
INFORMATION TO USERS

This reproduction was made from a copy o f a docum ent sent to us for microfilming. 
While the most advanced technology has been used to  photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality o f the material submitted.

The following explanation o f techniques is provided to  help clarify markings or 
notations which may appear on this reproduction.

1 .The sign or “target” for pages apparently lacking from the document 
photographed is “Missing Page(s)”. If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity.

2. When an image on the film is obliterated with a round black mark, it is an 
indication o f either blurred copy because o f movement during exposure, 
duplicate copy, or copyrighted materials th a t should not have been filmed. For 
blurred pages, a good image o f the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame.

3. When a map, drawing or chart, etc., is part o f the material being photographed, 
a definite method o f “sectioning” the material has been followed. It is 
customary to begin filming at the upper left hand comer o f a large sheet and to 
continue from left to  right in eqpal sections with small overlaps. If necessary, 
sectioning is continued again-beginning below the first row and continuing on 
until complete.

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department.

5. Some pages in any docum ent may have indistinct print. In all cases the best 
available copy has been filmed.

Universi^
M iciœ lm s

International
300 N. Zeeb Road 
Ann Arbor, Ml 48106





8324897

Yu, Jo h n  Pingshun

MULTI-CRITERIA OPTIMIZATION MODEL FOR THERMAL RECOVERY 
PROCESSES

The University o f Oklahoma Ph.D. 1983

University
Microfilms

I nternsiti 0 nsi 300 N. zeeb Road, Ann Arbor, Ml 48106





PLEASE NOTE:

In all ca ses  this material has been filmed in the best possible way from the available copy. 
Problems encountered with this docum ent have been identified here with a  check mark V

1. Glossy photographs or p a g e s .

2. Colored illustrations, paper or print_____

3. Photographs with dark background_____

4. Illustrations are poor copy______

5. Pages with black marks, not original copy.

6. Print shows through a s  there is text on both sides of page.

7. Indistinct, broken or small print on several p ag es

8. Print exceeds margin requirem ents_____

9. Tightly bound copy with print lost in spine______

10. Computer printout pages with indistinct print.

11. Page(s)____________lacking when material received, and not available from school or
author.

12. Page(s)____________ seem  to be missing in numbering only as text follows.

13. Two pages num bered____________ . Text follows.

14. Curling and wrinkled p a g e s______

15. Other________________________________________________________

University
Microfilms

International





THE UNIVERSITY OF OKLAHOMA 

GRADUATE COLLEGE

MULTI-CRITERIA OPTIMIZATION MODEL 
FOR

THERMAL RECOVERY PROCESSES

A DISSERTATION 
SUBMITTED TO THE GRADUATE FACULTY

in partial fulfillment of the requirements for the

degree of

DOCTOR OF PHILOSOPHY

BY
JOHN PINGSHUN YU 

NORMAN, OKLAHOMA 

1983



M ULTI-CRITERIA OPTIMIZATION MODEL 

FOR

THERMAL RECOVERY PROCESSES

A p p r o v e d  By

DISSERTATION COMMITTEE



To my dear parents.

for their love and encouragement, and 

strong will of helping others.



TABLE OF CONTENTS
PAGE

ACKNOWLEDGEMENTS........................................................................................................ 1

LIST OF TABLES.........................................................................................................i i i

LIST OF ILLUSTRATIONS......................................................................................... i v

ABSTRACT.......................................................................................................................... v i

CHAPTER I INTRODUCTION

1 . 1  B a c k g r o u n d ..........................................•.........................................1
1 . 2  S t a t e m e n t  o f  t h e  P r o b l e m ................................................. 3
1 . 3  L i t e r a t u r e  S u r v e y ...............................................................  6

1 . 3 . 1  P e t r o l e u m  Da t a  S y s t e m A p p l i c a t l o n s . . . 6
1 . 3 . 2  Enha nc e d  O i l  R e c o v e r y  Methods

E v a l u a t i o n s .............................................................8
1 . 3 . 3  O p t i m i z a t i o n  M o d e l s ...........................................10

1 . 4  G e n e r a l  A p p r o a c h ...................................................................12

C h a p t e r  I I  THE PERFORMANCE MODEL

2 . 1  I n t r o d u c t i o n ............................................................................. 13
2 . 2  S t e a m D r i v e  P r o c e s s  P e r f o r m a n c e  M o d e l .............17

2 . 2 . 1  Maximum i n j e c t i o n  r a t e  and  i n j e c t i o n  
p r e s s u r e  e v a l u a t i o n ........................................ 18

2 . 2 . 2  Marx and La nge he i m S o l u t i o n .....................21
2 . 2 . 3  M a n d l - V o l e k  r e f i n e m e n t ................................. 27
2 . 2 . 4  P r o d u c t i o n  r a t e  and  c u m u l a t i v e

p r o d u c t i o n  c a l c u l a t i o n ................................ 28
2 . 2 . 5  P r o j e c t i o n  o f  t h e  p i l o t  t e s t  r e s u l t s  

t o  t h e  who l e  r e s e r v o i r .................................31
2 . 3  V a l i d a t i o n  o f  t h e  Steam D r i v e  P e r f o r m a n c e

M o d e l .............................................................................................. 33
2 . 4  I n - S i t u  Co m b us t i o n  P e r f o r m a n c e  M o d e l . ............. 36

2 . 4 . 1  O i l  r e c o v e r y / v o l u m e  b u r n e d
m e t h o d ..........................................................................37

2 . 4 . 2  M od e l i ng  a l g o r i t h m ......................................... 40
2 . 4 . 3  P r o j e c t i o n  o f  t h e  p i l o t  t e s t  r e s u l t s  

t o  t h e  who l e  r e s e r v o i r ................................ 47
2 . 5  V a l i d a t i o n  o f  I n - S i t u  C o m b us t i o n

P e r f o r m a n c e  M o d e l ............................................................... 49
2 . 7  P e t r o l e u m  Da t a  S ys t em D a t a  A p p l i c a t i o n s . . . 5 2



Chapter III REGRESSION MODELING OF THE THERMAL PROCESSES
3 . 1  I n t r o d u c t i o n ............................................................................. 55
3 . 2  V a r i a b l e s  S e l e c t i o n  P r o c e d u r e s .............................. 59

3 . 2 . 1  RSQUARE p r o c e d u r e .............................................59
3 . 2 . 2  STEPWISE p r o c e d u r e ...........  ............................62

3 . 3  P r o b l e m s  o f  L i n e a r  R e g r e s s i o n  A n a l y s i s
P r o c e d u r e ....................................................................................65

3 . A S y s t e m R e g r e s s i o n  A n a l y s i s  P r o c e d u r e s ................68

3 . 4 . 1  S o r t i n g  t h e  D a t a  by D i f f e r e n t
T i m e s t e p s ....................................................... 68

3 . 4 . 2  N o r m a l i z e  t h e  V a r i a b l e s  i n t o  t h e  
same m a g n i t u d e .....................................................69

3 . 4 . 3  S y s t e m  R e g r e s s i o n  Mo d e l i ng
T e c h n i q u e ..................................................................70

3 . 4 . 4  Graph P l o t t i n g  o f  t h e
R e g r e s s i o n  M o d e l i n g ........................................72

3 . 4 . 5  Use o f  t h e  A c t u a l  V a l u e s  t o  do 
P r e d i c t i o n ............................................................... 83

3 . 4 . 6  Check t h e  Time S e r i a l  o f  t h e  
R e g r e s s i o n  M o d e l s .............................................85

3 . 4 . 7  One T i m e s t e p  R e g r e s s i o n  Mode l i ng  
R e s u l t s .  ............................................................ 88

C h a p t e r  IV OPTIMIZATION MODEL FORMULATION FOR HEAVY 
OIL RECOVERY

4 . 1
4 . 2

4 . 3

4 . 4

I n t r o d u c t i o n ............................................................................90
B a s i c  C o n s i d e r a t i o n s  f o r  Th e r ma l  Rec o v e r y
P r o c e s s  D e s i g n .......................................................................92
A p p l i c a t i o n  o f  O p t i m i z a t i o n  Programming  
T e c h n i q u e ................................................................................... 96
4 . 3 . 1  M u l t i - c r i t e r i a  o p t i m i z a t i o n  

t e c h n i q u e ..................................................................99
4 . 4 . 2  A s s u m p t i o n s  and  l i m i t a t i o n s .................100
M u l t i - c r i t e r i a  O p t i m i z a t i o n  Model 
F o r m u l a t i o n s ......................................................................... 102
4 . 4 . 1  P r o f i t  E q u a t i o n  F o r m u l a t i o n ................. 102
4 . 4 . 2  F o r m u l a t i o n s  o f  t h e  P r o c e s s  D e s ig n  

E q u a t i o n s ............................................................... 105
4 . 4 . 3  G e n e r a l  Form o f  Model  F o r m u l a t i o n . 106



C h a p t e r  V The A p p l i c a t i o n s  o f  t h e  O p t i m i z a t i o n  Model
and  t h e  F i e l d  Cas e  S t u d i e s

5 . 1  Heavy O i l  R e c o v e r y  i n  Ok l ahoma ............................ 113
5 . 2  Cas e  S t udy  1:  S . E .  P a u l s  V a l l e y  F i e l d ,

O k l a h om a ................................................................................... 115
5 . 2 . 1  F i e l d  h i s t o r y .....................................................115
5 . 2 . 2  E x p e r i m e n t a l  i n - s i t u  c o m b u s t i o n  

p r o c e s s ....................................................................117
5 . 2 . 3  O p t i m i z a t i o n  model  a p p l i c a t i o n s  and 

s e n s i t i v i t y  a n a l y s i s ...................................120
5 . 2 . 4  Steam d r i v e  p r o c e s s  f o r  S . E .  P a u l s  

V a l l e y .......................................................................126
5 . 2 . 5  D i s c u s s i o n  o f  t h e  f i e l d  c a s e  S t u d y

1 ................................................................................... 129
5 . 3  Cas e  S t u d y  2 :  Loco F i e l d , O k l a h o m a ...............131

5 . 3 . 1  F i e l d  h i s t o r y .................................................... 131
5 . 3 . 2  Loco f i e l d  h o t  w a t e r f l o o d  i n  I d a  

B i l l y  L e a s e ..........................................................132
5 . 2 . 3  Loco F i e l d  ( S t eam d r i v e  p r o c e s s  and 

i n - s i t u  c o m b u s t i o n  p r o c e s s .................... 135
5 . 2 . 4  D i s c u s s i o n  o f  Case  S t u d y  2 .................... 137

5 . 4  D i s c u s s i o n s ............................................................................. 140

C h a p t e r  VI Summary and C o n c l u s i o n s

6 . 1  Summary o f  M o d e l i n g ........................................................ 143
6 . 2  C o n c l u s i o n s .............................................................................146

N o m e n c l a t u r e ............................................................................................................. 151

B i b l i o g r a p h y ............................................................................................................. 151

A p p e n d i c e s
A S c r e e n i n g  Gu i de  , P e r f o r m a n c e  Model and

Steam D r i v e  F i e l d  L i s t i n g ........................................ 159
B C u r v e - f i t t i n g  P r o c e d u r e  o f  O i l  R e c o v e r y /

Volume B u r n e d ,  Optimum P r e s s u r e  o f  A i r  
I n j e c t i o n  f o r  I n - s i t u  C o m b u s t i o n ,  I n - s i t u
C o mb u s t i on  F i e l d  L i s t i n g ...........................................181

C Oklahoma F i e l d  Cas e  S t u d i e s  L i s t i n g  192
D O p t i m i z a t i o n  Model  Program U s e r ' s  Gu ide

O p t i m i z a t i o n  model  p r o g r a m ..................................... 202



ACKNOWLEDGEMENTS

The a u t h o r  i s  g r a t e f u l  t o  Dr .  D.E.  M e n z i e ,  P r o f e s s o r  

o f  P e t r o l e u m  E n g i n e e r i n g ,  and t o  Dr .  A.A.  A l y ,  P r o f e s s o r  

o f  I n d u s t r i a l  E n g i n e e r i n g ,  f o r  t h e i r  c a r e f u l  r e v i e w ,  

h e l p f u l  g u i d a n c e ,  c o n t i n u o u s  e n c o u r a g e m e n t ,  and f o r  

g e n e r o u s l y  g i v i n g  t h e i r  k n o wl e d g e  and t i m e  t h r o u g h o u t  t h i s  

work a s  c h a i r m a n  and c o - c h a i r m a n  o f  t h e  a u t h o r ' s  G r a d u a t e  

C o m m i t t e e .

The a u t h o r  w i s h e s  t o  e x p r e s s  h i s  s i n c e r e  a p p r e c i a t i o n  

t o  Dr .  P.M. Knapp,  P r o f e s s o r  and D i r e c t o r  o f  t h e  S c h o o l  o f  

P e t r o l e u m  and G e o l o g i c a l  E n g i n e e r i n g  (PG&E); Dr .  D. T i ab  , 

A s s o c i a t e  P r o f e s s o r  o f  t h e  PG&E; and D r .  3 . V a d i v e l o o ,  

A s s i s t a n t  P r o f e s s o r  o f  B u s i n e s s  and F i n a n c e  f o r  t h e i r  

r e v i e w  o f  t h i s  work ,  f o r  t h e i r  g u i d a n c e  and  e n c o u r a g e m e n t .  

He a l s o  e x p r e s s e s  h i s  a p p r e c i a t i o n  t o  Dr .  J .  M o r r i s ,  

A s s i s t a n t  P r o f e s s o r  o f  t h e  PG&E, who s e r v e d  as  a r e s e a r c h  

f a c u l t y  member .

The a u t h o r  g r a t e f u l l y  a c k n o w l e d g e s  t h e  f i n a n c i a l  

s u p p o r t s  f rom t h e  E n e r g y  R e s o u r c e s  I n s t i t u t e  (ERI )  and 

Oklahoma Mi n i ng  and M i n e r a l  R e s o u r c e s  I n s t i t u t e .  The 

a u t h o r  a l s o  w i s h e s  t o  e x p r e s s  h i s  p e r s o n a l  t h a n k f u l n e s s  t o  

Dr .  C. Mankin ,  t h e  d i r e c t o r  o f  ERI ;  Mr s .  3 . Wi lk e ,



A s s o c i a t e  D i r e c t o r  o f  ERI p r o g r a m s ;  Mrs .  V. B r ow n , t h e  

S e c r e t a r y  f o r  t h e  D i r e c t o r s  and a l l  t h e  c o l l e a g u e s  f o r  

t h e i r  k i n d  h e l p .

The a u t h o r  i s  g r a t e f u l  t o  Dr.  Da v i d  A.T.  Donohue ,  t h e  

p r e s i d e n t  o f  t h e  I n t e r n a t i o n a l  Human R e s o u r c e  D e v e l o p m e n t  

Cor p .  (IHRDC),  f o r  h i s  f a v o u r a b l e  c r i t i c s  on t h e  

d i s s e r t a t i o n  d r a f t .  A l s o  t h e  a u t h o r  e x p r e s s e s  h i s  

a p p r e c i a t i o n  . t o  Ms. M. Be nne r  f o r  t y p i n g  and a l l  t h e  

c o l l e a g u e s  a t  IHRDC f o r  t h e i r  k i n d  h e l p .

The a u t h o r  i s  d e e p l y  i n d e b t e d  t o  h i s  e l d l y  m o t h e r  and 

f a t h e r  f o r  t h e i r  i n s p i r a t i o n ,  e n c o u r a g e m e n t ,  and t h e  many 

s a c r i f i c e s  d u r i n g  my s t u d y  i n  t h i s  c o u n t r y .  The a u t h o r  

a l s o  w i s h e s  t o  e x p r e s s  h i s  l o v e  t o  h i s  iviend . , T i n a  L i n ,  

f o r  h e r  p a t i e n c e ,  u n d e r s t a n d i n g  and d e v o t i o n .  He a l s o  

e x p r e s s e s  h i s  t h a n k f u l n e s s  t o  Dr .  F r a n k  T s ay ,  Mrs.  H a r r i s  

and a l l  f r i e n d s  f o r  t h e i r  f r i e n d s h i p  i n  Norman.

1 1



LIST OF TABLES

TABLE PAGE

3 . 1  Mean o f  S t e a m D r i v e  P a r a m e t e r s ......................................... 69

3 . 2  T h i r d  T i m e s t e p  R e g r e s s i o n  R e s u l t s ..................................88

5 . 1  I n - s i t u  C o m b u s t i o n  P r o c e s s  A c h i e v e m e n t  f o r

2 , 5 0 0 m d .................................................................................................121

5 . 2  I n - s i t u  C o m b u s t i o n  P r o c e s s  B a s i c  D e c i s i o n

V a r i a b l e s  f o r  2 , 500md............................................................. 123

5 . 3 a , b  I n - s i t u  C o m b u s t i o n  O p t i m i z a t i o n  Model

R e s u l t s  f o r  878md....................................................................... 123

5 . 6  Steam D r i v e  P r o c e s s  A c h i e v e m e n t  f o r  Hi g h ,  Low

P e r m e a b i l i t y  c a s e s .....................................................................124

5 . 5  Steam D r i v e  B a s i c  D e c i s i o n  V a r i a b l e s

( Bo t h  C a s e s ) .................................................................................... 125

5 . 6  I d a  B i l l y  R e s e r v o i r  P a r a m e t e r s  and C o r e  A n a l y s i s

D a t a .........................................................................................................136

5 . 7  Steam D r i v e  P r o c e s s  A c h i e v e m e n t  i n

Loco F i e l d ......................................................................................... 136

5 . 8  I n - s i t u  C o m b us t i o n  P r o c e s s  A c h i e v e me n t

i n  Loco F i e l d ................................................................................. 136

5 . 9  I n - s i t u  C o m b u s t i on  B a s i c  D e c i s i o n  V a r i a b l e s

i n  Loco F i e l d ................................................................................. 137

1 1 1



LIST OF ILLUSTRATIONS 

FIGURE PAGE

2 . 1  F l o w c h a r t  o f  P e r f o r m a n c e  M o d e l ............................................16
♦

2 . 3  Steam D r i v e  P e r f o r m a n c e  M o d e l ...............................................35

2 . 4  O i l  D i s p l a c e d  vs  Volume B u r n e d ............................................37

2 . 5  O i l  R e c o v e r y  vs  Volume Bur ned  f o r  L a b o r a t o r y

Co m b u s t i on  Tube R u n s .................................................................... 39

2 . 6  O i l  R e c o v e r y  v s  Volume B u r n e d .....................   40

2 . 7  Chew and C o n n a l l y  C o r r e l a t i o n  C h a r t ............................... 41

2 . 8  F l o w c h a r t  f o r  I n - s i t u  C o m b u s t i o n  M od e l ........................51

3 . 1  Scheme o f  t h e  Mode l i ng  S t a g e s ...............................................58

3 . 2  O i l  R e c o v e r y  R e s i d u a l  P l o t  ( I n - s i t u  C o m b u s t i on )

I n j e c t i o n  r a t e  R e s i d u a l  P l o t ................................................ 74

3 . 3  P r o d u c t i o n  R a t e  R e s i d u a l  P l o t  ( I n - s i t u  Comb. )

I n j e c t i o n  P r e s s u r e  R e s i d u a l  P l o t ......................................75

3 . 4  O i l  R e c o v e r y  R e s i d u a l  P l o t  ( S t e a m  D r i v e )

I n j e c t i o n  P r e s s u r e  R e s i d u a l  P l o t ......................................76

3 . 5  P r o d u c t i o n  R a t e  R e s i d u a l  P l o t  ( S t eam D r i v e )

I n j e c t i o n  R a t e  R e s i d u a l  P l o t ................................................77

3 . 6  I n j e c t i o n  R a t e  vs  Cum. A i r  Reqd ( I n - s i t u  Comb. )

R e c o v e r y  v s  A i r - o i l  R a t i o ........................................................79

VI



3 . 7  P r o d u c t i o n  R a t e  vs  Volume B u r n e d ( I n - s i t u  Co mb . )

I n j e c t i o n  P r e s s u r e  v s  P r o d u c t i o n ..................................... 80

3 . 8  Rec o v e r y  vs  O i l - s t e a m  R a t i o  (S t e a m D r i v e )

I n j e c t i o n  P r e s s u r e  v s  S t eam T e m p e r a t u r e ....................81

3 . 9  I n j e c t i o n  R a t e  vs St eam I n j e c t e d ( S t e a m  D r i v e )

P r o d u c t i o n  R a t e  vs  T h e r ma l  E f f i c i e n c y .........................82

3 . 1 0  A l g o r i t h m s  o f  R e g r e s s i o n  Model  B u i l d i n g .....................87

5 . 1 a  Heavy O i l  R e s e r v e  on S o u t h e r n  O k l a homa ....................... 113

3 . 1  S t r u c t u r e , Top o f  O i l  C r ee k  S a n d ......................................... 116

5 . 2  Net  O i l  Sand I s o p a c h  O i l  Cr eek  S a n d ............................... 117

5 . 3  I n - s i t u  C ombus t i on  P i l o t  P e r f o r m a n c e .............................119

5 . A I n j e c t i o n  P r e s s u r e  f o r  High  Low P e r m e a b i l i t y

Ca s es  ( I n - s i t u  Comb, i n  P a u l s  V a l l e y ) .........................12A

5 . 5  O i l  R e c o v e r y  f o r  High Low P e r m e a b i l i t y  ( I n - s i t u

C o mb u s t i on  i n  P a u l s  V a l l e y ) .................................................. 125

5 . 6  O i l  Re c o v e r y  vs  Time ( S t e a m  D r i v e  i n  P a u l s

V a l l e y ) ..................................................................................................... 127

5 . 7  P r o c e s s  P r o f i t  vs  Time ( P a u l s  V a l l e y ) .......................... 128

5 . 8  P l o t  P a t t e r n s ,  Loco Hot  w a t e r f l o o d ..................................132

5 . 9  Month ly  A v e r ag e  P r o d u c t i o n  H i s t o r y  and Month ly

( A v e r ag e  I n j e c t i o n  R a t e ) ..........................................................13A



ABSTRACT

The t h e r m a l  p r o c e s s  s c r e e n i n g  g u i d e ,  a p i l o t  t e s t ,  o r  

a r e s e r v o i r  s i m u l a t i o n  model  a r e  a p p l i e d  t o  e v a l u a t e  t h e  

t h e r m a l  p r o c e s s e s .  However ,  t h e  e v a l u a t i o n  i s  u n r e a l i s t i c  

i f  p r o b l e m s  a r i s e .  Hence ,  a new e v a l u a t i o n  me t hod  i s  

n e c e s s a r y .

The Marx and Langenhe im s o l u t i o n  and t h e  o i l  r e c o v e r y /  

vo lume b u r n e d  me thod a r e  u s e d  a s  t h e  b a s i c  f o r m u l a t i o n s  t o  

d e v e l o p  t h e  p e r f o r m a n c e  model  f o r  s t e a m d r i v e  and i n - s i t u  

c o m b u s t i o n  p r o c e s s e s .  One h u n d r e d  r e s e r v o i r  c a s e s  have  

be e n  e v a l u a t e d  by t h e  p e r f o r m a n c e  model  f o r  t h e  t h e r m a l  

p r o c e s s e s .  ( P e t r o l e u m  Da t a  S y s t e m i s  u s e d  f o r  r e s e r v o i r  

d a t a  v a l i d a t i o n  . )  The t r e n d s  o f  t h e r m a l  p r o c e s s e s  can  be 

g e n e r a l i z e d  i n t o  r e g r e s s i o n  e q u a t i o n s  which w i l l  be  u s e d  

a s  t h e  o b j e c t i v e  f u n c t i o n s .  P r i o r i t i e s  can be s e t  f o r  t h e  

o b j e c t i v e  f u n c t i o n s  t o  d e t e r m i n e  t h e i r  a c h i e v e m e n t s .  A 

m u l t i - c r i t e r i a  p r ogrammi ng  t e c h n i q u e  i s  a p p l i e d .  Bo t h  t h e  

o p t i m a l  d e s i g n s  a s  w e l l  a s  o p t i m i z e d  p r o f i t  a r e  o b t a i n e d .

I n  t h e  Loco f i e l d  c a s e  s t u d y ,  t h e  s t eam d r i v e  e n h a n c e s  

t h e  h eavy  o i l  r e c o v e r y  by d e c r e a s i n g  t h e  o i l  v i s c o s i t y  and 

i n c r e a s i n g  t h e  i n j e c t i v i t y ;  t h e r e f o r e ,  a q u i c k e r  r e t u r n  o f  

i n v e s t m e n t  i s  p r e d i c t e d .  However ,  t h e  i n - s i t u  c o m b u s t i o n  

h a s  a h i g h e r  t h e r m a l  e f f i c i e n c y  and  t h e  s t e a m i n j e c t i o n  

a d d s  a h i g h  c o s t  which  makes t h e  s t e a m  d r i v e  u n d e s i r a b l e  

f o r  t h e  P a u l s  V a l l e y  F i e l d .

vi



I .  INTRODUCTION

1 . 1  Background

The S h e l l  O i l  Company has  done  much r e s e a r c h  work on 

t h e  t h e r m a l  r e c o v e r y  method s i n c e  1951 ( O f f e r i n g a  e t
A Q

a l . ,  1 9 8 1 ) .  From t h e i r  p u b l i c a t i o n s ,  i t  i s  e v i d e n t

t h a t  t h e y  a r e  a t t e m p t i n g  t o  h a n d l e  t h e  c o m p l i c a t e d

c a l c u l a t i o n s  o f  t h e r m a l  r e c o v e r y  me t h o d s  i n  a s i m p l e ,

w o r k a b l e  f a s h i o n  (Newman,^® 1975;  M y h i l l , ^ ^  1978;  
é 8V o g e l ,  1982;  e t c . ) .  Some o t h e r  l e a d i n g  r e s e a r c h

23p a p e r s  have  a l s o  d e a l t  w i t h  t h i s  i s s u e  ( F a r o u q  A l i ,
2 91970 ; a n d .  G a t e s  and  Ramey,  1 9 8 0 ) .  However ,  i t  h a s

A O

b e e n  m e n t i o n e d  ( O f f e r e n g a  e t  a l .  , 1981)  t h a t  t h e  m a j o r

r e s e r v o i r  e n g i n e e r i n g  p r ob l e m  i n  d e s i g n i n g  new t h e r m a l  

p r o j e c t s  i s  s t i l l  t h e  l a c k  o f  a s i m p l e  b u t  r e l i a b l e  

e v a l u a t i o n  me t h o d .

T h i s  d i s s e r t a t i o n  h a s  been  done  w i t h  t h e  i n t e n t i o n  o f  

t r y i n g  t o  h a n d l e  t h e  c o m p l i c a t e d  e n g i n e e r i n g  d e s i g n  

p r o b l e m  w i t h  a r e l i a b l e  b u t  s i m p l e  me t hod .  T h i s  d e s i g n  

scheme  can be a c c o m p l i s h e d  f o r  t h r e e  r e a s o n s :

i )  The p e r f o r m a n c e ,  r e g r e s s i o n  and  o p t i m i z a t i o n  mo d e l s



h a v e  been  b u i l t  u s i n g  most  o f  t h e  p e r t i n e n t  t h e o r i e s  i n

t h i s  a r e a .  C o m p a r i s o n  and a n a l y s i s  o f  t h e  r e s u l t s  a r e

b e i n g  made i n  a l m o s t  a l l  o f  t h e  a p p r o p r i a t e  m o d e l i n g

p r o c e d u r e s .  The p e r f o r m a n c e  mode l  h a s  a l s o  b e e n  b u i l t  on a 

" p i l o t  d e s i g n . "  A p p l i c a t i o n  o f  t h e  a c t u a l  f i e l d  d a t a  h a s

shown i n  model  b u i l d i n g  p r o c e d u r e s .

i i )  Economi c  a n a l y s i s  i s  u s u a l l y  done  i n d e p e n d e n t l y  

when t h e  o t h e r  e n g i n e e r  o p t i m a l  p a r a m e t e r s  h a v e  o b t a i n e d  

f rom t h e  e v a l u a t i o n  p r o c e s s .  However ,  t h i s  o p t i m i z a t i o n  

mode l  i s  b o t h  a p p l i c a b l e  t o  e n g i n e e r i n g  o p t i m a l  d e s i g n  a s  

w e l l  a s  t o  opt imum d e c i s i o n - m a k i n g .

i i i )  The g r e a t  a d v a n c e s  i n  m i n i c o m p u t e r s  and  m i c r o ­

c o m p u t e r s  e n s u r e  e a s y  a c c e s s  t o  c o m p u t e r  d a t a  and 

m o d e l i n g .  A r e l a t i v e l y  s m a l l e r  c o m p u t e r  mode l  i s  

n e c e s s a r y  f o r  t h e  m i c r o c o m p u t e r  a p p l i c a t i o n .  The model  

h a s  been  b u i l t  f o r  t h i s  p u r p o s e .

T h i s  d i s s e r t a t i o n  i s  w r i t t e n  i n  s i x  c h a p t e r s .  The 

f i r s t  t h r e e  c h a p t e r s  r e v i e w  t h e  p e r t i n e n t  l i t e r a t u r e  and 

t h e  d e t a i l s  o f  m o d e l - b u i l d i n g  p r o c e d u r e s .  I n  s e v e r a l  

a p p r o p r i a t e  s e c t i o n s  o f  eac h  c h a p t e r ,  t h e  a u t h o r  h a s  a l s o  

i n c l u d e d  an a d d i t i o n a l  l i t e r a t u r e  r e v i e w  i n  o r d e r  t o  

e x p l a i n  t h e  r e a s o n s  why t h e  t h e o r i e s  and t e c h n i q u e s  a r e  

b e i n g  u s e d  i n  t h i s  work .  The l a s t  t h r e e  c h a p t e r s  c o v e r  

t h e  i n f o r m a t i o n  r e g a r d i n g  t h e  t h e r m a l  r e c o v e r y  me thods  

r e l a t i n g  t o  h e a v y  o i l s ,  o p t i m i z a t i o n  model  f o r m u l a t i o n  and 

f i e l d  c a s e  s t u d i e s  u s i n g  t h e  o p t i m i z a t i o n  mo d e l .  Oklahoma

2



f i e l d  d a t a  i s  u s e d .  The d a t a  i s  c i t e d  f rom p u b l i s h e d  

l i t e r a t u r e  and  P e t r o l e u m  Da t a  S y s t e m data .^*^

1 . 2  S t a t e m e n t  o f  t h e  P r ob l e m

An e n h a n c e d  o i l  r e c o v e r y  (EOR) s c r e e n i n g  g u i d e  i s

u s u a l l y  a p p l i e d  f o r  t h e  s e l e c t i o n  o f  a EOR p r o c e s s  f o r  a 

p a r t i c u l a r  r e s e r v o i r .  However ,  t h e  s c r e e n i n g  g u i d e  i n i t i a l  

s e l e c t i o n  w i l l  n o t  p r o m i s e  t h e  s u c c e s s  o f  t h e  EOR p r o c e s s  

a p p l i c a t i o n .  The n ,  a s i m u l a t i o n  a p p r o a c h  i s  u s e d  t o  

e v a l u a t e  t h e  p r o c e s s  p e r f o r m a n c e .  T h es e  p r o c e s s  p a r a m e t e r s  

a r e  u s u a l l y  e m p l o y e d  f o r  e c o no m i c  e v a l u a t i o n  o f  t h e  

r e s e r v o i r .  T h e s e  e v a l u a t i o n  p r o c e d u r e s  p o s e  two t y p e s  o f

p r o b l e m s :

1) The EOR p r o c e s s  s i m u l a t i o n  r e q u i r e s  a c t u a l  w e l l  

d a t a  and p r o d u c t i o n  h i s t o r y  t o  c o n f i r m  t h e  r e s u l t s .  I f  

t h o s e  d a t a  a r e  u n a v a i l a b l e ,  a p i l o t  t e s t  h a s  t o  be

c o n d u c t e d  i n  t h e  f i e l d  i n  o r d e r  t o  e v a l u a t e  t h e  p r o c e s s .  

