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ABSTRACT

A p rocedu re  f o r  th e  f e a s i b i l i t y  e v a lu a tio n  and im plem en ta tion  o f 

a  polym er f lo o d  i s  developed  on th e  b a s is  o f p u b lish e d  la b o ra to ry ,  mathe­

m a tic a l ,  and f i e l d  d a ta .  The procedure  in c lu d e s  d a ta  c o l le c t io n ,  d a ta  

e v a lu a tio n , analogy to  case s  o f  s u c c e s s fu l  polym er f lo o d s ,  polymer f lo o d  

d e s ig n , and f i e l d  im p lem en ta tio n . A h y p o th e tic a l  example i s  p ro v id ed  to  

i l l u s t r a t e  th e  proposed  p ro ced u re .
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INTRODUCTION

Among enhanced o i l  re c o v e ry  p ro c e ss e s , polym er f lo o d in g  has been

most w id e ly  a p p lie d  to  improve o i l  re co v ery  in  th e  l a s t  decade* O il

re c o v e ry  by w a te r f lo o d in g ; has been poor in  r e s e r v o i r s  w ith  a h ig h  v e r t i c a l

p e rm e a b il i ty  v a r ia t io n *  A fte r  w a te r f lo o d in g , up to  80 p e rc e n t o f th e

o i l  may rem ain in  th e  r e s e rv o ir s *  Polym er s o lu t io n s  have been s u c c e s s fu l ly

a p p lie d  to  re c o v e r a d d i t io n a l  o i l  from  n a tu r a l ly  d e p le te d  o r  w a te rflo o d ed

1-9r e s e r v o i r s  because o f  t h e i r  s u p e r io r  m o b ility  c o n tro l  p ro p e r t ie s  

over and above th a t  o f w ater i n  porous media*

A l i t e r a t u r e  su rv ey  in d ic a te d  th a t  th e re  has n o t been a c o n c re te  

p rocedu re  o r  a g u id e lin e  e s ta b l is h e d  f o r  c a r ry in g  ou t a f e a s i b i l i t y  

a p p ra is a l  and e n g in e e rin g  d e s ig n  o f a polym er f lo o d . I t  was decided  

to  make t h i s  th e  to p ic  o f t h i s  re p o rt*

This r e p o r t  i s  concerned  p r im a r i ly  w ith  th e  e v a lu a tio n  and im ple­

m en ta tio n  o f  a polym er f lo o d  as  a secondary  re c o v ery  p rocess*  However,

some p u b lish e d  p ap ers  in v o lv in g  th e  use o f polym er s o lu t io n s  in  t e r t i a r y
12-20o i l  re c o v e ry  a re  a ls o  in c lu d e d  in  th e  B ib liography*
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A FEASIBILITY EVALUTATION PROCEDURE OF A POLYMER FLOOD

The im portance o f p ro p e r ly  e v a lu a tin g  a r e s e r v o i r  b e fo re  d es ig n in g  

a polym er f lo o d  can n o t be overem phasized*- An in ad eq u a te  e v a lu a tio n  may 

le a d  to  m isjudgem ent i n  th e  polym er f lo o d  d e s ig n , r e s u l t i n g  in  econom­

i c a l l y  u n su c c e ss fu l opera tions,. The fo llo w in g  f e a s i b i l i t y  e v a lu a tio n  

p ro ced u re  i s  proposed  to  p ro v id e  an adequate  e v a lu a tio n  and d e s ig n  o f 

a polym er f lo o d .

Data C o lle c tio n

The r e s e r v o i r  and o p e ra tio n  d a ta  should  be g a th e red  as co m p le te ly  

as p o s s ib le .  These d a ta  in c lu d e :

1 . R e se rv o ir  Geometry: R ese rv o ir  s t r u c tu r e ,  boundary, 

c lo s u r e ,  th ic k n e s s ,  s t r a t i f i c a t i o n ,  d ep th , 

p ro d u c tiv e  a re a  and b u lk  volume.

2 . R e se rv o ir  Rock and F lu id s  P r o p e r t ie s :

R e se rv o ir  p re s s u re , te m p e ra tu re , p o ro s i ty ,  

p e rm e a b il i ty ,  l i th o lo g y ,  th e  f l u i d  P-V-T d a ta ,  

and i n i t i a l  o i l ,  gas and w a ter s a tu r a t i o n s .  I f  

a v a i l a b le ,  r e l a t i v e  p e rm e a b il i ty  and c a p i l l a r y  

p re s su re  d a ta  should  a lso  be o b ta in e d .

3 . P ro d u c tio n  R ecords: Cum ulative p ro d u c tio n  and 

p ro d u c tio n  r a t e s  o f  o i l ,  gas and w a te r .

4 . Well R ecords: Number o f w e lls  p roducing  abandoned, 

o r  sh u t in ;  w e ll c o n f ig u ra t io n ;  w ell p re s su re  

h is to r y ;  w ell lo g s ;  mode o f p ro d u c tio n  -  flo w in g , 

pumping, gas l i f t i n g ;  and w e ll com pletion  

re c o rd s .
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5* Equipment R ecords: F lo w lin e ss ; w e ll head equipment ; 

v a lv e s ;  chokes; t r e a t i n g ,  s to ra g e  and tra n sm is s io n  

equipm ent•

D ata E v a lu a tio n

Once th e  a v a i la b le  d a ta  have been c o l le c te d ,  th e y  shou ld  be f u l l y  

an aly zed  and e v a lu a te d  to  o b ta in  th e  fo llo w in g  in fo rm a tio n :

1 . E s tim a te  o f th e  o r ig in a l  o i l  and gas i n  

p la c e  u s in g  v o lu m e tric  and m a te r ia l  b a lan ce  

m ethods.

2 . The p rim ary  re c o v e ry  mechanism o f  th e  r e s e r v o i r .

3 . C u rren t g a s , o i l  and w ater s a tu r a t io n s  and th e  

p re s e n t amount o f o i l  rem ain in g  in  p la c e .

4* The average  p o r o s i ty ,  p e rm e a b il i ty ,  and

p e rm e a b il i ty  v a r ia t io n  ( i f  an y ); th e  fo rm atio n  

w a ter s a l i n i t y ;  th e  fo rm a tio n  ty p e , and m in era l 

c o n te n ts .

Analogy to  Cases o f S u c c ess fu l Polym er Floods

Polymer f lo o d in g , l i k e  a l l  o th e r  enhanced o i l  re co v e ry  m ethods, i s  

n o t a p p lic a b le  to  a l l  r e s e r v o i r  ty p e s  and c o n d it io n s . For a q u ick  

p re lim in a ry  e v a lu a tio n , i t  i s  a d v isa b le  to  compare th e  above e v a lu a te d  

r e s e r v o i r  d a ta  w ith  th o se  o f th e  r e s e r v o i r s  which have been s u c c e s s fu l ly  

f lo o d e d  by th e  u se  o f polym er s o lu t io n s .
i

Jew e tt and Schurz p ro v id ed  s t a t i s t i c s  o f s u c c e s s fu l f i e l d  case s  o f 

polym er f lo o d s .  They d e fin e d  su c c e s s fu l as econom ically  p r o f i t a b l e  from 

th e  polym er f lo o d  o p e ra t io n s .  Ranges o f  r e s e r v o i r  c o n d itio n s  a s s o c ia te d  

w ith  th e s e  su c c e s s fu l  f i e l d  polym er f lo o d s  a re  as fo llo w s :
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1 . The m o b ili ty  r a t i o  ran g es  from  0 .1  to  42* M o b ility  r a t i o  

i s  d e fin e d  h e re  as th e  b r in e  m o b ili ty  a t  r e s id u a l  o i l  

s a tu r a t io n  to  th e  o i l  m o b ili ty  a t  i r r e d u c ib le  w a ter 

s a tu r a t io n .-  The upper l i m i t  o f  th e  o i l  v i s c o s i ty  i s

1 2 6  cp .

2 . The m obile o i l  s a tu r a t io n  ran g es  from 0 .15  to  0 .4 6 .

The m obile o i l  s a tu r a t io n  i s  d e f in e d  as th e  d if f e r e n c e  

between th e  o i l  s a tu r a t io n s  a t  th e  s t a r t  and te rm in a tio n  

o f  th e  polym er f lo o d .

3* The maximum i n i t i a l  w ater s a tu r a t io n  re p o r te d  i s  47 p e r­

c e n t .

4* R e se rv o ir  p e rm e a b il i ty  ran g es  from 50 md to  2300 md.

5 . The p e rm e a b il i ty  v a r i a t io n  d e sc r ib e d  by D y k stra -

21P arsons ran g es  from  0 .2 8  to  0 .8 .

6 . P r o je c ts  s t a r t e d  a t ,  o r  n e a r ,  th e  end o f  th e  p rim ary  

d e p le t io n  have had th e  h ig h e s t  p e rc en ta g e  o f su c c e ss . 

