c o n s ta n t  r a t e  of
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6I4. c u b ic  c e n t i m e t e r s  per  hour.  Two pore  volumes o f  

i n j e c t e d  f l u i d  c o n s t i t u t e d  a t e s t .

The data c o l l e c t e d  f o r  each  t e s t  c o n s i s t e d  o f  the  

p r e s s u r e  drop a lo n g  th e  core  and t h e  r e c o v e r y  by w e ight  

and volum e.  The w ater  cut o f  th e  r e c o v e r y  was determined  

by u se  o f  a c e n t r i f u g e .  A check was a l s o  made u s i n g  th e  

w eight  and volumes o f  th e  f l u i d  r e c o v e r y  when a 

d i s c r e p a n c y  a r o s e  i n  th e  d a t a .
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RESULTS AND DISCUSSION

The r e s u l t s  of  t h i s  i n v e s t i g a t i o n  w i l l  be d i sc u sse d  

w i th  r e s p e c t  to  model p r o p e r t i e s ,  i n t e r f a c i a l  t e n s i o n ,  

w a te r f lo o d  performance,  and r e s e r v o i r  model perform ance .

Model P r o p e r t i e s  

The e f f e c t i v e  l i q u i d  p e r m e a b i l i t y  ob ta ined  by the  

use of  n i t r o g e n  i s  i l l u s t r a t e d  i n  F ig u re  2 and was found 

to  be 5̂ 4-9 r a i l l i d a r c i e s .  The p o r o s i t y  ( determined by 

weighing the  core while wet and dry  ) was found to  be

20.5  p e r c e n t .

V i s c o s i t y  r e l a t i o n s h i p s  of  th e  crude and c a u s t i c  a r e  

i l l u s t r a t e d  in  F ig u re  3 and 5 r e s p e c t i v e l y .  The g r a v i t y  

of  th e  L loydm ins te r  crude a t  v a r io u s  te m p era tu re s  i s  

i l l u s t r a t e d  i n  F igu re  Ij..

13
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I n t e r f a c i a l  Tensions 

The i n t e r f a c i a l  t e n s i o n  between L loydm ins te r  crude 

o i l  and s e v e r a l  weak s o l u t i o n s  of  NaOH i s  i l l u s t r a t e d  i n  

F ig u re  6 . I t  can be n o t i c e d  t h a t  s o l u t i o n s  between 0 .10  

and 0 .30  weight p e rc e n t  NaOH reduce th e  i n t e r f a c i a l  

t e n s io n  below 0 .1  dyne p e r  c e n t im e te r .  A 0 .20  weight 

p e rc e n t  ( 0.05N ) s o l u t i o n  was t h e r e f o r e  used f o r  a l l  

subsequent  t e s t s .

The p o s s i b i l i t y  of  a f i l m  forming a t  the  c ru d e -w a te r  

i n t e r f a c e  ( S c o t t ,  C o l l i n s ,  and F lo ck ,  1965 ) was then  

co n s id e re d .  By simply t a k in g  a drop of  crude in  a sm all  

beaker  of  c a u s t i c ,  the  e f f e c t s  of r e d u c t io n  of  s u r fa c e  

t e n s io n  a long  w i th  the  fo rm a t io n  of a t h i n  f i lm  could 

be n o t i c e d .  The crude spread  out v e ry  unevenly ,  and 

a t h i n  l ig h t -b ro w n  f i lm  was formed a lm ost  i n s t a n t l y  over  

the  s u r f a c e  of th e  c a u s t i c  s o l u t i o n .  The c h a r a c t e r i s t i c s  

of t h i s  f i l m  a r e  not  known and could e f f e c t  th e  reco v e ry  

performance of  a r e s e r v o i r .

I n t e r f a c i a l  t e n s io n  measurements were th en  made on 

th e  c r u d e - c a u s t i c  system a f t e r  p e r io d s  of s e t t i n g  t im e .  

The t ime was v a r ie d  between two and twelve hours t o t a l  

a t  two-hour i n t e r v a l s #  This  p rocedure  was conducted a t  

100 °F and 160 °F w ith  no change in  i n t e r f a c i a l  t e n s io n .  