T h u s ,  t h i s  e v a l u a t i o n  p r o c e s s  i s  a l w a y s  a t i m e - c o n s u m i n g  

s t a g e .  S o m e t i m e s ,  t h e  t i m e  f a c t o r  i s  a c r i t i c a l  

c o n s i d e r a t i o n  i n  t h e  b u s i n e s s  w o r l d .

2)  The EOR p r o c e s s  p e r f o r m a n c e  model  e v a l u a t e s  t h e

p r o c e s s  p a r a m e t e r s  a t  t h e  maximium s t a t e s  ; i . e . ,  t h e  

maximum i n j e c t i o n  r a t e ,  i n j e c t i o n  p r e s s u r e ,  and  p r o d u c t i o n  

r a t e ,  e t c . Bas ed  on t h e  maximum p a r a m e t e r s ,  t h e  e c o n o m i c



e v a l u a t i o n  w i l l  be t o o  o p t i m i s t i c .  I f  t h e  r e s u l t s  o f  t h e  

p i l o t  t e s t  t u r n  o u t  t o  be a f a i l u r e ,  t h e  e v a l u a t i o n  w i l l  

be  t o o  p e s s i m i s t i c .  N e i t h e r  c a s e s  a r e  r e a l i s t i c  i n  

e v a l u a t i o n !

T h e r e f o r e ,  a new e v a l u a t i o n  a p p r o a c h  i s  n e c e s s a r y .  An 

o p t i m i z a t i o n  model  n o r m a l l y  h a n d l e s  an e v a l u a t i o n  p r o b l e m  

i n  a more p r a c t i c a l  a s p e c t  b e c a u s e  t h e  m a t h e m a t i c a l  

o p t i m i z a t i o n  p r o g r a mmi n g  t e c h n i q u e  e v a l u a t e s  t h e  p a r a m e t e r  

i n  t h e  f e a s i b l e  r e g i o n .  The e c o no m i c  e v a l u a t i o n  b a s e d  on 

t h e  o p t i m i z e d  p a r a m e t e r  makes t h e  e s t i m a t e s  more 

r e a l i s t i c .  The t r a d i t i o n a l  o p t i m i z a t i o n  model  i s  a l wa y s  

u n i d i m e n s i o n a l ; i . e . ,  o n l y  one p a r a m e t e r  i s  o p t i m i z e d  and 

t h e  o t h e r  p a r a m e t e r s  a r e  t h e  d e c i s i o n  v a r i a b l e s .  For  

e x a m p l e ,  t h e  p r o f i t  i s  t h e  o p t i m i z e d  v a l u e  and t h e  p r o c e s s  

p a r a m e t e r s  a r e  t h e  d e c i s i o n  v a r i a b l e s .  A c t u a l l y ,  t h i s  

u n i d i m e n s i o n a l  model  a l s o  p o s e s  a d e s i g n  p ro b l e m f o r  t h e  

e n g i n e e r .

An e n g i n e e r  a l w a y s  o p t i m i z e s  t h e  d e s i g n  p a r a m e t e r s  and 

e v a l u a t e s  t h e  e c o n o m i c  b e n e f i t  o f  t h e  p r o c e s s  

( A k i n d a l e ^ .  1 9 8 2 ) .  I f  a l l  t h e  d e s i g n e d  p a r a m t e r s  and 

e c onomi c  p r o f i t  c o u l d  be o p t i m i z e d  s i m u l t a n e o u s l y ,  an 

o v e r a l l  e v a l u a t i o n  would  be v e r y  p r a c t i c a l .  T h i s  o v e r a l l  

e v a l u a t i o n  i s  p a r t i c u l a r l y  n e c e s s a r y  f o r  c o m p a r i s o n  o f  two 

p r o c e s s e s  i n  t h e  same c o n d i t i o n s  and  r e s e r v o i r .  T h i s  new 

e v a l u a t i o n  a p p r o a c h  would be t h e  m u l t i - c r i t e r i a



o p t i m i z a t i o n  me thod  which  i s  t h e  main s t u d y  o f  t h i s

d i s s e r t a t i o n .  The a u t h o r  h o pe s  a b r i d g e  i s  b e i n g  b u i l t

b e t w e e n  t h e  e n g i n e e r i n g  and t h e  d e c i s i o n - m a k i n g  a s p e c t s .

Heavy o i l  i m p l i e s  c r u d e  o i l  h a v i n g  an API g r a v i t y  o f
2525 d e g r e e s  o r  l e s s  ( F a r o u q  A l i ,  1974 ; and ,

18D i e t z m a n ,  1965)  and  c r u d e  o i l  h a v i n g  v i s c o s i t i e s  i n  

e x c e s s  o f  30 - 6 0  c p .  Heavy o i l  r e s e r v e s  a r e  one o f  t h e

g r e a t e s t  p o t e n t i a l  f o s s i l  f u e l  r e s o u r c e s  b o t h  i n  t h e  U.S.  

and w o r l d w i d e . R e s e r v o i r s  w i t h  heavy  o i l  r e s e r v e s  have  

b e e n  r e p o r t e d  i n  n o r t h e r n  and s o u t h e r n  Oklahoma.  In 

s o u t h e r n  Oklahoma,  a t  l e a s t  one s t e a m  and s e v e n  i n - s i t u
1 O

c o m b u s t i o n  p r o j e c t s  h a v e  b e e n  i n i t i a t e d  ( D i e t z m a n ,  

1965 ;  a n d ,  M a r t i n , 1968) .  Two o f  t h e s e  f i e l d  c a s e s  

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

The i n - s i t u  c o m b u s t i o n  p r o c e s s  i s  one o f  t h e  p r edom­

i n a t e  t h e r m a l  r e c o v e r y  p r o c e s s e s  b e c a u s e  t h e  i n - s i t u  com­

b u s t i o n  p r o c e s s  h a s  t h e  h i g h e s t  t h e r m a l  e f f i c i e n c y ,  l o w e r  

s u r f a c e  f u e l  r e q u i r m e n t ,  and no w e l l  d e p t h  r e s t r i c t i o n .  

The i n - s i t u  c o m b u s t i o n  and s t e a m d r i v e  p r o c e s s e s  a r e  b e i n g  

a p p l i e d  t o  heavy o i l  r e c o v e r y .  S team d r i v e  i s  t h e  more 

w i d e l y  u s ed  p r o c e s s  i n  t h e  f i e l d .  A s e n s i t i v i t y  a n a l y s i s  

i s  b e i n g  made on b o t h  o f  t h e s e  p r o c e s s e s  ; t h e r e f o r e ,  a 

c o m p a r i s o n  o f  t h e  p r o c e s s e s  c an  be made.



1 . 3  L i t e r a t u r e  Su rv ey

S i n c e  t h e  d i s s e r t a t i o n  work i n v o l v e s  t h e  P e t r o l e u m  

Da t a  Sys t em (PDS) ,  t h e  t h e r m a l  r e c o v e r y  p e r f o r m a n c e  model  

and t h e  o p t i m i z a t i o n  m o d e l , t h e  l i t e r a t u r e  s u r v e y  c o v e r s  

t h e s e  t h r e e  a r e a s  i n d i v i d u a l l y .

1 . 3 . 1  P e t r o l e u m  D a t a  Sys t em a p p l i c a t i o n s

On March 18 ,  1975 ,  i n  r e c o g n i t i o n  o f  t h e  e n h a n c e d  o i l  

r e c o v e r y  (EOR) p o t e n t i a l ,  t h e  A s s i s t a n t  S e c r e t a r y  o f  t h e  

I n t e r i o r  a s k e d  t h e  N a t i o n a l  P e t r o l e u m  C o u n c i l  t o  c o n d u c t  a 

c o m p l e t e  s t u d y  o f  EOR me t hods  i n  t h e  U n i t e d  S t a t e s .  The 

C o u n c i l  a g r e e d ,  and  PDS was one o f  t h e  d a t a  b a s e s  c h o s e n  

f o r  t h e  s t u d y .  A r e l a t i v e l y  c o m p l e t e  a n a l y s i s  was made on 

t h e  f e a s i b i l i t y  o f  u s i n g  EOR m e th o d s  on d i f f e r e n t  t y p e s  o f  

r e s e r v o i r s .  Ba s ed  on 245 known r e s e r v o i r s  l o c a t e d  i n

C a l i f o r n i a ,  T e x a s , and  L o u i s i a n a , t h e  a u t h o r  l i s t e d  a
3 A

s c r e e n i n g  g u i d e  f o r  EOR me thods  ( H a y e s ,  1 9 7 6 ) .

I n  1980 ,  V e n k a t e s h ^ ^  c o m p l e t e d  two s t e p s  f o r  PDS r e ­

s e a r c h .  In  t h e  f i r s t  s t e p ,  a  s u r v e y  o f  POS u s e r s  was c o n ­

d u c t e d ,  and an a n a l y s i s  o f  t h e  s u r v e y  i n d i c a t e s  t h a t  t h e  

PDS i s  an e x c e l l e n t  s o u r c e  o f  o i l  f i e l d - r e l a t e d  i n f o r m a ­

t i o n .  However ,  some d a t a  a r e  m i s s i n g  i n  t h e  d a t a  f i l e .  I n

t h e  s e c o n d  s t e p ,  he u s e d  an e n h a n c e d  o i l  r e c o v e r y  s c r e e n i n g



g u i d e  f o r  t h e  t h r e e  b a s i c  EOR m e t h od s  ( t h e r m a l , m i s c i b l e ,  

and  c h e m i c a l )  f o r  f e a s i b i l i t y  t e s t s .  Howe ve r ,  h i s  

c o m p u t e r  s c r e e n i n g  m e t h o d s  l a c k e d  a c c u r a c y  i n  m o d e l i n g

r e a l  r e s e r v o i r  e v a l u a t i n g  c r i t e r i a .

I n  t h e  same y e a r  , 1 9 8 0 ,  S a i s a s o n g  and Yu^^ s t a r t e d

o u t  u s i n g  a s t a t i s t i c a l  a p p r o a c h  ( t h e  Monte  C a r l o

S i m u l a t i o n  t e c h n i q u e )  t o  o b t a i n  t h e  mos t  l i k e l y  v a l u e  o f

r e s i d u a l  s a t u r a t i o n  i n  o i l  r e s e r v o i r s  a f t e r  w a t e r -

f l o o d i n g .  Th r ough  s t a t i s t i c a l  a n a l y s i s ,  i t  was f o u n d  t h a t

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

a s y m m e t r i c  b e l l - s h a p e d  c u r v e  l o g n o r m a l  d i s t r i b u t i o n  t y p e .

Knowing t h e  t y p e  and a p r o b a b i l i t y  d i s t r i b u t i o n  o f

r e s i d u a l  o i l  s a t u r a t i o n  c a n  l e a d  t o  a b e t t e r  u n d e r s t a n d i n g

o f  a r e s e r v o i r  and  c a n  a l s o  l e a d  t o  a b e t t e r  d e c i s i o n

c o n c e r n i n g  EOR p r o s p e c t s .  Da v i d  J o n e s ^ ^  ( 19 8 0 )

p r e s e n t e d  h i s  work on t h e  a p p l i c a t i o n  o f  b a s i n  a n a l y s i s  t o

e x p l o r a t i o n  s t r a t e g y  d e t e r m i n a t i o n .  He u sed  t h e  P e r m i a n

B a s i n  d a t a  b a s e  t o  do a r i s k  a n a l y s i s  i n  an  u n c e r t a i n
*5 ?e n v i r o n m e n t .  J ames  Gumnick e t  a l .  ( 19 8 1 )  u s e d  t h e  

c l u s t e r  a n a l y s i s  i n  t h e  f i e l d  t e s t  d a t a b a s e  s t u d i e s .  

R o b e r t  C r o v e l l i ^ ^  ( 1 9 8 1 )  a l s o  u s e d  t h e  Monte  C a r l o

S i m u l a t i o n  t e c h n i q u e  i n  a g a s  r e s o u r c e  a p p r a i s a l  s t u d y .  

G o o d b r e a d  e t  a l . ( 1 9 8 1 )  p u b l i s h e d  a DOE r e p o r t  a b o u t  

PDS d a t a  v a l i d a t i o n  by u s i n g  c o m p u t e r  p r o c e d u r e s .  I n  t h e  

r e p o r t ,  t h e  c o r r e l a t i o n  e q u a t i o n s  a r e  u s e d  t o  s e t u p  t h e



v a l i d a t i o n  r a n g e  f o r  t h e  d a t a b a s e  d a t a .  B a s i c a l l y ,  t h e i r  

a p p r o a c h e s  a r e  s t a t i s t i c a l  a n a l y s i s  f o r  t h e  P e t r o l e u m  Data  

S y s t e m a p p l i c a t i o n s .  An e n g i n e e r i n g  a p p l i c a t i o n  f o r  t h e  

d a t a  b a s e  i s  a l m o s t  a n e c e s s i t y .  I t  i s  t h e  a u t h o r ' s  hope  

t h a t  t h i s  d i s s e r t a t i o n  w i l l  g i v e  some g u i d a n c e  f o r  f u t u r e  

e n g i n e e r i n g  a p p l i c a t i o n s .

1 . 3 . 2  Enhanced  o i l  r e c o v e r y  m e t h o d s  e v a l u a t i o n s

C u r r e n t l y ,  EOR e v a l u a t i o n  i s  t h e  main c o n c e r n  o f  mos t

r e s e a r c h  w o r k e r s .  M a t h e m a t i c a l  EOR p e r f o r m a n c e  m o d e l s  a r e

t h e  mos t  p o p u l a r  t o p i c s .  Numerous  m a t h e m a t i c a l  EOR mode l s

(Newman,^® 1975)  w e r e  b u i l t  b e t w e e n  1975 and  1977 b a s e d

on l i n e a r  o r  r a d i a l  n u m e r i c a l  s o l u t i o n s  (Van L o o ke r e n , ® ^

1 9 7 7 ) .  The m a t h e m a t i c a l  m o de l s  p r e d i c t  t h e  p r o d u c t i o n

p e r f o r m a n c e .  Most  o f  t h e  mode l s  a r e  f o r  t h e  s i m u l a t i o n  o f

t h e  s t e a m  d r i v e  and t h e  s t e a m  c y c l i n g  p r o c e s s e s

( C r i c h l o w , ^ ^  1 9 7 4 ;  a n d ,  J o n e s , 1 9 8 1 ) .  P r o g r e s s  i n

s i m u l a t i n g  t h e  p e r f o r m a n c e  o f  t h e  i n - s i t u  c o m b u s t i o n

p r o c e s s  i s  n o t  a s  a d v a n c e d  a s  t h e  s t e a m d r i v e  p r o c e s s ,

m a i n l y  b e c a u s e  o f  i t s  c o m p l e x i t y  and o u r  l a c k  o f

u n d e r s t a n d i n g  o f  a l l  t h e  m e c h a n i s m s  i n v o l v e d .  Not  many

p a p e r s  have  b e e n  p u b l i s h e d  p e r t a i n i n g  t o  t h e  e v a l u a t i o n  o f

t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  w i t h  t h e  e x c e p t i o n  o f
60S o l i m o n  e t  a l .  who d e v e l o p e d  a n u m e r i c a l  mode l  f o r  t h e



i n - s i t u  c o m b u s t i o n  p r o c e s s  i n  1981 .  I n  t h e  same y e a r ,  

Chapman C r o n q u i s t  e t  a l . ^ ^  p u b l i s h e d  a n o t h e r  DOE r e p o r t  

a b o u t  u s i n g  a c o m p u t e r  model  f o r  c o m p a r a t i v e  eco n o mi c  

a n a l y s i s  o f  e n h a n c e d  o i l  r e c o v e r y  p r o j e c t s .  B e c a u s e  o f  

t h e  c o m p l e x i t y  o f  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s ,  t h e  

s t u d i e s  o f  t h e  p l a t e a u  were  p r e l i m i n a r y  and u n -
c D

s a t i s f a c t o r y .  I n  1978 ,  Satman e t  a l .  d i d  an i n -

d e p t h  s t u d y  o f  t h e  p r o c e s s ,  and he d e v e l o p e d  c o r r e l a t i o n
12e q u a t i o n s  f o r  o i l  r e c o v e r y .  I n  1977 ,  Chu u s e d  

s t a t i s t i c a l  r e g r e s s i o n  mode l s  o f  t h e  p r o c e s s  p a r a m e t e r s ,  

s u c h  a s  f u e l  c o n t e n t ,  a i r - o i l  r a t i o ,  f u e l  b u r n e d ,  and a i r  

r e q u i r e m e n t .  T h e r e  i s  a l s o  a s i m i l a r  c o r r e l a t i o n  a p p r o a c h  

s t u d y  f o r  t h e  s t e a m  d r i v e  p r o c e s s ,  b u t  t h e  a p p r o a c h  i s  

b a s e d  on m a t h e m a t i c a l  s o l u t i o n s  r a t h e r  t h a n  a s t a t i s t i c a l  

a p p r o a c h  ( C o m m a , 1 9 8 0 ) .

S t u d i e s  on t h e  c o m p a r i s o n  o f  t h e  s t e a m  d r i v e  and t h e  

i n - s i t u  c o m b u s t i o n  p r o c e s s e s  were  i n t e n s i v e  b e c a u s e  b o t h  

p r o c e s s e s  a r e  t h e  t h e r m a l  me t hods  f o r  h ea v y  o i l  r e c o v e r y ,  

and we would l i k e  t o  know which p r o c e s s  i s  b e t t e r  f o r  a 

p a r t i c u l a r  r e s e r v o i r .  I n  1966 ,  Wi l s on  e t  a l . ^ ^  

d i s c u s s e d  t h e  c o s t  c o m p a r i s o n  o f  u s i n g  s t e a m  o r  a i r  f o r  

r e s e r v o i r  h e a t i n g ,  and t h e y  i n d i c a t e d  t h a t  c o m p r e s s i o n  i s

t h e  m a j o r  c o s t  f o r  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s .  I n  

1973 ,  B a k e r ^  d i s c u s s e d  t h e  e f f e c t s  o f  p r e s s u r e  and  

i n j e c t i o n  r a t e  i n  t h e  s t e a m  d r i v e  p r o c e s s ,  and he



i n d i c a t e d  t h a t  t h e  i n j e c t i o n  r a t e  i s  t h e  m a j o r  c o s t  o f  t h e
2Ds t e a m  d r i v e  p r o c e s s .  I n  1978,  D o s c h e r  e t  a l .  d i d  a 

s t u d y  b a s e d  on t h e  e c o no mi c  r e a s o n i n g  t h a t  t h e  d i s c o u n t e d  

c o s t  f o r  p r o d u c i n g  o i l  by i n - s i t u  c o m b u s t i o n  was f ound  t o  

be  h i g h e r  t h a n  t h a t  o f  t h e  c o m p a r a b l e  s t e a m  d r i v e .  

F o l l o w i n g  t h i s  p a p e r ,  S t a n f o r d  U n i v e r s i t y  P e t r o l e u m  

R e s e a r c h  I n s t i t u t e  c o n d u c t e d  a t h o r o u g h  s t u d y  o f  an 

e n g i n e e r i n g  e conomi c  model  f o r  t h e r m a l  r e c o v e r y

m e t h o d s C W i l l i a m s  e t  a l . , ^ ^  1 9 8 0 ) .  They u se d  two

i n d e p e n d e n t  p e r f o r m a n c e  mode l s  f o r  d i f f e r e n t  p r o c e s s e s  t o  

o b t a i n  t h e  r e c o v e r y  and  p r o d u c t i o n  r a t e s ,  and e v a l u a t e d

t h e  a c t u a l  e co n o mi c  v a l u e  o f  b o t h  p r o c e s s e s .  They 

c o n c l u d e d  t h a t  w h e t h e r  one  p r o c e s s  i s  more p r o f i t a b l e  t h a n  

t h e  o t h e r  s h o u l d  be b a s e d  on t h e  i n d i v i d u a l  r e s e r v o i r  

c a s e .  I n  1982 ,  B u r g e r ^  s t u d i e d  two d i f f e r e n t  p r o c e s s e s

i n  t h e  e n e r g y  b a l a n c e  a s p e c t  and  c o n c l u d e d  t h a t  t h e

i n - s i t u  c o m b u s t i o n  i s  more f a v o r a b l e  t h a n  t h e  s t e a m 

d r i v e .  However ,  none o f  t h e s e  s t u d i e s  h a v e  e v e r  a t t e m p t e d  

t o  u s e  t h e  o p t i m i z a t i o n  programmi ng  t e c h n i q u e s  f o r  t h e  

e v a l u a t i o n s .

1 . 3 . 3  O p t i m i z a t i o n  m o d e l s ;

I n  t h e  p e t r o l e u m  i n d u s t r y ,  t h e  o p t i m i z a t i o n  t e c h n i q u e  

( m a t h e m a t i c a l  p r o g ra m m i n g)  was a p p l i e d  a s  e a r l y  a s  1957.  

A r o n o f s k y  and Lee^  d e v e l o p e d  a l i n e a r  p r og r amm i n g  model
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t h a t  s c h e d u l e d  o i l  p r o d u c t i o n .  F o l l o w i n g  t h e  o p t i m i z a t i o n  

a p p l i c a t i o n s ,  many a u t h o r s  (Rowan and W a r r e n , 1967;  

an d ,  Asward and  A l y , ^  1980)  a p p l i e d  l i n e a r ,  n o n l i n e a r ,  

i n t e g e r  and dynami c  p r o g r a mmi n g  t e c h n i q u e s  i n  a l l  a r e a s  o f  

p e t r o l e u m  e n g i n e e r i n g ,  e . g . ,  p r o d u c t i o n ,  d r i l l i n g ,  and  gas
Q

s t o r a g e .  I n  19 6 9 ,  B e n t s e n  and Donohue a p p l i e d  a dynamic

p r ogrammi ng  model  t o  t h e  c y c l i c  s t e a m  i n j e c t i o n  p r o c e s s .

The a u t h o r s  o p t i m i z e d  t h e  s t e a m  s o a k  p r o c e s s  w i t h  r e s p e c t
5 5t o  n e t  p r o f i t .  Romero d i d  h i s  M.S.  t h e s i s  work on

o p t i m i z a t i o n  o f  t h e  s t e a m  d r i v e  p r o c e s s  by g e o m e t r i c

p rogrammi ng  i n  1974 .  Thes e  two s t u d i e s  a r e  t h e  p r o c e s s

o p t i m i z a t i o n  mo d e l s  f o r  t h e  e n h a n c e d  o i l  r e c o v e r y

p r o c e s s e s .  However ,  t h e r e  was n o t  a s i n g l e  s t u d y  

r e g a r d i n g  t h e  p e r f o r m a n c e  o p t i m i z a t i o n  model  f o r  t h e  s t e a m 

d r i v e  and i n - s i t u  c o m b u s t i o n  p r o c e s s e s .

In  t h i s  d i s s e r t a t i o n ,  a r e l a t i v e l y  new o p t i m i z a t i o n  

p r ogrammi ng  t e c h n i q u e  i s  u s e d  f o r  t h e  p e r f o r m a n c e  

o p t i m i z a t i o n  model  f o r  t h e  s t e a m  d r i v e  and  i n - s i t u  

c o m b u s t i o n  p r o c e s s e s .  T h i s  p r og r am m i n g  t e c h n i q u e  s o l v e d  

t h e  m u l t i p l e  o b j e c t i v e  f u n c t i o n s  f o r  i n j e c t i o n  r a t e ,

i n j e c t i o n  p r e s s u r e ,  p r o d u c t i o n  r a t e ,  o i l  r e c o v e r y ,  and  n e t

p r o f i t .  A c o m p a r i s o n  o f  t h e s e  p a r a m e t e r s  was u s e d  f o r  t h e  

d e c i s i o n  m a k i n g .  As a r e s u l t ,  e n g i n e e r i n g  d e s i g n e d

p a r a m e t e r s  f o r  a b e t t e r  p r o c e s s  can  be  u s e d  i n  a

p a r t i c u l a r  r e s e r v o i r .
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1 . 4  G e n e r a l  Appr oach

The g e n e r a l  a p p r o a c h  o f  t h e  m u l t i - c r i t e r i a  o p t i m i ­

z a t i o n  m o d e l i n g  i s  done i n  two s t a g e s :

S t a g e  1:  The m a t h e m a t i c a l  f o r m u l a t i o n s  p r o v i d e  t h e

b a s i c  t h e o r y  f o r  b u i l d i n g  t h e  s t e a m d r i v e  and  i n - s i t u  

c o m b u s t i o n  p e r f o r m a n c e  m o d e l .  A c t u a l  r e s e r v o i r  d a t a  a r e  

i n p u t  i n t o  t h e  p e r f o r m a n c e  model  t o  e v a l u a t e  t h e  p r o c e s s  

p a r a m e t e r s  and  t h e  r e s u l t s  a r e  u s e d  f o r  r e g r e s s i o n  

a n a l y s i s .

S t a g e  2 :  The t r e n d s  o f  b o t h  p r o c e s s e s  c an  be

g e n e r a l i z e d  i n t o  r e g r e s s i o n  e q u a t i o n s  wh i ch  w i l l  be u s e d  

a s  o b j e c t i v e  f u n c t i o n s ;  s u c h  a s  i n j e c t i o n  p r e s s u r e ,  

i n j e c t i o n  r a t e ,  p r o d u c t i o n  r a t e ,  and o i l  r e c o v e r y .  The 

p r o f i t  e q u a t i o n  c a n  a l s o  be f o r m u l a t e d  a s  a n o t h e r  

o b j e c t i v e  f u n c t i o n .  D i f f e r e n t  o b j e c t i v e  f u n c t i o n s  w i l l  be 

r a n k e d  i n t o  p r i o r i t y  o f  p u r s u i n g  a c h i e v e m e n t s .

Any g i v e n  r e s e r v o i r  c a s e  can  be u s e d  f o r  t h e  f i e l d  

c a s e  s t u d y .  The r e s e r v o i r  d a t a  i s  i n p u t  i n t o  t h e  p e r ­

f o r m a n c e  mode l  f o r  e v a l u a t i o n  and t h e  p r o c e s s  p a r a m e t e r s  

w i l l  be  u s e d  a s  t h e  r e a l  c o n s t r a i n t s .  A s p e c i a l  

o p t i m i z a t i o n  p r o g r amm i n g  t e c h n i q u e  i s  a p p l i e d  t o  o b t a i n  

t h e  opt imum s o l u t i o n .  The opt imum d e s i g n e d  p a r a m e t e r s  a r e  

i n j e c t i o n  p r e s s u r e ,  i n j e c t i o n  r a t e ,  p r o d u c t i o n  r a t e ,  o i l  

r e c o v e r y  and  p r o f i t .  Th e s e  o p t i m i z e d  p a r a m e t e r s  would  be 

t h e  o p t i m a l  e n g i n e e r i n g  d e s i g n  and t h e  opt imum d e c i s i o n  

f o r  a p a r t i c u l a r  r e s e r v o i r .
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I I .  THE PERFORMANCE MODEL

2 . 1  I n t r o d u c t i o n

In  any o p t i m i z a t i o n  mo d e l ,  o b j e c t i v e  f u n c t i o n s  a r e  t h e  

e s s e n t i a l  f u n c t i o n a l  e q u a t i o n s  r e q u i r e d .  I n  t h i s  d i s s e r ­

t a t i o n ,  t h e  a u t h o r  a d o p t e d  t h e  me thod  o f  u s i n g  r e g r e s s i o n  

mode l s  t o  g e n e r a t e  o b j e c t i v e  f u n c t i o n s  f o r  t h e  o p t i m i z a ­

t i o n  mode l ,  wh i c h  i s  a m o d i f i e d  me t hod  f rom C r i c h l o w ^ ^  

( 1 9 7 7 ) .  The d a t a  b e i n g  u s e d  f o r  t h e  r e g r e s s i o n  m o d e l s  a r e  

p r e f e r r e d  i n  t h e  r a n g e s  o f  t h e  mos t  e f f i c i e n t  p r o c e s s .  

A l t h o u g h  t h e  r e p o r t e d  t h e r m a l  r e c o v e r y  r e s e r v o i r  d a t a  may 

be u s e d  f o r  t h e  same p u r p o s e ,  t h e  d a t a  a r e  e i t h e r  i n c o m­

p l e t e  o r  h a v i n g  i n h e r i t e d  e r r o r s  ( B u h i m a , ^ °  1 9 8 1 ) .  

T h e r e f o r e ,  we want  t o  g e n e r a t e  t h e  b e s t  t h e r m a l  r e c o v e r y  

p r o c e s s e s  d a t a  f o r  t h e  p r o c e s s  e v a l u a t i o n ,  e . g . ,  p r o c e s s  

e f f i c i e n c y ,  i n j e c t i o n  r a t e ,  i n j e c t i o n  p r e s s u r e ,  and 

p r o d u c t i o n  r a t e ,  e t c .  The p e r f o r m a n c e  mode l  f o r  t h e  s t e a m 

d r i v e  and t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s e s  i s  e s s e n t i a l  

f o r  t h i s  p u r p o s e .

C o a t s ^ ^  ( 19 6 9 )  e m p h a s i z e d  t h e  b e s t  m e t h od s  f o r
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m o d e l i n g  and  u s i n g  m a t h e m a t i c a l  r e s e r v o i r  s i m u l a t i o n s .  

The s i m u l a t i o n  model  h a s  t o  be t a i l o r e d  a c c o r d i n g  t o  t h e  

c o m p l e x i t y  o f  t h e  q u e s t i o n  b e i n g  a s k e d .  The a c c u r a c y  o f  

any model  d e p e n d s  on t h e  amount  and  r e l i a b i l i t y  o f  d a t a  

a v a i l a b l e  f o r  t h e  s i m u l a t i o n  p r o c e d u r e s .  T h es e  two f a c t o r s  

d e t e r m i n e  t h e  s o p h i s t i c a t i o n  o f  t h e  m a t h e m a t i c a l  s y s t e m  t o  

be u s e d .