T e r t i a r y  p r o je c ts  have been l e s s  s u c c e s s fu l .

7* Both sandstone  and lim e s to n e  r e s e r v o i r s  have been

s u c c e s s fu l  polym er f lo o d  c a n d id a te s .  G ro ssly  

v u g u la r l im e s to n e s  should  be avo ided .

8 .  The maximum r e s e r v o i r  w a ter s a l i n i t y  i s  14 p e rc e n t 

(l40 ,000ppm ).

9 . P o ro s i ty  ran g es  from 0 .1 0  to  0.39*
o10. The maximum r e s e r v o i r  te m p e ra tu re  re p o r te d  i s  229 F .

I t  need be em phasized t h a t  th e  above in fo rm a tio n , i s  meant f o r  

g e n e ra l g u id e lin e s  o n ly . R e se rv o irs  w ith  some o f th e  c o n d itio n s  n o t

ARTHUR CAKES DBRAHY
COLORADO SCHOOL of MINES

GOLDEN, COLORADO S M I
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ly in g  w ith in  th e  ran g es  need n o t be d is c a rd e d  a t  f i r s t  g la n c e , s in c e  th e  

d e c is io n  to  d esig n  a polym er f lo o d  f o r  a  r e s e r v o i r  would depend on f u r th e r  

e v a lu a tio n  o f th e  e f f e c t iv e n e s s  o f  a v a i la b le  polym er ty p e s  in  re c o v e rin g  

o i l  from  th e  re s e rv o ir*

D esign o f a Polymer Flood

When th e  can d id a te  r e s e r v o i r  an alo g y  w ith  s u c c e ss fu l f lo o d s  in d ic a te s  

a good p o s s i b i l i t y  o f a s u c c e s s fu l  polym er f lo o d , i t  i s  p roposed  t h a t  th e  

fo llo w in g  p rocedure  be fo llo w ed  to  com plete th e  f e a s i b i l i t y  e v a lu a tio n  f o r  

a polym er f lo o d .

New D ata Requirem ent

In  a d d itio n ! to  th e  above in fo rm a tio n , new d a ta  a re  re q u ire d  to  

com plete a polym er f lo o d  s tu d y . These d a ta  a re  concerned  w ith : W ater 

Supply , Polym er P r o p e r t ie s ,  and D isplacem ent P ro c e ss .

Adequate su p p ly  o f d e s i r a b le  w a te r i s  a must f o r  a s u c c e s s fu l 

polym er f lo o d .  The fo llo w in g  d a ta  on th e  w ater supp ly  a re  needed»

1 . Amount o f w a ter a v a i la b le ,

2 .  Chemical and s o l id -c o n te n t  a n a ly s is  on th e  w a te r ,

3 .  C o m p a tib ility  o f th e  w a te r w ith  th e  r e s e r v o i r  

c o n d itio n s  and polym er s e le c te d ,

4 . Compliance w ith  governm ental r e g u la t io n s ,  and

5. Cost o f th e  w a te r .

A d is c u s s io n  on polym er p r o p e r t ie s  and s e le c t io n  i s  p re se n te d  

in  Appendix 1 . , F o llow ing  i s  a l i s t  o f  th e  re q u ire d  d a ta  on th e  

polym er p r o p e r t ie s :

1 . Types o f polym ers com m ercially  a v a i la b le ,

2 . C o m p a tib ility  w ith  in j e c t i o n  w a te r ,

3* C o m p a tib ility  w ith  r e s e r v o i r  w a ter and te m p e ra tu re ,
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4 . Polymer r e t e n t io n  i n  th e  r e s e r v o i r ,

5* M o b ility  c o n tro l  i n  th e  d isp lacem en t p ro c e ss ,

6 , R equ ired  c o n c e n tra tio n  f o r  e f f e c t iv e  m o b ili ty  c o n tro l

in  th e  r e s e r v o i r ,  and 

7* I n je c t io n  r a t e  l i m i t  com patib le  w ith  com pletion

p e r f o r a t io n s  w ith o u t e x ce ss iv e  sh e a r  d e g ra d a tio n .

When th e  above d a ta  have been c o l le c te d ,  d a ta  on w a te rf lo o d  and 

polym er f lo o d  d isp lacem en t p ro c e sse s  a re  needed . I f  co res  a re  

a v a i l a b le ,  th e  fo llo w in g  w a te rf lo o d  d isp lacem en t d a ta  shou ld  be o b ta in e d ;

1 . R es id u a l o i l  s a tu r a t io n ,

2 . O il and w a ter p ro d u c tio n  h i s to r y ,

3# Water in j e c t i o n  h i s to r y ,  and

4# P re s su re  h i s to r y .

For th e  polym er f lo o d  p ro c e s s , th e  fo llo w in g  d a ta  can be o b ta in e d  from 

co re  f lo o d s ;

1 . R es id u a l o i l  s a tu r a t io n ,

2 . O il and w a ter p ro d u c tio n  h i  y  f o r  d i f f e r e n t  s iz e s  o f  polym er

s lu g ,

3 . W ater i n j e c t i o n  h i s to r y ,

4* P re s su re  h i s to r y ,  and

5. Polymer r e t e n t io n  f o r  each s lu g  s iz e  c o n s id e re d .

When co res  a re  n o t a v a i la b le ,  th e  r e s id u a l  o i l  s a tu r a t io n  to  

w a te rf lo o d in g  may be e s tim a te d  from w e ll lo g  a n a ly s is  u s in g  sh a llo w - 

and d e e p - in v e s t ig a t in g  lo g s ,  p o ro s i ty  and mud f i l t r a t e  r e s i s t i v i t y .  

R es id u a l o i l  s a tu r a t io n  to  b o th  w a te rf lo o d in g  and polym er f lo o d in g  may 

a ls o  be o b ta in e d  from  s im ila r  f lo o d in g  o p e ra tio n s  in  a d ja c e n t l e a s e s .

PXOMJDO SCHOOL oS MMES
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S e le c t io n  o f a Polymer Flood P ro cess

Polymer f lo o d s  a re  u s u a l ly  s lu g  p ro c e sse s  where th e  polym er s o lu tio n
1

in je c t io n  i s  fo llo w ed  by a d r iv in g  w a te r , J e w e tt and Schurz p re se n te d  

th e  ran g es  o f  s e v e ra l  f a c to r s  t h a t  a f f e c t  a polym er f lo o d  o i l  re co v ery  

perfo rm ance.

As th e y  p o in te d  o u t ,  th e s e  c r i t e r i a  can be used  o n ly  f o r  rough 

sc re e n in g  o f  r e s e r v o i r s  b e in g  co n sid e red  f o r  polym er f lo o d in g . For th e  

s e le c t io n  o f  a polym er f lo o d  p ro c e s s , a d d i t io n a l  desig n  f a c to r s  should  

in c lu d e :

1 , . The s lu g  s iz e  to  be in je c te d ,

2 , The ty p e  o f  polym er,

3 , The c o n c e n tra tio n  o f th e  polym er,

4 , Whether to  i n j e c t  w a ter ahead o f th e  polym er to  f i l l  e x is t in g  

v o id  o r  gas sp ace , and i f  so, to  what e x te n t?

5, The volume o f  d r iv e  w ater to  be in je c te d ,

6 , The p a t te r n  ty p e  and s i z e ,  and

7* At what d e p le t io n  s ta g e  to  s t a r t  i n j e c t i o n .

One can u se  one o r  a com bination  o f  s e v e ra l  methods to  e v a lu a te  th e

d esig n  f a c t o r s .  These a re  ( l )  C o r re la t io n s  from e x is t in g  d a ta ;  (2)

L a b o ra to ry  ex p erim en ts; and (3 ) Computer M odeling,

C o rre la tio n s  a re  based  on p u b lish e d  perform ance d a ta  on com m ercially
2s u c c e ss fu l polym er f lo o d s .  One such c o r r e la t io n  i s  p re se n te d  by Agnew,

The u se  of c o r r e la t io n s  shou ld  be viewed w ith  some sk e p tic ism  s in ce  th e  

r e s e r v o i r  and f i e l d  c o n d itio n s  on which th e y  a re  based  may no t n e c e s s a r i ly  

be s im i la r  to  th o se  o f th e  r e s e r v o i r  under c o n s id e ra t io n . They shou ld  be 

u sed  where a more r e l i a b l e  d e sig n  e v a lu a tio n  i s  n o t j u s t i f i e d  by economic



EE-1917
8

re a so n s  o r  d a ta  a v a i l a b i l i t y .

L ab o ra to ry  experim en ts s im u la tin g  f i e l d  c o n d itio n s  o f  a p ro je c te d

f lo o d  a re  perform ed and th e  r e l a t i v e  e f f e c t s  o f s e v e ra l  d isp la ce m e n t-

p ro c e ss  f a c to r s  a re  e v a lu a te d  to  s e l e c t  th e  optimum f lo o d in g  p ro c e s s .