This f a c t  would d is c o u n t  any change in  w a te r f lo o d
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performance due to  changing c h a r a c t e r i s t i c s  of  th e  f i l m  

a t  th e  i n t e r f a c e .

W aterf lood  Performance

The w a te r f lo o d  performances u s in g  d i s t i l l e d  w ate r  

as  the  f lo o d in g  agen t  a r e  i l l u s t r a t e d  in  F ig u re s  9 ,  10 ,

11, and 12. These curves  a r e  q u i t e  r e a s o n ab le  and the  

change in  r e co v e ry  w i th  in c r e a s in g  tem pera tu re  I s  due to  

th e  r e d u c t i o n  in  o i l  v i s c o s i t y  a s  shown In  F ig u re  3.  The 

w a te r  v i s c o s i t y  I s  a l s o  r educ ing  w i th  in c r e a s in g  

te m p e ra tu re ,  bu t  no t  w i th  th e  magnitude demonstra ted  by 

the  c rude .  The performances w i th  d i s t i l l e d  w ater  se rve  

a s  a b a s i s  f o r  a n a ly s in g  th e  sodium hydroxide w a te r f lo o d s .

The w a te r f lo o d  performances u s ing  0 .20  weight 

p e rc e n t  sodium hydroxide a r e  I l l u s t r a t e d  in  F ig u re s  13, 

l l | ,  and 15. I t  can be seen from th e se  curves t h a t  an 

in c r e a s e  i n  r eco v e ry  above t h a t  o b ta in ed  w ith  d i s t i l l e d  

w ate r  i s  r e a l i z e d  a t  a l l  t h r e e  tem pera tu res  i n v e s t i g a t e d .  

The in c r e a s e  i n  reco v e ry  f o r  the  130 °F and 190 °F t e s t s  

a r e  n e a r l y  equa l  and account  f o r  a f o u r  p e rc e n t  in c re a s e  

In  r e c o v e ry .  The t e s t  made a t  160 °F r e s u l t e d  in  an 

i n c r e a s e  in  reco v e ry  of 13 p e rc e n t  of  the  o i l  i n  p l a c e .

The a d d i t i o n a l  o i l  r e c o v e r i e s  a r e  a d e f i n i t e  r e s u l t  of  

u s ing  th e  c a u s t i c  s o l u t i o n  as the  f lo o d in g  a g e n t .
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A summary of  th e  w a te r f lo o d  t e s t  r e s u l t s  i s  

i l l u s t r a t e d  in  F ig u re  16. Comparison of  th e  r e s u l t s  i s  

s i m p l i f i e d  by use o f  t h i s  i l l u s t r a t i o n .

The r e d u c t io n  i n  i n t e r f a c i a l  t e n s io n  i s  r e l a t e d  to  

the  a d d i t i o n a l  o i l  r e c o v e ry  in  th e  c a u s t i c  w a te r f lo o d s ,  

bu t  th e  anamoly a t  160 °F i s  d i f f i c u l t  t o  u n d e r s ta n d .

The t e s t  a t  160 °F was r e p e a te d  w i th  the  same r e s u l t s #

A w a t e r - i n - o i l  em uls ion  did e x i s t  bu t  was e l im in a te d  by 

u s in g  to lu e n e  to  cut  th e  sample b e fo re  d e te rm in ing  th e  

w a t e r - o i l  r a t i o  w i th  th e  use o f  the  c e n t r i f u g e .

Another  p o s s i b l e  e x p la n a t io n  f o r  the  r eco v e ry  a t  

160 °F would be a d r a s t i c  change in  the  v i s c o s i t y  of  the  

sodium hydroxide s o l u t i o n .  This p o s s i b i l i t y  was 

e l im in a te d  by the  da ta  i l l u s t r a t e d  in  F igure  5 which 

i n d i c a t e d  a normal r e d u c t i o n  i n  v i s c o s i t y  w i th  i n c r e a s in g  

t e m p e ra tu re .  F ig u re  5 a l s o  i l l u s t r a t e s  s e v e r a l  v i s c o s i t y  

measurements of  d i s t i l l e d  w ate r  ( Amyx, Bass ,  and W hit ing ,  

I 960 ) which i l l u s t r a t e  t h a t  th e  c a u s t i c  behaves very  

much l i k e  d i s t i l l e d  w a te r .