The a u t h o r  a d o p t s  h i s  p r i n c i p l e s  f o r  t h e  s i m u l a t i o n  

mode l .  The r e s e r v o i r  p a r a m e t e r s  a r e  u s e d  a s  a p i l o t  t e s t  

f o r  t h e  t h e r m a l  r e c o v e r y  p r o c e s s  e v a l u a t i o n .  The i n p u t  

d a t a  a r e  s c r e e n e d  a c c o r d i n g  t o  t h e  t h e r m a l  p r o c e s s e s  

c r i t e r i a  and t h e  m i s s i n g  d a t a  a r e  v a l i d a t e d ,  t h e r e f o r e ,  

t h e  d a t a  a r e  u n i q u e  f o r  e a c h  p r o c e s s .  (The  s c r e e n i n g  

c r i t e r i a  f o r  t h e  t h e r m a l  p r o c e s s e s  a r e  a t t a c h e d  i n  

Append i x  A. )  The s i m u l a t i o n  model  i s  o n e - d i m e n s i o n a l  f o r  

b o t h  t h e r m a l  p r o c e s s e s ,  b u t  t h e  a u t h o r  u s e s  t h e  most  

u p d a t e d  c o n c e p t s  t o  p e r f e c t  t h e  d e f i c i e n c i e s  o f  t h e  b a s i c  

model  s t r u c t u r e .  The s i m u l a t e d  p i l o t  r e s u l t s  may be 

p r o j e c t e d  f o r  t h e  r e s e r v o i r  e v a l u a t i o n .

The p e r f o r m a n c e  model  i s  s u b d i v i d e d  i n t o  t h r e e  m a j o r  

p a r t s :  t h e  s c r e e n i n g  g u i d e ,  t h e  s t e a m  d r i v e  p r o c e s s  and 

t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s .  The s c r e e n i n g  g u i d e  

a c t u a l l y  a c t s  a s  t h e  main p r og r a m o f  t h e  p e r f o r m a n c e  model  

b e c a u s e  t h e  r e s e r v o i r  h a s  t o  be s c r e e n e d  b e f o r e  i t  i s  

c o n s i d e r e d  a s  a c a n d i d a t e  f o r  t h e r m a l  r e c o v e r y  m e t h od s .
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The steam drive process and the in-situ combustion process
a r e  a t t a c h e d  t o  t h e  main p r o g r a m .  Each t h e r m a l  r e c o v e r y

p r o c e s s  a l s o  h a s  s e v e r a l  c a l c u l a t i o n  p r o c e d u r e s  f o r  a

c o m p l e t e  c o m p u t a t i o n .  The p e r f o r m a n c e  model  i s  o u t l i n e d

i n  t h e  f o l l o w i n g  f l o w  c h a r t  ( F i g u r e  2 . 1 ) .

The a u t h o r  s e l e c t e d  45 f i e l d  c a s e s  f o r  t h e  s t e a m  d r i v e

p r o c e s s  and 35 f i e l d  c a s e s  f o r  t h e  i n - s i t u  c o m b u s t i o n

p r o c e s s  f rom t h e  l a t e s t  p u b l i c a t i o n s  ( O i l  and Gas J o u r n a l
2

Annual  P r o d u c t i o n  R e p o r t s .  1 9 8 2 ; and 5PE I mpr oved  O i l  

Re cove r y  R e p o r t s ,  19 7 5 - 19 8 1  In  t h e s e  f i e l d  c a s e s ,

r e s e r v o i r  p a r a m e t e r s  a r e  i n p u t  a s  t h e  d a t a  f o r  t h e  s i m u ­

l a t i o n  m o d e l .  The o u t p u t  p r o c e s s  p a r a m e t e r s ,  f o r  b o t h  

p r o c e s s e s ,  w i l l  be u s e d  as  t h e  i n p u t  d a t a  f o r  t h e  r e g r e s ­

s i o n  m o d e l i n o .
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2.2 Steam Drive Process Simulation Model

The l i m i t a t i o n s  o f  g i v e n  r e s e r v o i r  d a t a  i s  i m p os e d ,

i . e . ,  no p r e s s u r e  d e c l i n e ,  no p r o d u c t i o n  h i s t o r y ,  The 

a v e r a g e  v a l u e s  o f  p a r a m e t e r s  a r e  b e i n g  u s e d  f o r  t h e  

s i m u l a t i o n  mode l  ( homogene ous  r e s e r v o i r ) .  The a u t h o r  

c h o o s e s  t o  b u i l d  a o n e - d i m e n s i o n a l  a n a l y t i c a l  s o l u t i o n  

s t e a m d r i v e  m o d e l .  The a u t h o r  a t t e m p t s  t o  i mpr ove  t h e  

a c c u r a c y  and f e a s i b i l i t y  o f  t h e  model  by i m p l e m e n t i n g  

s e v e r a l  m o d e l i n g  t e c h n i q u e s .

A o n e - d i m e n s i o n a l  a n a l y t i c a l  mode l  i s  u s u a l l y  v e r y  good 

f o r  t h i n  l a y e r  f o r m a t i o n  m o d e l i n g  b e c a u s e  s t e a m  zone  s h a p e  

and s t e a m o v e r r i d i n g  p r o b l e m s  a r e  v e r y  common f o r  t h i c k e r  

f o r m a t i o n s .  T h i s  model  i n c o r p o r a t e s  Van L o o k e r e n ' s  s t e a m 

zone  a p p r o x i m a t i o n  method  t o  h a n d l e  t h e  a b ov e  p r o b l e m .  In 

t h e  s t e a m  d r i v e  p r o c e s s ,  t h e  h o t  w a t e r  c o n d e n s a t i o n  zone  

u s u a l l y  c a u s e s  e x c e s s  h e a t  l o s s  t o  t h e  f o r m a t i o n .  The 

Man d l - Vo l e k  r e f i n e m e n t  s o l u t i o n  i s  u s e d  f o r  t h e  h o t  w a t e r  

bank  c o r r e c t i o n .  The p r o c e d u r e s  a r e  d i s c u s s e d  i n  d e t a i l  

i n  t h e  f o l l o w i n g  s e c t i o n s .

F i n a l l y ,  an i n v e r t e d  5 - s p o t  and 5 - a c r e  f l o o d  p a t t e r n  

i s  c h o s e n  f o r  t h e  p i l o t  t e s t  i n  t h e  who le  r e s e r v o i r .  T h i s  

i s  a common e v a l u a t i o n  me thod u s e d  f o r  a r e s e r v o i r  by o i l  

c o m p a n i e s .

The s t e a m  d r i v e  p e r f o r m a n c e  model  i s  f o r m u l a t e d  i n  

f i v e  p a r t s ;
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i )  Van L o o k e r e n ' s ^ ^  ( 19 77 )  sweep e f f i c i e n c y  

a p p r o a c h  f o r  maximum i n j e c t i o n  r a t e  and p r e s s u r e  

e v a l u a t i o n s .

i i )  Marx and  Lange nhe i m s o l u t i o n ^ ^  ( 19 5 9 )  t o  h e a t  

t r a n s f e r  e q u a t i o n .

i i i )  M a n d l - V o l e k  r e f i n e m e n t ^ ^  ( 1969 )  on t h e  h o t  w a t e r  

b a n k .

i v )  P r o d u c t i o n  r a t e  and c u m u l a t i v e  p r o d u c t i o n  

c a l c u l a t i o n .

V) P r o j e c t i o n  o f  t h e  p i l o t  t e s t  r e s u l t s  t o  t h e  who l e  

r e s e r v o i r .

I n  t h e  p e r f o r m a n c e  m o d e l ,  t h e  d e t a i l e d  d e r i v a t i o n  o f  t h e  

e q u a t i o n s  a r e  i n c o r p o r a t e d .  T h i s  p e r f o r m a n c e  model  i s  

programmed i n  FORTRAN c o m p u t e r  l a n g u a g e .

2 . 2 . 1  Maximum i n j e c t i o n  r a t e  and i n j e c t i o n  p r e s s u r e  

e v a l u a t i o n

F a r o u q  A l i ^ ^  ( 19 70 )  i n d i c a t e d  t h a t  sweep e f f i c i e n c y  

h a s  a d i r e c t  c o r r e l a t i o n  w i t h  i n j e c t i o n  r a t e , i . e . ,  v e r t i c a l  

sweep e f f i c i e n c y  was f o un d  t o  i n c r e a s e  w i t h  an i n c r e a s e  i n  

i n j e c t i o n  r a t e .  The u l t i m a t e  sweep e f f i c i e n c y  was ' v e r y  

c l o s e  t o  t h e  s t e a m  b r e a k t h r o u g h  sweep e f f i c i e n c y .  I n  mos t
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c a s e s ,  t h e  two a r e  i d e n t i c a l  a s  i n  t h e  c a s e  o f  h i g h l y  

v i s c o u s  o i l s ,  s uc h  a s  heavy  o i l .  A n o t h e r  a d v a n t a g e  t o  

u s i n g  sweep e f f i c i e n c y  a s  an i n d i c a t o r  o f  t h e  i n j e c t i o n  

p r o c e s s  i s  t h a t  i t  h a s  a d i r e c t  r e l a t i o n s h i p  w i t h  

r e c o v e r y ,  which  h a s  b e e n  p r o v e n  e x p e r i m e n t a l l y  (Van 

L o o k e r e n , ^ ^  1977;  and F a r ou q  A l i , ^ ^  1 9 7 0 ) .  T h i s  i d e a  

was a d o p t e d  i n  Van L o o k e r e n ' s  p a p e r  ( 1 9 7 7 ) .  He d e v e l o p e d  

e q u a t i o n s  f o r  s t e a m - z o n e  d e v e l o p m e n t  a r ou n d  an i n j e c t i o n  

w e l l  i n  a r a d i a l  s t e a m  d r i v e  s y s t e m ,  wh i ch  comes f rom a 

s e r i e s  o f  s t e a d y  s t a t e  e q u a t i o n s  f o r  r a d i a l  f l o w  i n  a 

h o r i z o n t a l  l a y e r .  The d e t a i l s  and e x p e r i m e n t a l  r e s u l t s  

a r e  o u t l i n e d  i n  t h e  p a p e r .  The m a t h e m a t i c a l  r e l a t i o n s h i p  

i s  d e s c r i b e d  a s  f o l l o w s :

AR =
5 , 9 0 0  /ig m^ 1/2

( 2 .1 )

where  :

AR = v e r t i c a l  c o n f o r m a n c e  f a c t o r ,  r a d i a l  f l ow c a s e  
trig = s t e a m  i n j e c t i o n  r a t e ,  B / D / p a t t e r n
X^ = s t e a m  q u a l i t y ,  f r a c t i o n

Tg = 1 1 5 . 1  PgG-225 ,0F

pg = 5 . 0 6  e 0 . 0 0 0 5 5 9 P g   ̂ I b / c u - f t ,

Pn = 1 4 1 . 5  6 2 . 4  , l b / c u - f t .
°  API + 1 3 1 . 5  

^g = 0 . 00 0 05 17 Tg  + 0 . 0 0 0 4 9  , cp
h^ = n e t  pay t h i c k n e s s , f t
kg= p e r m e a b i l i t y  o f  s t e a m ,  md
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The r a d i a l  sweep e f f i c i e n c y  i s  i n  t h e  r a n g e  o f  0 . 3 8 3  t o

0 . 6 2 6 ;  t h e r e f o r e ,  t h i s  v a l u e  w i l l  v a r i e s  a c c o r d i n g  t o  t h e  

d e g r e e  o f  s t e a m  o v e r l a y ,  e . g .  v e r t i c a l  sweep e f f i c i e n c y  

(VTSW) = 0 . 6 2 3  X AR

We as s ume  t h e  i n j e c t i o n  p r e s u r e  i n c r e a s e s  i n  an 

e x p o n e n t i a l  f a s h i o n ;

Pg = ^ s l ^  ( 2 . 2 )

wh e r e :
I n  ( P , / P , )

m = 77-----— \ ( 2 . 2 a )
( i s 2  ■ ^ s r

i g 2 = maximum a l l o w a b l e  s t e a m  i n j e c t i o n  r a t e ,  B/D
i g 2 = i n i t i a l  s t e a m  i n j e c t i o n  r a t e ,  B/D
mg = s t e a m  i n j e c t i o n  r a t e ,  B/0

Pj  ̂ = i n i t i a l  i n j e c t i o n  p r e s s u r e ,  p s i a

Pg = i n c r e m e n t a l  i n j e c t i o n  p r e s s u r e ,  p s i a .
Pg = s t e a m  i n j e c t i o n  p r e s s u r e ,  p s i a  

The r e  a r e  s e v e r a l  a d v a n t a g e s  i n  u s i n g  Van L o o k e r e n ' s

s t e a m zone  a p p r o x i m a t i o n  m e t h o d .  The a n a l y t i c a l  s o l u t i o n  

model  can  be u s e d  f o r  any f o r m a t i o n  t h i c k n e s s .  The max­

i m i z e d  i n j e c t i o n  r a t e  and  i n j e c t i o n  p r e s s u r e  can  r e a c h  t h e  

mos t  e f f i c i e n t  d e s i g n  r e q u i r e m e n t s  ( J o n e s ,  1 9 8 1 ) .  The 

i n j e c t i o n  r a t e  and  i n j e c t i o n  p r e s s u r e  a r e  u s e d  d i r e c t l y  a s  

t h e  d e s i g n  c r i t e r i a  f o r  o p t i m i z a t i o n  and  a c h i e v e m e n t  g o a l s .  

E v a l u a t i o n  o f  o i l  v i s c o s i t y  a t  r e s e r v o i r  c o n d i t i o n s  

The g i v e n  r e s e r v o i r  d a t a  on o i l  v i s c o s i t y  had  n o t  

i n d i c a t e d  t h e  c o n d i t i o n s  u n d e r  which  t h e  d a t a  was t a k e n .
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A c t u a l l y ,  mos t  v i s c o s i t y  d a t a  were  t a k e n  u n d e r  

l a b o r a t o r y  c o n d i t i o n s .  T h e r e f o r e ,  i t  i s  n e c e s s a r y  t o  

e v a l u a t e  t h e  o i l  v i s c o s i t y  a t  r e s e r v o i r  c o n d i t i o n s .  The 

Beggs  and Rob i n s o n  c o r r e l a t i o n s  a r e  u s e d  f o r  t h e  v i s c o s i t y  

e v a l u a t i o n s  wh i ch  w i l l  be  e x p l a i n e d  i n  t h e  i n - s i t u  

c o m b u s t i o n  mode l .

2 . 2 . 2  Marx and Lange nhe i m s o l u t i o n

T h i s  model  was f i r s t  i n t r o d u c e d  by Marx and 

Langenhe im**  i n  1959 and was f u r t h e r  c l a r i f i e d  by Fa r ouq  

A l i ^ *  i n  1966 .  A l t h o u g h  t h e  a u t h o r s  d i d  n o t  d i s c u s s  t h e  

b a s i c  a s s u m p t i o n s  upon wh i ch  t h e  model  was f o r m u l a t e d ,  

t h e y  h a v e  i m p l i c i t l y  a s s umed  t h a t  t h e  r e s e r v o i r  b a s e  and 

cap  r o c k  a r e  g e o m e t r i c a l l y ,  h y d r o l o g i c a l l y  and t h e r m a l l y  

homogeneous  and i s o t r o p i c ,  and t h a t  r a d i a l  h e a t  c o n d u c t i o n  

can be i g n o r e d .  In  a d d i t i o n ,  t h e y  ha v e  as s umed  t h a t  o n l y  

s t e a m  d i s p l a c e s  t h e  o i l ,  w i t h o u t  a h o t  w a t e r  bank  ahe a d  o f  

i t ,  and t h a t  t h e  f l u i d s  a r e  i n c o m p r e s s i b l e .

As shown i n  t h e  Append i x  A, t h e  Marx L a n g e n h e i n  

s o l u t i o n  y i e l d s  t h e  s t e a m  f l o o d i n g  h e a t e d  a r e a  a s :

.... m,H, hWmtrn D _ _  ( 2 . 3 )
A(l) ■ ---------------------— I  1$

4Kg AT •

w h e r e :

( 2 . 3 a )
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and

rie •  * ( 2 . 3 b )
h:(Pcfm +,

which  i s  t h e  d i m e n s i o n l e s s  t i m e

= t h e  s p e c i f i c  e n t h a l p y  o f  s t ea m  P^ ,  a t  

r e s e r v o i r  c o n d i t i o n s  
m^ = r a t e  o f  s t e a m  i n j e c t i o n ,  l b / h r

h = pay t h i c k n e s s ,  f t
D = t h e r m a l  d i f f u s i v i t y  o f  c a p  r o c k  ( K ^ / p c ) ,  

f t Z / D
k|^ = t h e r m a l  c o n d u c t i v i t y ,  B t u / f t - h r - ° F

= t e m p e r a t u r e  d i f f e r e n c e ,  °F
( p c ) o ^ c  = h e a t  c a p a c i t y  o f  f l u i d s  s a t u r a t e d  r o c k ,

B t u / f t ^ - O F
(pc)„u = heat capacity of ov er b u r d en  rock, Bt u/ft3-0F

and t h e  c o m p l e m e n t a r y  e r r o r  f u n c t i o n  i s  d e f i n e d  a s :  
e r f c ( X )  = 1 -  e r f ( X )

D e r i v a t i o n  o f  o t h e r  t h e r m a l  e x p r e s s i o n s  f rom t h e

Ma r x- La n g e n h e i m s o l u t i o n  i s  shown i n  d e t a i l  i n  t h i s

s e c t i o n .  Those  e x p r e s s i o n s  a r e  v e r y  i m p o r t a n t  f o r  t h e

c a l c u l a t i o n  o f  t h e  a c t u a l  p e r f o r m a n c e  i n  t h e  s t e a m  d r i v e

p r o c e s s ,  s u c h  a s  t h e r m a l  e f f i c i e n c y  and  s t e a m o i l  r a t i o .

The t h e r m a l  e f f i c i e n c y  i s  d e f i n e d  a s :

Eh = The e n e r g y  r e m a i n i n g  i n  t h e  o i l  s and  
t h e  t o t a l  e n e r g y  i n j e c t e d

_ (T, -  Ty) ( 2 . 4 )
m,ta,
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where  :
t  = t i m e ,  d a y s
h^= g r o s s  t h i c k n e s s  o f  f o r m a t i o n ,  f t  
Tg= t e m p e r a t u r e  o f  s t e a m ,  °F 
Tj,= f o r m a t i o n  t e m p e r a t u r e ,  °F

From E q u a t i o n s  2 . 3  and  2 . 3 b ,  we o b t a i n  A and  t  t e r m s  

and s u b s t i t u t e  them i n t o  E q u a t i o n  2 . 4  and c a n c e l l i n g  t h e  

t e r m s ,  we o b t a i n  t h e  f o l l o w i n g  t h e r m a l  e f f i c i e n c y  

e x p r e s s i o n  :

( 2 . 4 a )

The o i l - s t e a m  r a t i o  i s  d e f i n e d  a s :

Ros = ^  ( 2 . 5 )

and t h e  o i l  r e c o v e r y  , i s  d e f i n e d  as :

( 2 . 6 )

where;
Ag = t h e  a r e a  s w e p t  by s t e a m ,  f t

h^ = t h e  n e t  s a n d  t h i c k n e s s ,  f t

<t> = p o r o s i t y ,  f r a c t i o n

Sqj  = t h e  i n i t i a l  o i l  s a t u r a t i o n ,  f r a c t i o n
Sor  = t h e  a v e r a g e  s t e a m  z one  s a t u r a t i o n ,  f r a c t i o n

S u b s t i t u t e  E q u a t i o n  2 . 5  by m^ f rom E q u a t i o n s  2 . 3 ,  2 . 6

and r e a r r a n g e  t e r m s :

p ♦(Spr i j B
4Khoi,(T.-T,)(pc)optA ^ 2 . 7 )
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bu t

•  ■ b ? (p .y .~

I n  E q u a t i o n  2 . 3 b ,  a d i s t i n c t i o n  i s  made b e t w e e n  t h e  n e t  

s a n d  t h i c k n e s s ,  h ^ ,  and  t h e  g r o s s  s a n d  t h i c k n e s s  

( i n c l u d i n g  s h a l e  s t r i n g e r s ) ,  h ^ .  I t  i s  a s sumed  t h a t  

t h e s e  a r e  r e l a t i v e l y  t h i n  s h a l e  s t r i n g e r s  wh i ch  a r e  h e a t e d  

t o  s t e a m t e m p e r a t u r e  u n i f o r m l y  a s  t h e  s t e a m  f r o n t  p a s s e s .

Hence ,  s u b s t i t u t i n g  t/® i n  E q u a t i o n  2 . 7 :

,  A ,M ( S o r S o r ) H tW ^  ( 2 . 7 a )
A(T,-T,) (pc)h*f h, Tie

Upon s u b s t i t u t i n g  t h e  r e l a t i o n  f o r  t h e r m a l  e f f i c i e n c y :

( 2 . 4 a )

and s u p p l y i n g  a c o n v e r s i o n  f a c t o r  f o r  c o n s i s t e n t  u n i t s :

62.4^h„E hA ,[H ,(So,-â,r)I
“ h ,(T ,-T ,)W m .,A  ( 2 . 7 b )

An e m p i r i c a l  r e l a t i o n  b e t we e n  s t e a m a r e a  (A^) and 

h e a t e d  Area  (A) a s s u me s  t h a t  t h e s e  a r e a s  a r e  p r o p o r t i o n a l  

t o  t h e  f o l l o w i n g  r a t i o :
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Ag _ ( T o t a l  e n e r g y  i n j e c t e d ) - ( e n e r g y  i n j e c t e d  a s  h o t  w a t e r )  

A t o t a l  e n e r g y  i n j e c t e d

( 2 .8 )

where  ;
= l a t e n t  h e a t  o f  v a p o r i z a t i o n  a t  P g ,

Tg , B t u / l b .
Hyyg = t h e  e n t h a l p y  o f  wet  s t e a m  a t  Pg,

Tg,  B t u / l b
= t h e  e n t h a l p y  o f  s a t u r a t e d  w a t e r  a t  Pg,  

Tg,  B t u / l b
Xj_ = s t e a m  q u a l i t y  a t  t h e  s a n d f a c e ,  f r a c t i o n

Making t h i s  s u b s t i t u t i o n :

62.4 Eh lXiH^v(Soi-Sor)l
* » •"  h , ( t , - T ,) ( p c ) ; ; ;  ( 2 . 7c )

Rgg i s  t h e  c u m u l a t i v e  o i l - s t e a m  r a t i o  i n  s t e a m  swe p t  

a r e a .

I n  a p p l i c a t i o n s  o f  t h e  Marx and  Langenhe i m s o l u t i o n s ,  

t h e r m a l  p r o p e r t i e s  o f  s t e a m  and r o c k  ha ve  t o  b e  c a l c u l a ­

t e d .  T h e i r  r e l a t i o n s h i p s  w i t h  p r e s s u r e  c a n  be  o b t a i n e d  

f rom t h e  p u b l i c a t i o n  ( F a r o u q  A l i , ^ ^  1 9 7 8 ) .  The 

f o l l o w i n g  e q u a t i o n s  a r e  u s e d  t o  e s t i m a t e  t h e  above  

p r o p e r t i e s .  These  e q u a t i o n s  a r e  v a l i d  a t  p r e s s u r e s  

r a n g i n g  f rom 1 , 0 0 0  t o  3 , 0 0 0  p s i a :

St eam t e m p e r a t u r e :  T^ = 1 1 5 . 1  , °F
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= 1318 . B t u / l b

Rock t h e r m a l  
c o n d u c t i v i t y :  = 34 B T U / d - f t - ° F

Ag a i n  h e a t  c a p a c i t y  o f  f l u i d s  s a t u r a t e d  r o c k :  

<P'=>R*F= S o ^ o V
where  :

<f> = p o r o s i t y ,  f r a c t i o n
p = r o c k  g a i n  d e n s i t y  165 I b / f t ^

and t h e  s u b s c r i p t s  o , w ,  r e f e r  t o  
o i l ,  and  w a t e r  

c , c , c = h e a t  c a p a c i t y  w i t h  r e s p e c t s  t o  o i l ,  
w a t e r , a n d  r o c k

Pg = s t e a m  g e n e r a t i o n  p r e s s u r e ,  p s i a  

and a s s u m i n g ,

( p c ) p ^ P =  38 B T U / f t ^ - ° F

To s t a n d a r d i z e  t h e  o i l - s t e a m  r a t i o  t o  an e q u i v a l e n t  1 , 0 0 0  

BTU/ lb  s t e a m  a t  t h e  b o i l e r  o u t l e t ,  t h e  f o l l o w i n g  c o r ­

r e c t i o n  i s  r e q u i r e d .

'^os= ( C ,  X ( T 3 - 7 5 ) ' ? ° V  ( R o s )  ' 2 . 7 d )
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2.2.3 Mandl-Volek Refinement:

I n  t h e  a c t u a l  w o r l d ,  s t e a m - i n j e c t i o n  t e s t s  i n  t h e  

f i e l d  h a v e  shown t h a t  h e a t  t r a n s p o r t  i n t o  t h e  o i l / w a t e r  

r e g i o n ,  a h e a d  o f  t h e  s t e a m  z o n e ,  may ha ve  a s i g n i f i c a n t  

e f f e c t  on t h e  p r o d u c t i o n  p r o c e s s .  An e x t e n s i o n  o f  t h e  

model  o f  Marx and L a n g e n h e i m was d e v e l o p e d  by Mandl and 

Volek  t o  a c c o u n t  f o r  t h e  f a l l - o f f  t e m p e r a t u r e  i n  t h e  

r e g i o n  o f  t h e  h o t - w a t e r  b a n k .  T h i s  e x t e n s i o n  d o e s  n o t  

a c c o u n t  f o r  h o r i z o n t a l  c o n d u c t i o n ,  b u t  i t  d o e s  a c c o u n t  f o r  

h e a t  t r a n s p o r t e d  by t h e  f l o w  o f  h o t  w a t e r  beyond  t h e  

l e a d i n g  e d ge  o f  t h e  s t e a m  z o n e .  T h e i r  s o l u t i o n  f o r  t h e  

a r e a  o f  t h e  s t e a m z o n e .  A, i s  v a l i d  o n l y  f o r  t h e  t i m e  ( t )  

i s  g r e a t e r  t h a n  c r i t i c a l  t i m e  ( t ^ ) ,  o r  i f  t h e  a r e a  o f  

t h e  h o t  w a t e r  bank i s  l a r g e r  t h a n  t h e  a r e a  o f  t h e  s t e a m 

f l o o d i n g  f r o n t .

I n  p ro g r a mmi n g  t h e  M a n d l - V o l e k  r e f i n e m e n t ,  t h e  t h e r m a l  

p r o p e r t i e s  o f  f l u i d s  and r o c k s  a r e  u s e d  a s  b e f o r e  i n  t h e  

Ma r x - L a n g en he i m  s o l u t i o n ,  e x c e p t  t h a t  t h e  t h e r m a l  c a p a c i t y  

o f  t h e  w a t e r  c o n d e n s a t i o n  z one  h a s  t o  be  r e c a l c u l a t e d  a s :

A ( t )  = A ^ ( t )

" t  -- ” s % v  -  C . ' T r  ' 3 2 ' )

wh i ch  s u b s t i t u t e s  i n t o  e q u a t i o n  ( 2 , 3 )  t o  o b t a i n  t h e  w a t e r  

c o n d e n s a t e  zone  a r e a .
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I f  A ^ ( t )  i s  c a l c u l a t e d  t o  be g r e a t e r  t h a n  A^Ct)  

f rom t h e  Marx and  Lange nhe i m s o l u t i o n ,  t h e n  t h e  Mandl -  

Vo l e k  r e f i n e m e n t  h a s  t o  be u s e d  f o r  w a t e r  c o n d e n s a t i o n  

z o n e  c o r r e c t i o n .  The t h e r m a l  e f f i c i e n c y  f o r  t h i s  p a r ­

t i c u l a r  c a s e  c a n  be  c a l c u l a t e d  a s :

Eh = -  MVT ( 2 . 1 1 )
ne

w h e r e :

MVT

I  H w vX lV

e *  ^  (1 -  t j / t )

* 1 critical time

The c a l c u l a t e d  t h e r m a l  e f f i c i e n c y  (Eh)  s u b s t i t u t e d  i n t o  

e q u a t i o n  ( 2 . 4 )  and  t h e  o i l - s t e a m  r a t i o  can  be o b t a i n e d  a s  

b e f o r e  i n  e q u a t i o n  ( 2 . 7 c ) .

2 . 2 . 4  P r o d u c t i o n  r a t e  and c u m u l a t i v e  p r o d u c t i o n  c a l c u l a t i o n

When a o n e - d i m e n s i o n a l ,  a n a l y t i c  t e c h n i q u e  i s  c o n s i d ­

e r e d  f o r  p r e d i c t i n g  o i l  r e c o v e r y  by h o t  w a t e r  o r  s t e a m
5 9

f l o o d i n g ,  t h e  S h u t l e r  method  ( 1 9 6 9 )  h a s  b e e n  u s e d  i n
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s e v e r a l  p u b l i c a t i o n s .  T h i s  me thod  i s  no o t h e r  t h a n  t h e  

B u c k l e y - L e v e r e t t  f r o n t a l  f l o w c a l c u l a t i o n s .  I n  a v e r y  

v i s c o u s  o i l ,  t h e  s t e a m c h a n n e l s  t h r o u g h  t h e  r e s e r v o i r  

u s u a l l y  o v e r l y i n g  t h e  o i l  c o l umn ,  and sweeps  o r  d r a g s  t h e

u n d e r l y i n g  o i l  t o  t h e  p r o d u c e r  (Van L o o k e r e n , ^ ^  1977;
21a n d ,  Dos c he r  e t  a l . ,  1 9 8 2 ) .  F r o n t a l  d r i v e  d i s p l a c e m e n t  

c a l c u l a t i o n s  would  n o t  be a p p r o p r i a t e  f o r  h e a v y  o i l  

r e c o v e r y .  However ,  t h e  a c t u a l  d y na m i c s  a t  t h e  s t e a m - o i l  

i n t e r f a c e  c o n t r o l s  t h e  m o b i l i z a t i o n  o f  t h e  o i l .  I t  i s  t h e  

v i s c o s i t y  o f  t h e  o i l  a t  t h e  s t e a m  t e m p e r a t u r e  t h a t  a f f e c t s  

t h e  p r o d u c t i o n  r a t e  o f  a s t e a m  d r i v e ,  e x c e p t  when t h e  o i l  

v i s c o s i t y  ha s  b e e n  d e c r e a s e d  t o  a s u f f i c i e n t l y  low l e v e l .  