The problem  i s  th a t  o f s c a l in g  model la b o ra to ry  experim en ts to  l a r g e - s c a le

f i e l d  c o n d it io n s .

Most o r  a l l  o f th e  d e s ig n  f a c to r s  m entioned above can be e v a lu a te d

by a s u i ta b ly  desig n ed  com puter program . S ev e ra l models a re  a v a i l a b le .
22Wang and Caudle p re s e n t  a s tre a m lin e  model based  on s te a d y - s ta te  flo w .

23P a tto n , C o ats , and Colgrove used  a la y e re d  s tre a m lin e  m athem atica l model
or

t o  p r e d ic t  polym er f lo o d  perfo rm ance. Graue p re d ic te d  polym er f lo o d

r e s u l t s  w ith  a l i n e a r ,  la y e re d  r e s e r v o i r  model. Jew e tt and Schurz^ p re s e n t

a com puter program  based  on tw o -d im en sio n a l, tw o-phase , noncom m unicating—
2 6l a y e r  m athem atical model. Uzoigwe, S can lon , and Jew e tt p re s e n t  a model

u s in g  a programmed s lu g  to  p r e d ic t  polym er f lo o d  perfo rm ance. Bondor,
25H ira s a k i , and Tam developed a th re e -p h a s e , th re e -d im e n s io n a l, f o u r -  

component, co m p ressib le  m athem atical s im u la to r  t h a t  a llow s th e  s im u la tio n  

o f  a v a r i e ty  o f complex s i t u a t i o n s .  T h is s im u la to r  ta k e s  in to  accoun t th e  

p re sen ce  o f a gas cap o r  d e s a tu ra te d  zone due to  g ra v i ty  d ra in ag e  i n  a 

d ip p in g  r e s e r v o i r ,  th e  p re sen ce  o f an a q u if e r ,  i r r e g u la r  w e ll sp ac ing  

and r e s e r v o i r  b o u n d a rie s , m u ltiz o n e s , r e s e r v o i r  h e te r o g e n e i t ie s ,  and 

w e ll perform ance th a t  i s  l im i te d  by s t a t e  p r o r a t io n ,  i n j e c t i v i t y ,  and 

p r o d u c t iv i ty .  The s im u la to r  a lso  in c o rp o ra te s  th e  a d so rp tio n  o f polym er, 

th e  d is p e r s io n  o f th e  polym er s lu g  and th e  e f f e c t  o f  non-Newtonian flow  

b e h av io r on th e  i n j e c t i v i t y  o f polym er. The e q u a tio n s  u sed  in  d evelop ing  

t h i s  model a re  p re se n te d  in  Appendix 2 .

COLOMBO SCHOOL of MINES
GOLDEN, COLOMBO QfHfi
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P a t te r n  S e le c t io n

The ch o ice  betw een a p e r ip h e ra l  and r e p e a t in g - p a t te r n  f lo o d  depends 

on e x i s t in g  w ell p a t t e r n ,  and th e  req u irem en t o f a minimum o f new 

w e lls  to  p ro v id e  o i l  p r o d u c t iv i ty  and maximize o i l  re co v e ry  w ith  a 

minimum p ro d u c tio n  o f  in je c te d  f l u i d s .  The p a t te r n  shou ld  ta k e  advan t­

age o f  known r e s e r v o i r  u n i f o r m i t ie s ,  e .g .  re g io n a l  p e rm e a b il i ty  d i f f e r e n c e s ,  

d i r e c t io n a l  p e rm e a b il i ty , fo rm atio n  f r a c t u r e s ,  d ip s ,  e t c . ,  and be com­

p a t ib le  w ith  f lo o d in g  o p e ra tio n s  in  a d ja c e n t l e a s e s .

Once th e  p a t te r n  o f  a polym er f lo o d  i s  s e le c te d ,  th e  i n j e c t i v i t y  

o f polym er s o lu t io n  shou ld  be e v a lu a te d :

1 . Determ ine th e  maximum b o tto m -h o le , and th u s  th e  maximum 

in je c t io n - w e l l  p re s su re  t h a t  w i l l  n o t f r a c tu r e  th e  r e s e r v o i r ,

2 . C a lc u la te  th e  i n i t i a l  w a ter o r  polym er s o lu t io n  in je c t io n  r a t e

from  th e  a p p ro p r ia te  e q u a tio n  f o r  th e  chosen p a t te r n  p re s e n te d  
30by Deppe. For a f iv e - s p o t , , th e  i n i t i a l  i n j e c t io n  r a t e  i s  

g iven  by:

^ i n i t i a l  = ( ° - ° ° l5 3 8 h  A Q A p ) / [ lo g ( d / r w)-0 .2 4 9 ]  ( l )

whe re j  _ i n i t i a l  i n j e c t i o n  r a t e ,  r e s .  B/D

h = n e t  pay th ic k n e s s ,  f t .

\  = m o b ili ty  o f  th e  r e s e r v o i r  f l u i d ,  md/cp

Ap * p re s su re  d i f f e r e n t i a l  betw een in je c t io n  and

producing  w e lls ,  p s ig

d = d is ta n c e  betw een in j e c t i o n  and producing  w e l ls ,  f t .

r  = w e ll r a d iu s ,  f t .w

To e s tim a te  th e  i n j e c t i v i t y  as th e  f lo o d  p ro g re s se s , t h i s  i n i t i a l

i n je c t i o n  r a t e  i s  u sed  as th e  base  i n j e c t io n  r a t e  in  th e  r e l a t i v e
30i n j e c t i v i t y  r e l a t i o n  f o r  a f iv e - s p o t  p a t te r n :
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I r  = lo g  ( r e/ r w) / [ l o g ( r e/ r f ) + i / m l o g ( r f / r w) ] ' (2 )

where I  * R e la t iv e  I n j e c t i v i t y

r Q = Well d ra in ag e  ra d iu s  f o r  th e  p a t t e r n ,  f t .

r  = Well r a d iu s , f t  •w 1

r^  = R adius o f th e  d is p la c in g  f l u i d  f r o n t  from th e

in j e c t io n  w e ll ,  f t .

M = M o b ility  r a t i o  o f th e  f lo o d .

Recovery and Economic E v a lu a tio n

The reco v ery  perform ances f o r  a w a te rf lo o d  and polym er f lo o d s  u s in g  

v a ry in g  s lu g  s iz e s  (10 , 2 0 , 3 0 , and 4 0  p e rc e n t a re  recommended) may be 

c a lc u la te d  u s in g  c o r r e la t io n s ,  la b o ra to ry  ex p erim en ta l d a ta

o r com puter m odeling. D e ta ils  a re  d e sc r ib e d  in  th e  I l l u s t r a t i v e  

Example. An expense-incom e a n a ly s is  b ased  on ( l )  th e  o i l  and polymer 

p r ic e  a t  th e  p ro je c te d  s t a r t  o f  th e  f lo o d in g  o p e ra t io n , (2 ) th e  

p re d ic te d  p ro d u c tio n  r a t e ,  (3 ) cummulative o i l  re c o v e ry  and w ater 

in je c te d ;  and (4) o p e ra tin g  c o s t s ,  i s  made f o r  a l l  th e  d isp lacem en t 

p ro c e s s e s . The most p r o f i t a b l e  one i s  chosen f o r  f i e l d  im p lem en ta tio n .
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IMPLEMENTATION OF A POLYMER FLOOD

When d e t a i l s  o f th e  polym er f lo o d  a re  s p e c i f ie d ,  i t  rem ains f o r  th e  

e n g in ee r to  p ro v id e  th e  equipm ent f o r  m ixing and in je c t in g  th e  polymer 

s o lu t io n ;  p re p a re  th e  in je c t i o n  and p ro d u c tio n  w e lls  f o r  th e  o p e ra tio n s ;  

and p ro v id e  th e  equipment f o r  t r e a t i n g  produced f l u i d s .

Equipment f o r  Mixing and I n je c t in g  Polymer S o lu tio n

A polym er m ixing and in j e c t in g  p la n t  shou ld  be desig n ed  such th a t  op­

t io n s  f o r  chem ical tre a tm e n t and f i l t r a t i o n  o f th e  w a ter and polymer

27s o lu t io n  a t  d i f f e r e n t  s ta g e s  a re  p o s s ib le .  F ig u re  1 shows a diagram  of 

a ty p ic a l  m ixing and in je c t i n g  p la n t .
i

An adequate  and r e l i a b l e  source  o f w ater supp ly  such as from a la k e ,  

r i v e r ,  pond, w e ll o r  nearb y  c i t y  w a te r p la n t  must have been a s c e r ta in e d  

b e fo re  th e  d esig n  and im p lem en ta tion  o f th e  f lo o d . A t r e a t i n g  p la n t  to  

remove oxygen a n d /o r  b a c te r ia  a n d /o r s o l id s  i s  i n s t a l l e d  to  improve th e  

q u a l i ty  o f  th e  m ixing w a te r .