The p o s s i b i l i t y  o f  a change i n  c r u d e - c a u s t i c  

i n t e r f a c i a l  t e n s i o n  c a u s in g  the  reco v e ry  change a t  160 °F 

was co n s id e re d .  The p o s s i b i l i t y . o f  the  f i l m  caus ing  the  

change was e l im in a te d  on th e  b a s i s  of  the  t e s t s  d i sc u sse d  

in  th e  p rev io u s  s e c t i o n .
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One p o s s i b l e  e x p la n a t io n  f o r  the  performance of  the  

c a u s t i c  w a te r f lo o d  a t  160 °F i s  th e  change between the  

sandstone  core and the  c a u s t i c  w i th  r e s p e c t  to  te m p e ra tu re .  

I t  was n o t i c e d  tha,t i n  c l e an in g  th e  core a f t e r  a c a u s t i c  

w a te r f lo o d ,  th e  pH of th e  e f f l u e n t  remained above t h a t  

of  d i s t i l l e d  w ater  u n t i l  a t  l e a s t  t e n  pore  volumes of 

d i s t i l l e d  w ater  was passed  th rough  th e  model. This  f a c t  

su g g e s ts  t h a t  the  NaOH i s  be ing  absorbed  in t o  th e  system. 

M onitor ing  of  the  pH of  th e  e f f l u e n t  du r ing  a c a u s t i c  t e s t  

showed t h a t  app rox im a te ly  0 .1  pore volume of w a te r  was 

produced b e fo re  th e  pH changed s i g n i f i c a n t l y  enough to  

c o n s id e r  t h a t  the  c a u s t i c  was the  produced w a te r .  This 

d e lay  in  pH in c r e a s e  s t r e n g th e n s  th e  idea of  th e  NaOH being  

absorbed  in to  the  system and su g g e s ts  t h a t  a h ig h e r  

c o n c e n t r a t i o n  of NaOH should p o s s i b ly  be i n j e c t e d  f i r s t  

to  o f f s e t  the  l o s s .  The p r o p e r t i e s  o f  s a n d s to n e - c a u s t i c  

i n t e r f a c i a l  t e n s i o n  o r  chemical  r e a c t i o n s  were not 

w i th in  the  scope of t h i s  i n v e s t i g a t i o n  but may be of 

importance in  th e  e x p la n a t io n  of r e s u l t s  o b ta in e d .

R e l a t i v e  p e r m e a b i l i t y  curves f o r  th e  t e s t s  were then  

c o n s t r u c t e d .  These curves a r e  i l l u s t r a t e d  in  F ig u re s  7 

and 8 . The curves f o r  the d i s t i l l e d  w ate r  t e s t s  a lmost 

co in c id e  and i n d i c a t e  t h a t  a change in  r eco v e ry  i s  due
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e n t i r e l y  to  the  v i s c o s i t y  changing w ith  in c re a s in g  

t e m p e r a tu r e •

The r e l a t i v e  p e r m e a b i l i ty  curves  f o r  the  c a u s t i c  

t e s t s  a s  i l l u s t r a t e d  in  F ig u re  8 a r e  sep a ra ted  by a 

s i g n i f i c a n t  amount. This s e p a r a t i o n  would i n d i c a t e  t h a t  

some mechanism b e s id e s  a change of v i s c o s i t y  i s  p r e s e n t .  

The mechanism caus ing  t h i s  s h i f t  i s  the  r e d u c t io n  in  

c r u d e - c a u s t i c  i n t e r f a c i a l  t e n s i o n .