Then f r o n t a l  d i s p l a c e m e n t  may o c c u r .  In  a d d i t i o n ,  

r e l a t i v e  p e r m e a b i l i t y  i s  t h e  c r i t i c a l  d a t a  r e q u i r e d  f o r  t h e  

B u c k l e y - L e v e r e t t  c a l c u l a t i o n s .  The g i v e n  PDS r e s e r v o i r  

d a t a  o r  o t h e r  p u b l i s h e d  d a t a  a r e  commonly l a c k i n g  i n  t h e  

r e l a t i v e  p e r m e a b i l i t y  d a t a .  T h e r e f o r e ,  t h e  S h u t l e r  method 

i s  abandone d  i n  t h i s  p e r f o r m a n c e  m o d e l .  I n  t h e  p r e v i o u s  

s e c t i o n s ,  t h e  s t e a m - o i l  i n t e r f a c e  r e l a t i o n s h i p s  and  t h e  

v i s c o s i t y  o f  t h e  o i l  have  b e e n  i n c o r p o r a t e d  i n t o  t h e  f o r ­

m u l a t i o n s ,  s uc h  a s  o i l - s t e a m  r a t i o .  T h e r e f o r e ,  t h e  o i l -  

s t e a m  r a t i o  c a n  be  u s e d  f o r  p r o d u c t i o n  r a t e  and c u m u l a t i v e  

p r o d u c t i o n  c a l c u l a t i o n s .  The e q u a t i o n s  a r e  l i s t e d  a s  

f o l l o w s  :
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C u m u l a t i v e  p r o d u c t i o n :

C = t f
Np = R o s ' M g .  t ^  ( 2 . 1 2 )

P r o d u c t i o n  r a t e :  = N p / t  ( 2 . 1 3 )

wher e  :

Np = c u m u l a t i v e  p r o d u c t i o n ,  b b l s  

= o i l - s t e a m  r a t i o ,  b b l / b b l  
Mg = s t e a m  i n j e c t i o n  r a t e ,  B/D 

t ^  = p r o d u c t i o n  t i m e  p e r i o d ,  days  
q̂  ̂ = p r o d u c t i o n  r a t e ,  B/D

T h e r e  a r e  s e v e r a l  c r i t e r i a  t o  s t o p  t h e  s t e a m  d r i v e  

p r o c e s s .  Many o p e r a t o r s  h a v e  f ou n d  t h a t  t h e  economi c  

l i m i t  o f  t h e  o i l - s t e a m  r a t i o  v a r i e s  b e t we e n  0 . 1 1  t o  0 . 1 7
r  Q

( s t e a m - o i l  r a t i o  = 6 t o  9 b b l / b b l )  ( W i l l i a m s  e t  a l . ,  

1 9 8 0 ) .  The o t h e r  c r i t e r i o n  i s  t h e  u l t i m a t e  r e c o v e r y  o f  

t h e  r e s e r v o i r .  I n  t h i s  m o d e l ,  t h e  p rogram i s  a s s i g n e d  t o  

t e r m i n a t e  i f  e i t h e r  t h e  o i l - s t e a m  r a t i o  f a l l s  b e l o w  0 . 1 1  

o r  t h e  u l t i m a t e  r e c o v e r y  i s  r e a c h e d .  I n  t h i s  c a s e ,  t h i s  

s t e a m  d r i v e  p e r f o r m a n c e  mode l  i s  c o m p e t i t i v e  w i t h  o t h e r  

e x i s t i n g  m o d e l s .
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2 . 2 . 5  P r o j e c t i o n  o f  t h e  p i l o t  t e s t  r e s u l t s  t o  t h e  whole  

r e s e r v o i r

An i n v e r t e d  5 - s p o t ,  5 - a c r e  p a t t e r n  p i l o t  t e s t  was s i m u ­

l a t e d  i n  t h e  s t e a m  d r i v e  p e r f o r m a n c e  mode l .  Whi l e  t h e  

r e s u l t s  o f  t h e  p i l o t  t e s t  a r e  e n c o u r a g i n g ,  t h i s  5 - a c r e  

f l o o d  p a t t e r n  would  be e x t e n d e d  f o r  t h e  e n t i r e  r e s e r v o i r .  

The d e s i g n e d  p a r a m e t e r s  ha v e  r e m a i n e d  t h e  same b e c a u s e  t h e  

r e s e r v o i r  i s  c o n s i d e r e d  t o  be  i n  a homogeneous  c o n d i t i o n ,  

e . g . ,  i n j e c t i o n  r a t e ,  i n j e c t i o n  p r e s s u r e  and o i l - s t e a m  

r a t i o .

I n  o r d e r  t o  p r o j e c t  t h e  p i l o t  r e s u l t s  f o r  t h e  whole  

r e s e r v o i r ,  t h e  f o l l o w i n g  p a r a m e t e r s  a r e  e v a l u a t e d  f o r  

r e f e r e n c e s  :

( i )  E v a l u a t e  t h e  p o s s i b l e  maximum number  o f  f l o o d i n g  

p a t t e r n s :  i n v e r t e d  5 - s p o t ,  5 - a c r e  p a t t e r n  h a s

one i n j e c t i o n  w e l l  p e r  p a t t e r n ;  t h e r e f o r e ,  we 

c a n  o b t a i n  t h e  t o t a l  number  o f  i n j e c t i o n  w e l l s  

a s  :

_ E n t i r e  r e s e r v o i r  a r e a ,  a c r e s  i a )

5 - a c r e s / p a t t e r n

( i i )  P r o j e c t  t h e  c u m u l a t i v e  p r o d u c t i o n ,  o i l - s t e a m  

r a t i o ,  and c u m u l a t i v e  s t e a m  r e q u i r e m e n t .  The 

c u m u l a t i v e  p r o d u c t i o n  i s  e v a l u a t e d  a s :
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CNp= 7758 (AE)(VTSW)(AXh)(<<>)(S^- (2.15)

The s t e a m r e q u i r e m e n t  i s  e v a l u a t e d  a s :

Vg = Mg X l i n j  ( 2 . 1 6 )

The c u m u l a t i v e  o i l - s t e a m  r a t i o  i s  e v a l u a t e d  a s :

«OS = CNp/Vg <2 . 17)

wher e  :
AE = a r e a  sweep e f f i c i e n c y ,  f r a c t i o n  

VTSW = v e r t i c a l  sweep e f f i c i e n c y ,  f r a c t i o n  
A = e n t i r e  r e s e r v o i r  a r e a ,  a c r e s  
h = f o r m a t i o n  t h i c k n e s s  

CN = p r o j e c t e d  t o t a l  p r o d u c t i o n  o f  a whole  
P r e s e r v o i r ,  b b l s .  
m^ = s t e a m  i n j e c t i o n  r a t e ,  B/D
Vg = t o t a l  s t e a m i n j e c t i o n  r a t e ,  B/D

The a u t h o r  s e a r c h e d  t h r o u g h  th 'e  l a t e s t  p u b l i c a t i o n s  

p e r t a i n i n g  t o  s t e a m  d r i v e  p r o c e s s  f i e l d  r e p o r t s ,  and 45 

s t e a m  d r i v e  p r o c e s s  f i e l d  c a s e s  were  s e l e c t e d  f rom t h e

l i t e r a t u r e s  ' . Only 42 f i e l d  c a s e s  p a s s e d  t h e

s c r e e n i n g  c r i t e r i a  i n  t h e  s t e a m  d r i v e  p e r f o r m a n c e  mode l .  

The p i l o t  t e s t  o f  e a c h  f i e l d  c a s e  was p r o j e c t e d  t o  t h e  

wh o l e  r e s e r v o i r  e v a l u a t i o n .  A l i s t  o f  t h e  r e s e r v o i r  

e v a l u a t i o n s  i s  a t t a c h e d  i n  A pp en d i x  A.
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2.3 Validation of the Steam Drive Performance Model

The o n e - d i m e n s i o n a l ,  r a d i a l  f l o w  a n a l y t i c a l  model  

p r o v e d  t o  be a c o m p l e t e  and v a l i d  model  f o r  g e n e r a t i n g  a

d a t a  b a s e  f o r  t h e  r e g r e s s i o n  m o d e l i n g .  The f o l l o w i n g  

a r g u m e n t s  s u p p o r t  t h i s  s t a t e m e n t .

1.  Van L o o k e r e n ' s  v e r t i c a l  c o n f o r m a n c e  f a c t o r  i n  t h e  

r a d i a l  f l o w  c a s e  i s  u s e d  f o r  c a l c u l a t i o n  o f  s t eam i n j e c ­

t i o n  r a t e  and i n j e c t i o n  p r e s s u r e .  The s t e a m  zone  c o n f o r ­

mance f a c t o r  s o l v e s  t h e  d e f i c i e n c y  t h a t  t h e  o n e - d i m e n ­

s i o n a l ,  a n a l y t i c a l  model  i s  good f o r  o n l y  t h i n  l a y e r  

f o r m a t i o n .  A l s o ,  t h e  maximum s t e a m  i n j e c t i o n  r a t e  and 

i n j e c t i o n  p r e s s u r e  c a n  be u s e d  a s  t h e  d e c i s i o n  p a r a m ­

e t e r s .  The o p t i m i z a t i o n  model  e v a l u a t e s  how f a r  t h e  

d e s i g n e d  p a r a m e t e r s  can  be  a c h i e v e d .

2 .  T h i s  model  u s e s  t h e  Marx and  Langenhe i m s o l u t i o n

method t o  d e v e l o p  t h e  c a l c u l a t i o n  a l g o r i t h m  f o r  t h e  s t e a m  

z o n e .  I n  a d d i t i o n ,  t h e  Mandl  and  Vol ek  h o t  w a t e r  bank r e ­

f i n e m e n t  i s  u s ed  when t h e  w a t e r  c o n d e n s a t i o n  zone i s  s i g ­

n i f i c a n t  f o r  c o r r e c t i o n .  I n  t h i s  c a s e ,  a b e t t e r  a c c u r a c y

o f  t h e r m a l  e f f i c i e n c y  and  o i l - s t e a m  r a t i o  can  be o b t a i n e d .

3 .  From t h o s e  45 s e l e c t e d  f i e l d  r e p o r t s ,  o n l y  42 

f i e l d  c a s e s  p a s s e d  t h e  s c r e e n i n g  c r i t e r i a  f o r  t h e  s t e a m 

d r i v e  p r o c e s s .  The p i l o t  s i m u l a t i o n  r e s u l t s  were  p r o j e c ­
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t e d  t o  t h e  whole  r e s e r v o i r  e v a l u a t i o n .  S i n c e  t h e  g i v e n  

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

f o r  c o m p a r i s o n ,  t h e  r e s e r v o i r  p r o j e c t i o n  i s  e v a l u a t e d  

i n d i v i d u a l l y .  The e v a l u a t i o n  i n d i c a t e s  t h a t  mo s t  o f  t h e  

p r o c e s s  p a r a m e t e r s  a r e  i n  r e a s o n a b l e  r a n g e  f o r  a l l  t h e  

f i e l d  c a s e s  ( A p p e n d i x  A) .

4 .  The s t e a m d r i v e  p r o c e s s  p a r a m e t e r s  a r e  c a l c u l a t e d  

d a i l y ,  b u t  t h e  r e s u l t s  a r e  p r i n t e d  i n  m o n t h l y  r e c o r d s .  

The p r o c e s s  m o n t h l y  p a r a m e t e r s  f o rm t h e  d a t a  b a s e  which  i s  

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

o b j e c t i v e  f u n c t i o n s  f o r m u l a t i o n .

5.  I n  c o m p a r i s o n  w i t h  o t h e r  s i m i l a r  s t e a m  d r i v e  

s i m u l a t i o n  m o d e l s ,  t h i s  o n e - d i m e n s i o n a l ,  a n a l y t i c a l  

s i m u l a t i o n  model  d o e s  a s  good a j o b  a s  t h e  o t h e r  

m u l t i - d i m e n s i o n a l  s i m u l a t i o n  m o d e l s .  T h i s  mode l  n e e d s  

l e s s  c o m p u t e r  t i m e ,  and  a l o t  l e s s  d a t a ,  p a r t i c u l a r l y ,  t h e  

w e l l - t o - w e l l  d a t a .

The s t e a m  d r i v e  p e r f o r m a n c e  mode l  i s  o u t l i n e d  i n  t h e  

f o l l o w i n g  f l o w c h a r t  ( F i g .  2 . 3 )  and  t h e  p r og r am l i s t i n g  i s  

a t t a c h e d  i n  Append i x  A.
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2.4 In-situ Combustion Performance Model

E n g i n e e r i n g  c a l c u l a t i o n s  f o r  i n - s i t u  c o m b u s t i o n  a r e  

o f t e n  made w i t h  t h e  a s s u m p t i o n  t h a t  o i l  i s  r e c o v e r e d  o n l y  

by f r o n t a l  d i s p l a c e m e n t  f rom t h e  s an d  volume b u r n e d  

( W i l s o n , 1 965 ) .  Bo t h  l a b o r a t o r y  c o m b u s t i o n  t u b e  r u n s  

and f i e l d  a p p l i c a t i o n s  i n d i c a t e  t h a t  o i l  i s  r e c o v e r e d  more 

r a p i d l y  i n  t h e  e a r l y  l i f e  o f  b u r n s  t h a t  have  low i n i t i a l  

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

p l a c e m e n t .  A d d i t i o n a l  o i l  i s  r e c o v e r e d  e a r l y  f rom t h e  

u n b u r n e d  vo lume,  a h e a d  o f  and a d j a c e n t  t o ,  t h e  b u r n e d  

v o l u m e .  R e c o g n i t i o n  o f  t h e  a c t u a l  b e h a v i o r  o f  t h e  combus ­

t i o n  o i l  r e c o v e r y  p r o c e s s  l e d  t o  t h e  d e v e l o p m e n t  o f  a

me t hod  c a l l e d  " o i l - r e c o v e r y / v o l u m e - b u r n e d "  ( G a t e s  and
29Ramey,  1980) a s  o p p o s e d  t o  t h e  o l d e r  " f r o n t a l  

d i s p l a c e m e n t "  m e th o d .  I d e a l l y ,  b o t h  t h e  f r o n t a l  d i s p l a c e ­

ment  c a l c u l a t i o n  an d  o i l - r e c o v e r y / v o l u m e - b u r n e d  me t hod  

h a v e  t h e  same t o t a l  o i l  r e c o v e r y  and t o t a l  a i r  r e q u i r e d  a t  

100% volume b u r n e d ,  b u t  t h e  o i l - r e c o v e r y / v o l u m e - b u r n e d  

me t h o d  i n d i c a t e s  t h a t  c o n s i d e r a b l y  l e s s  a i r  may be 

r e q u i r e d  a t  i n t e r m e d i a t e  s t a g e s  o f  i n - s i t u  c o m b u s t i o n .  

T h e r e f o r e ,  t h e  new me t hod  h a s  a b e t t e r  p r e d i c t i o n  o f  o i l  

r e c o v e r y  t h a n  t h e  f r o n t a l  d i s p l a c e m e n t  m e t h o d .

The m o d i f i e d  o i l - r e c o v e r y / v o l u m e - b u r n e d  method can  be  

u s e d  t o  make a c c u r a t e  e n g i n e e r i n g  and e c o n o m i c  e v a l u a t i o n s
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f o r  t h e  d e s i g n  and m o n i t o r i n g  o f  i n - s i t u  c o m b u s t i o n  

p r o j e c t s .  An a l g o r i t h m  b a s e d  on t h i s  method i s  programmed 

t o  p r o v i d e  a q u i c k  e s t i m a t e  o f  t h e  o i l  r e c o v e r y ,  a i r - o i l  

r a t i o ,  o i l  p r o d u c i n g  r a t e ,  c u m u l a t i v e  a i r  r e q u i r e m e n t ,  a i r  

i n j e c t i o n  r a t e ,  and i n j e c t i o n  p r e s s u r e .

2 . 4 . 1  O i l  r e c o v e r y / v o l u m e  b u r n e d  me thod

FUEL
p a t t e r n .  NOV. 1999

TOTAL AREA 
NOV. 1959

'P&nERN, NOV. 1957
TOTAL AREA 
NOV 1957

V « _ O IL  DISPLACEO FROM 
BURNEO VOLUME ONLY

COMBUSTION TUBE DATA

J I 1
2 0  4 0  < 0

VOLUME BURNED
no

F i g .  2 . 4  O i l  D i s p l a c e d  % Vs Volume Burned  

( A d a p t e d  f rom G a t e s  & Ramey)

The a b o v e  f i g u r e  i s  a g r a p h  o f  o i l  d i s p l a c e d  v s .  vo lume

b u r n e d  f o r  b o t h  l a b o r a t o r y  and  f i e l d  c o m b u s t i o n  e x p e r i m e n t s
28( G a t e s  and  Ramey,  1 9 5 8 ) .  The h o r i z o n t a l  a x i s  

r e p r e s e n t s  t h e  p e r c e n t  o f  t h e  c o m b u s t i o n  t u b e ' s  t o t a l  

l e n g t h  t r a v e l l e d  by t h e  c o m b u s t i o n  f r o n t  i n  t h e  l a b o r a t o r y  

o r  p e r c e n t  o f  t h e  t o t a l  p a t t e r n  volume b u r n e d  i n  t h e
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f i e l d .  The p e r c e n t  o f  t o t a l  o i l  d i s p l a c e d  i s  g r a p h e d  on 

t h e  v e r t i c a l  a x i s  and  d i f f e r s  f rom t h e  o r i g i n a l  o i l  i n  

p l a c e  by t h e  amount  o f  o i l  consumed a s  f u e l .

The s t r a i g h t ,  h e a v y - d a s h e d  l i n e  r e p r e s e n t s  t h e  amount  

o f  o i l  d i s p l a c e d  f rom t h e  b u r n e d  volume o n l y .  However ,  t h e  

d a t a  t a k e n  i n  b o t h  t h e  l a b o r a t o r y  and t h e  f i e l d  show h i g h e r  

o i l  r e c o v e r y  ( r e p r e s e n t e d  by t h e  s h o r t - d a s h e d  l i n e  t h r o u g h  

t h e  d a t a  p o i n t s )  a n d ,  t h e r e f o r e ,  a l o w e r  a i r / o i l  r a t i o  t h a n  

i n d i c a t e d  by t h e  s t r a i g h t ,  h e a v y - d a s h e d  l i n e .  T h i s  d i f ­

f e r e n c e  a p p e a r s  t o  be due t o  t h e  o i l  r e c o v e r y  me chan i sms  

o f  i n - s i t u  c o m b u s t i o n  which  a f f e c t  o i l  movement  a h e a d  o f  

t h e  b u r n i n g  f r o n t .  T h e s e  me c ha n i s ms  i n c l u d e  h o t  w a t e r ,  

g a s  and  s t e a m d r i v e ,  v a p o r i z a t i o n ,  m i s c i b l e  d i s p l a c e m e n t ,  

e x p a n s i o n ,  and g r a v i t y  d r a i n a g e .  The exa mpl e  c i t e d  i n  t h e  

a b o v e  f i g u r e  as sumed z e r o  g a s  s a t u r a t i o n .

S i m i l a r  c u r v e s  can  be  o b t a i n e d  f o r  d i f f e r e n t  g a s  s a t u r ­

a t i o n s .  O b v i o u s l y ,  a h i g h  g a s  s a t u r a t i o n  would r e q u i r e  a 

l o n g e r  f i l l - u p  t i m e  and l e s s  r e c o v e r y .  F i g u r e  2 . 5  shows  

t h i s  b e h a v i o r  f o r  s e v e r a l  c o m b u s t i o n  t u b e  r u n s  u s i n g  San 

Ardo c r u d e  o i l .  The v e r t i c a l  a x i s  i s  n o r m a l i z e d  w i t h  

r e s p e c t  t o  consumed f u e l  t o  y i e l d  t o t a l  o i l  d i s p l a c e m e n t  

t o  t o t a l  volume b u r n e d .  As i s  shown a t  t h e  h i g h e r  g a s  

s a t u r a t i o n s ,  t h e  o i l  r e c o v e r y  c u r v e  i s  s t r a i g h t e r .  T h e s e  

r e s u l t s  a l s o  ma tch  t h o s e  p r e v i o u s l y  o b t a i n e d  by G a t e s  and 

Ramey whi ch  a r e  g r a p h e d  i n  F i g u r e  2.6*. Hence ,  t h e  f i e l d
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100 « RUN 7 6 -2 (S g*37% ) 
o RUN 7B -3(Sg = 63.2%) 
A RUN 7 8 -4 {Sg = 60.2%) 
D RUN 78-5 (Sg =71%)
V RUN 78-6(Sg=30% )
0 RUN 78-7 (Sg = 41%) 
-REF. (S g » 4 0 % )S  70

10 20 30 40 50 60 70 80 90 100 
VOLUME BURNED (%)

F i g u r e  2 . 5  O i l  r e c o v e r y  v s .  Volume B u rn ed  f o r  L a b o r a t o r y  
C o m b u s t i o n  Tube Runs  ( A d a p t e d  f rom G a t e s  and Ramey)

and l a b o r a t o r y  d a t a  c o r r e l a t i o n s  were  combi ned  and  u s e d

f o r  p r e d i c t i n g  t h e  o i l  r e c o v e r y  f o r  i n - s i t u  c o m b u s t i o n

p r o c e s s .  Thes e  c u r v e s  a r e  a p p l i c a b l e  t o  mos t  heavy  o i l

f i e l d s  s i m i l a r  t o  t h e  S o u t h  B e l r i d g e  f i e l d .
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F i g .  2 . 6  O i l  r e c o v e r y  v s  vo lume  bu r n e d  
( A d a p t e d  f rom G a t e s  a n d  Ramey)

2 . 4 . 2  M o d e l i ng  A l g o r i t h m

T h i s  m o d e l i n g  a l g o r i t h m  i s  c o m p l e t e d  i n  f i v e  s t e p s .  

The f i r s t  f o u r  s t e p s  e s t i m a t e  t h e  b a s i c  f l u i d  p r o p e r t i e s  

r e q u i r e d  f o r  t h e  o i l  r e c o v e r y  /  vo l ume  b u r n e d  m e t h od .  The 

a p p l i c a t i o n  o f  t h e  me thod i s  i l l u s t r a t e d  i n  t h e  f i f t h  

s t e p .  S i n c e  t h i s  me t h o d  i s  r e p r e s e n t e d  i n  a c o r r e l a t i o n  

g r a p h ,  a c u r v e - f i t t i n g  p r o c e d u r e  i s  a p p l i e d  t o  o b t a i n  t h e  

c o r r e l a t i o n  e q u a t i o n  f o r  t h e  mode l  f o r m u l a t i o n .  The 

c u r v e - f i t t i n g  p r o c e d u r e  i s  shown i n  App e n d i x  B .

1 .  E s t i m a t i o n  o f  o i l  v i s c o s i t y  a t  r e s e r v o i r  c o n d i t i o n s :
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Most  o f  t h e  r e p o r t e d  o i l  v i s c o s i t y  d a t a  i s  e i t h e r  a t  

t h e  s t o c k  t a n k  t e m p e r a t u r e  o r  w i t h o u t  t e m p e r a t u r e  i n d i c a ­

t i o n .  T h i s  t y p e  o f  d a t a  c a n n o t  be u s e d  f o r  r e s e r v o i r  

m o d e l i n g  s t u d y ,  h o w e v e r ,  t h e  o i l  v i s c o s i t y  c a n  be o b t a i n e d  

a t  t h e  r e s e r v o i r  c o n d i t i o n s  by u s i n g  t h e  Beggs  and
9

R o b i n s o n  c o r r e l a t i o n s ,  1975 .

a .  C a l c u l a t i o n  o f  dead  o i l  v i s c o s i t y ,  cp

Z = 3 . 0 3 2 4  -  ( . 0 2 0 2 3  * API)  ( 2 . 1 8 a )

Y = 10 ** Z ( 2 . 1 8 b )

( 2 . 1 8 c )

VISD = (10 ** X) -  1 ( 2 . 1 8 d )

X = V / d j ,  ** 1 . 1 6 3 )

b .  C a l c u l a t i o n  o f  l i v e  o i l  v i s c o s i t y ,  cp .
The g a s - o i l  r a t i o  f o r  h e a v y  o i l  f r a c t i o n  i s

u s u a l l y  n o t  r e p o r t e d  b e c a u s e  t h e  g a s - o i l  r a t i o  i s  v e r y

h a r d  t o  m e a s u r e .  T h e r e f o r e ,  t h e  g a s - o i l  r a t i o  i s  e s t i m a t e d

f o r  heavy  o i l  f r a c t i o n  by u s i n g  Chew and C o n n a l l y

c o r r e l a t i o n  c h a r t  ( F i g u r e  2 . 7 ) .

M  Ù m  Ù Î I  i •  i •  â M  iie «0 w  n  m  
viseofifv or k a d  oil. eiNTiro<us 

(âT  m C W m m m  U i m U T U M t  ATWOMWEimiC M C tK M K )

F i g u r e  2 . 7  Chew and C o n n a l l y  C o r r e l a t i o n  C h a r t  
(From C r a f t s  & Hawki ns )
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(R)  = D e a 5 ^ E n ^ n s c o " ? ; “ i; i S D7
( 2 . 1 9 )

I f  R <  0 . 7  s e t  GOR = 200

I f  0 . 7  < R < 0 . 8  s e t  GOR = 100

I f  0 . 8  < R < 0 . 9  s e t  GOR = 50 and

I f  R ^  0 . 9  s e t  GOR = 2

A = 10 .715/CG0R + 100) ** .5 1 5  ( 2 . 2 0 a )

B = 5 . 6 4 / ( G 0 R  + 150 ) .3 3 8  ( 2 . 2 0 b )

VISO = A * (VISD ** B) ( 2 . 2 1 )

w h e r e :

VISD = dead  o i l  v i s c o s i t y ,  cp
VISO = l i v e  o i l  v i s c o s i t y ,  cp

GOR = g a s - o i l  r a t i o  
API = o i l  g r a v i t y

Tj. = r e s e r v o i r  t e m p e r a t u r e ,  °F 

X , Y , Z , A , B ,  a r e  c o n s t a n t s  f o r  c o r r e l a t i o n

2 .  E s t i m a t i o n  o f  f u e l  c o n c e n t r a t i o n :

In t h e  a b s e n c e  o f  o t h e r  d a t a ,  f u e l  c o n c e n t r a t i o n  can  

be e s t i m a t e d  by u s i n g  c o r r e l a t i o n  e q u a t i o n s  d e v e l o p e d  by 

Chu^^ f rom t h e  a c t u a l  f i e l d  d a t a :

Cf . (Lb /Cf )  = - . 1 2  + . 0 0 26 2 h  + .000114K  + 2 . 2 3 S ^  ( 2 . 2 2 )

+ . 0 0 2 4 2  Kh//Xo -  .0 0 0 1 8 9 7 Z - .0 0 0 0652po

3.  E s t i m a t i o n  o f  a i r - f u e l  r a t i o  and  a i r - s a n d  r a t i o :

S i n c e  t h i s  o i l  r e c o v e r y / v o l u m e  b u r n e d  c h a r t  i s  p l o t t e d

w i t h  S o u t h  B e l r i d g e  c r u d e ,  t h e  same c r u d e  o i l  c o m b u s t i o n  

t i ihp r e s u l t s  a r e  u s e d  f o r  t h e  c a l c u l a t i o n s  ( W i l l i a m s  e t  

a l . , 5*  1 9 8 0 ) .
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Gas c o m p o s i t i o n :  CO(wt %)  1 . 1

COgfwt %) 1 5 . 2

OjCwt % )  0 . 2

Ngtwt  %)  8 3 . 2

H y d r o c a r b o n  r a t i o :

 ̂4x( .2658N2%-CÜ2%-02%-.5C0%) /g 2 3 )
(COgX + C0%)

= 1 . 5 1 3  
A i r - f u e l  r a t i o  ( s c f / l b ) :

APR = 479.7 NgX_______ (2.24)
(COgX+COX) (12+H/C)

= 1 8 1 . 2  s c f / l b

A i r - s a n d  r a t i o  ( M s c f / a c r e - f t ) :

ASR = APR X Cf X 43.56 (2.25)

4 .  C u m u l a t i v e  a i r  r e q u i r e m e n t  ( M M s c f / a c r e - f t )  i s  a l s o  

c a l c u l a t e d  by u s i n g  C h u ' s  c o r r e l a t i o n  e q u a t i o n .

CAI = 4 . 7 2 + . 0 3 6 5 6 h + 9 . 9 9 6 S ^ + . 0 0 0 6 9 1 K  ( 2 . 2 6 )

5.  O i l  r e c o v e r y / v o l u m e  b u r n e d  method i s  a p p l i e d  t o  

e v a l u a t e  t h e  p e r f o r m a n c e  o f  i n - s i t u  c o m b u s t i o n  p r o c e s s .

a .  S i n c e  t h e  o i l  r e c o v e r y  can be i n t e r p r e t e d  a s  t h e  

i n t e r c e p t  and minimum d e v i a t i o n  o f  t h e  c u r v e ,  e q u a t i o n  

( B- 5 )  i s  w r i t t e n  a s  e q u a t i o n  ( 2 . 2 7 ) .

Rec (%) = lOOx + ( y )  (MD) ( 2 . 2 7 )

O i l - i n - p l a c e  ( B B L / a c r e - f t ) b e f o r e  t h e  p r o c e s s  i s  

e s t i m a t e d  a s :
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N . = 7758 X X » ( 2 . 2 8 a )

" ®ol

where  i s  a s sumed  a s  1 f o r  h e a v y  o i l .

And t h e  f u e l  b u r n e d  ( B B L / a c r e - f t )  c a n  be  c a l c u l a t e d  i n  

t h e  f o l l o w i n g  e q u a t i o n

FB = C_ X A3. 560  ( 2 . 2 8 b )
350

Then,  t h e  n e t  r e c o v e r y  ( b b l / a c r e - f t )  i s  o b t a i n e d  i n

e q u a t i o n  2 . 2 8 c  a f t e r  s u b t r a c t i n g  t h e  f u e l  b u r n e d  o i l - i n -

p l a c e  Np^ :

Reo = Np. -  FB ( 2 . 2 8 c )

A l s o ,  t h e  c u m u l a t i v e  p r o d u c t i o n  (Mbbl )  c a n  be c a l ­

c u l a t e d  a s  f o l l o w s :

N = ( R e c % ) x ( R e o ) x ( A ) x ( h )  ( 2 . 2 8 d )
P 100

And t h e  c u r r e n t  a i r - o i l  r a t i o  (AOR) and c u m u l a t i v e  AOR 

( M s c f / b b l )  a r e  c a l c u l a t e d  i n  e q u a t i o n s  2 . 2 9 a ,  b ,  c :

Cerent
" b

AOR -  ■■ ASR .. ( 2 . 2 9 b )
■ S l o p e  X Reo

C u m u l a t i v e  AOR = CAI x 1 , 0 0 0  /N^  ( 2 . 2 9 c )
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b .  Assumi ng  5 5 %  a e r i a l  sweep and 5 - a c r e  i n v e r t e d  

5 - s p o t s  f l o o d i n g  p a t t e r n ,  t h e  a u t h o r  e s t i m a t e s  t h e

i n j e c t i o n  r a t e ,  p r o d u c t i o n  r a t e ,  i n j e c t i o n  p r e s s u r e ,  and 

p r o d u c t i o n  t i m e  i n  t h e  f o l l o w i n g  c a l c u l a t i o n s :

F i g u r e  2 . 7  I n v e r t e d  5 - s p o t s  f l o o d i n g  p a t t e r n  

The f l o o d i n g  a r e a  Ap i s  g i v e n  5 - a c r e  and t h e  r a d i u s  i s  

c a l c u l a t e d  i n  e q u a t i o n s  2 . 3 0 a ,  b :

( 2 . 3 0 a )D = y 5  X 43^60  = 4 6 6 . 7  f t  

RA = ^ 2  X ( D / 2 ) ^  = y  2 X ( 4 6 6 . 7 / 2 ) 2 ( 2 . 3 0 b )
= 330 f t

And t h e  a i r  r e q u i r e m e n t  ( s c f / c f )  i s  e s t i m a t e d  a s :

A _ ( C A I ) ( 1 . 0 0 0 )  ( 2 . 3 1 )
4 3 , 5 6 0

■ The maximum i n i t i a l  i n j e c t i o n  (Mcf /D)  r a t e  can  be 

c a l c u l a t e d  a s :

q^ax “ ( i p ) x ( A ) x ( V j .  ) x ( R A ) x ( h ) ( 2 . 3 2 )
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The d i m e n s i o n l e s s  f l o w  r a t e  i p  i s  o b t a i n e d  a s  4 . 7 7  

f o r  55% a e r i a l  swe e p ;  t h e  c o r r e s p o n d i n g  i n i t i a l  a i r  f l u x  

(V \ )  i s  o b t a i n e d  a s  0 . 1 2 5  f t / D  o f  b u r n i n g  f r o n t  a d v a n c e .  