The polym er i s  mixed in  a skid-m ounted v a r ia b le - f e e d  m ixer u s u a lly  

r e n te d  from a s e rv ic e  company l i k e  Dow Chemical Company. The m ixer c a p a c ity  

i s  c a lc u la te d  based  on th e  i n j e c t i v i t y  and polym er s lu g  s iz e  re q u ire m e n t.

The m ixer shou ld  have a c a p a c ity  25 p e rc e n t h ig h e r  th a n  i s  c a l le d  f o r  to

account f o r  i d l e  tim e . The m ix in g -sk id  should  be p ro v id ed  w ith  th e

o p tio n  to  t r e a t  th e  polym er s o lu t io n  w ith  b a c te r ic id e s  and oxygen scav en g ers .

The polym er s o lu t io n  i s  pumped from th e  m ix in g -sk id  to  h o ld in g  ta n k s .

The h o ld in g  tan k s  a re  needed to  p ro v id e  f l e x i b i l i t y  in  t e s t i n g  th e  e f f e c t  

o f  m ixing tim e , d i f f e r e n t  chem icals and tem p era tu re  changes. These tan k s  

should  be made o f a n o n fe rro u s  m a te r ia l ,  l i k e  f i b e r  g la s s ,  to  minimize 

chem ical d e g ra d a tio n . F lo a tin g  l i d s  and p ad d les  should  be p ro v id ed  to
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p rev en t c o n ta c t w ith  th e  atm osphere and to  keep th e  polym er s o lu t io n

s t i r r e d  b e fo re  u se . The h o ld in g  ta n k s  shou ld  be ab le  to  h o ld  o n e -q u a r te r

d a i ly  polym er req u ire m e n t.

The polym er s o lu t io n  i s  th e n  p assed  th ro u g h  f i l t e r s ,  u s u a l ly

diatom aceous e a r th  f i l t e r s ,  to  remove unhydra ted  polym ers and s o l id s .

The m ic ro n -ra tin g  o f th e  f i l t e r  depends on th e  maximum r a t e  o f f i l t e r i n g

27com patib le  w ith  polym er s t a b i l i t y .

From th e  s to ra g e  ta n k s ,  th e  polym er s o lu t io n  i s  pumped to  th e  

i n j e c t i o n  w e lls  th ro u g h  a d i s t r i b u t i o n  m an ifo ld . The pump r a t e  and 

p re s su re  a re  based  on th e  designed  in je c t i o n  r a t e  and p re s s u re .  The 

pumps a re  u s u a l ly  p o s i t iv e -d is p la c e m e n t ty p es  to  minimize e x ce ss iv e  sh ea r 

o f th e  polym er. P l a s t i c  p ip e s  shou ld  be u sed  f o r  a l l  in te rc o n n e c tin g  

p ip in g  o f th e  polym er m ixing s e c t io n .  The p ip in g  from  th e  in je c t i o n  pumps 

co u ld  be i n t e r n a l l y  co a ted  w ith  p l a s t i c  to  in s u re  chem ical s t a b i l i t y  o f 

th e  polym er.

I n je c t io n  and P roducing  Well C om pletions

The i n j e c t i o n  and producing  w e lls  should  be t e s t e d  th o ro u g h ly  f o r  

l e a k s ,  poor cement bonding , and w e llb o re  damages. I f  w e lls  have develop­

ed le a k s  and communication beh in d  c a s in g , workover shou ld  be c a r r ie d  ou t 

to  remedy th e  p rob lem s. I f  th e  w e lls  show w ellb o re  damages, a c id iz in g  and 

o th e r  adequate  s t im u la t io n  te ch n iq u es  should  be employed to  improve th e  

i n j e c t i v i t y  and p ro d u c t iv i ty  o f th e  w e l ls .  Also tu b in g s , p a c k e rs , and 

o th e r  bo tto m -h o le  equipm ents shou ld  be in  good w orking c o n d it io n .

Equipment f o r  T re a tin g  Produced F lu id s

To t r e a t  produced f lu i d s  d u rin g  p rim ary  d e p le t io n , p ro d u c tio n  f a c i l i t ­

i e s  in c lu d in g  p ro d u c tio n  and t e s t  h ead e rs  and s e p e ra to r s ,  em ulsion t r e a t e r s ,  

s to ra g e  ta n k s ,  tra n s m is s io n  pumps and p ip e l in e s  a re  i n s t a l l e d .  For a
m rm m  e ak b s  ixbm hy

COLORADO SCHOOL of MINES 
COIDEN, COLORADO
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polym er f lo o d , in  a d d i t io n  to  th e  above, equipm ent to  d em u lsify  th e  

produced polym er w a ter shou ld  be p ro v id ed  so t h a t  i t  can be r e in je c te d  

in to  th e  r e s e r v o i r .
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AN ILLUSTRATIVE EXAMPLE 

A n .; .i l lu s tra tiv e  example i s  p ro v id ed  to  show th e  m ajor a sp e c ts  o f th e  

f e a s i b i l i t y  e v a lu a tio n  procedure* This h y p o th e tic a l  example u sed  d a ta  

o b ta in e d  e i t h e r  from f i e l d  o r  by assum ptions*

D ata C o lle c tio n

The d a ta  used  in  t h i s  example a re  shown in  T ab les 1 and 2 and F ig u res
2&2 and 13* The r e s e r v o i r  d a ta  and p ro d u c tio n  d a ta  a re  form McCartney ; 

th e  polym er and w e ll com pletion  d a ta  a re  assumed*

D ata E v a lu a tio n

The o r ig in a l  o i l  i n  p la ce  i s  e s tim a te d  by v o lu m e tric  and m a te r ia l

b a lan ce  m ethods. The iso p ach  map o f th e  n e t pay th ic k n e s s  i s  shown in

F ig u re  2 . Bulk r e s e r v o i r  volume can be c a lc u la te d  by p la n im e te r in g  th e

35a re a  in s id e  th e  iso p ach  l i n e s  and u s in g  th e  tr a p e z o id a l  fo rm u la . The

o i l  i n  p la c e  can be c a lc u la te d  by m u ltip ly in g  th e  b u lk  volume by  th e

average  p o ro s i ty  and o i l  s a tu r a t i o n .  The o r ig in a l  o i l  i n  p la c e  was

c a lc u la te d  to  be 4 3 i797 tOOO STB (s to c k  ta n k  b a r r e l s ) .

The o r ig in a l  o i l  i n  p la ce  can a ls o  be e s tim a te d  from a m a te r ia l -

b a lan ce  c a lc u la t io n .  S ince th e  r e s e r v o i r  was o r ig i n a l ly  u n d e rs a tu ra te d

(se e  T able 2 and F ig u re  7)* th e  o r ig in a l  o i l  i n  p la c e  can be c a lc u la te d  by

33*th e  fo llo w in g  form ula

N = (N /C A p )(B /B . )  + (W B -  W )/(C  AP B .x , 0 v'  p ' e ' '  o' o x ' P p e '  e ox) (3 )

where N = O rig in a l o i l  in  p la c e , STB

Np -  Cum ulative o i l  p ro d u c tio n , STB

Ap = P re ssu re  d rop , p s ig

Bq = C urren t o i l  fo rm ation-volum e f a c to r ,  R B (re se rv o ir  b a rre ls ) /S T B  

B . = I n i t i a l  o i l  fo rm ation-volum e f a c to r ,  RB/STB
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Wp -  W ater p ro d u c tio n , STB

= W ater form ation-volum e f a c t o r ,  RB/STB 

W * Water in f lu x ,  RB

C * E f fe c t iv e  f l u i d  c o m p re s s ib i l i ty ,  p s i” ^*

G i s  e v a lu a te d  from  th e  r e l a t i o n ^ :  e

C = (C S • + C S . t  c J/s •e v o 0 1  w wi f /7 0 1

where S . = I n i t i a l  o i l  s a tu r a t i o n ,  o i  1
S . = I n i t i a l  w ater s a tu r a t io n  wi

-1= R e se rv o ir  ro ck  c o m p re s s ib i l i ty ,  p s i  .

C„ ■ <Bwi -  Bwb>ABwb A P ib > - Ps i_ 1 -

Co = “  Bo b )A Bo i A Pi b ) ,  p s i - 1 '

where B ^ -  I n i t i a l  w a ter fo rm ation-volum e f a c to r ,  RB/STB

®wb = ^a^ e r  ^orma-tion-volum e f a c to r  a t  th e  b u b b le -p o in t , RB/STB 

B ^ = O il fo rm ation-volum e f a c to r  a t  th e  b u b b le -p o in t , RB/STB 

A p ^  = P re s su re  drop from  i n i t i a l ' t o  b u b b le -p o in t, p s ig .

The re p o r te d  cum ulative  p ro d u c tio n  p r io r  to  th e  p re s su re  su rvey  o f 

November, 1970 (F ig u re  3 ) ,  was 1 ,989 ,246  STB o i l  and 531*373 STB w a te r .