The r e l a t i v e  p e r m e a b i l i t y  f o r  the  160 °F c rude-  

c a u s t i c  t e s t  i s  not  a l i n e a r  r e l a t i o n  as  p l o t t e d  on 

F ig u re  8. The changing s lo p e s  i n d i c a t e  a f a v o ra b le  

p e r m e a b i l i t y  to  o i l  a t  low v a lu e s  of  w ater  s a t u r a t i o n .  

The curve th e n  i n c r e a s e s  in  s lope  which i n d i c a t e s  a 

p e r m e a b i l i t y  l e s s  f a v o r a b le  to  o i l  than  any o th e r  t e s t  

a t  h ig h  w a te r  s a t u r a t i o n s .  The two t e s t s  a t  160 °F 

y i e l d  c o n s i s t e n t  r e s u l t s .  The d isc re p an cy  in  the  h ig h e r  

w a te r  s a t u r a t i o n  p a r t  of  th e  curve i s  due to  a problem 

w i th  emulsions forming dur ing  th e  f i r s t  t e s t .  This 

curved r e l a t i v e  p e r m e a b i l i ty  p l o t  i n d i c a t e s  t h a t  some 

new f a c t o r  has been in t ro d u c e d .  The p o s s i b i l i t y  of 

a change in  c r u d e - c a u s t i c  i n t e r f a c i a l  p r o p e r t i e s  has 

been e l im in a te d  and th e  a u th o r  f e e l s  t h a t  the  sa n d s to n e -  

c a u s t i c  i n t e r f a c i a l  p r o p e r t i e s  a r e  the  mechanism 

caus ing  the  change in  r e l a t i v e  p e r m e a b i l i t y .



T-1291 19

The e x p la n a t io n  f o r  the  d r a s t i c  change i n  w a te r f lo o d  

performance a t  160 °P u s ing  th e  c a u s t i c  i s  not  a p p a re n t  

a t  t h i s  time* However, th e  i n d i c a t i o n  of NaOH being 

absorbed  and th e  curved r e l a t i v e  p e r m e a b i l i ty  p l o t  of  

the  160 °F c a u s t i c  t e s t  i n d i c a t e  t h a t  a s tudy  of 

r e s e r v o i r  r o c k - c a u s t i c  p r o p e r t i e s  would be b e n e f i c i a l  

i n  u n d e rs ta n d in g  th e  mechanism involved  f o r  the  in c re a se d  

o i l  p r o d u c t io n .

R e se rv o i r  Model Performance 

The model performed q u i t e  w e l l  u n t i l  the  100 °F 

c a u s t i c  w a te r f lo o d  was a t te m p te d .  Very low reco v e ry  

i n d i c a t e d  t h a t  some type  of channe l ing  had developed.

The e u t e c t i c  m e ta l  was checked f o r  76 hours a t  195 °F ,

160 °F, and 7U- °F. The most severe  c o r r o s io n  occurred  

a t  195 °F and r e s u l t e d  in  a l o s s  i n  weight of  0.09 

p e rc e n t  of  the  sample t e s t e d .  The p o s s i b i l i t y  of  a 

channel  forming i n  th e  m e ta l  was t h e r e f o r e  e l im in a t e d .

The p o s s i b i l i t y  of  th e  core  f r a c t u r i n g  was a l s o  

i n v e s t i g a t e d .  Based on a p r e s s u r e  of 1500 p s ig  on the  

c o re ,  th e  core h o ld e r  could expand a maximum of 0.0005 

in ch .  This c a l c u l a t i o n  was based on a tube w i th  no 

s u p p o r t s .  The core h o ld e r  used had f l a n g e s  a t  each end 

w i th  r e i n f o r c i n g  b r a c k e t s  spaced between the  ends .  These
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a d d i t i o n a l  b rac e s  would e s s e n t i a l l y  e l im in a t e  any 

expans ion .  The a u th o r  f e e l s  t h e r e  was no chance of  the  

core f r a c t u r i n g  w i th o u t  th e  b r a c k e t s  and t h e r e f o r e  no 

c o n s i d e r a t i o n  should be g iven  t h i s  p o s s i b l e  e x p la n a t io n  

of th e  a p p a re n t  c h a n n e l in g .