Both  p a r a m e t e r s  a r e  t h e  e x p e r i m e n t a l  r e s u l t s  f rom 

p o t e n t i o m e t r i c  mode l  s t u d i e s ^ ^ .

Then t h e  maximum p r o d u c t i o n  r a t e  c a n  be o b t a i n e d  by 

a s s u mi n g  t h e  p r o d u c i n g  r a t e  i s  a b o u t  t h e  same r a t e  a s  o i l  

d i s p l a c e m e n t .  T h e r e f o r e ,  t h e  a c t u a l  p r o d u c i n g  r a t e ( B / D /  

w e l l )  c a n  be c a l c u l a t e d  f o r  an i n d i v i d u a l  w e l l  i n  one 

p a t t e r n  :

-  ( 2 . 3 3 )' 'prod 4(A0R)

The p r o d u c t i o n  t i m e  ( d a y s )  r e q u i r e d  f o r  t h e  p r o c e s s  

can  a l s o  be e s t i m a t e d :

t  = X 1 , 0 0 0  ( 2 . 3 4 )
"^max

The maximum i n j e c t i o n  p r e s s u r e  can  be 

c a l c u l a t e d  a f t e r  t h e  t i m e  r e q u i r e d  t o  r e a c h  maximum

i n j e c t i o n  r a t e  i s  o b t a i n e d .  The t i m e  ( d a y s )  can be

e s t i m a t e d  i n  e q u a t i o n  ( 3 . 3 5 a ) :

t ,  = ^max_______  , d a y s  ( 2 . 3 5 a )
^ 2

wh e r e :

?

which  i s  a l s o  e s t i m a t e d  f rom t h e  p o t e n t i o m e t r i c

mode l  ( W i l s o n  e t  a l . , ^ ^  1 96 6 ) ^^



The r a d i a l  f l ow i n j e c t i o n  p r e s s u r e  h a s  d e v e l o p e d  as  

f o l l o w s  :

max '  ■I  +Ama x  A  I n  /  RA^ 1
« ^ 0 . 7 0 3  K a h ^  I  r ,  1

238 ( 2 . 3 5 )

The d e t a i l  d e r i v a t i o n  o f  t h e  a bove  e q u a t i o n  i s  shown 

i n  t h e  Append i x  B, s e e  e q u a t i o n  B - 1 0 .  The maximum p r e s s u r e  

P^ax be  o b t a i n e d  by s u b s t i t u t i n g  t h e  p a r a m e t e r s  i n t o

t h e  e q u a t i o n  2 . 3 5 .  

where  :
= 0 . 0 1 8 6 c p  f o r  a i r  
= 25 md f o r  a i ra

r ^  = 0 . 2 7 6  f t  f o r  w e l l b o r e  r a d i u s  

T^ = f o r m a t i o n  t e m p e r a t u r e  °F

2 . 4 . 3  P r o j e c t i o n  o f  t h e  p i l o t  t e s t  r e s u l t s  t o  t h e  whole  

r e s e r v o i r

An i n v e r t e d  5 - s p o t ,  5 - a c r e  p a t t e r n  p i l o t  t e s t  was 

s i m u l a t e d  i n  t h e  p e r f o r m a n c e  mo de l .  The r e s u l t s  i n c l u d e  

c u m u l a t i v e  p r o d u c t i o n ,  c u m u l a t i v e  a i r - o i l  r a t i o ,  a i r  

r e q u i r e m e n t  and d e s i g n  p a r a m e t e r s  s u c h  a s  i n j e c t i o n  r a t e ,  

i n j e c t i o n  p r e s s u r e ,  and p r o d u c t i o n  r a t e .  The d e s i g n  

p a r a m e t e r s  r e m a i n  t h e  same i f  t h e  d e s i g n  p a t t e r n  i s  n o t  

g o i n g  t o  c h a n g e  f o r  t h e  e n t i r e  r e s e r v o i r .  I f  t h e  f l o o d  

p a t t e r n  i s  c h a n g e d ,  t h e n  t h e  s i m u l a t i o n  model  w i l l  have  t o  

be m o d i f i e d  s l i g h t l y .

The r e s u l t s  o f  t h e  p i l o t  i s  e n c o u r a g i n g .  We would
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l i k e  t o  h a v e  t h i s  5 - a c r e  f l o o d  p a t t e r n  e x t e n d e d  f o r  t h e  

e n t i r e  r e s e r v o i r .  The d e s i g n  p a r a m e t e r s  r e m a i n  t h e  same 

b e c a u s e  we a l s o  c o n s i d e r  t h e  r e s e r v o i r  t o  be i n  a homo­

g e n e o u s  c o n d i t i o n .  The c u m u l a t i v e  p r o d u c t i o n ,  c u m u l a t i v e

a i r - o i l  r a t i o  and  a i r  r e q u i r e m e n t  n e e d  t o  be e v a l u a t e d  f o r  

t h e  e n t i r e  r e s e r v o i r .  The b e s t  way t o  e v a l u a t e  t h e  e n t i r e  

r e s e r v o i r  i s  by p r o j e c t i n g  t h e  p i l o t  t e s t  r e s u l t s .

a ) .  E v a l u a t e  t h e  p o s s i b l e  number  o f  f l o o d i n g  p a t t e r n s :

I n v e r t e d  5 - s p o t ,  5 - a c r e  p a t t e r n  h a s  one i n j e c t i o n  w e l l

p e r  e a c h  p a t t e r n ;  t h e r e f o r e ,  we c a n  o b t a i n  t h e  t o t a l

number  o f  i n j e c t i o n  w e l l s  s uch  a s :

l i n j  = E n t i r e  r e s e r v o i r  a r e a ,  a c r e s  ( 3 . 3 6 )
5 - a c r e

b ) .  P r o j e c t  t h e  c u m u l a t i v e  p r o d u c t i o n ,  a i r - o i l  

r a t i o ,  and a i r  r e q u i r e m e n t .

The c u m u l a t i v e  p r o d u c t i o n  p e r  p a t t e r n  i s

Np = Rec X Reo x Ap x h / 1 0 0  ( 2 . 2 8 )

and t h e  e n t i r e  r e s e r v o i r  c a n  be  e v a l u a t e d  a s :

TNp = Np X number  o f  p a t t e r n s

= Np X l i n j  ( 2 . 3 7 )

S i m i l a r l y ,  a i r - o i l  r a t i o  i s  e v a l u a t e d  a s :

TAOR = Vb ^ ^ l i n j  ( M s c f / b b l )  ( 2 . 3 8 )
TNp X 100

and a i r  r e q u i r e m e n t  i s  e v a l u a t e d  a s :

TrAT -  ^ ^ (MMscf)  ( 2 . 3 9 )
1 -  1 , 0 0 0
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Where:

Vg = v o l .  b u r n e d ,  %
ASR = a i r - s a n d  r a t i o ,  M c f / a c r e - f t  
TNp = c u m u l a t i v e  p r o d u c t i o n  f o r  t h e  a c t i v e  

r e s e r v o i r ,  b b l s  
TAOR = a i r - o i l  r a t i o  f o r  t h e  e n t i r e  r e s e r v o i r ,  M s c f / b b l  
TCAI = a i r  r e q u i r e m e n t  f o r  t h e  a c t i v e  r e s e r v o i r ,  MMscf 
l i n j  = no .  o f  i n j e c t i o n  p a t t e r n s
The a u t h o r  s e a r c h e d  t h r o u g h  t h e  l a t e s t  p u b l i c a t i o n s

a b o u t  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  f i e l d  r e p o r t s ,  and 35

i n - s i t u  c o m b u s t i o n  p r o c e s s  f i e l d  c a s e s  were  s e l e c t e d  f rom 
2 35t h e  l i t e r a t u r e s  ’ . Only 32 f i e l d  c a s e s  p a s s e d  t h e

s c r e e n i n g  c r i t e r i a  i n  t h e  i n - s i t u  c o m b u s t i o n  p e r f o r m a n c e  

m o d e l .  The p i l o t  t e s t  o f  ea c h  f i e l d  c a s e  was p r o j e c t e d  t o  

t h e  who l e  r e s e r v o i r  e v a l u a t i o n .  A l i s t  o f  t h e  r e s e r v o i r

e v a l u a t i o n s  i s  a t t a c h e d  i n  Append i x  B.

2 . 5  V a l i d a t i o n  o f  I n - S i t u  C o mb u s t i on  P e r f o r m a n c e  Model

1.  The c u r v e - f i t t i n g  p r o c e d u r e  i s  u s e d  t o  i n t e r p o l a t e  t h e  

o i l  r e c o v e r y / v o l u m e  b u r n e d  method d e v e l o p e d  f rom t h e  

a c t u a l  f i e l d  t e s t  and l a b o r a t o r y  t e s t  r e s u l t s .  T h i s  

mode l  u s e d  t h e  c r u d e  o i l  s a mp l e  f o r  t h e  o i l  r e c o v e r y /  

vo lume b u r n e d  me thod f i t t i n g  t h e  h e a v y  o i l  r e a s o n a b l y  

w e l l  b e c a u s e  t h e  S o u t h  B e l r i d g e  F i e l d  Cr ude  (API = 

1 5 ° )  i s  a t  t h e  m i d - r a n g e  o f  t h e  h e a v y  o i l s .

2 .  The p e r f o r m a n c e  model  a c t s  a s  a h i g h  e f f i c i e n c y  p r o c e s s  

d e s i g n .  T h e r e f o r e ,  t h e  p u r p o s e  o f  t h i s  p e r f o r m a n c e  

mode l  c a n  be  u s e d  f o r  t h e  p r o c e s s  e v a l u a t i o n .  The 

p r o c e s s  d e s i g n  p a r a m e t e r s  a r e '  o b t a i n e d  i n s t e a d  o f  t h e
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i n h e r i t e d  bad  f i e l d  r e p o r t  d a t a .

3 .  From t h o s e  35 s e l e c t e d  f i e l d  r e p o r t s ,  o n l y  32 f i e l d  

c a s e s  p a s s e d  t h e  s c r e e n i n g  c r i t e r i a  f o r  t h e  i n - s i t u  

c o m b u s t i o n  p r o c e s s .  The p r o c e s s  p a r a m e t e r s  a r e  

c a l c u l a t e d  d a i l y  b u t  t h e  r e s u l t s  a r e  p r i n t e d  i n  t h e  

m o n t h l y  r e c o r d s .  The p r o c e s s  mont h ly  p a r a m e t e r s  form 

t h e  d a t a  b a s e  wh i c h  i s  i n p u t  i n t o  t h e  r e g r e s s i o n  

a n a l y s i s  p r o c e d u r e s  f o r  t h e  o b j e c t i v e  f u n c t i o n s  

f o r m u l a t i o n .

A. S i n c e  t h e  o i l  r e c o v e r y / v o l u m e  b u r n e d  me t hod  i s  

d e v e l o p e d  f rom t h e  d ry  f o r w a r d  c o m b u s t i o n  p r o c e s s ,  t h e  

p r o c e s s  e v a l u a t i o n  i s  l i m i t e d  o n l y  t o  d r y  f o r w a r d  

c o m b u s t i o n .  In  t h i s  way,  we can  have a u n i q u e  p r o c e s s  

e v a l u a t i o n  f o r  a l l  t h e  r e s e r v o i r s .

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

i n  t h e  f o l l o w i n g  f l o w c h a r t  ( F i g u r e  2 . 8 ) .  T h i s  p e r f o r m a n c e  

mode l  i s  t h e  same p r o g r a m  l i s t i n g  a s  t h e  s t e a m  d r i v e  

p e r f o r m a n c e  mode l  shown i n  Append i x  A.
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2 . 7  P e t r o l e u m  D a t a  Sys t em Da t a  A p p l i c a t i o n s

The P e t r o l e u m  Data  Sys t em (RDS) i s  a modern c o m p u t e r  

i n f o r m a t i o n  s y s t e m  d e s i g n e d  t o  s t o r e  a l a r g e  amount  o f  

p e t r o l e u m - r e l a t e d  i n f o r m a t i o n  f o r  t h e  U.S .  and Ca n a d a .  

D e v e l o p e d  and m a i n t a i n e d  by t h e  O f f i c e  o f  I n f o r m a t i o n  

Sys t em P r o g r a m s ,  U n i v e r s i t y  o f  Oklahoma,  t h e  PDS c o n s i s t s  

o f  12 d a t a  b a s e s ,  e a c h  c o n s i s t i n g  o f  many k i n d s  o f  o i l -  

and g a s - r e l a t e d  d a t a .  I t  a l s o  c o n t a i n s  d a t a  and p a r a m e t e r s  

on f i e l d s  and  p o o l s  i n  a v e r a g e  o r  a g g r e g a t e  v a l u e s .  I t  

d o e s  n o t  c o n t a i n  i n f o r m a t i o n  f rom i n d i v i d u a l  w e l l s ,  w i t h  

t h e  e x c e p t i o n  o f  d i s c o v e r y  w e l l  d a t a .  F u r t h e r m o r e ,  t h e  

PDS d a t a  i n c l u d e s  c r u d e  o i l  a n a l y s i s ,  g a s  a n a l y s i s ,  b r i n e  

a n a l y s i s ,  r e s e r v e s ,  l i s t i n g  o f  p r o d u c t i o n ,  and i n f o r m a t i o n  

on f e d e r a l  o f f s h o r e  l e a s e s .  I n  g e n e r a l ,  PDS d a t a  a r e  

n o n p r o p r i e t a r y  i n f o r m a t i o n  on g e o l o g y  o f  r e s e r v o i r s ,  

r e s e r v o i r  c h a r a c t e r i s t i c s ,  s t a t u s  o f  r e s e r v o i r ,  f l u i d  

p r o d u c t i o n  t y p e ,  and  f l u i d  p r o p e r t i e s .  T h i s  i n f o r m a t i o n  

was g a t h e r e d  f rom t h e  f o l l o w i n g  s o u r c e s :

1.  I n t e r n a t i o n a l  O i l  S c o u t s  A s s o c i a t i o n s ' s Review
2 .  J o u r n a l  p u b l i c a t i o n s  o f  t h e  SPE,  AAPG, and o t h e r  

p r o f e s s i o n a l  g r o u p s .
3 .  An n u a l  s t a t e  r e g u l a t o r y  a g e n c y  r e p o r t s ,  s uch  as

t h e  T e x a s  R a i l r o a d  Commi s s i on ,  and t h e  Oklahoma 
C o r p o r a t i o n  Commiss ion

A. The S t a t e  G e o l o g i s t s  R e p o r t s .
5.  The C a n a d i a n  P r o v i n c e s  C o n s e r v a t i o n  B o a r d s
6 . The C a n a d i a n  Gas C o n s e r v a t i o n  Bo a r ds
7.  F e d e r a l  Power  Commiss ion
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8 . F e d e r a l  E ne r gy  A d m i n i s t r a t i o n
9.  US D e p a r t m e n t  o f  E n e r g y
10.  US G e o l o g i c a l  S u r v e y
11.  B u r ea u  o f  Mines  R e p o r t s
12 .  O t h e r s

In  t h i s  d i s s e r t a t i o n ,  t h e  a u t h o r  u s e d  o n l y  t h e  d a t a  

f i l e s  f rom d a t a  b a s e s  s u c h  a s  TOIL and  SECR. The TOIL 

d a t a  b a s e  c o n s i s t s  o f  t h e  U. S .  o i l  and  g a s  d a t a  f i l e s .  

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

f i e l d s  and r e s e r v o i r s .  D a t a  e l e m e n t s  c o n t a i n e d  i n  t h e  

r e c o r d s  may i n c l u d e  i d e n t i f i c a t i o n  o f  f i e l d s  and 

r e s e r v o i r s  by name an d  c o d e ,  l o c a t i o n ,  and p r e s e n t  

p r o d u c i n g  s t a t u s .  G e o l o g i c a l  and  e n g i n e e r i n g  d a t a  may 

c o n s i s t  o f  t h e  name and age  o f  t h e  p r o d u c i n g  f o r m a t i o n ,  

d i s c o v e r y  m e t h o d ,  t r a p  t y p e ,  d r i v e  l i t h o l o g y ,  d e p t h ,  

a c r e a g e ,  s p a c i n g ,  t h i c k n e s s ,  p o r o s i t y ,  p e r m e a b i l i t y ,  

g r a v i t y ,  p r e s s u r e ,  and t e m p e r a t u r e .  The a u t h o r  r e q u e s t e d  

a l i s t  o f  PDS f i l e s  r e l a t i n g  t o  t h o s e  100 s t e a m d r i v e  f i e l d  

r e p o r t s  and 40 i n - s i t u  c o m b u s t i o n  f i e l d  r e p o r t s  f rom t h e  

O i l  and Gas J o u r n a l  A nnua l  P r o d u c t i o n  R e p o r t s , ^  1982 and 

SPE Improved  R e c o v e r y  R e p o r t . 1 9 7 5 - 1 9 8 1 . Wi th t h e  

h e l p  o f  t h o s e  PDS f i l e s ,  45 s t e a m  d r i v e  f i e l d  c a s e s  and 35 

i n - s i t u  c o m b u s t i o n  f i e l d  c a s e s  were  m a n u a l l y  v a l i d a t e d  and 

s c r e e n e d  f o r  t h e  t h e r m a l  r e c o v e r y  p i l o t  t e s t  c a n d i d a t e s .  

In  a d d i t i o n ,  t h e  a u t h o r  r e q u e s t e d  some f i l e s  f rom t h e  SECR 

d a t a  b a s e  t o  c o n f i r m  t h e  r e s e r v o i r  c o n d i t i o n s  a f t e r  t h e  

w a t e r f l o o d i n g ,  e . g . ,  f r a c t u r e ,  c o r r o s i o n ,  and s an d
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p r o b l e m s .

The m a j o r  p o r t i o n  o f  t h i s  r e s e a r c h  work i s  done  on 

m i n i c o m p u t e r s ,  s u c h  a s  VAX 1 1 / 7 8 0  and POP 1 1 / 7 0  a t

E n g i n e e r i n g  Comput e r  Ne twork  (ECN).  A l l  t h e  FORTRAN 

p r o g r a m m i n g ,  e r r o r  e d i t i n g ,  d a t a  a n a l y s i s ,  and  word 

p r o c e s s i n g  were  done  on t h e  ECN c a t h o d - r a y - t u b e  (CRT) 

t e r m i n a l .  The o n l y  o p p o r t u n i t y  t o  a c c e s s  t h e  m a i n f r a m e

IBM c o m p u t e r  i s  by u s i n g  t h e  SAS p a c k a g e  and i t s  g r a p h i c  

a p p l i c a t i o n s .  The a u t h o r  f o u n d  o f  a c c e s s i n g  t h e  ECN

s y s t e m  w i t h  a CRT t e r m i n a l  t o  be  f a s t ,  c o n v e n i e n t  and

e c o n o m i c a l .  The g r e a t  g r o w t h  o f  t h e  m i n i c o m p u t e r  and 

m i c r o c o m p u t e r  makes  c o m p u t e r  r e s e a r c h  e a s i e r  t h a n  b e f o r e .
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I I I .  REGRESSION MODELING OF THE THERMAL PROCESSES

3 . 1  I n t r o d u c t i o n

P e r f o r m a n c e  m o d e l i n g s  o f  two p r o c e s s e s  do n o t  l e n d  

t h e m s e l v e s  t o  s i m p l e  a n a l y t i c a l  e x p r e s s i o n s  i n  t e r m s  o f  

t h e  p r o c e s s  v a r i a b l e s ,  a s  r e q u i r e d  by most  m a t h e m a t i c a l  

o p t i m i z a t i o n  t e c h n i q u e s .  In o r d e r  t o  a c q u i r e  s i m p l i f i e d  

and  a n a l y t i c a l  e x p r e s s i o n s ,  known a s  o b j e c t i v e  f u n c t i o n s  

i n  o p t i m i z a t i o n  t e r m i n o l o g y ,  f o u r  d i f f e r e n t  t e r m s  were  

s e l e c t e d .  T h e s e  e x p r e s s i o n s  a r e  b e s t  d e s c r i b e d  t h e  

p r o c e s s :  o i l  r e c o v e r y ,  a i r  i n j e c t i o n  r a t e ,  a i r  i n j e c t i o n

p r e s s u r e ,  and o i l  p r o d u c t i o n  r a t e  f o r  t h e  i n - s i t u  

c o m b u s t i o n  p r o c e s s .  S i m i l a r l y ,  we c a n  s e l e c t  o i l  r e c o v e r y ,  

s t e a m  i n j e c t i o n  r a t e ,  s t e a m i n j e c t i o n  p r e s s u r e ,  and o i l  

p r o d u c t i o n  r a t e  f o r  s t e a m d r i v e  p r o c e s s .

One a p p r o a c h  t o  i n c o r p o r a t i n g  t h e  f u n c t i o n a l  e q u a t i o n s

o f  t h e  p r o c e s s  r e l a t i o n s h i p s  i n t o  s i m p l i f i e d  and a n a l y t i c a l

e x p r e s s i o n s  i s  by u s i n g  r e g r e s s i o n  a n a l y s i s .  R e g r e s s i o n

a n a l y s i s  f o r m u l a t e s  t h e  o b j e c t i v e  f u n c t i o n s  i n  a b e t t e r

form t h a n  c o r r e l a t i o n s .  The a d v a n t a g e  o f  u s i n g  r e g r e s s i o n

o v e r  c o r r e l a t i o n  i s  t h a t  t h e  r e g r e s s i o n  method g i v e s

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

kn o w l e d g e  o f  t h e  i n d e p e n d e n t  v a r i a b l e .  The e x a c t  

f u n c t i o n a l  e q u a t i o n s  o f  p r o c e s s  r e l a t i o n s h i p s  i n  

r e g r e s s i o n  a n a l y s i s  a r e  r a r e l y  d e d u c e d  t h e o r e t i c a l l y .  

They a r e  u s u a l l y  d e t e r m i n e d  e m p i r i c a l l y . The s i m p l e s t  

f u n c t i o n a l  e q u a t i o n  i s  a l i n e a r  e q u a t i o n ,  wh ich  i s  t h e  

e a s i e s t  t o  e s t i m a t e  and  a p p l y .  Two c r i t e r i a  s h o u l d  be 

c o n s i d e r e d  i n  c h o o s i n g  f u n c t i o n a l  e q u a t i o n s :

i )  We s h o u l d  r e l y  upon t h e  r e s e r v o i r  e n g i n e e r i n g  

t h e o r y  a s  much a s  p o s s i b l e  i n  c h o o s i n g  f u n c t i o n a l  

e q u a t i o n s .

i i )  A good model  s h o u l d  a l w a y s  ha ve  good p r e d i c t i v e  

power .

The f o l l o w i n g  two s e t s  o f  r e g r e s s i o n  m o d e l s  a r e  

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

s t e a m d r i v e  p r o c e s s .  I n  t h e  i n - s i t u  c o m b u s t i o n  mode l ,  

a b o u t  12 d i f f e r e n t  v a r i a b l e s  a r e  c o n s i d e r e d  f o r  t h e  

i n d e p e n d e n t  v a r i a b l e s .  The o i l  r e c o v e r y , i n j e c t i o n  r a t e , 

i n j e c t i o n  p r e s s u r e ,  and  p r o d u c t i o n  r a t e  a r e  d e p e n d e n t  

v a r i a b l e s .  A l l  t h e  a b o v e  v a r i a b l e s  a r e  s i m u l a t e d  p r o c e s s  

p a r a m e t e r s .  T h u s ,  t h e  r e g r e s s i o n  model  i s  c h a r a c t e r i z e d  

by h a v i n g  f o u r  f u n c t i o n a l  e q u a t i o n s .  The e q u a t i o n s  i n  a 

s y s t e m  a r e  i n t e r d e p e n d e n t ,  s u c h  t h a t  d e p e n d e n t  v a r i a b l e s  

f rom one  e o u a t i o n  a p p e a r  a s  r e g r e s s o r s  i n  o t h e r  

e q u a t i o n s . T h e n ,  t h e  o r d i n a r y  l e a s t  s q u a r e s  e s t i m a t e s  can
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c Q
be i n c o n s i s t e n t .  R e s e a r c h e r s  ( P i n d y c k  e t  a l .  , 1976 ;

a n d ,  T h e i l ^ ^ ,  1971)  w o r k i n g  w i t h  e c o n o m e t r i c  m o d e l s  h a v e

d e v e l o p e d  s e v e r a l  t e c h n i q u e s  t o  p r o d u c e  c o n s i s t e n t

e s t i m a t o r s  f o r  t h i s  k i n d  o f  mode l .  A s i m i l a r  r e g r e s s i o n

mode l  was f o r m u l a t e d  f o r  t h e  s t e a m - d r i v e  p r o c e s s  a s  w e l l .

A f l o w  c h a r t  o u t l i n e s  t h e  scheme o f  t h e  m o d e l i n g  s t a g e s

which  i s  shown i n  F i g u r e  3 . 1 .

T h i s  p h a s e  o f  work was a c c o m p l i s h e d  by u s i n g  a g e n e r a l

p u r p o s e  s t a t i s t i c a l  c o m p u t e r  l i b r a r y  p a c k a g e  known a s  t h e

S t a t i s t i c a l  A n a l y s i s  Sys t em (SAS) .  The a u t h o r  u s e d  t h e

SAS p a c k a g e  f o r  s t a t i s t i c a l  a n a l y s i s  b e c a u s e  a l l  t h e

p r o c e d u r e s  a v a i l a b l e  i n  SAS may be  u s e d  i n t e r a c t i v e l y .

The a d v a n t a g e s  o f  u s i n g  t h e  SAS c a n  be e n h a n c e d  f o r  t h e
72f o l l o w i n g  r e a s o n s  ( W i n t e r s  , 1 9 8 2 ) :

i )  The p o w e r f u l  macro and  o t h e r  p r og ra m m i n g  

c a p a b i l i t i e s  make t h e  SAS u s a b l e  a s  a p r og r am m i n g  

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

i i )  I t  h a s  an  e x c e l l e n t  g r a p h i c s  c a p a c i t y  f o r  b o t h  

d a t a  e x p l o r a t i o n  and d a t a  r e p o r t i n g .

T h i s  c h a p t e r  i s  w r i t t e n  i n  t h r e e  s e c t i o n s  a c c o r d i n g  t o  

t h e  s t a t i s t i c a l  a n a l y s i s  p r o c e d u r e s :  v a r i a b l e s  s e l e c t i o n

p r o c e d u r e s ,  p r o b l e m s  o f  l i n e a r  r e g r e s s i o n  a n a l y s i s  

p r o c e d u r e s ,  and s y s t e m  r e g r e s s i o n  a n a l y s i s  p r o c e d u r e s .
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3.2 Variables Selection Procedures

The v a r i a b l e s  s e l e c t i o n  p r o c e d u r e s  a r e  i m p o r t a n t  

p r o c e d u r a l  s t e p s  f o r  t h e  f o r m u l a t i o n  o f  t h e  r e g r e s s i o n  

e q u a t i o n s .  The r e g r e s s i o n  e q u a t i o n s  a r e  u s u a l l y  

e m p i r i c a l .  The e q u a t i o n s  would be w e l l  " f o r m u l a t e d "  i f  

t h e y  a r e  b a s e d  on r e s e r v o i r  e n g i n e e r i n g  p r i n c i p l e s .  

R e g r e s s i o n  e q u a t i o n s  a r e  p r e f e r a b l e  i n  t h e  l i n e a r  

f u n c t i o n s .  However ,  r e g r e s s i o n  m o d e l i n g  i s  a c ompl e x  

p r o c e s s  and s e v e r a l  s t a t i s t i c a l  p r o b l e m s  have  t o  be 

c l e a r e d  up b e f o r e  we can  be s u r e  o f  t h e  v a l i d a t i o n  o f  t h e  

r e g r e s s i o n  e q u a t i o n s  ( F r e u n d  e t  a l . , 1 9 8 1 ) .  The

f o r m u l a t i o n s  o f  t h e  r e g r e s s i o n  e q u a t i o n s  can  be a c h i e v e d  

w i t h  d i f f e r e n t  s t a t i s t i c a l  a n a l y s i s  p r o c e d u r e s .

3 . 2 . 1  RSQUARE p r o c e d u r e

The s e l e c t e d  p a r a m e t e r s  f o r  t h e  i n d e p e n d e n t  v a r i a b l e s  

a r e  c l o s e l y  r e l a t e d  t o  t h e  d e p e n d e n t  v a r i a b l e  i n  t h e  

e n g i n e e r i n g  r e l a t i o n .  The RSQUARE p r o c e d u r e  p e r f o r m s  a l l  

p o s s i b l e  r e g r e s s i o n s  f o r  one d e p e n d e n t  v a r i a b l e  and  a l s o  

f o r  a c o l l e c t i o n  o f  i n d e p e n d e n t  v a r i a b l e s ,  p r i n t i n g  t h e  

R - s q u a r e  v a l u e  f o r  e a c h  mode l .

i )  I n  t h e  s t e a m  d r i v e  r e g r e s s i o n  mode l ,  t h e  d i f f e r e n t  

e q u a t i o n s  can  be f o r m u l a t e d  a s  f o l l o w s :

The o i l  r e c o v e r y  (REC) i n c l u d e s  t h e  o i l - s t e a m  r a t i o
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(ROS),  p r o d u c t i o n  r a t e  (QNP),  and  o i l  v i s c o s i t y  (VISO) 

t e r m s  i n  t h e  r e g r e s s i o n  e q u a t i o n .  Thes e  t h r e e  v a r i a b l e s  

a r e  i n c l u d e d  i n  a l l  t h e  model  c o m b i n a t i o n s .  The t h e r m a l  

e f f i c i e n c y  (EH) ,  o i l  s a t u r a t i o n  p o r o s i t y  ( P I S ) ,  s t e a m 

t e m p e r a t u r e  ( TS) ,  and  some o t h e r  i n d e p e n d e n t  v a r i a b l e s  may 

a l s o  r e l a t e  t o  t h e  o i l  r e c o v e r y .