I f  th e  w a te r in f lu x  i s  n e g le c te d , th e  o r ig in a l  o i l  i n  p la c e  i s  c a lc u la te d  

to  be 70 ,480 ,911  STB. A w ater in f lu x  o f 983,672 RB would cause th e  

m a te r ia l-b a la n c e  c a lc u la te d  o i l  i n  p la c e  to  equal th e  v o lu m e tric  c a lc u la te d  

o i l  in  p la c e .

No gas p ro d u c tio n  had been re p o r te d  t i l l  November, 1970. The 

p rim ary  re c o v e ry  mechanisms o f th e  r e s e r v o i r  were ro ck  and f l u i d  expan­

s io n s , and w a ter in f lu x .  The rem ain ing  o i l  in  p la c e  a t  th e  p ro je c te d

s t a r t  o f  th e  polym er f lo o d  can be e s tim a te d  from th e  o i l  p ro d u c tio n  h i s to r y ,
32F ig u re  3 , by d e c l in e  curve a n a ly s is*  In  F ig u re  3 , th e  upward t r e n d  o f



ER-1917 16

o i l  p ro d u c tio n  r a te  from December, 1970, i s  due to  w a ter in j e c t io n  in to  

th e  r e s e r v o i r ;  so t h i s  p o r t io n  o f th e  p lo t  w i l l  n o t be co n sid e re d  in  

our a n a ly s is*

Suppose a polym er f lo o d  was p ro je c te d  to  s t a r t  November, 1972, 

tw e n ty -fo u r  months a f t e r  th e  tim e o f th e  p re s su re  survey* F ig u re  5 

(cu rv ed  l i n e ) ,  shows th e  r a te - t im e  p ro d u c tio n  d e c lin e  curve p lo t te d  on

lo g - lo g  paper* S h if t in g  th e  tim e a x is  by 9*0 th e  curved  p lo t  tra n s fo rm s

to  a s t r a i g h t  l i n e  whose eq u a tio n  i s  g iven  by:

<t -  449,289 ( t  + 9 .0 ) " 0 *8038 (4 )

The o i l  p ro d u c tio n  r a t e  by November, 1972, i s  c a lc u la te d  to  be 

13 ,004  bb l/day*  By in te g r a t in g  e q u a tio n  ( 2 ) ,  w ith  r e s p e c t  to  tim e , th e  

cum ula tive  p ro d u c tio n , Np, a t  any tim e i s  g iven  by:

Np = 2 ,290 ,749  ( t  + 9 .0 ) 0 ' 1962 (5 )

The cum ula tive  p ro d u c tio n  by November, 1972, i s  c a lc u la te d  t o  be 2 ,237 ,492  

STB. The rem ain ing  o i l  in  p la c e  by November, 1972, i s  c a lc u la te d  to  be 

41 ,559 ,508  STB.

To e s tim a te  th e  p re s su re  a t  th e  s t a r t  o f th e  polymer f lo o d , e q u a tio n  

(3 ) i s  re a rra n g e d , n e g le c t in g  th e  w a ter in f lu x  and w ater p ro d u c tio n  

te rm s,,to  o b ta in :

lo g  Np * lo g  HCe + lo g  [  A P / ( l  + C0 A P )] (6 )

When N i s  p lo t te d  a g a in s t  A p / ( l  + C A P) on lo g - lo g  p a p e r , a
P

s t r a ig h t  l i n e  o f s lo p e  1 .0  i s  o b ta in e d  as shown in  F igu re  6 . With w a ter 

i n f lu x  a curve d e v ia t in g  to  th e  r ig h t  of t h i s  l i n e  w i l l  be o b ta in e d .

I f  th e  cum ulative  o i l  p ro d u c tio n s  f o r  v a r io u s  p re s su re  drops a re  known, 

th e  a c tu a l  t r e n d  of t h i s  curve i s  a s c e r ta in e d , and th e  p re s su re  drop 

co rre sp o n d in g  to  any known cum ulative  o i l  p ro d u c tio n  in  th e  f u tu r e  can be 

e s tim a te d . For th e  case  under c o n s id e ra t io n , o n ly  two s e ts  o f cum ulative

JOTHUB CAKES CIBMRY
COLORADO SCHOOL of MINES

QQLPEN, COLORADO B Q m
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o i l  and w ater p ro d u c tio n  a re  a v a i la b le :  one, b e fo re  any p ro d u c tio n  a t  

a l l ,  and th e  o th e r ,  a t  th e  tim e  o f  th e  p re s su re  survey* The p re s su re  

co rre sp o n d in g  to  th e  e s tim a te d  cum ula tive  o i l  p ro d u c tio n  o f  2,237»492 STB 

by November, 1972, cou ld  be ro u g h ly  e s tim a te d  by draw ing a s t r a i g h t  l i n e  

th ro u g h  th e s e  two known p o in ts  to  re p re s e n t  th e  p ro d u c tio n  t r e n d  w ith  

w a ter in f lu x *  Based in  t h i s  ap p ro x im atio n , th e  p re s su re  by November, 1972, 

i s  e s tim a te d  to  be 7&1 psig*

Analogy to  Cases o f S u ccess fu l Polym er F loods

With an encourag ing  e s tim a te d  rem ain ing  o i l  in  p la c e ,  th e  can d id a te  

r e s e r v o i r  c o n d itio n s  a re  compared to  th e  ranges o f  r e s e r v o i r  c o n d itio n s  

r e p o r te d ly  a s s o c ia te d  w ith  com m ercially  su c c e ss fu l  f lo o d s

R e se rv o ir
Param eter

C andidate 
R e se rv o ir  Value

R eported
Range

I n i t i a l  -■.water T s a tu r a t i o n . $  

P e rm e a b ili ty , md 

P e rm e a b ility  V a r ia tio n  

Form ation W ater S a l in i t y ,  $  

O il V is c o s i ty , cp 

Mobile O il S a tu ra t io n ,  % 

M o b ility  r a t i o  

D ep le tio n  S tage

Form ation ty p e  

P o ro s ity

0 .2 6 4

92

0 .6  25 

10

24*4

0 .4 3

13.65

Near end o f 
p rim ary

Sandstone

0.163

0 .4 7

50-2300

0 .2 8 -0 .8
*

14

126

0 .1 5 -0 .4 6

0 .1-42

Near o r  a t  
end o f p rim ary

S andstone, lim esto n e

0 .1 0 -0 .0 .3 9

To co n tin u e  th e  e v a lu a t io n , new d a ta  as l i s t e d  on pages 5 th rough  

7 a re  needed. The w ater a n a ly s is ,  polym er p r o p e r t ie s  and d isp lacem en t- 

p ro c e ss  d a ta  a re  u s u a l ly  o b ta in e d  by c o n tra c tin g  to  a. s e rv ic e  company 

l i k e  Core L a b o ra to ry , In c o rp o ra te d .

* maximum v a lu e
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I f  c o re s  a re  n o t a v a i la b le ,  th e  r e s id u a l  o i l  s a tu r a t io n  to  w a te r-

f lo o d in g  may be e s tim a te d  from th e  fo llo w in g  e m p ir ic a l r e l a t io n s h ip
30developed  by A rch ie :

F = 9

So r *

S = R es id u a l o i l  s a tu r a t io n  in  th e  f lu sh e d  zone o r

F » Form ation r e s i s t i v i t y  f a c to r  

Rmf *• Mud f i l t r a t e  r e s i s t i v i t y ,  from  mud f i l t r a t e  r e s i s t i v i t y  

measured a t  th e  su rfa c e  and c o rre c te d  to  fo rm atio n  

te m p e ra tu re , ohm-m 

Rxo = F lushed  zone r e s i s t i v i t y ,  o b ta in e d  from th e  M ic ro - la te ro lo g  o r 

P ro x im ity  lo g , ohm-m 

<p = P o r o s i ty ,  f r a c t io n a l

n = S a tu ra t io n  exponent (=2 f o r  sa n d s to n e ) ,

30m = C em entation exponent,, i s  o b ta in e d  from  th e  A rchie r e l a t i o n :

s w ■ ( * W 1 / n -
where S = W ater s a tu r a t io n ,  f r a c t io n a l  w 1

R = Form ation w a ter r e s i s t i v i t y ,  ohm-m w
R = T o ta l fo rm atio n  r e s i s t i v i t y ,  ohm-m.

*0

The cem en ta tion  exponent may be de term ined  from th e  s lo p e  o f lo g

R^ p lo t t e d  a g a in s t  lo g  f o r  a c o n s ta n t w a ter s a tu r a t io n ,  u s u a l ly  f o r

S = 1 .0 .  The r e s id u a l  o i l  s a tu r a t io n  to  w a te rflo o d in g  may be assumed w
23a p p lic a b le  to  polym er f lo o d in g .