The sodium hydroxide may have formed a channel  in  

th e  core as  th e  NaOH w i l l  r e a c t  w i th  s i l i c a .  A f t e r  th e  

a p p a re n t  breakdown of  the  model, a white  cloudy subs tance  

was n o t ic e d  in  th e  e f f l u e n t .  This  c lo u d in e s s  may be due 

to  s i l i c a  con ten t  of th e  e f f l u e n t  being in c re a se d  due to  

r e a c t i o n  of the  NaOH w i th  th e  c o r e .  Emery, Mungan, and 

N icho lson  (1969) noted  s i l i c a  i n  th e  e f f l u e n t  of  t h e i r  

core t e s t s  and in  the  produced w ate r  of  th e  f i e l d  t e s t .  

The sodium hydroxide r e a c t i n g  w i th  the sands tone  core 

i s  f e l t  t o  be the  e x p l a n a t io n  f o r  the  breakdown of the  

model.

The t e s t s  t h a t  were used a r e  no t  cons ide red  by the  

a u th o r  t o  r e p r e s e n t  changes due to  the  NaOH r e a c t i n g  w i th  

th e  s a n d s to n e .  A l l  t e s t s  used f o r  the  a n a l y s i s  were 

o b ta in ed  i n  random o r d e r .  The in c re a se d  o i l  r eco v e ry  

could no t  be a r e s u l t  of  the  model o p e ra t in g  i n c o r r e c t l y  

because t h i s  change would c r e a t e  a s i g n i f i c a n t  d ec rease  

in  w a te r f lo o d  perfo rm ances .  As soon a s  a d isc re p an cy  

in  the  r ec o v e ry  was n o te d ,  the  subsequent  t e s t s  were
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e l im in a te d  from any c o r r e l a t i o n  of w a te r f lo o d  performance .
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CONCLUSIONS

The purpose o f  t h i s  t h e s i s  was to  examine the  e f f e c t  

t h a t  tem p era tu re  has on w a te r f lo o d  reco v e ry  when a weak 

sodium hydroxide s o l u t i o n  i s  used as  the  f lo o d in g  a g e n t .  

The fo l lo w in g  co n c lu s io n s  may be drawn as  a r e s u l t  of 

t h i s  i n v e s t i g a t i o n .

1. Sodium hydroxide red u ces  the  c rude-w a te r  

i n t e r f a c i a l  t e n s i o n .  There was a d e f i n i t e  range of 0 .10  

to  0 .30  weight p e r c e n t  NaOH t h a t  reduces  th e  i n t e r f a c i a l  

t e n s i o n  below 0 .1  dyne p e r  c e n t im e te r  f o r  L loydm ins te r  

crude o i l .

2. Use of  a weak sodium hydroxide  s o l u t i o n  in c reased  

o i l  r eco v e ry  a t  a l l  t em p era tu re s  i n v e s t i g a t e d .

3 .  The i n v e s t i g a t i o n  a t  160 °F i n d i c a t e d  an in c r e a s e  

i n  r eco v e ry  over  th r e e  t im es  t h a t  of  the  t e s t s  made a t  

130 °E and 190 °P.

22
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ij.# The e x p la n a t io n  f o r  the  l a r g e s t  change in  

r e c o v e ry  a t  160 °P i s  n o t  c r u d e - c a u s t i c  i n t e r f a c i a l  

t e n s i o n .  S a n d s to n e -c a u s t i c  i n t e r f a c i a l  p r o p e r t i e s  a r e  

i n d i c a t e d  t o  be the  e x p la n a t io n  f o r  the  w a te r f lo o d  

performance a t  160 °P.
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1. Ruska P ro p o r t io n in g  Pump

2. P re ssu re  S a fe ty  Switch

3 . N i t ro g e n  Supply

k* Displacement V e s s e l

$ . F i l t e r s

6. Constan t  Tempera+ture Bath

7 . Cor® P re s su re  Gauges

8. Pump Pres  sure:Gavuges

9. Sea le

P la to  1 EQUIPMENT