The f o r m u l a t i o n  can  be programmed i n  t h e  SAS a s  f o l l o w s :

PROC RSQUARE DATA = ORIGINAL;
MODEL REC = ROS QNP VISO TS VS EH NP TRS PIS 

/INCLUDE= 3;
The f i n a l  f o r m u l a t i o n  i n c l u d e s  ROS,QNP,VISO,TS,EH,  and 

PIS a t  72% R - s q u a r e .

S i m i l a r l y ,  t h e  s t e a m  i n j e c t i o n  r a t e  (QINJ)  d e p e n d e n t  

v a r i a b l e  i n c l u d e s  t h e  c u m u l a t i v e  s t e a m  i n j e c t i o n  (VS) ,  

i n j e c t i o n  p r e s s u r e  ( P I N J ) , c u m u l a t i v e  p r o d u c t i o n  (NP) ,  o i l  

s t e a m r a t i o  (ROS),  t r a n s m i s s i b i l i t y  (TRS) ,  o i l  s a t u r a t i o n  

p o r o s i t y  ( P I S ) ,  a nd  o t h e r  p a r a m e t e r s  a s  t h e  i n d e p e n d e n t  

v a r i a b l e s .  From t h e  RSQUARE p r o c e d u r e ,  QINJ can  be 

f o r m u l a t e d  w i t h  VS, P I N J ,  NP, ROS, TRS, and PIS  a t  86% 

R - s q u a r e .  The o i l  p r o d u c i n g  r a t e  (QNP) i s  f o r m u l a t e d  w i t h  

EH, ROS, REC, TS,  and  PIS  a s  i n d e p e n d e n t  v a r i a b l e s  97% 

R - s q u a r e .  F i n a l l y ,  t h e  i n j e c t i o n  p r e s s u r e  ( P I NJ )  can  be 

f o r m u l a t e d ,  f rom t h e  RSQUARE p r o c e d u r e ,  w i t h  TS,  QINJ ,  VS, 

and REC a s  i n d e n p e n t e n t  v a r i a b l e s  a t  99% R - s q u a r e .

i i )  I n  t h e  i n - s i t u  c o m b u s t i o n  r e g r e s s i o n  m o d e l ,  t h e  

d i f f e r e n t  e q u a t i o n s  can  be f o r m u l a t e d  a s  f o l l o w s :

The o i l  r e c o v e r y  (REC) i s  a l s o  c l o s e l y  r e l a t e d  t o

60



a i r - o i l  r a t i o  (AOR),  o i l  p r o d u c i n g  r a t e  (QNP),  o i l  v i s ­

c o s i t y  (VISO) ,  a nd  f u e l  b u r n e d  ( F B) .  These  f o u r  v a r i a b l e s  

a r e  i n c l u d e d  i n  a l l  t h e  mode l  c o m b i n a t i o n s .  The 

c u m u l a t i v e  a i r  r e q u i r e m e n t  (CAI)  and  c u m u l a t i v e  p r o d u c t i o n  

(NP) a l s o  r e l a t e  t o  t h e  o i l  r e c o v e r y .  The f o r m u l a t i o n  can

be programmed i n  t h e  SAS a s  f o l l o w s :

PROC RSQUARE DATA ORIGINAL;
MODEL REC = AOR QNP VISO FB CAI NP 

/INCLUDE = 4;

The f i n a l  f o r m u l a t i o n  i n c l u d e s  AOR,QNP,VISO,FB,CAI a t  

98% R - s q u a r e .

S i m i l a r l y ,  t h e  a i r  i n j e c t i o n  r a t e  (QINJ)  can  be 

r e l a t e d  t o  i n j e c t i o n  p r e s s u r e  ( P I N J ) ,  c u m u l a t i v e  

p r o d u c t i o n  ( NP) ,  c u m u l a t i v e  a i r  r e q u i r e m e n t  (CAI ) ,  a i r - o i l

r a t i o  (AOR), a i r - s a n d  r a t i o  (ASR) and o i l  v i s c o s i t y  

(VISO) .  From t h e  RSQUARE p r o c e d u r e ,  QINJ can  be 

f o r m u l a t e d  a s  P I NJ ,  NP, CAI,  AOR, ASR, and VISO as  

i n d e p e n d e n t  v a r i a b l e s  a t  73% R - s q u a r e .  The o i l  p r o d u c i n g  

r a t e  (QNP) can  be f o r m u l a t e d ,  f r om t h e  RSQUARE p r o c e d u r e ,  

w i t h  VB, REC, FB,  P I NJ ,  VISO and NP as  i n d e p e n d e n t  

v a r i a b l e s  a t  79% R - s q u a r e .  F i n a l l y ,  t h e  a i r  i n j e c t i o n  

p r e s s u r e  (P I NJ )  c a n  be f o r m u l a t e d  w i t h  QINJ,  REC and CAI 

a s  i n d e p e n d e n t  v a r i a b l e s  a t  53% R - s q u a r e .

The RSQUARE p r o c e d u r e  g i v e s  a g e n e r a l  i d e a  o f  what

v a r i a b l e s  s h o u l d  be s e l e c t e d  f o r  t h e  l i n e a r  e q u a t i o n s  

b a s e d  on t h e  e n g i n e e r i n g  p r i n c i p l e s .  The b e s t  c o m b i n a t i o n
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o f  t h e  i n d e p e n d e n t  v a r i a b l e s  h a s  t o  be r e f i n e d  i n  t h e  

STEPWISE p r o c e d u r e .  However ,  t h e  RSQUARE i s  v e r y  u s e f u l  

when we want  t o  i n v e s t i g a t e  t h e  g e n e r a l  b e h a v i o r  o f  many 

r e g r e s s i o n  e q u a t i o n s  (SAS U s e r ' s  G u i d e ^ ^ ,  1 9 7 9 ) .

3 . 2 . 2  STEPWISE p r o c e d u r e ;

STEPWISE i s  mos t  h e l p f u l  f o r  s t a t i s t i c a l  a n a l y s i s  

b e c a u s e  i t  can  g i v e  you i n s i g h t  i n t o  t h e  r e l a t i o n s h i p s  

be t we e n  t h e  i n d e p e n d e n t  v a r i a b l e s  and  t h e  d e p e n d e n t  

r e s p o n s e  v a r i a b l e s .  STEPWISE u s e s  t h e  s e l e c t i o n

s t r a t e g i e s  i n  c h o o s i n g  t h e  v a r i a b l e s  f o r  t h e  mo d e l s  i t  

c o n s i d e r s .  A l s o ,  when STEPWISE e v a l u a t e s  a mo d e l ,  i t

p r i n t s  a c o m p l e t e  r e p o r t  on t h e  r e g r e s s i o n .  I n  t h i s

p r o c e d u r e ,  t h e r e  a r e  s e v e r a l  s e l e c t i o n  s t r a t e g i e s  

a v a i l a b l e  (SAS U s e r ' s  G u i d e ) :  f o r w a r d  s e l e c t i o n

(FORWARD), ba c k wa r d  e l i m i n a t i o n  (BACKWARD), s t e p w i s e

(STEPWISE),  maximum R - s q u a r e  i m pr o v em e n t  (MAXR), and 

minimum R - s q u a r e  i m pr o v em e n t  (MINR).  B u t ,  t h e  a u t h o r  o n l y  

a p p l i e d  STEPWISE, MAXR and BACKWARD s e l e c t i o n  s t r a t e g i e s  

s i n c e  t h r e e  s e l e c t i o n  s t r a t e g i e s  were  s u f f i c i e n t  t o  make 

an i n t e l l i g e n t  d e c i s i o n  on t h e  r e g r e s s i o n  e q u a t i o n s .

The maximum R - s q u a r e  i m p r ov e me n t  (MAXR) t e c h n i q u e ,

d e v e l o p e d  by James  H. G o o d n i g h t  (SAS U s e r ' s  G u i d e ) ,  i s

c o n s i d e r e d  s u p e r i o r  t o  t h e  STEPWISE t e c h n i q u e ,  and i s  

a l m o s t  a s  good a s  a l l  p o s s i b l e  r e g r e s s i o n .  U n l i k e  t h e
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BACKWARD and STEPWISE t e c h n i q u e s ,  t h i s  me t hod  d o e s  no t  

s e t t l e  on a s i n g l e  e q u a t i o n .  I n s t e a d ,  i t  l o o k s  f o r  t h e

" b e s t "  e q u a t i o n .

The BACKWARD s e l e c t i o n  s t r a t e g y  i s  a b a c k w a r d  e l i m i n a ­

t i o n  t e c h n i q u e .  I t  s t a r t s  w i t h  a l l  t h e  v a r i a b l e s ,  t h e n  

e a c h  s t e p  r emove s  t h e  l e a s t  s i g n i f i c a n t  v a r i a b l e  u n t i l  a l l  

v a r i a b l e s  a r e  s i g n i f i c a n t  a t  t h e  l i m i t  t o  s t a y .  The 

STEPWISE s e l e c t i o n  s t r a t e g y  i s  t h e  f o r w a r d  and  backward  

t e c h n i q u e .  I t  s t a r t s  o u t  and a c t s  l i k e  t h e  FORWARD

m e t h od .  However ,  a s  e a c h  v a r i a b l e  i s  e n t e r e d ,  t h e

p r o c e d u r e  d o e s  a b a c k wa r d  e l i m i n a t i o n  o f  any v a r i a b l e s

t h a t  have  become non s i g n i f i c a n t .  The a u t h o r  u s e s  t h e  

r e s u l t s  o f  t h e s e  two t e c h n i q u e s  a s  a d d i t i o n a l  r e f e r e n c e s ,  

w i t h  t h e  MAXR t e c h n i q u e .

In  t h e  s t e a m  d r i v e  p r o c e s s ,  t h r e e  s e l e c t i o n  s t r a t e g i e s  

we r e  u s e d  i n  c o o r d i n a t i o n  t o  f i n d  t h e  " g o o d n e s s - o f - f i t "  o f  

t h e  r e g r e s s i o n  e q u a t i o n s .  The f i n a l  r e g r e s s i o n  e q u a t i o n s  

a r e  l i s t e d  a s  f o l l o w s :

O i l  r e c o v e r y  (REC):  (85% R - s q u a r e )

= f (ROS, QNP,VISQ,VS, TS)

Steam i n j e c t i o n  r a t e  ( Q I N J ) :  (86% R - s q u a r e )

= f ( N P , V S , P I N J , R O S , Visa,TRS, PI S )

O i l  p r o d u c t i o n  r a t e  (QNP):  (99% R - s q u a r e )

= f (EH, ROS, REC, NP, VS, VI SO, TRS, PI S)  

I n j e c t i o n  p r e s s u r e  ( P I N J ) :  (93% R - s q u a r e )

= f (REC, VS, VISO,TS, ROS, NP)
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The f o r m u l a t i o n  i s  a l s o  a g r e e a b l e  f o r  RSQUARE 

p r o c e d u r e  p r e d i c t i o n .

I n  t h e  i n - s i t u  c o m b u s t i o n  r e g r e s s i o n  model  f o r m u l a ­

t i o n ,  t h e  p r o c e d u r e s  a r e  t h e  same a s  t h e  s t e a m  d r i v e  

r e g r e s s i o n  mode l  f o r m u l a t i o n . The i n - s i t u  c o m b u s t i o n  

r e g r e s s i o n  mode l s  f o r m u l a t i o n  a g a i n  i s  b a s e d  on t h e  

p r o c e s s  me chan i sm.  S i n c e  t h e  RSQUARE, MAXR and o t h e r  

p r o c e d u r e s  i n t e r p r e t a t i o n s  a r e  s i m i l a r  t o  t h e  s t ea m  d r i v e  

r e g r e s s i o n  m o d e l i n g ,  t h e  a u t h o r  p r e f e r s  t o  s u mma r i z e  t h e  

i n t e r p r e t a t i o n s  a s  f o l l o w s :

O i l  r e c o v e r y  (REC):  (97% R - s q u a r e )

=f(AOR,QNP,VISO,FB,CAI)

A i r  i n j e c t i o n  r a t e  ( QI NJ ) :  (73% R - s q u a r e )

=f (PINJ , NP, CAI , AOR, ASR, VISO)

O i l  p r o d u c i n g  r a t e  (QNP):  (80 .3% R - s q u a r e )

= f ( VB, REC, P I NJ , CAI , VI SO, NP)  

I n j e c t i o n  p r e s s u r e  ( P I N J ) :  (52 .5% R - s q u a r e )

=f (QINJ , REC, CAI , VISO,VB, NP, QNP)  

The above  f o r m u l a t i o n s  a r e  g e n e r a l l y  t r u e ,  b u t  t h e y  

a r e  n o t  f r e e  f rom s t a t i s t i c a l  p r o b l e m s ;  s u c h  a s  

m u l t i c o l l i n e a r i t y  and  o u t l i e r s .  T h e s e  p r o b l e m s  c a n  be  

h a n d l e d  t h r o u g h  t h e  p r o c e d u r e  REG wh i c h  i s  d i s c u s s e d  i n  

t h e  n e x t  s e c t i o n .
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3 . 3  P r o b l e m s  o f  L i n e a r  R e g r e s s i o n  A n a l y s i s  P r o c e d u r e s

I n  t h e  l a s t  s e c t i o n ,  t h e  f o r m u l a t i o n  was b a s e d  on t h e  

r e s e r v o i r  e n g i n e e r i n g  p r i n c i p l e  and mos t  o f  t h e  v a r i a b l e s  

w e r e  i n c l u d e d  i n  t h e  r e g r e s s i o n  mo de l .  However ,  a s i m p l e  

r e g r e s s i o n  e q u a t i o n  i s  a l wa y s  d e s i r a b l e  b e c a u s e  t o o  many 

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

s i o n  e q u a t i o n s ;  s u c h  a s  t h e  m u l t i c o l l i n e a r i t y  and o u t l i e r s .  

T h e s e  p r o b l e m s  a r i s e  when a r e g r e s s o r  v a r i a b l e  i s  n e a r l y  a 

l i n e a r  c o m b i n a t i o n  o f  o t h e r  r e g r e s s o r s ,  t h e n  t h e  p a r a m e t e r  

e s t i m a t e  f o r  i t  i s  n o t  s t a b l e .  A s m a l l  p e r t u r b a t i o n  o f  t h e  

d a t a  c a n  l e a d  t o  a l a r g e  c h a n g e  i n  t h e  e s t i m a t e s .  When t h e  

d a t a  a r e  n o t  a d e q u a t e  t o  e s t i m a t e  t h e  v a r i a b l e s  i n  t h e  

e q u a t i o n  v e r y  p r e c i s e l y ,  we ha ve  two c h o i c e s :

i ) . add more d a t a , o r ,

i i )  f i t  f e w e r  v a r i a b l e s  i n  t h e  e q u a t i o n .

F o r  t h e  f i r s t  c h o i c e ,  i t  i s  a l m o s t  i m p o s s i b l e  t o  

c o l l e c t  more d a t a  b e c a u s e  o f  t h e  a v a i l a b i l i t y  o f  t h e  

e n h a n c e d  o i l  r e c o v e r y  f i e l d  d a t a ,  and  t h e  a d d i t i o n a l  d a t a  

w i l l  w o r se n  t h e  o u t l i e r  p r o b l e m .  T h e r e f o r e ,  we t r y  t o  f i t  

f e w e r  v a r i a b l e s  i n t o  t h e  mode l .

I n  t h e  s t e a m  d r i v e  r e g r e s s i o n  m o d e l ,  some o f  t h e  

v a r i a b l e s  a r e  d r o p p e d  f rom t h e  e q u a t i o n s  i f  t h e s e  v a r i a b l e s  

a r e  l i n e a r  c o m b i n a t i o n s  o f  o t h e r  r e g r e s s o r s .  The o i l  

r e c o v e r y  (REC) i s  a l i n e a r  c o m b i n a t i o n  w i t h  o i l  s a t u r a t i o n
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p o r o s i t y  ( P I S ) ;  t h e r e f o r e ,  ( P I S)  i s  d r o p p e d  f rom t h e  o i l  

r e c o v e r y  r e g r e s s i o n  e q u a t i o n .  The o i l  r e c o v e r y  (REC) can 

be f u r t h e r  t e s t e d  w i t h  p r o c e d u r e  (REG) s u c h  a s :

PROC REG DATA = NEWl;
ID DBS;

MODEL REC = ROS QNP VISO TS EH/ PIR CLI
CLM TOL VIF COLLIN INFLUENCE;

OUTPUT OUT
OUT = CP=PRED L95=L95 U95=U95

R=RE5ID;
S i m i l a r l y ,  t h e  s t e a m i n j e c t i o n  r a t e  ( QI NJ ) ,  i n j e c t i o n  

p r e s s u r e  ( P I N J ) ,  and o i l  p r o d u c i n g  r a t e  (QNP) a r e  b e i n g  

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

To d i a g n o s e  c c l l i n e a r i t y ,  we go t h r o u g h  t h e  p r i n t o u t  

t o  s e e  i f  any o f  t h e  l a s t  few comment s  have  v e r y  h i g h  

c o n d i t i o n  i n d i c e s ,  s i n c e  t h e  c o n d i t i o n  i n d e x  i s  a m e a s u r e  

o f  how d e p l e t e d  e a c h  component  i s .  I f  two o r  more 

v a r i a b l e s  a c c o u n t  f o r  a h i g h  p r o p o r t i o n  o f  t h e i r  v a r i a n c e  

on t h e  same weak c o m p o ne n t ,  t h e n  t h i s  i s  where  t h e  

c o l l i n e a r i t y  p r o b l e m  l i e s .  The c o n d i t i o n  i n d e x  o f  o v e r  

7 , 0 0 0  and t h e  l o a d i n g  o f  o v e r  99.9% o f  t h e  v a r i a n c e  i s  

s t r o n g  e v i d e n c e  f o r  d i a g n o s i s  o f  c o l l i n e a r i t y .  L u c k i l y ,  

we do n o t  have  s uc h  a h i g h  c o n d i t i o n  i n d e x  i n  any o f  t h e  

r e g r e s s i o n  e q u a t i o n s  a f t e r  t h e  m o d i f i c a t i o n .  T h e r e f o r e ,  

t h e  new s t e a m d r i v e  r e g r e s s i o n  mode l  i s  e s t a b l i s h e d  a s  

f o l l o w s  :

O i l  r e c o v e r y :  REC =f (ROS,QNP,VISO,TS,EH)

Steam i n j e c t i o n  r a t e :  QINJ = f ( V S , N P , P I N J )

O i l  p r o d u c i n g  r a t e :  QNP =f (EH, ROS, TS,NP,VISO)

I n j e c t i o n  p r e s s u r e :  PINJ =f (REC,VS,VISO, TS,NP)
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I n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s ,  a s i m i l a r  t r e a t m e n t  

i s  a p p l i e d  f o r  t h e  r e g r e s s i o n  e q u a t i o n s  f o r m u l a t i o n s .  The 

REG p r o c e d u r e  i s  a l s o  u s e d  f o r  c h e c k i n g  o u t  t h e  

s t a t i s t i c a l  p r o b l e m s  s u c h  a s  m u l t i c o l l i n e a r i t y  and 

o u t l i e r s .  S i n c e  a s i m i l a r  e x p l a n a t i o n  c a n  be a p p l i e d  f o r  

t h e  i n - s i t u  c o m b u s t i o n  s t a t i s t i c a l  p r o b l e m s ,  a s i m p l i f i e d  

v e r s i o n  i s  w r i t t e n  f o r  t h e  f o r m u l a t i o n :

O i l  r e c o v e r y :  REC =f (AGR,QNP,VISO,FB,CAI)

A i r  i n j e c t i o n  r a t e :  QINJ = f ( P I N J , N P , CAI , AOR,ASR,VISO) 

O i l  p r o d u c i n g  r a t e :  QNP =f ( VB, REC, FB, PI NJ , V I SO, NP)  

I n j e c t i o n  p r e s s u r e :  P I N J = f ( Q I N J , R E C , C A I , VISO,VB,NP,QNP) 

F o r  a l l  t h e  a b o ve  r e g r e s s i o n  e q u a t i o n s ,  none  o f  t h e  

v a r i a n c e  i n f l a t i o n  and c o n d i t i o n  i n d e x  a r e  s i g n i f i c a n t l y  

l a r g e ,  and t h e y  f a l l  o u t  o f  t h e  r a n g e  l i m i t s .  F u r t h e r ­

more ,  t h e  p e r f o r m a n c e  mo d e l s  ha ve  be e n  s c r e e n e d  t h r o u g h  

t h e  i n p u t  d a t a .  T h e r e f o r e ,  t h e r e  a r e  no s i g n i f i c a n t  

o u t l i e r s  i n  t h e  s t e a m  d r i v e  p r o c e s s .

However ,  t h e  f o r m u l a t i o n s  a r e  n o t  c o m p l e t e d  f o r  b o t h  

p r o c e s s e s  b e c a u s e  some o f  t h e  d e p e n d e n t  v a r i a b l e s  i n  t h e  

e q u a t i o n s  a r e  a l s o  t h e  i n d e p e n d e n t  v a r i a b l e  i n  o t h e r  

r e g r e s s i o n  e q u a t i o n s .  T h i s  r e l a t i o n s h i p  among t h e  

v a r i a b l e s  w i l l  a c c u m u l a t e  s t a t i s t i c a l  e r r o r s .  T h e r e f o r e ,  

t h e  s i m u l t a n e o u s  e q u a t i o n s  r e g r e s s i o n  t e c h n i q u e  h as  t o  

a p p l y  f o r  s t a t i s t i c a l  a n a l y s i s .  T h i s  r e g r e s s i o n  t e c h n i q u e  

w i l l  be d i s c u s s e d  i n  d e t a i l  i n  t h e  n e x t  s e c t i o n .
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3.4 System Regression Analysis Procedures

From t h e  RSQUARE, STEPWISE and REG p r o c e d u r e s ,  we were  

o n l y  c o v e r i n g  t h e  f o r m u l a t i o n  o f  t h e  l i n e a r  r e g r e s s i o n

e q u a t i o n s .  The a c c u r a c y  o f  p r e d i c t i o n  h a s  n o t  been

c o n s i d e r e d .  I n  t h i s  p a r t i c u l a r  r e g r e s s i o n  s y s t e m ,  t h e  

m o d e l ' s  d e p e n d e n t  v a r i a b l e s  a r e  a l s o  t h e  i n d e p e n d e n t

v a r i a b l e s  o f  o t h e r  r e g r e s s i o n  e q u a t i o n s ;  t h e r e f o r e ,  t h e

i n t e r d e p e n d e n t  r e l a t i o n s h i p s  a r e  e s t a b l i s h e d  among t h e

e q u a t i o n s .  T h e s e  r e l a t i o n s h i p s  c a u s e  more s e r i o u s  r e g r e s ­

s i o n  e r r o r s  . T h e r e f o r e ,  t h e  r e g r e s s i o n  e q u a t i o n s  i n  one 

s y s t e m ,  s uc h  a s  t h e  s t e a m  d r i v e  p r o c e s s ,  h a v e  t o  r u n  s i m u l ­

t a n e o u s l y .  The s y s t e m  r e g r e s s i o n  m o d e l i n g  i s  a l w a y s  u sed

i n  e c o n om i c  s t a t i s t i c a l  a n a l y s i s ;  h e n c e ,  t h i s  r e g r e s s i o n

m o d e l i n g  i s  c a l l e d  e c o n o m e t r i c s .

I n  t h e  SAS p a c k a g e ,  t h e  SYSREG p r o c e d u r e  (SYStems

R E G r e s s i o n )  i s  t h e  r e g r e s s i o n  t e c h n i q u e ;  b u t  t h i s

p r o c e d u r e  h a s  t o  be  s u p p l e m e n t e d  w i t h  o t h e r  a n a l y t i c a l

p r o c e d u r e s .  T h e r e f o r e ,  a l l  t h e  r e g r e s s i o n  a n a l y s i s

p r o c e d u r e s  h a v e  t o  go t h r o u g h  a number  o f  s t e p s .

3 . 4 . 1  S o r t i n g  t h e  d a t a  by d i f f e r e n t  t i m e s t e p s

S i n c e  t h e  p e r f o r m a n c e  m o d e l s  o f  two p r o c e s s e s  a r e

b e i n g  r un  i n  12 - mo n t h  t i m e s t e p s ,  t h e  r e g r e s s i o n  m o de l s  a r e
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f o r m u l a t e d  f o r  d i f f e r e n t  t i m e s t e p s .  I n  t h i s  s t e p ,  t h e

m o d e l s  a r e  f o r m u l a t e d  f o r  d i f f e r e n t  t i m e s t e p s  s u c h  a s :

DATA TIMEl;
SET ORIGINAL:

IF TIME = 1 THEN OUTPUT TIMEl;
DATA ORIGM

(RENAME = (VIS0=Z1 EH=Z2 R0S=Z3 QINJ=Z4 QNP=Z5 
PINJ=Z6 REC=Z7 NP=Z8 VS=Z9 TS=210 TRS=Z11 

P I S = Z 1 2 ) ) ;
SET TIMEl;

3 . 4 . 2  N o r m a l i z e  a l l  t h e  v a r i a b l e s  i n t o  same m a g n i t u d e

We b e g i n  o u r  r e g r e s s i o n  a n a l y s i s  by c o n s i d e r i n g  t h e  

u n i t s  o f  a l l  t h e  v a r i a b l e s .  I n  T a b l e  3 . 1 ,  t h e  s t e a m  d r i v e  

p a r a m e t e r s  a r e  l i s t e d  o u t  i n  t h e  mean v a l u e .

T a b l e  3 . 1  Mean o f  s t e a m  d r i v e  p a r a m e t e r s

VABI&BLE LABEL HEAN

B1
B2
B3
B4
B5
B6
B7
B8
B9
BIO
B11
B12

VISCOSITY(CP) 3 8 3 . 8 7 5 9 0 9
THEBMAL EPP.  1%) 9 8 . 7 2 7 2 7 3
OIL STEAK BATIO 0 . 6 7 0 0 0 0
STEAK INJ B A T E iB /D / i )  9 9 2 . 7 2 7 2 7 3
PBOD BATE(B/0)  6 5 0 . 9 2 9 5 4 5
I S J  P B ESS.( PSIA )  5 6 2 . 7 5 5 2 2 7
OLT BECOVEBT(X) 2 3 . 4  5 4 5 4 5
COM OIL PBOD(HBBL) 3 9 1 8 5 . 7 4 6 1 3 6
VOL STEAK BEQD{HCP) 3 3 7 5 1 7 . 2 7 2 7 2 7
STEAM TEKP(0£G F) 4 4 4 . 9 1 3 4 0 9
TBAHSHISSIBILITT 2 2 0 1 . 4 9 0 0 0 0
POBOSITY*OIL SAT 2 3 0 4 . 6 2 8 4 0 9
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The v a l u e s  have  s e v e r a l  d e g r e e s  o f  m a g n i t u d e  d i f f e r e n c e .  

F o r  e x a m p l e ,  mean v a l u e  o f  volume s t e a m r e q u i r e d ( M C F )  i s  

1 , 0 0 0 , 0 0 0  d i f f e r e n c e  f o r  o i l - s t e a m  r a t i o  ( B / B ) .  I t  i s

n e c e s s a r y  t o  p u t  them i n t o  t h e  same m a g n i t u d e  b e f o r e  we do 

t h e  r e g r e s s i o n  a n a l y s i s ;  o t h e r w i s e ,  t h e r e  w i l l  be 

s i g n i f i c a n t  f i g u r e  p r o b l e m s  i n  t h e  f i n a l  r e s u l t s .

IF _N_ =1 THEN SET STDM:
SET ORIGM;

ARRAY 0RIGI3 ( I )  R1-R13;
ARRAY MEA13 ( I )  M1-M13;

ARRAY STDM13 ( I )  S1 - S1 3 ;
ARRAY ZVAL13 ( I )  Z1-Z13;

DO 1=1 TO 13;
ZVAL13=(0RIG13-MEA13)/STDM13;

END;

A l l  t h e  r e g r e s s i o n  e q u a t i o n s  i n t e r c e p t s  were  b e i n g

m i n i m i z e d  t o  s uch  a d e g r e e  t h a t  t h e y  can  be removed from 

t h e  e q u a t i o n s .  The a d v a n t a g e  i s  t h a t  t h e y  have  no 

i n t e r c e p t s  b e c a u s e  t h e  o b j e c t i v e  f u n c t i o n s  c a n n o t  have

c o n s t a n t  v a l u e s  i n  t h e  e o u a t i o n s ;  o t h e r w i s e ,  t h e  o p t i m i z e d  

r e s u l t s  c o u l d  be v e r y  m i s l e a d i n g .

3 . 4 . 3  Sys t em R e g r e s s i o n  M o d e l i n g  T e c h n i q u e

One s y s t e m  o f  s i m u l t a n e o u s  e q u a t i o n s  i s  u s e d  t o  model  

t h e  b e h a v i o r  o f  e a c h  t h e r m a l  r e c o v e r y  p r o c e s s .  The SYSREG

(SYStems  R EG r es s i o n )  i s  s p e c i a l i z e d  i n  h a n d l i n g  t h e  l i n e a r

s y s t e m  o f  e q u a t i o n s .  L i k e  t h e  o t h e r  r e g r e s s i o n  p r o c e d u r e s ,  

SYSREG e s t i m a t e s  p a r a m e t e r s  i n  l i n e a r  m o d e l s  by l e a s t  

s q u a r e s .  When t h e r e  i s  a s y s t e m  o f  s i m u l t a n e o u s  e q u a t i o n s
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f o r  m o d e l i n g  t h e  b e h a v i o r  o f  a p r o c e s s  ( M a d d a l a ^ ^ ,  

1 9 7 7 ) ,  t h e  d e p e n d e n t  v a r i a b l e s  f rom one  e q u a t i o n  a p p e a r  a s  

r e g r e s s o r s  i n  o t h e r  e q u a t i o n s .  O r d i n a r y  l e a s t  s q u a r e s  

(GLS) e s t i m a t e s  c a n  be  i n c o n s i s t e n t .  T h e r e f o r e ,  t h e  

t h r e e - s t a g e  l e a s t  s q u a r e s  method i s  u s e d .