S e le c t io n  o f a Polymer Flood P ro cess

The v a r io u s  d esig n  f a c to r s  t h a t  a f f e c t  a polymer f lo o d  as l i s t e d  

on page 7 can be e v a lu a te d  by a la y e re d  model u s in g  c o r r e la t io n s  f o r
n j o r

a r e a l  coverage o r by a th re e  d im ensional-com puter model.
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An example polym er f lo o d  d e s ig n  c a lc u la t io n  i s  p re s e n te d  f o r  a 

la y e r e d  system .

S in ce  th e  advan tage  o f  a  polym er f lo o d  o v e r w a te r f lo o d in g  i s  th e  

improvement i n  a r e a l  and v e r t i c a l  co v erag e , th e  v a lu e s  f o r  th e s e  p a ra ­

m ete rs  need be e v a lu a te d  to  e s t im a te  th e  e x te n t  o f improvement t h a t  may 

be e x p e c te d . T h is  e v a lu a tio n  i s  b ased  on th e  e x i s t in g  w e ll p a t t e r n ,  

on th e  assum ption  t h a t  th e  r e l a t i v e  p e rm e a b il i ty  c h a r a c t e r i s t i c s  f o r  o i l  

and w a te r  a t  i n i t i a l  w a te r  s a tu r a t i o n  and r e s id u a l  o i l  s a tu r a t i o n  a re  th e  

same f o r  polym er and w a te r  and t h a t  th e  po lym er, for. exam ple, Polym er 4 

i n  F ig u re  12 , has a  r e s i s t a n c e  f a c t o r  o f 1 1 ,0 .

The m o b il i ty  r a t i o  f o r  th e  w a te r f lo o d , from  F ig u re  4* is .  (0 ,2 7 6 /0 * 4 ^ 4 ) 

/ ( 0 , ? 2 / l 7 .3 )  = 1 3 ,7 . The m o b ili ty  r a t i o  f o r  a co n tin u o u s i n j e c t i o n  o f 

polym er i s  1 3 .7 /1 1 .0  = 1 ,2 5

F o r a v e r t i c a l  p e rm e a b il i ty  v a r i a t i o n  o f  0 ,6 2 5 , F ig u re  l 6 ,  and a 

w a te r - o i l  r a t i o  o f  2 5 , th e  f r a c t i o n a l  v e r t i c a l  c o v e ra g e ^  i s  0 ,663  f o r  

w a te r f lo o d in g  and 0 ,913  f o r  th e  co n tin u o u s  polym er s lu g  i n j e c t i o n .  Poly­

mer s lu g  i n j e c t i o n  betw een a minimum s iz e  eq_ual to  th e  amount ad so rb ed  in  

th e  r e s e r v o i r  and a co n tin u o u s  i n j e c t i o n ,  in d ic a te  a p o s s ib le  maximum in c re a s e

i n  v e r t i c a l  coverage by w a te r f lo o d in g  from  0 to  3 4 .7  p e rc e n t and a 

maximum in c re a s e  i n  a r e a l  coverage  from  0, to  19*3 p e r c e n t .  As th e s e  

f a c to r s  a re  in d ep en d an t o f  each o th e r ,  th e  d e s ig n  v a lu e  can be o b ta in e d  

o n ly  w ith  th e  la y e r e d  o r  th re e -d im e n s io n a l m odel. But th e  m agnitude o f  

improvement in d ic a te s  a  d e s i r a b i l i t y  o f  th e  a d d i t io n a l  e v a lu a t io n .

The p ro ced u re  f o r  th e  c a lc u la t io n  f o r  th e  la y e r e d  system  in  a p a t t e r n  

i s  as  fo llo w s :

1 . D iv ide th e  r e s e r v o i r  in to  la y e r s  fo llo w in g  th e  g u id e l in e s  p ro v id e d  

37by ,Craig on th e  minimum number o f  l a y e r s .  The la y e r s  may v a ry
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as to  a b so lu te  p e rm e a b il i ty ,  p o ro s i ty ,  th ic k n e s s  and f l u i d  

s a tu ra t io n s #  Each la y e r  i s  d iv id e d  in to  te n  equal-volum e concen t­

r i c  rin g s#

2* O btain  th e  w a te r - o i l  r e l a t i v e  p e rm e a b il i ty  cu rves f o r  each l a y e r .  

The r e l a t i v e  p e rm e a b il i ty  cu rves govern th e  flow  i n  accordance

ra d ia l - f lo w  e q u a tio n . The w ater and o i l  banks a re  assumed to  

be r a d ia l  u n t i l  w a ter b reak th ro u g h  in  th e  manner d e sc r ib e d  by

sweep e f f ic ie n c y  i s  a fu n c tio n  o f m o b ili ty  r a t i o  and d is p la c e a b le  

po re  volumes in je c te d .

3# With th e  i n j e c t i o n  o f a  sm all volume amount o f f l u i d  in to  th e  

system , each la y e r  w i l l  a c c e p t a p o r t io n  o f th e  in je c te d  volume 

based  on th e  r a t i o  o f th e  c o n d u c tiv ity #  A c o n d u c tiv i ty  based  on 

th e  f l u i d  s a tu r a t io n  and d i s t r i b u t i o n ,  flow  geom etry, and bo th  

a b so lu te  and r e l a t i v e  p e rm e a b il i ty  may be used#

4. In  a g iven  la y e r ,  th e  in je c te d  volume e n te r s  th e  f i r s t  segm ent. 

F i l lu p  o ccu rs  u n t i l  th e  in je c te d  volume eq u a ls  th e  m obile gas 

volume, i f  any. A f te r  f i l l u p  has o c cu rred , th e  in je c te d  l i q u id  

in vades th e  t o t a l  volume o f th e  segm ent. A ll l i q u i d s ,  assumed

to  be in s ta n ta n e o u s ly  mixed, flow  o u t o f th e  segment in  accordance 

w ith  th e  f r a c t i o n a l  flow  cu rv e . T his l i q u i d  flow s to  th e  second 

segm ent, and th e  p ro cess  i s  re p e a te d  f o r  a l l  segm ents in  th e  

l a y e r .  No p ro d u c tio n  i s  re co rd ed  u n t i l  a l l  th e  m obile gas 

s a tu r a t io n  has been d is p la c e d .

5. A ll la y e r s  in  th e  system  a re  t r e a te d  in  th e  same manner as d e s-

w ith flow  th e o ry  and Darcy

31Deppe. The a rea l-sw eep  e f f ic ie n c y  a f t e r  w a ter b reak th ro u g h
29

fo llo w s  th e  model d a ta  o f  Caudle and W itte , i n  which th e
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c r ib e d  above. A f te r  th e  i n j e c t io n  o f each sm all volum e, th e  

produced f l u i d s  in  each l a y e r  a re  summed to  g ive th e  t o t a l  o i l  

and w ater p ro d u c tio n  f o r  t h a t  volume s tep *  The c a lc u la t io n  

co n tin u e s  f o r  a p re d e s ig n a te d  number o f volume s te p s  o r  u n t i l  

th e  w a te r - o i l  r a t i o  re a ch e s  a s p e c if ie d  economic l i m i t ,

6 , The above d is c u s s io n  p e r ta in s  to  a co n v en tio n a l w a te r f lo o d . For 

a polym er f lo o d , th e  c a lc u la t io n  must in c o rp o ra te  th e  r e s i s ta n c e ,  

th e  r e s id u a l  r e s i s t a n c e ,  and a d so rp tio n  p ro p e r t ie s  o f  th e  polym er 

s o lu t io n .  For th e  r e s i s ta n c e  to  flow  of- th e  polym er s o lu t io n ,  

th e  w a ter v i s c o s i ty  i s  m u lt ip l ie d  by th e  la b o ra to ry -d e te rm in e d  

r e s is ta n c e  f a c t o r .  This e f f e c t  low ers th e  m o b ility  r a t i o  in  

p ro p o r tio n  to  th e  r e s is ta n c e  f a c to r .

7* The fo llo w -u p  in je c te d  w ater undergoes a d ec rea se  in  m o b ility

due to  th e  r e s id u a l  r e s is ta n c e  f a c to r .  The r e s id u a l  r e s is ta n c e
1

i s  ta k e n  in to  accoun t by in c re a s in g  th e  v i s c o s i ty  o f th e  

fo llow up  w a ter by a f a c to r  equal to  th e  la b o ra to ry -d e te rm in e d  

r e s id u a l  r e s i s ta n c e  f a c to r  f o r  th e  r e s e r v o i r  ro c k .

8 . A dsorp tion  should  a lso  be accounted  f o r  in  th e  c a lc u la t io n

p ro c e d u re . As th e  polym er e n te r s  a segm ent, in s ta n ta n e o u s  adsorp ­

t io n  o ccu rs  le a v in g  a denuded f l u i d  o f equal volume w ith  p ro p e r t ie s  

i d e n t i c a l  to  th o se  o f th e  in je c te d  w a te r . T his denuded w ater 

combines w ith  th e  connate  w ater to  form a w a ter bank. T his 

com bination  causes th e  w a ter bank to  move th ro u g h  th e  fo rm atio n  

f a s t e r  th a n  th e  polym er bank . A dsorp tion  co n tin u es  u n t i l  th e  

a d so rp tio n  req u irem en ts  a re  m et, The polym er s lu g  s iz e  and 

c o n c e n tra tio n  a re  v a r ie d  to  a r r iv e  a t  th e  optimum cash  flo w .