I n  t h e  s y s t e m  m o d e l i n g ,  t h e  i n d e p e n d e n t  v a r i a b l e s  a r e  

known a s  e x o g e n o u s  and t h e  d e p e n d e n t  v a r i a b l e s  a r e  known 

a s  e n d o g e n e o u s .  S i n c e  some o f  t h e  v a r i a b l e s  a r e  i n t e r ­

d e p e n d e n t ,  t h e  e x o g e n o u s  and e n d o g e n o u s  v a r i a b l e s  a r e  

f o r m u l a t e d  i n t o  g r o u p s  a s  i n  t h e  s t e a m  d r i v e  p r o c e s s :

PROC SYSREG OUTEST=OPS;
BLOCK QNP QINJ REC TS = ROS VISO TS VS NP

TRS EH PIS REC QINJ QNP PINJ ;
PRODRATE

MODEL QNP=EH VISO TS REC P I S ;
STEAMINJ;

MODEL 
RECOVERY 

MODEL 
INJPRESS;

MODEL PINJ=TS VISO VS TRS;
A s i m i l a r  s y s t e m  model  can  be b u i l t  f o r  t h e  i n - s i t u

QINJ=VS NP TRS;

REC=QNP ROS NP VISO P I S ;

c o m b u s t i o n  p r o c e s s :

PROC SYSREG OUTEST=OPS;
BLOCK REC QINJ QNP PINJ=VISO FB CAI NP AOR ASR

VB REC QINJ QNP PINJ PIS TRS;
RECOVERY:

MODEL REC = AOR PIS FB CAI;
INJRATE:

MODEL QINJ=PINJ VISO CAI NP ASR TRS PIS  AOR; 
PRODRATE:

MODEL QNP=VB REC PINJ CAI VISO NP;
PRESSING:

MODEL PINJ=CAI VISO VB AOR NP QNP TRS;

The r e s u l t s  o f  t h e  r e g r e s s i o n  m o d e l i n g  a r e  v e r y  

e n c o u r a g i n g .  The w e i g h t e d  R - s q u a r e  f o r  t h e  s t e a m d r i v e
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p r o c e s s  m o d e l i n g  s y s t e m  t u r n e d  o u t  t o  be i n  t h e  89% t o  97% 

r a n g e  and  t h e  w e i g h t e d  R - s q u a r e  f o r  t h e  i n - s i t u  c o m b u s t i o n  

m o d e l i n g  was f o u nd  t o  be  i n  t h e  80% t o  99.9% r a n g e .

3 . 4 . 4  Graph  p l o t t i n g  o f  t h e  r e g r e s s i o n  m o d e l s

R e g r e s s i o n  s t a t i s t i c s  a r e  c o mp u t e d  u n d e r  t h e  a s s u m p t i o n  

t h a t  t h e  model  i s  c o r r e c t l y  s p e c i f i e d .  However ,  t h i s  i s  

n o t  a l w a y s  t r u e  u n l e s s  we ha v e  some means  t o  c h e c k  t h e  

a c c u r a c y  o f  t h e  m o d e l s .  The r e s i d u a l s  show what  r e m a i n s  

a f t e r  we t r i e d  t o  a c c o u n t  f o r  t h e  b e h a v i o r  o f  t h e  r e s p o n s e  

w i t h  t h e  mode l .  When t h e  d a t a  d o e s  n o t  f i t  t h e  model  v e r y  

w e l l ,  t h e  r e s i d u a l s  show how t h e  mode l  f a i l e d .  S ome t i me s  

t h e  r e g r e s s i o n  s t a t i s t i c s  i n d i c a t e s  h i g h l y  s i g n i f i c a n t  

e s t i m a t e s ,  b u t  a l o o k  a t  t h e  r e s i d u a l s  w i l l  r e v e a l  t h e  

d e f i c i e n c i e s  o f  t h e  f i t .

F o r  e x a m p l e :

PROC GPLOT;
PLOT QNPRES*QNPHAT=TIME/VP0S=22 HPOS=100 VREF=0

HAXIS=-1.5  TO 1 . 5  BY . 1 ;
SYMBOLl I=NONE V=STAR

TITLEl  .C=5 .H=2 .F=TITALIC RESIDUAL
VALUE VS PREDICTED VALUE;

I n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s ,  t h e  r e s i d u a l  v a l u e

v e r s u s  t h e  p r e d i c t e d  v a l u e  p l o t s  i n d i c a t e  t h e  r e g r e s s i o n

e q u a t i o n s  have  a r e a s o n a b l e  f i t ,  i . e . ,  t h e  r e s i d u a l  v a l u e s

a r e  d i s t r i b u t e d  a l o n g  b o t h  s i d e s  o f  t h e  z e r o  h o r i z o n t a l

a x i s ,  ( shown i n  F i g u r e  3 . 2  and  F i g u r e  3 . 3 ) .  S i m i l a r

r e s i d u a l s  p l o t  p a t t e r n s  show i n  e a c h  o f  t h e  d i f f e r e n t

t i m e s t e p s .
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In  t h e  s t e a m  d r i v e  p r o c e s s ,  t h e  r e s i d u a l s  p l o t s  a r e

a l s o  s a t i s f a c t o r y  ( F i g u r e s  3 . 4  and 3 . 5 ) .  However ,  t h e

s t e a m i n j e c t i o n  r a t e  and i n j e c t i o n  p r e s s u r e  r e s i d u a l  p l o t s  

a r e  shown i n  s p e c i a l  d i s t r i b u t i o n  t r e n d s .  The i n j e c t i o n  

r a t e  i s  i n  an e x t r e m e l y  n a r r o w  r a n g e ,  i . e . ,  a b o u t  1 , 0 0 0  

B/D f o r  d i f f e r e n t  t i m e s t e p s .  T h e r e f o r e ,  a n a r r o w  t r e n d  f o r  

r e s i d u a l  v a l u e s  i s  f ou n d  f o r  r e g r e s s i o n .  The n a r r o w  r a n g e  

i n  t h e  d e p e n d e n t  v a r i a b l e  do e s  n o t  a c t u a l l y  a f f e c t  t h e

p r e d i c t i o n ,  wh ich  was p r o v e d  b o t h  i n  t h e  p r e d i c t i o n  p l o t  

and t h e  p r e d i c t i o n  c a l c u l a t i o n  i n  t h e  n e x t  s e c t i o n .  The 

i n j e c t i o n  p r e s s u r e  r e s i d u a l s  p l o t  shows t h a t  a q u a d r a t i c  

t e r m  may ne e d  t o  be i n c l u d e d  i n  t h e  r e g r e s s i o n  e o u a t i o n ,

b e c a u s e  t h e  e x p o n e n t i a l  t e r m  and e r r o r  f u n c t i o n  were  u s e d  

i n  t h e  p e r f o r m a n c e  s t e a m  d r i v e  m o d e l .  S i n c e  t h e  

p r e d i c t i o n  i s  r e a s o n a b l y  a c c e p t a b l e ,  t h e  q u a d r a t i c  t e r m  i s  

n o t  n e c e s s a r i l y  i m p r o v i n g  t h e  p r e d i c t i o n .  T h e r e f o r e ,  t h i s  

q u a d r a t i c  t e r m  i s  n e g l e c t e d  and t h e  r e g r e s s i o n  e q u a t i o n  

e a s i l y  i n c l u d e d  i n t o  t h e  s y s t e m  r e g r e s s i o n  a n a l y s i s .  

Thes e  s t e a m  d r i v e  r e s i d u a l s  p l o t s  a r e  s i m i l a r  f o r  e a c h  o f  

t h e  t i m e s t e p s .
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I n  a s i m p l e  l i n e a r  r e g r e s s i o n ,  we c a n  p l o t  t h e  

p r e d i c t e d  v a l u e s  a g a i n s t  t h e  i n d e p e n d e n t  v a r i a b l e  and 

j u d g e  t h e  f i t  by l o o k i n g  a t  t h e  p l o t .  I n  m u l t i p l e  

r e g r e s s i o n ,  t h i s  i s  n o t  p o s s i b l e  s i n c e  t h e  d a t a  a r e  

s c a t t e r e d  i n  more t h a n  two d i m e n s i o n s  o f  t h e  p l o t .  

T h e r e f o r e ,  we can  do a 95% c o n f i d e n c e  l i m i t s  p a r t i a l  p l o t  

o f  t h e  p r e d i c t e d  v a l u e  v e r s u s  t h e  p r e d o m i n a t e  i n d e p e n d e n t  

v a r i a b l e  i n  t h e  r e g r e s s i o n  m o d e l ,  e . g . ,  o i l  p r o d u c i n g  r a t e  

v e r s u s  volume b u r n e d  i n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s .  

The SAS p r og r a m i s  w r i t t e n  f o r  b o t h  p r o c e s s e s ,  such  as  

i n - s i t u  c o m b u s t i o n  p r o c e s s :

PROC GPLOT;
PLOT QNPHA*VB/VP0S=22 HP0S=100;

SYMBOLl I=RL0CLI95 V=SQUARE;
TITLEl  .C=NONE .H=2 . f=TITALIC PRODRATE

VS VOL BURNED;
FOOTNOTE.M=(26,3 5 ) .C=NONE .F=TITALIC WITH 95

CONFIDENCE LIMITS;

The p a r t i a l  p r e d i c t i o n  p l o t s  a r e  good f o r  t h e  i n - s i t u  

c o m b u s t i o n  p r o c e s s  ( F i g u r e s  3 . 6  and 3 . 7 ) .  The p r e d i c t e d

v a l u e s  a r e  w i t h i n  95% c o n f i d e n c e  l i m i t s .  I n  t h e  s t e a m

d r i v e  p r o c e s s ,  t h e  p a r t i a l  p r e d i c t i o n  p l o t  f o r  s t e a m i n j e c ­

t i o n  r a t e  i s  a b n o r m a l .  The c a u s e  f o r  t h i s  was e x p l a i n e d

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

v e r y  n a r r o w  r a n g e .  T h e r e f o r e ,  a z - v a l u e  i n j e c t i o n  r a t e  i s  

p l o t t e d  v e r s u s  volume o f  s t e a m  r e q u i r e d  i n d i c a t i n g  t h e  

p r e d i c t i o n  d o e s  f a l l  w i t h i n  95% c o n f i d e n c e  l i m i t s .  (The

s t e a m  d r i v e  p r e d i c t i o n  p l o t s  a r e  shown i n  F i g u r e s  3 . 8  and 

3 . 9 ) .
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3.4.5 Use of the actual input values to do prediction
T h i s  p r o c e d u r e  i s  a c t u a l l y  u s e d  t o  do p r e d i c t i o n s  i n  

a l l  t h e  r e g r e s s i o n  e q u a t i o n s .  I n  t h i s  c a s e ,  we can  

v i s u a l i z e  how good o ur  mode l s  can  be .

I n  t h e  SAS m o d e l i n g  p r o c e d u r e s  (SAS U s e r s '  G u i d e ) ,  

t h e r e  i s  a SIMLIN p r o c e d u r e  t o  do p r e d i c t i o n s  by 

s i m u l a t i o n .  However ,  t h i s  p r o c e d u r e  d o e s  n o t  s u i t  o u r  

p u r p o s e  b e c a u s e  t h e  p r o c e d u r e  u s e s  t h e  s i m u l a t e d  r e s u l t s  

wh ich  a c c u m u l a t e d  t h e  p r e d i c t i o n  e r r o r s .

I n  t h i s  d i s s e r t a t i o n ,  t h e  SAS'  p o w e r f u l  macro 

c a p a b i l i t y  i s  u s ed  t o  p r og r am t h e  p r e d i c t i o n  a l g o r i t h m  a s  

f o l l o w s  :

i )  R e s e t  a l l  t h e  r e g r e s s i o n  e q u a t i o n ' s  c o e f f i c i e n t s  

i n t o  an a r r a y ,  and s t r i p  o f f  t h e  u n n e c e s s a r y  

co l umns  f rom t h e  a r r a y .  Then ,  t h e  c o e f f i c i e n t s  

o f  t h e  v a r i a b l e s  a r e  p i c k e d  up f rom t h e  a r r a y  and 

d a t a s e t .

DATA NUMERIC;
SET 0P5(FIRST0BS=9)  ;
DROP _TYPE_ _MQDEL_ _SIGMA_;

DATA FIELDS;
FORMAT SERIES E l O . ;

ARRAY ALLPARMS(P)
PINJ QINJ REC CAI VISO ASR VB AOR NP FB 
ONP PIS TRS INTERCEP;

SET NUMERIC;
DO P=1 TO 14;

SERIES = ALLPARMS;
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OUTPUT; END;
DROP PINJ QINJ REC CAI VISO ASR VB AOR NP 

FB QNP PIS TRS INTERCEP;

DATA PARMS:
SET FIELDS;

IF SERIES=.  OR SERI ES=- 1 . 0  THEN DELETE;
DATA OUTPARM;

FORMAT P1-P29  E l O . ;
ARRAY OUTPARMS(Q) P 1 - P2 9 ;

DO OVER OUTPARMS;
SET PARMS;

OUTPARMS=SERIES;
END;

DROP Q P SERIES;

i i )  Th o s e  c o e f f i c i e n t s  a r e  s u b s t i t u t e d  i n t o  t h e  

o r i g i n a l  r e g r e s s i o n  e q u a t i o n s  f o r m u l a t e d .

DATA FINAL;
IF _N_ =1 THEN SET OUTPARM;

SET ECOM;
RECHAT = P1*CAI +P2*A0R + P3*FB +P4*PIS;

RECRES= REC -  RECHAT;
QINJHA = P6*PINJ  + P7*CAI +P8*VIS0 +P9*ASR + 

P10*A0R +P11*NP +P12*TRS +P13*PIS;  
QINJRE = QINJ -  QINJHA;

QNPHAT = P15*PINJ  +P16*REC +P17*CAI +
P18*VIS0 +P19*VB +P20*NP;
QNPRES = QNP -  QNPHAT;

PINJHA = P22*CAI +P23*VIS0 +P24*VB +P25*A0R 
+P26*NP +P27*QNP +P28*TRS;
PINJRE = PINJ  -  PINJHA; 

i i i )  C o n v e r t  t h e  n o r m a l i z e d  v a l u e s  back  i n t o  t h e

o r i g i n a l  v a l u e s .

DATA REVERSE;
IF _N_=1 THEN SET STDM;

SET FINAL:
ARRAY 0 R I G 1 3 ( I )  R1-R13;

ARRAY MEA13(I)  M1-M13;
ARRAY STDM13(I)  S1 - S1 3 ;

ARRAY ZVAL13(I)  RECHAT AORHAT
QNPHAT FB CAI NP PINJHA VISO VB
PIS  TRS ASR;
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DO 1=1 TO 13;
ORIG 13=(ZVAL13*STDM13) + MEA13;

END;

A s i m i l a r  p r og r am was w r i t t e n  f o r  t h e  s t e a m d r i v e  

p r o c e s s .

3 . 4 . 6  Check t h e  t i m e  s e r i a l  o f  t h e  r e g r e s s i o n  mode l s

I n  t h e  p e r f o r m a n c e  m o d e l s ,  t h e  p r o c e s s  p a r a m e t e r s  were  

b e i n g  e s t i m a t e d  i n  c o n t i n u o u s  t i m e s t e p s ,  and  t h e  r e s u l t s  

were  o n l y  p r i n t e d  o u t  i n  12 t i m e s t e p s  f o r  a o n e - y e a r  

p e r i o d .  T h e r e f o r e ,  t h e r e  i s  a c t u a l l y  o n e - m o n t h  v a r i a t i o n  

i n  e a c h  t i m e s t e p  which  c o u l d  c a u s e  t i m e  s e r i a l  p ro b l e m i n  

t h e  r e g r e s s i o n  m o d e l s .  The AUTOREG p r o c e d u r e  e s t i m a t e s  

p a r a m e t e r s  i n  r e g r e s s i o n  mode l s  when t h e  d a t a  i s  a t i m e  

s e r i e s  and t h e  e r r o r  t e r m  i s  an a u t o r e g r e s s i v e  p r o c e s s .  

T h e r e f o r e ,  t h e  AUTOREG p r o c e d u r e  can  be u s e d  t o  c h e c k  t h e  

p o s s i b l e  t i m e  s e r i a l  p r o b l e m  i n  t h e  r e g r e s s i o n  m o d e l s .  

The SAS p r og r a m  i s  w r i t t e n  f o r  t h i s  p u r p o s e  f o r  t h e  

i n - s i t u  c o m b u s t i o n  p r o c e s s  a s  :

PROG AUTOREG DATA=AUTO;
MODEL REC = AOR QNPHAL VISO FB CAI NP/NLAG =13 

BACKSTEP;
MODEL QINJ=PINJHL NP CAI ASR VIS0/NLAG=13 

BACKSTEP;
MODEL QNP=VB RECHAL PINO CAI VISO NP/NLAG=13 

BACKSTEP;
MODEL PINJ=QINOAL RECHAL CAI VISO VB NP

QNPHAL/NLAG=13 BACKSTEP;

A s i m i l a r  p r og r am was a l s o  w r i t t e n  f o r  t h e  s t e a m d r i v e  

p r o c e s s s .  The p r og r am  o p t i o n s  a r e  s p e c i f i e d  a s :
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NLAGF=13 s p e c i f i e d  t h e  o r d e r  o f  a u t o r e g r e s s i v e  

p r o c e s s .  He r e  we s p e c i f y  1 / 3  o f  o ne - m o n t h  t i m e  wh i ch  i s  

l o n g  enough  t o  c h e c k  t h e  p r o b l e m .  I n  t h e  s t e a m d r i v e  

p r o c e s s ,  t h e  i n j e c t i o n  p r e s s u r e  r e g r e s s i o n  e q u a t i o n  shows 

t h a t  t h e  f i r s t  t i m e  l a g  s t a n d a r d  d e r i v a t i o n  ' i s  s i g n i f i c a n t  

which  i s  c o n s i s t e n t  w i t h  t h e  r e s i d u a l s  p l o t  i n  s e c t i o n  

3 . 4 . 4 .  T h i s  d e v i a t i o n  i n d i c a t e s  t h a t  a q u a d r a t i c  t e r m  may 

be n e e d e d  t o  i m p r o v e  t h e  t i m e  s e r i a l  c h a n g e .  S i n c e  o n l y  

t h e  f i r s t  t i m e  l a g  h a s  t h i s  p r o b l e m ,  we do n o t  n e e d  t o  p u t  

i n  an e x t r a  t e r m  f o r  i m p r o v e m e n t .  S i m i l a r l y ,  t h e  i n - s i t u  

c o m b u s t i o n  p r o c e s s '  o i l  r e c o v e r y  r e g r e s s i o n  e q u a t i o n  shows 

t h a t  t h e  f i r s t  t i m e  l a g  s t a n d a r d  d e r i v a t i o n  i s  s i g n i f i c a n t  

which  a l s o  c a n  be  n e g l e c t e d .  A l l  t h e  o t h e r  e q u a t i o n s  

s t a n d a r d  d e v i a t i o n s  a r e  z e r o  i n  a l l  t i m e  l a g .  BACKSTEP 

r e q u e s t s  t h a t  AUTOREG remove  a u t o r e g r e s s i v e  p a r a m e t e r s  i f  

t h e y  a r e  n o t  s i g n i f i c a n t .

The AUTOREG p r o c e d u r e  i n d i c a t e s  t h a t  t h e r e  i s  no t i m e  

s e r i a l  p r o b l e m  i n  t h e  r e g r e s s i o n  m o d e l s  f o r  b o t h  p r o c e s s e s .  

T h e r e f o r e ,  t h e  r e g r e s s i o n  mode l s  a r e  " good"  enough  f o r  t h e  

o b j e c t i v e  f u n c t i o n s  i n  t h e  o p t i m i z a t i o n  m o d e l s .  The 

a l g o r i t h m s  o f  t h e  r e g r e s s i o n  mode l  b u i l d i n g  a r e  o u t l i n e d  

i n  t h e  f o l l o w i n g  f l o w c h a r t  ( F i g u r e  3 . 1 0 ) .
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3.4.7 One Timestep Regression Modeling Results

From t h e  p r e v i o u s  s e c t i o n s ,  t h e  r e g r e s s i o n  mode l s  a r e  

shown t o  be t h e  b e s t - f i t t e d  f o r m u l a t i o n s .  They can  be  u s e d  

f o r  f u r t h e r  a p p l i c a t i o n s ,  s uc h  a s  o b j e c t i v e  f u n c t i o n s  f o r  

t h e  o p t i m i z a t i o n  m o d e l .  I n  T a b l e  3 . 2 ,  t h e  p a r a m e t e r  

e s t i m a t e s  a r e  i n  t h e  n o r m a l i z e d  z - v a l u e s .

T a b l e  3 . 2  T h i r d  T i m e s t e p  R e g r e s s i o n  R e s u l t s

aODEl: BSCOTEET
BEB TIB : BBC

TIEIEBLE DF
INTERCEPT 
EOOI.OHF 
E001. BOS 
T I5 0  
P IS

PISAHETEB
ESTIBITE

2 .7 5 8 9 9 E -1 5
0 .2 4 7 2 9 1
0 .5 7 3 2 8 7
0 .0 4 * 5 8 7

- 0 .5 5 6 2 1 2

BODEL: STIAMINJ
OEF TAB: QINJ

PARAMETER
TAEIABLE DF ESTIMATE

INTERCEPT 1 5 .5 7 9 1 7 8 -1 6
IS 1 0 .1 7 8 8 0 7
NP 1 - 0 .  197262
TBS 1 0 .0 8 6 2 8 3

BOSEL: CIIPBCDN
DEP TAB: QNP

PARAMETER
TABIAEL2 DF ESTIMATE

INTERCEPT 1 -3 .4 1 5 2 8 E -1 5
IB 1 0 .2 1 9 5 1 7
PXSO 1 -0 .0 3 5 8 8 8
E001.TS 1 -0 .4 8 1 2 3 5
REC 1 0 .3 3 8 1 0 3
P IS 1 0 .5 3 7 7 6 7

MODEL: INJPBESS
SEP TAB: PIN J

PARAMETER
TAEIABLE DF ESTIMATE

INTERCEPT 1 -2 .0 7 1 7 9 E -1 5
1 0 0 1 .IS 1 0 .9 6 1 3 2 6
TISO 1 0 .0 5 6 3 6 3
T5 1 0 .0 4 8 2 1 8
1RS 1 -0 .0 2 9 6 2 6

BODEL: BECOPEBT 
DEP PAN: NEC

PABXABLE DF

XNTEECBPT 1 
BOB 1 
PXS 1 
IB  1 
CAX 1

PARAMETER
ESTIMATE

2 . 8Ô893E-1S 
-0 .9 1 3 5 6 5  
-0 .6 8 4 3 1 7  

0 .0 4 4 5 5 9  
• 0 .3 4 8 3 1 0

BODEL: INJBATE
BBP TAB: QINJ

PABAHETER
PABXABLE DF ESTIMATE

INTERCEPT 1 -3 .5 2 6 7 4 1 -1 7
1 0 0 1 .PINJ 1 •0 .0 3 1 2 4 6
PXSO 1 0 .0 3 2 5 0 1
CAI 1 0 .7 5 1 5 3 2
NP 1 0 .2 2 0 2 7 1
ASB 1 -0 .0 3 2 4 2 2
INS 1 0 .0 6 3 5 4 2
PXS 1 -0 .0 0 4 0 0 7 9 3
BOB 1 0 .0 4 6 5 4 3

BODEL: 
EBP TAB:

TIIIEBLE

PB00R2IE
DBP

BF

INTERCEPT
PB
B001.EEC
B 001.PIK J
CEI
pxso
BP

BBP TIB : PXBJ

P U X IB IE

3BTB1CEPT
CIX
PXSO
PB
BOB
BP
1 0 0 1 .QRP 
TBS

DF

PIBEBETSE
ZSIIM&TE

1 .4 5 9 7 0 1 -1 6  
0 .1 3 9 2 7 6  

-0 .1 6 3 3 9 7  
-0 .0 4 3 9 0 3  

0 .0 8 5 7 0 3  
0 .0 2 9 9 4 P 
0 .9 3 3 2 1 8

PBEABSTEB
ESTIMATE

■ 7.1 1 3 6 * 1 -1 8
-0 .5 8 3 8 5 9

0 .2 3 6 9 9 0
0 .6 7 7 2 3 6
0 .0 1 2 5 1 9
0 .9 6 2 5 4 9

-0 .0 9 4 7 0 1
0 .7 1 3 1 ^ 9
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Those  p a r a m e t e r  e s t i m a t e s  a r e  b e i n g  u s e d  a s  t h e  

c o e f f i c i e n t  c o n s t a n t s  i n  t h e  r e g r e s s i o n  e q u a t i o n s .  Note  

t h a t  a l l  t h e  i n t e r c e p t s  a r e  n e g l i g i b l y  s m a l l  and t h e y  a r e  

b e i n g  e x c l u d e d  f rom t h e  e q u a t i o n s .

I n - s i t u  Combus t i on  P r o c e s s :

O i l  r e c o v e r y :  REC = -G.918565A0R -  Ü . 684817PI S  +
G.G44559FB + G.348810CAI 

I n j e c t i o n  r a t e :  QINJ = - G . G31246PINJ + .G325G1VIS0
+ .751532CAI + .22G271NP -  .G32422ASR 

+ .G63542TRS -  .GG4GG79PIS + G.G46543AGR 
P r o d u c t i o n  r a t e :  QNP = G.138276VB -  G.16G397Rec -

.G439G3PINJ + .G857GGCAI + .G29948VISG 
+ G.933218NP

I n j e c t i o n  p r e s s u r e :  PINJ = -G.583858CAI  + .23699VISG 
+ .6772G6VB + .012519AGR + G.462549NP 
-G.G947G1QNP + G.713179TRS

Steam O r i v e  P r o c e s s :

G i l  r e c o v e r y :  Rec = G.247291QNP +G.573287RGS + 
G.G44587VISG -  G . 5 5 6 2 1 2 PI S  

I n j e c t i o n  r a t e :  QNP = G.1788G7VS -  G.197262NP + 
G.G86283TRS

P r o d u c t i o n  r a t e :  QNP = G.219517EH -  G.G35888VISG - 
G.481235TS +G.3381G8REC +G. 537787PIS  

I n j e c t i o n  p r e s s u r e :  PINJ = G.961326TS + G.G56363VISG 
+ G.G48218VS -  G.G29626TRS 

T h i s  t i m e s t e p  i s  o n l y  u s e d  a s  an i l l u s t r a t i o n .  T o t a l

12 s e t s  o f  r e g r e s s i o n  e q u a t i o n s  w i l l  be u s e d  a s  t h e

o b j e c t i v e  f u n c t i o n s  f o r  t h e  o p t i m i z a t i o n  mode l .
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IV. OPTIMIZATION MODEL FORMULATION FOR HEAVY OIL RECOVERY

A . l  I n t r o d u c t i o n

The t e r m  " h e a v y  o i l "  u s u a l l y  i m p l i e s  c r u d e  o i l  h a v i n g

an API g r a v i t y  o f  25°  o r  l e s s  (D i e t z ma n ^ ®,  1965;  a n d ,
25F a r o u q  A l l  , 1 9 7 4 ) .  However ,  s e m i - s o l i d  h y d r o c a r b o n s

( e . g . ,  b i t u m e n  i n  t a r  s a n d s ,  a s p h a l t ,  e t c . )  a r e  e x c l u d e d

i n  t h i s  c a t e g o r y .  The a u t h o r  o n l y  c o n s i d e r s  t h o s e  h ea v y

o i l s  which  a r e  m o b i l e  a t  r e s e r v o i r  c o n d i t i o n s ,  a s

e s t a b l i s h e d  by some p r i m a r y  and s e c o n d a r y  p r o d u c t i o n s .

T h e r e f o r e ,  c r u d e  o i l s  have  v i s c o s i t i e s  b e t w e e n  100 t o

1 0 , 0 0 0  cp a t  t h e  o r i g i n a l  r e s e r v o i r  t e m p e r a t u r e ,  

f r e q u e n t l y  r e f e r r e d  t o  a s  " h e a v y  o i l s . "

Due t o  t h e  h i g h  v i s c o s i t y  o f  h eavy  o i l s  a t  t h e  l o w e r

t e m p e r a t u r e ,  c r u d e  o i l  pumpi ng ,  l i f t i n g ,  and  p i p e l i n e  

t r a n s p o r t a t i o n  a r e  common p r o b l e m s .  A m i x t u r e  o f  c r u d e  

w i t h  w a t e r  o r  d i l u e n t s  h a s  b e e n  f ou n d  t o  be o f  some

b e n e f i t .  Heavy o i l s  have  v e r y  l i t t l e  g a s  i n  s o l u t i o n  b u t  

o f t e n  c o n t a i n  a b ov e  a v e r a g e  a moun t s  o f  s u l f u r ,  m e t a l s ,  and 

a s p h a l t .  Fo r  e x a m p l e ,  t h e  U. S .  c r u d e s  i n  t h e  2 0 - 2 5 °  API 

r a n g e  c o n t a i n  0 . 1  t o  4 . 1 7  p e r c e n t  s u l f u r  by w e i g h t .
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C a n a d i a n  c r u d e s  (20° API  and b e l o w )  c o n t a i n  a b o u t  3 . 0  

p e r c e n t  s u l f u r .  V e n e z u e l a n  c r u d e s  ( O r i n o c o  Ta r  b e l t  c r u d e s  

15°  API o r  b e l o w)  c o n t a i n  25 p e r c e n t  s u l f u r ,  v a n a d i u m,  

and n i c k e l  ( F a r o u q  A l i ^ ^ ,  1 9 7 4 ) .  Bo t h  h i g h  s u l f u r  and 

m e t a l  c o n t e n t s  p o s e  p r o b l e m s  i n  r e f i n i n g  ( McKi e , ^^  1 9 8 2 ) .

D e s p i t e  t h e  a b ov e  p r o b l e m s ,  t h e  h e a v y  o i l  r e s e r v e s  a r e  

one o f  t h e  g r e a t  p o t e n t i a l  f o s s i l  f u e l  r e s o u r c e s ,  b o t h  i n  

t h e  U . S .  and w o r l d w i d e .  I n  t h e  U . S . ,  o v e r  2 , 0 0 0  h e a v y  o i l  

r e s e r v o i r s  o c c u r r i n g  i n  1 , 5 0 0  f i e l d s  and i n  26 s t a t e s  were  

c a t a l o g u e d  i n  1965 .  By 1980 p r o d u c t i o n  o f  heavy  o i l  had 

r e a c h e d  a b o u t  1 7 0 , 0 0 0  B/D and an  e s t i m a t e d  30 b i l l i o n  

r e c o v e r a b l e  b a r r e l s  were  s t i l l  c u r r e n t  ( Ti me ,  A p r i l  

2 8 , ^ ^  1 9 8 0 ) .  I n  1982 ,  t h e  a u t h o r  c o l l e c t e d  a b o u t  100

s t e a m d r i v e  and  40 i n - s i t u  c o m b u s t i o n  f i e l d  c a s e  r e p o r t s  

i n  t h e  US ( O i l  & Gas J o u r n a l  An n u a l  P r o d u c t i o n  R e p o r t s ^ ,  

1 9 8 2 ; an d ,  Meyer  e t  a l . , ^ ^  1 9 8 2 ) .  Among t h e  o i l

p r o d u c i n g  s t a t e s ,  C a l i f o r n i a  h a s  t h e  l a r g e s t  h e a v y  o i l

r e s e r v e s  ( 5 3 , 6 4  b i l l i o n  b b l s )  and  T e x a s  i s  s e c o n d  ( 3 0 . 5 7  

b i l l i o n  b b l s ) .  O t h e r  s t a t e s  h a v i n g  s i g n i f i c a n t  r e s e r v e s

a r e  L o u i s i a n a  ( 6 . 3 9  b i l l i o n  b b l s ) ,  Wyoming ( 5 . 2 8  b i l l i o n  

b b l s ) ,  A r k a n s a s  ( 5 . 0  b i l l i o n  b b l s ) ,  and  Oklahoma.