The d a ta  in  F ig u res  2 th ro u g h  13 and T ab les 1 and 2 were o b ta in e d
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28by McCartney from a la y e re d  model in  th e  S tew art Ranch F ie ld ,  Wyoming 

(F ig u re  2 ) .  The p lo t s  o f  w a te r - o i l  r a t i o  v e rsu s  cum ulative reco v ery  

(F ig u re  9)» and th e  o i l  p ro d u c tio n  r a t e  v e rsu s  tim e (F ig u re  1 0 ), were 

o b ta in e d  by th e  p re v io u s ly  d e sc rib e d  c a lc u la t io n  p ro ced u re . An 

optimum s lu g  s iz e  o f  2 0  p e rc e n t o f  th e  t o t a l  po re  volume was c a lc u la te d  

f o r  th e  S tew art Ranch f i e l d .



ER-1917 23

CONCLUSION

Based on p u b lish e d  la b o r a to r y ,  m athem atical and f i e l d  t e s t  d a ta  

on polym er f lo o d in g , a p ro ced u re  has been developed f o r  th e  f e a s i b i l i t y  

e v a lu a tio n  and e n g in e e rin g  d e sig n  o f a polym er f lo o d .  While th e r e  i s  a 

h o s t o f p o s s ib le  v a r i a t io n s  which can be p la ce d  upon th e  proposed  proced­

u re ,  th e  proposed  p rocedure  sho u ld  p ro v id e  th e  f i e l d  en g in ee r a s te p  by 

s te p  approach  to  com plete a f e a s i b i l i t y  e v a lu a tio n  and e n g in ee rin g  d e sig n  

o f a  polym er f lo o d .
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APPENDIX 1

Polym er P r o p e r t ie s

A polym er i s  a v e ry  la r g e  m olecu le  made o f  th o u san d s  o f  r e p e a t in g  

b lo c k s  c a l l e d  monomers* The lo n g  c h a in s  o f  monomers i n  th e  polym er 

m o lecu les may be l i n e a r ,  b ran ch ed , o r  c r o s s l in k e d ,  w ith  m o lecu la r w e ig h ts  

i n  th e -m il l io n s *  Because o f  t h e i r  l a r g e  s iz e s  and s u r fa c e  a r e a s ,  polym er 

m o lecu les can  undergo enormous changes i n  d im ensions from  a s t r a ig h te n e d  

to  a  fo ld e d  o r  c o i le d  form* T h is  un iq u e  p ro p e r ty  makes polym ers e f f e c t ­

iv e  a s  m o b il i ty  c o n tr o l  a g e n ts  i n  po rous media*

I n  polym er f lo o d in g , two ty p e s  o f  polym ers a re  most o f te n  u se d : 

p a r t ia l ly - h y d r o ly z e d  p o ly acc ry lam id es  and p o ly s sa c h a r id e  b iopolym ers*

P o ly ac ry lam id es  a re  o b ta in e d  by  c h em ica lly  com bining some 50 ,000 

o r  more o f  th e  amide monomers form ed by ca rb o n , oxygen, n i t r o g e n ,  and 

hyd ro g en . Some o f  th e  amide g roups a re  changed by  h y d ro ly s is  to  ca rb o x y l 

l a t e  g roups to  form  p a r t ia l ly - h y d r o ly z e d  p o ly a c c ry la m id e s . Both groups 

a re  h ig h ly  p o la r ,  which g iv e s  th e  polym er a h ig h  a f f i n i t y  f o r  w a te r  b u t 

n o t f o r  o i l .  These groups have a s tro n g  a t t r a c t i o n  to 's a n d s to n e  and 

lim e s to n e  s u r f a c e s .

P o ly s s a c h a r id e  polym ers a re  th e  rem ains o f  th e  p r o te c t iv e  c o a tin g  

o f  th e  o rganism  Xhantomonas cam p e ris , grown com m ercially  by a fe rm e n ta tio n  

p ro c e s s .  The th re e  d i f f e r e n t  s a c c h a r id e  monomers making up th e  b a s ic  

polym er s t r u c tu r e  a re  mannose, g lu c o se , and g lu c c r ic  a c id .  The polym er has 

a m o lecu la r w eigh t o f 2  m il l io n  o r  more*

The main advan tage  o f a polym er s o lu t io n  o v e r w a te r as a d is p la c in g

3OTHUR 
COLORADO SCHOOL of
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phase in  porous media i s  i t s  h ig h e r  r e s i s ta n c e  o r  reduced  m o b ility *  The 

m o b ility  c o n tro l  e f f e c t iv e n e s s  o f a polym er s o lu t io n  depends on th e  polym er 

c o n c e n tra t io n , polym er m o lecu lar w e ig h t, and th e  io n  c o n ten t o f  th e  so lv e n t 

w ater* I t  a ls o  depends on th e  p h y s ic a l  p ro p e r t ie s  o f th e  ro ck  and th e  

chem ical n a tu re  o f i t s  s u r fa c e .

F ig u re  4 shows th e  e f f e c t  o f d i f f e r e n t  polym er s o lu t io n  p r o p e r t ie s  

on th e  polym er r e l a t i v e  m o b i l i t ie s  f o r  d i f f e r e n t  rock  types*  The 

r e l a t i v e  m o b ili ty  o f a flo w in g  phase in  a porous rock  a t  a c e r t a in  s a t ­

u r a t io n  i s  d e fin e d  as th e  r a t i o  o f i t s  r e l a t i v e  p e rm e a b il i ty  a t  t h a t  s a t ­

u r a t io n  to  i t s  e f f e c t iv e  v is c o s i ty *  Com positions o f th e  polym ers con-

13s id e re d  a re  g iven  in  T able 4* The p e rm e a b il i ty  and p o r o s i ty  f o r  th e

v a r io u s  co re s  were app ro x im ate ly  equal* Many i n t e r e s t i n g  p o in ts  can be

13observed  in  F ig u re  4 :

1 . High polym er c o n c e n tra tio n s  r e s u l t  in  low er polym er r e l a t i v e  

m o b i l i t ie s  as in d ic a te d  by th e  cu rves o f  S o lu tio n s  1 and 2 .

2* The e f f e c t  o f th e  p r o p e r t ie s  o f  a ro ck  on polym er m o b ility  

i s  dem onstra ted  by th e  cu rves o f S o lu tio n s  2 and 3*

S o lu tio n , 2 which has a h ig h e r  c o n c e n tra tio n  th an  S o lu tio n  

3  would be ex p ec ted  to  have a low er m o b ili ty , b u t th e  

re v e rs e  i s  o b serv ed . T h is can o n ly  be ex p la in ed  by 

more m echanical entrapm ent an d /o r a d so rp tio n  in  th e  B erea 

co re  th a n  in  th e  P ennsy lvan ian  c o re .

3* Curves f o r  S o lu tio n s  1 and 5 in d ic a te  t h a t  polym ers w ith  a 

h ig h e r  m o lecu lar w eight have low er m o b i l i t ie s  th an  th o se  

w ith  low er m o lecu lar w eight in  th e  same core*

4 . From S o lu tio n s  4 ana 5 i t  can be deduced th a t  th e  p resen ce
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o f a d is so lv e d  s a l t  d e c rea se s  th e  m o b il i ty -c o n tro l  e f f e c t ­

iv e n e s s  o f  a polym er s o lu t io n .

The p r in c ip a l  advantage o f  th e  reduced  m o b ility  o f a polymer s o lu t io n  

i s  a b e t t e r  v o lu m e tric  sweep which r e s u l t s  from a more fa v o ra b le  m o b ility  

r a t i o  o f th e  d is p la c e in g  phase to  th e  d is p la c e d  p h a se , A b e t t e r  

v o lu m e tric  sweep r e s u l t s  in  in c re a s e d  o i l  re c o v e r .

The main d isad v an tag e  o f polym ers i s  t h a t  th e y  can be re n d e red  in ­

e f f i c i e n t  by e i th e r  chem ica l, b a c t e r i a l  o r  sh e a r  d e g ra d a tio n . D egradation  

o f  a polym er i s  th e  b re a k in g  up o f i t s  lo n g -c h a in  m o lecu les , P o ly a c c ry l­

amides and p o ly ssa c h a r id e  biopolym ers a re  e f f e c te d  d i f f e r e n t l y  by 

d e g ra d a tio n , P o lyaccry lam ides a re  a d v e rse ly  a f f e c te d  by s h e a r .  P o ly - 

s s a c h a r id e s  p lu g  fo rm a tio n s  and a re  su sc e p tib le : to  b a c t e r i a l  a t t a c k .

The p rocedu re  f o r  e v a lu a tin g  polym ers i s  a s  fo llo w s :

1 . O btain  com m ercially  a v a i la b le  po lym ers.

2 . O btain  th e  flow  c h a r a c t e r i s t i c s  o f th e  v a r io u s  polym ers in

th e  c an d id a te  r e s e r v o i r  c o re s .  The p e r t in e n t  c h a r a c t e r i s t i c s  

a re  th e  r e s is ta n c e  f a c to r ,  and th e  r e s id u a l  r e s is ta n c e  f a c to r ,  

and a d so rp tio n  r a t e s  a t  v a r io u s  c o n c e n tra tio n s  ( e .g .  0 . 1

to  1 0 0 ft/d ay )*  The f r o n t a l  v e lo c i ty  o f  a f l u i d  flow ing  a t
3 2a r a t e  q f t  /d a y  th ro u g h  an a re a  A f t  o f a co re  o f p o ro s i ty

i s  g iven  by q/k  f t / d a y .  The r e s i s ta n c e  f a c to r  o f a c e r ta in

c o n c e n tra tio n  o f polym er i s  th e  r a t i o  o f  th e  measured m o b ility

o f w ater to  th e  m o b ility  o f th e  polymer s o lu t io n .  The

re s id u a l  r e s i s ta n c e  f a c to r  i s  d e fin e d  as  th e  r a t i o  o f th e  m obil-

i l i t y  o f w a ter b e fo re  i n j e c t i o n  o f th e  polym er s o lu t io n  to  th e

m o b ili ty  o f w a ter a f t e r  in je c t i o n  o f th e  polym er s o lu t io n .  Both

ARTHUR CAKES LIBRARY
COLORADO SCHOOL of MINES

GOLDEN* COLORADO AQ4Q1
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th e  r e s is ta n c e  and r e s id u a l  r e s i s ta n c e  a re  o f im portance  

i n  th e  re c o v e ry  o f  o i l  from  a r e s e r v o i r .  An in c re a s e  in  

r e s i s ta n c e  r e s u l t s  in  a  d ec rea se  in  th e  m o b ili ty  r a t i o  and an 

in c re a s e  in  o i l  re c o v e ry .
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APPENDIX 2

e q u a tio n s :

The polym er f lo o d  s im u la to r  can be ex p ressed  by th e  fo llo w in g  

25

V-

V-

V -

X b ( V p  -  P g  VD)w wv wto v J

Xobo( V p o "  pos V D )

t  6 / d t  ( ^ V w >  -  M dQ a d s / b t  ( l >

+ % , “ ( 0 b QSo ) (2 )

Xo W  Vpo "  P og VD)] + [ Xgbg 'Pg_ PgS
■+ q„ = b!  (■ 0  b R S t b b S  ) (3)g ' o s o ~  g gy

V - [ a ? V  Vpw -  p wg V D )]+ qp = 6 /  6 t  ( 0 b wsp ) + ( 9 5 /4 ,  6 Q a d s /  ^  (*)

w here, sw H- sQ + s' + = 1* The polym er and th e  w a ter

com prise two components o f  th e  aqueous phase e x is t in g  in  th e  r e s e r v o i r .

E q u a tio n s  1 and 4 ex p re ss  th e  c o n se rv a tio n  o f each component s e p a ra te ly ,  

w ith  th e  co n v ersio n  o f polym er s o lu t io n  in to  w a te r due to  polym er a d so rp tio n  

on ro c k .

The o i l - w a te r  and o i l - g a s  c a p i l l a r y  p re s s u re  r a la t io n s h ip s  a re  u sed  

in  Eqs, 1 th ro u g h  4 to  o b ta in  a s in g le  e q u a tio n  f o r  th e  o i l  p re s s u re ,

PQ, The p re s su re  e q u a tio n  i s  th en  so lv ed  and th e  s a tu r a t io n s  o b ta in e d  

e x p l i c i t l y  from  th e  above e q u a tio n s .

fcBTHUR CAKES LIBRARY 
C o lo r a d o  s c h o o l  of m ines

GOLDEN, COLORADO 8MQI
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b .

Nom enclature

re c ip r o c a l  o f fo rm a tio n  volume f a c to r ,  S T B /res. bbl*

c = polym er c o n c e n tra t io n , ppm

C = polym er c o n c e n tra t io n , ^gm/bbl

g = ( l / l 4 4 )  lb ^  sq  f V l b m “  sq» in
r-J
q = so u rce  te rm , (STB o r  Mcf) / d/  (U n it volume)

^ads = mass o f adso rped  polym er, fig /bbl o f p o re  volume*

D = g ra v i ty  head from  datum, gm/cc

A = m o b ili ty , md/cp

V m g ra d ie n t  o p e ra to r

Rs - s o lu t io n  gas r a t i o ,  Mcf/STB

V- - d iv e rg en ce  o p e ra to r

0 = p o ro s i ty

s = s a tu r a t io n

S u b s c r ip t  

o = o i l

w = w ater

g = gas

P = polym er

aq = aqueous
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Figure 3: Oil Production History, Stewart Ranch-Field,
Campbell County, Wyoming. (From McCartney2 8 )
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Figure 11: Polymer Flood ana Waterflood Time-Rate Prediction(From McCartney23)
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Table Is Model Data 
2 $

(From McCartney )

Average D epth, f t .......................  . . . . . . . . . . . . . . . . .  8100

Form ation Type • • • • • • • • • • • • • • • • « • • • • • • •  Sandstone

R e se rv o ir  Volume, a c - f t .  . . . . . . . . . . . . . . . . . . .  43*797,000

R ese rv o ir  T em perature , °F . . . . . . . . . . . . . . . . . .  2890

O rig in a l O il i n  P la c e , STB • • • • • • • • • • • • • . • • • •  1 8 6

I n i t i a l  P re s s u re , p s ig  . . ...............  ...........  900

* E stim a ted  P re s s u re , N ovem ber,.1972, p s ig  • • • • • • • • • • •  429

* Well sp ac in g , a c re  • • • • • . . . . . . . . . . . . . . . . .  40

E x is t in g  Well P a t te rn  . • • • • • • • •  ......................  5 -sp o t

I n i t i a l  O il Form ation Volume F a c to r  @ 2890 p s i g ............................  1 .028

O il Form ation Volume F a c to r  @ 900 p s ig  • • • • .......................   1*039

O il V is c o s i ty  @ 2890 p s ig  and 136°F, cp  .........   24*2

O il V is c o s i ty  @ 900 p s ig  and 136°F, c p .  • • • • • • • • • • •  18 .9

O il G ra v ity  @ 1 3 6 °F , °API  .......................   28 .1

P-V-T- A n a ly sis  D ata F ig u re  6  and
Table 2

W ater V is c o s i ty ,  cp . • • • • • • • • • • • • • • • • • • • • •  0 .4 8 4

P o ro s i ty ,  p e rc e n t • • • • • • • • • • • • • •    . . .  16 .3

Average P e rm e a b ili ty , md • . . • • • • • • • • • • • • • • • •  92

I n i t i a l  Water S a tu ra t io n ,  p e rc e n t • • • • • • • • • • • • • •  2 6 .4

* A real Sweep E f f ic ie n c y  (w a te r f lo o d ) , p e rc en t • • • •  .................. 83 .0

* A real Sweep E f f ic ie n c y  (C ontinuous Polymer f lo o d ) ,  p e rc e n t • • 99*0
-1 -5* E f fe c t iv e  F lu id  C o m p re ss ib ility , p s i  • • • • • • • • • • • •  1 .802 x 10

* Well D iam eter, f t .  1 .0

P e rm e a b ility  V a r ia tio n  • • • • • • • • • • • • •    • 0 .625
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Table 1 (C o n tfd)

Model D ata

Polym er R e s is ta n c e  F a c to r  @ 250 ppm • • • • • • • • • • • • • •  11

Polymer R e s id u a l R e s is ta n c e  F a c to r  • . • . . . • , • . • • • . 3

b p e r  a c - f t  •   • • • • • • . • •  50

L ayer D ata For Model

P e rm e a b ility  Water S a tu ra t io n  Gas S a tu ra t io n
( m i l l id a r c y s ) ( p e r c e n t ) _______  (p e rc e n t)_____

175 2 6 .4  3-85

S3  2 6 . 4  3 .8 5

50 2 6 .4  3 .8 5

30 2 6 .4  3 .8 5

14 1 6 .4  3 .8 5

Polym er A dsorp tion

P o ro s i ty
Layer P e rcen t

1 2 0 .7

2 IS . 2

3 1 6 ,3

4 14 .5  ...

5 1 1 . s

* in c lu d e d  by a u th o r .

ARTHUR LAKE*5 T tKRARYi 
COLORADO Sv of MINES

GOLDEN, COLOiulJO 8Q4QJ
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