V e n e z u e l a  i s  a n o t h e r  c o u n t r y  wh i c h  has  a l a r g e  heavy  

o i l  r e s e r v e  ( A l c o c e r ^ ,  1 9 8 0 ) .  F o r  e x a m p l e ,  O r i n o c o  Tar  

b e l t  i s  c o n s i d e r e d  t o  be one  o f  t h e  l a r g e s t  h ea v y  o i l  

a c c u m u l a t i o n s  i n  a s i n g l e  p l a c e  i n  t h e  w o r l d .  The
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e s t i m a t e d  o i l  i n  p l a c e  would be g r e a t e r  t h a n  7 0 0 , 0 0 0  

m i l l i o n  b a r r e l s ,  w i t h  an  o i l  g r a v i t y  r a n g e  b e t w e e n  8°API  

and  1 A. 5° API .  Canada  and  Romania  a l s o  ha ve  l a r g e  h ea v y  

o i l  r e s e r v e s .  I n - s i t u  c o m b u s t i o n  p i l o t  f i e l d  t e s t s  we r e  

r e p o r t e d  s u c c e s s f u l  i n  S u p l a c e  de B a r a c a u  f i e l d ,  Romania  

( P h i l i p  e t  a l . 1 9 8 3 ) .

4 . 2  B a s i c  c o n s i d e r a t i o n s  f o r  t h e r m a l  r e c o v e r y  p r o c e s s  

d e s i g n

B e c a u s e  o f  t h e  low m o b i l i t y  o f  h e a v y  o i l s ,  t h e  p r i m a r y  

and  s e c o n d a r y  r e c o v e r y  o f  s uch  o i l  i s  l ow.  In  t h e  c a s e  o f  

a t y p i c a l  25°API  c r u d e ,  t h e  p r i m a r y  r e c o v e r y  would  be 

5 - 1 0  p e r c e n t ,  wh i ch  may be i n c r e a s e d  t o  a b o u t  15 p e r c e n t  

by w a t e r f l o o d i n g . W a t e r f l o o d i n g  i s  u s u a l l y  v e r y  i n e f f i ­

c i e n t  i n  heavy  o i l  r e s e r v o i r s .  The b r e a k t h r o u g h  r e c o v e r y  

i s  low ( a b o u t  300 t o  350 b b l / a c - f t  f o r  a 65 cp o i l ) ,  and  

f o l l o w i n g  b r e a k t h r o u g h ,  t h e  w a t e r  c u t  i n c r e a s e s  r a p i d l y  t o  

v a l u e s  o f  9 0 - 9 8  p e r c e n t .

I t  i s  a p p a r e n t  t h a t  t h e  p r i n c i p l e  o b s t a c l e  i n  h ea v y  

o i l  r e c o v e r y  i s  t h e  h i g h  v i s c o s i t y .  Any r e d u c t i o n  i n  

v i s c o s i t y  w i l l  i n c r e a s e  t h e  o i l  m o b i l i t y ,  l e a d i n g  t o  an 

i n c r e a s e  i n  t h e  o i l  c u t .  V i s c o s i t y  c a n  be l o w e r e d  mos t  

e f f e c t i v e l y  t h r o u g h  t h e  a p p l i c a t i o n  o f  h e a t  -  t h e  h i g h e r  

t h e  o i l  v i s c o s i t y ,  t h e  g r e a t e r  t h e  r a t e  o f  v i s c o s i t y
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reduction as recovery processes are the major recovery
m e t h o d s .  The ma i n  h e a v y  o i l  r e c o v e r y  m e t h o d s ,  a s  w e l l  as

t h e  a p p r o x i m a t e  API g r a v i t y  r a n g e s  o f  a p p l i c a b i l i t y ,  a r e

a s  f o l l o w s :

C y c l i c  S t eam S t i m u l a t i o n  <15°  API
Steam D r i v e  1 2 ° - 2 5 ° API
Hot W a t e r f l o o d  2 0 ° - 25 °A PI
I n - S i t u  C o m b u s t i o n  8 ° - 3 6 ° A P I

In t h i s  d i s s e r t a t i o n ,  t h e  a u t h o r  c h o o s e s  o n l y  s t e a m  

d r i v e  and i n - s i t u  c o m b u s t i o n  t e c h n i q u e s  f o r  t h e  mode l  f o r  

on t h r e e  r e a s o n s .

i )  Both  p r o c e s s e s  may be f r o n t a l  d r i v e  p r o c e s s e s ;

t h e r e f o r e ,  t h e  mechani sm c a n  be i m p l e m e n t e d  i n

t h e  o p t i m i z a t i o n  model  on an e q u a l  b a s i s .

i i )  Steam d r i v e  and i n - s i t u  c o m b u s t i o n  a r e  t h e  mos t

p o p u l a r  t h e r m a l  r e c o v e r y  p r o c e s s e s  b e i n g  a p p l i e d

i n  t h e  f i e l d .  The o p t i m i z a t i o n  model  i s  w o r t h ­

w h i l e  a s  i t  c an  be u s e d  f o r  c o m p a r i s o n  and 

a n a l y s i s .

i i i )  S i n c e  t h e  s t e a m  d r i v e  and t h e  i n - s i t u  c o m b u s t i o n  

a r e  t h e  more  p o p u l a r  t h e r m a l  p r o c e s s e s  u s e d  i n  t h e  

f i e l d ,  t h e  l a r g e  number  o f  f i e l d  c a s e s  c a n  be u s ed  

f o r  a s u f f i c i e n t  number  o f  r e g r e s s i o n  a n a l y s i s  and 

d e s i g n  s t u d y .

In  t h e  s t e a m  d r i v e  p r o c e s s  d e s i g n ,  c o n s i d e r a t i o n  o f

v i s c o s i t y  r e d u c t i o n  i s  t h e  key f a c t o r  f o r  t h e  s u c c e s s  o f
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t h e  p r o c e s s .  The p r i n c i p a l  me c ha n i s ms  a t  work i n  s t eam

d r i v e  which c a u s e  h i g h  r e c o v e r y  a r e :

1 .  The r ma l  e x p a n s i o n  o f  o i l  i n  p l a c e .

Steam c a r r i e s  h e a t  i n t o  t h e  f o r m a t i o n  and t h e  

c r u d e  o i l  e x p a n d s  i n  t h e  p o r o u s  r o c k .

2 .  V i s c o s i t y  r e d u c t i o n .

Crude  o i l  w i t h  a r e s e r v o i r  v i s c o s i t y  o f  1 , 0 0 0  cp

a t  100°F  c o u l d  h a v e  a r e s e r v o i r  v i s c o s i t y  o f

a b o u t  50 cp  a t  a t e m p e r a t u r e  o f  2 0 0 °F .  Thus ,  

v i s c o s i t y  can  be r e d u c e d  by a f a c t o r  o f  a b o u t

1 , 0 0 0  by i n c r e a s i n g  r e s e r v o i r  t e m p e r a t u r e .

3 .  S t eam d i s t i l l a t i o n .

Th e r ma l  d i s t i l l a t i o n  c a u s e s  t h e  l i g h t e r  f r a c t i o n  

c r u d e  o i l  t o  f l ow e a s i l y  o u t  o f  t h e  r e s e r v o i r  

r o c k .

4 .  M o b i l i t y  c o n t r o l .

At h i g h e r  t e m p e r a t u r e ,  t h e  o i l  v i s c o s i t y  and 

r e l a t i v e  p e r m e a b i l i t y  c h a r a c t e r i s t i c s  a r e  c h a n g e d ;  

t h e r e f o r e ,  a b e t t e r  m o b i l i t y  c o n t r o l  can  be 

o b t a i n e d  f rom t h e  s t e a m  d r i v e .

The s t eam i n j e c t i o n  r a t e  and  p r e s s u r e  a r e  t h e  i m p o r t a n t  

d e s i g n e d  p a r a m e t e r s .  The o i l  r e c o v e r y  and t h e  o i l  p r o d u c ­

t i o n  r a t e  a r e  t h e  me a s u r e me n t  o f  t h e  p r o c e s s  e f f i c i e n c y .  

T h e s e  f o u r  d e s i g n e d  p a r a m e t e r s  a r e  f o r m u l a t e d  i n t o  t h e  

r e g r e s s i o n  e q u a t i o n s  which  a r e  b e i n g  u s e d  i n  t h e  m u l t i -
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criteria optimization model.
I n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  d e s i g n  c o n s i d e r a t i o n ,  

f u e l  d e p o s i t i o n  i s  t h e  key f a c t o r  f o r  t h e  s u c c e s s  o f  t h e  

p r o c e s s .  The f u e l  c o n t e n t  d e t e r m i n e s  t h e  c o m b u s t i o n  o f  t h e  

f l a m e  f r o n t  t h r o u g h o u t  t h e  f o r m a t i o n .  The p r i n c i p l e  

me c ha n i s ms  a t  work i n  t h e  i n - s i t u  c o m b u s t i o n  t h a t  c a u s e  

h i g h e r  r e c o v e r y  a r e :

1.  E f f e c t  o f  p r e s s u r e  on f u e l  d e p o s i t i o n .

I n c r e a s i n g  t h e  p r e s s u r e  was t o  i n c r e a s e  t h e  f u e l  

c o n s u m p t i o n  a s  t h e  k i n e t i c s  o f  t h e  p r o c e s s  

i n d i c a t e s  o i l  s a n d  b u r n s  v i g o r o u s l y  a t  a h i g h e r  

p r e s s u r e ,  e v e n  a t  t h e  same a i r  i n j e c t i o n  r a t e .

2 .  E f f e c t  o f  a i r  i n j e c t i o n  r a t e  on b u r n i n g  v e l o c i t y .  

The r a t e  o f  a d v a n c e  o f  t h e  c o m b u s t i o n  f r o n t  was 

f ound  t o  be a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  a i r  

f l u x .  I f  t h e  b u r n i n g  v e l o c i t y  i s  d r o p p e d  be l ow 

one f o o t  p e r  day a t  a low i n j e c t i o n  r a t e ,  t h e  

c o m b u s t i o n  f r o n t  i s  s u s p e c t e d  o f  n o t  b e i n g  a b l e  

t o  s u s t a i n .

3.  E f f e c t  o f  a i r  i n j e c t i o n  on oxygen  c ons ume d .

As t h e  a i r  i n j e c t i o n  r a t e  i s  i n c r e a s e d  t o  e x c e e d ­

i n g l y  h i g h  v a l u e s ,  a s m a l l e r  p e r c e n t a g e  o f  t h e  

oxygen  i s  u t i l i z e d .  However ,  a t  f a i r l y  low r a t e s  

t h e  o x y g e n  c o n s u m p t i o n  i s  f r e q u e n t l y  q u i t e  h i g h .  

T h i s  u n d o u b t e d l y  r e f l e c t s  t h e  k i n e t i c  o f  com-
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b u s t i o n  s i n c e  t h e  h i g h  r a t e s  p r o v i d e  s h o r t  

r e s i d e n c e  t i m e s  and p r e v e n t  t h e  oxygen  f rom b e i n g  

u t i l i z e d  e f f i c i e n t l y .

A g a i n ,  t h e  a i r  i n j e c t i o n  r a t e  and p r e s s u r e  a r e  t h e  

i m p o r t a n t  d e s i g n e d  p a r a m e t e r s .  The o i l  r e c o v e r y  and  t h e  

o i l  p r o d u c t i o n  r a t e  a r e  t h e  m e a s u r e m e n t  o f  t h e  p r o c e s s  

e f f i c i e n c y .  T h e s e  f o u r  d e s i g n e d  p a r a m e t e r s  a r e  f o r m u l a t e d  

i n t o  t h e  r e g r e s s i o n  e q u a t i o n s  w h i c h  a r e  b e i n g  u s e d  i n  t h e  

m u l t i - c r i t e r i a  o p t i m i z a t i o n  mode l .

4 . 3  A p p l i c a t i o n  o f  O p t i m i z a t i o n  P r ogr ammi ng  T e c h n i q u e

The o p t i m i z a t i o n  p rog r ammi ng  t e c h n i q u e  i s  a p p l i e d  t o  

t h e  t h e r m a l  r e c o v e r y  p r o c e s s  f o r  on t h e  f o l l o w i n g  r e a s o n s :

1.  To m i n i m i z e  t h e  d e v i a t i o n s  o f  t h e  d e s i g n e d  p a r a m ­

e t e r s  e v a l u a t e d  f rom t h e  p e r f o r m a n c e  m o d e l s ;  e . g .  i n j e c t i o n  

r a t e ,  i n j e c t i o n  p r e s s u r e ,  p r o d u c t i o n  r a t e  and  o i l  r e c o v e r y .  

I n  t h i s  way,  we c a n  a l s o  c h e c k  t h e  f e a s i b i l i t y  o f  p r o c e s s  

p a r a m e t e r s  f o r  a p a r t i c u l a r  r e s e r v o i r .

2 .  To d e v e l o p  a n a l y t i c a l  s o l u t i o n s  r e l a t i n g  t h e  p r o f i t  

o f  a r e c o v e r y  p r o c e s s  t o  t h e  d e s i g n e d  p a r a m e t e r s .  T h e r e ­

f o r e ,  we c a n  h a v e  a c o m p l e t e  o v e r v i e w  o f  t h e  s u c c e s s f u l  

a p p l i c a t i o n  o f  t h e  p r o c e s s  t o  a p a r t i c u l a r  r e s e r v o i r .

3 .  To c o mp a r e  b o t h  p r o c e s s e s  b a s e d  on d e v i a t i o n  from 

d e s i g n e d  p a r a m e t e r s ,  f e a s i b i l i t y  o f  p r o c e s s  p a r a m e t e r s ,  and
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p r o f i t  g a i n e d  f rom e a c h  p r o c e s s  f o r  a p a r t i c u l a r  r e s e r v o i r  

i s  f e a s i b l e  f o r  b o t h  s t e a m  d r i v e  and i n - s i t u  c o m b u s t i o n  

p r o c e s s e s .

Fo r  t h i s  o p t i m i z a t i o n  m o d e l ,  m u l t i p l e  o b j e c t i v e  f u n c ­

t i o n s  a r e  i n v o l v e d  i n  an o p t i m i z a t i o n  t e c h n i q u e .  T h i s  

t e c h n i q u e  i s  c a p a b l e  o f  h a n d l i n g  d e c i s i o n  p r o b l e m s  which  

d e a l  w i t h  m u l t i p l e  o b j e c t i v e  f u n c t i o n s .  I n  t h e  c o n v e n t i o n ­

a l  p r og r ammi ng  m e t h o d s ,  t h e  o b j e c t i v e  f u n c t i o n  h a s  t o  be 

u n i d i m e n s i o n a l  e i t h e r  t o  m a x i mi z e  p r o f i t s  ( e f f e c t i v e n e s s )  

o r  m i n i m i z e  c o s t  ( s a c r i f i c e ) .  T h i s  d i m e n s i o n a l  l i m i t a t i o n  

o f  t h e  o b j e c t i v e  f u n c t i o n  s o m e t i m e s  d o e s  n o t  f i t  t h e  a c t u a l  

e n g i n e e r i n g  d e s i g n  p r o b l e m .  T h i s  m u l t i - c r i t e r i a  o p t i m i z a ­

t i o n  model  m e e t s  t h e  d e s i g n  r e q u i r e m e n t s .  O f t e n ,  u l t i m a t e  

d e s i g n  r e q u i r e m e n t s  s e t  by management  a r e  a c h i e v a b l e  o n l y  

a t  t h e  e x p e n s e  o f  o t h e r  m i n o r  d e s i g n  r e q u i r e m e n t s .  Thus ,  

t h e r e  i s  a n e e d  t o  e s t a b l i s h  a h i e r a r c h y  o f  i m p o r t a n c e  

among t h e s e  i n c o m p a t i b l e  r e q u i r e m e n t s  so  t h a t  t h e  l o w e r  

o r d e r  r e q u i r e m e n t s  a r e  c o n s i d e r e d  o n l y  a f t e r  t h e  h i g h e r  

o r d e r  r e q u i r e m e n t s  a r e  s a t i s f i e d .

a )  P r i o r i t y  r a n k i n q  f o r  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s

P r i o r i t y  1 ( P ^ ) :  A l t h o u g h  o n l y  t h e  h i g h e r  r e c o v e r y

e f f i c i e n c y  i s  e x p e c t e d ,  an  e x a c t  a c h i e v e m e n t  a t  e a c h  

t i m e s t e p  i s  a s e n s i b l e  i n d i c a t i o n  o f  t h i s  g o a l ,  i . e . ,

-d^ +dj.

P r i o r i t y  2 ( P g ) :  H i g h e r  o i l  p r o d u c t i o n  r a t e
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i n c r e a s e s  t h e  r e v e n u e  f o r  t h e  p r o c e s s  and t h u s  h i g h e r  

p r o d u c t i o n  r a t e  i s  d e s i r a b l e .  We h a v e  maximum p r o d u c t i o n  

r a t e  a s  t h e  d e s i g n  p a r a m e t e r .  T h e r e f o r e ,  we can  o n l y  h a v e  

u n d e r a c h i e v e m e n t  o f  o i l  p r o d u c t i o n ,  i . e . ,  m i n i m i z e  t h e  

p o s i t i v e  d e v i a t i o n a l  v a r i a b l e  ( - d p .

P r i o r i t y  3 ( P ^ ) ;  The i n j e c t i o n  r a t e  f o r  t h e  p r o c e s s  

i s  a d i r e c t  i n d i c a t i o n  o f  t h e  r a t e  o f  f u e l  b u r n i n g  i n  t h e  

f o r m a t i o n .  O v e r a c h i e v e m e n t  o f  t h e  a i r  i n j e c t i o n  r a t e  i s  

d e s i r a b l e ,  i . e . ,  m i n i m i z e  t h e  n e g a t i v e  d e v i a t i o n a l  

v a r i a b l e  ( + d p .

P r i o r i t y  4 ( P ^ ) :  H i g h e r  i n j e c t i o n  p r e s s u r e  i s  a

d i r e c t  i n d i c a t i o n  o f  t h e  a d d i t i o n a l  c o s t  t o  t h e  p r o c e s s .  

T h e r e f o r e ,  i t  i s  a l w a y s  d e s i r a b l e  t o  have  i n j e c t i o n  

p r e s s u r e  u n d e r a c h i e v e d  t o  t h e  d e s i g n  g o a l ,  i . e . ,  m i n i m i z e  

t h e  p o s i t i v e  d e v i a t i o n a l  v a r i a b l e  ( - d p .

P r i o r i t y  5 ( P ^ ) :  Maximize  t h e  p r o f i t .  T h e r e f o r e ,  an

o v e r a c h i e v e m e n t  i s  a l w a y s  d e s i r a b l e ,  i . e . ,  m i n i m i z e  t h e

n e o a t i v e  d e v i a t i o n a l  v a r i a b l e  ( + d ~ ) .5
b)  P r i o r i t y  r a n k i n g  f o r  t h e  s t e a m  d r i v e  p r o c e s s

The p r i o r i t y  r a n k i n g  i s  s i m i l a r  t o  t h e  s t e a m  d r i v e  

p r o c e s s ,  e . g ,  , Pg,  P 5 p r i o r i t i e s .  S t eam

g e n e r a t i o n  i s  t h e  m a j o r  c o s t ,  b u t  t h e  i n j e c t i o n  p r e s s u r e  

i s  n o t  e s s e n t i a l  t o  c o s t .  We c o n s i d e r  t h e s e  two g o a l s  i n  a 

d i f f e r e n t  a s p e c t  t h a n  i n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s .

P r i o r i t y  3 ( P ^ ) :  The s t e a m i n j e c t i o n  r a t e  i s  t h e
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m a j o r  c o s t  o f  t h i s  p r o c e s s ;  t h e r e f o r e ,  u n d e r a c h i e v e m e n t  o f  

t h e  s t e a m i n j e c t i o n  r a t e  i s  d e s i r a b l e .  T h i s  g o a l  i s  s e t  

d i f f e r e n t l y  f rom t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s .  i . e .  

m i n i m i z e  t h e  p o s i t i v e  d e v i a t i o n a l  v a r i a b l e  ( - d ^ ) .

P r i o r i t y  A ( P ^ ) :  S t eam i n j e c t i o n  p r e s s u r e  i s  j u s t

h i g h  enough t o  be i n j e c t e d  i n t o  t h e  f o r m a t i o n .  T h e r e f o r e ,  

o v e r a c h i e v e m e n t  o f  i n j e c t i o n  p r e s s u r e  i s  t o l e r a b l e  a s  l o n g  

a s  t h e  p r e s s u r e  d oe s  n o t  c a u s e  f r a c t u r i n g  i n  t h e  

f o r m a t i o n .  i . e . ,  m i n i m i z e  t h e  n e g a t i v e  d e v i a t i o n a l

v a r i a b l e  ( + d ~ ) .

A . 3 . 1  M u l t i - c r i t e r i a  O p t i m i z a t i o n  T e c h n i q u e :
12I n  t h e  e a r l y  1 9 6 0 ' s ,  C h a r n e s  and  Coope r  p r e s e n t e d

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

h a v i n g  more t h a n  a " s i n g l e "  o b j e c t i v e .  T h e i r  work and  t h a t  

o f  o t h e r s  ( L e e , ^ ^  1972 ;  a n d ,  I j i r i , ^ ^  1965)  ha ve

r e s u l t e d  i n  a s y s t e m a t i c  m e t h o d o l o g y  known a s  g o a l  

p r og r ammi ng  f o r  s o l v i n g  l i n e a r ,  m u l t i p l e  o b j e c t i v e  

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

t h e  o b j e c t i v e s .  T h i s  method i s  c a p a b l e  o f  h a n d l i n g  

d e c i s i o n  p r o b l e m s  wh i ch  d e a l  w i t h  a main o b j e c t i v e  

f u n c t i o n ,  m u l t i p l e  g o a l  o b j e c t i v e  f u n c t i o n s  ( a l s o  known as  

g o a l  c o n s t r a i n t s ) ,  and a l l  t h e  r e a l  c o n s t r a i n t s .

In  a d d i t i o n  t o  t h e  t r e a t m e n t  o f  m u l t i p l e  i n c o mme n s u ­

r a b l e  o b j e c t i v e s ,  p r e e m p t i v e  g o a l  p r og r amm i n g  i s
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d i s t i n c t l y  d i f f e r e n t  f rom t h e  c o n v e n t i o n a l  p r og r ammi ng  

t e c h n i q u e .  I n  t h i s  p r og r ammi ng  t e c h n i q u e ,  i n s t e a d  o f  

t r y i n g  t o  m a x i mi z e  o r  m i n i m i z e  t h e  o b j e c t i v e  c r i t e r i o n  

d i r e c t l y ,  we t r y  t o  m i n i mi z e  d e v i a t i o n a l  v a r i a b l e s  among 

t h e  g o a l s  o b j e c t i v e  f u n c t i o n s  wh i ch  we c a n  a c t u a l l y  

a c h i e v e  w i t h i n  t h e  g i v e n  r e a l  c o n s t r a i n t s .  H e r e ,  we s e t  

t h e  d e v i a t i o n a l  v a r i a b l e s  i n t o  one main  o b j e c t i v e  

f u n c t i o n .  The n ,  we m i n i mi z e  t h o s e  u n d e s i r a b l e  d e v i a t i o n a l  

v a r i a b l e s  i n  t h e  ma in  o b j e c t i v e  f u n c t i o n :

M i n i m i z a t i o n :  Z = P^ ( d~  + d^ )  + Pgdg + P^d^ +

where  :
The p o s i t i v e  o r  n e g a t i v e  d e v i a t i o n a l  v a r i a b l e  ( d * )  

w i l l  depend  on o v e r a c h i e v e m e n t  o r  u n d e r a c h i e v e m e n t  o f  t h e  
p r o c e s s  p a r a m e t e r .

T h i s  o p t i m i z a t i o n  t e c h n i q u e  i s  i l l u s t r a t e d  i n  t h e

f o l l o w i n g  f o r m u l a t i o n  f o r  t h e  s t e a m  d r i v e  and t h e  i n - s i t u

c o m b u s t i o n  p r o c e s s .

4 . 3 . 2  A s s u m p t i o n s  and L i m i t a t i o n s

A s s u m p t i o n s  a r e  a l wa y s  n e c e s s a r y  i n  t h e  d e v e l o p m e n t  o f  

any v i a b l e  m o d e l .  T h i s  m u l t i - c r i t e r i a  p rog r ammi ng  t e c h n i q u e  

i s  no e x c e p t i o n .  I n  many w a y s ,  h o w e v e r ,  t h i s  t e c h n i q u e  i s  

l e s s  c o n s t r a i n e d  by a s s u m p t i o n s  t h a n  t h e  c o n v e n t i o n a l  

o p t i m i z a t i o n  t e c h n i q u e s .  The f o l l o w i n g  a s s u m p t i o n s  a r e  

l i s t e d  i n  o r d e r :

1) None o f  t h e  p r i o r i t y  l e v e l s  a r e  c o m m e a s u r a b l e  and
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so we e s t a b l i s h  p r e e m p t i v e  p r i o r i t i e s  f o r  e a c h  o b j e c t i v e  

o r  g r o u p  o f  o b j e c t i v e s .  As shown b e f o r e  t h a t  t h e  h i g h e s t  

p r i o r i t y  i s  i n d i c a t e d  by , t h e  n e x t  h i g h e s t  by ,

and s o  f o r t h .  The n o t i o n  o f  p r e e m p t i v e  p r i o r i t i e s  h o l d s  

t h a t  P^ i s  p r e f e r r e d  t o  P ^ , r e g a r d l e s s  o f  any 

m u l t i p l i e r  a s s o c i a t e d  w i t h  P g «

2 )  A l l  d e c i s i o n  v a r i a b l e s  a r e  n o n n e g a t i v e .  T h i s

a s s u m p t i o n  i s  n e c e s s a r y  s i n c e  t h e  s o l u t i o n  method e m p l o y e d

c an  o n l y  c o n s i d e r  n o n n e g a t i v e  v a r i a b l e s .  T h i s  l i m i t a t i o n  

i s  i n c l u d e d  i n  t h e  p r o g r a m  a p p l i c a t i o n  wh i ch  i s  

i l l u s t r a t e d  i n  A p p e n d i x  D,

The most  a p p a r e n t  l i m i t a t i o n  i s  t h a t  t h e  g o a l  p r o g r a m ­

ming model  s i m p l y  p r o v i d e s  t h e  b e s t  s o l u t i o n  u n d e r  t h e  

g i v e n  c o n s t r a i n t s  and  p r i o r i t y  s t r u c t u r e .  T h e r e f o r e ,  i f  

management  a s s i g n s  i n c o r r e c t  p r i o r i t i e s  t o  v a r i o u s  g o a l s ,  

t h e  model  s o l u t i o n  w i l l  n o t  p r o v i d e  t h e  opt imum s o l u t i o n ,  

a s  i s  u s u a l l y  t h e  c a s e  f o r  any o p t i m i z a t i o n  mode l .

S i n c e  t h e  t h e r m a l  r e c o v e r y  m o d e l s  a r e  s i m u l a t e d  i n  

i d e a l  c o n d i t i o n s ,  t h e  o p t i m i z a t i o n  model  w i l l  h a v e  t o  

f o l l o w  t h e  same a s s u m p t i o n s .  I n  r e a l i t y ,  t h e r e  a r e  some 

p h y s i c a l  l i m i t a t i o n s  f o r  m o d e l i n g .  Thes e  p h y s i c a l

m o d e l i n g  l i m i t a t i o n s  a r e  d i s c u s s e d  i n  d e t a i l  i n  t h e  n e x t  

c h a p t e r .
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A.A Multi-criteria Optimization Model Formulations

I n  t h e  m u l t i - c r i t e r i a  o p t i m i z a t i o n  m o d e l ,  t h e r e  a r e  

two t y p e s  o f  o b j e c t i v e  f u n c t i o n s :  main  o b j e c t i v e  f u n c t i o n  

and g o a l  o b j e c t i v e  f u n c t i o n s  ( o r  g o a l  c o n s t a i n t s ) .  As 

shown b e f o r e  t h e  main o b j e c t i v e  f u n c t i o n  m i n i m i z e s  

d e v i a t i o n a l  v a r i a b l e s  among g o a l s  o b j e c t i v e  f u n c t i o n s .  

The main o b j e c t i v e  i s  f o r m u l a t e d  a c c o r d i n g  t o  t h e  number  

o f  g o a l  o b j e c t i v e  f u n c t i o n s .  The g o a l  o b j e c t i v e  f u n c t i o n s  

a r e  f o r m u l a t e d  e i t h e r  a n a l y t i c a l l y  o r  e m p i r i c a l l y .  The 

p r o f i t  e q u a t i o n  i s  f o r m u l a t e d  a n a l y t i c a l l y  and  p r o c e s s  

d e s i g n  p a r a m e t e r s  a r e  f o r m u l a t e d  by u s i n g  r e g r e s s i o n

a n a l y s i s .  Bo t h  s t e a m  d r i v e  and  i n - s i t u  c o m b u s t i o n

p r o c e s s e s  employ  t h e  same t e c h n i q u e  f o r  t h e  g o a l

o b j e c t i v e s  f o r m u l a t i o n s .

A . A . l  P r o f i t  E q u a t i o n  F o r m u l a t i o n

I n  t h e  s t e a m  d r i v e  p r o c e s s ,  t h e  p r o f i t  e q u a t i o n  i s  

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

and c o s t .  The c o s t  c o m p u t a t i o n s  a r e  c l a s s i f i e d  i n  t h r e e  

t y p e s  ( P e r r y , 1 9 8 1 ) :

1)  G e n e r a l  c o s t :  T h i s  c o s t  i n c l u d e s  t h e  t r a d i t i o n a l

o i l  f i e l d  d e v e l o p m e n t  c o s t s  f o r  d r i l l i n g  and  c o m p l e t i n g  

w e l l s ,  i n s t a l l i n g  s u r f a c e  e q u i p m e n t ,  and o p e r a t i n g  t h e  

w e l l .  However ,  t h e  e n h a n c e d  o i l  r e c o v e r y  me t hod  o n l y  

c o n s i d e r s  t h e  d e v e l o p e d  r e s e r v o i r  o r  f i e l d ;  t h e r e f o r e ,
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t h i s  c o s t  i s  a s sumed n o t  t o  be o f  much i m p o r t a n c e  o r  can 

be n e g l e c t e d .

2)  F i n a n c i a l  c o s t s :  The f i n a n c i a l  c o s t s  a s s o c i a t e d  

w i t h  any r e c o v e r y  p r o j e c t  which  a r e  p a i d  f rom p r o d u c t i o n  

r e v e n u e s  a r e :

0 R o y a l t i e s ,  s e v e r a n c e ,  and o t h e r  t a x e s
0 W i n d f a l l  p r o f i t  t a x
0 S t a t e  and f e d e r a l  income t a x e s
0 R e t u r n  on c a p t i a l .

on
D o s c h e r  and E r s h a g h i  ( 1 9 7 8 ) ,  n o t e d  t h a t  t h e  

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

t h e s e  i t e m s  a r e  u n i q u e  f o r  a l l  t h e  p r o j e c t s  and i n d i v i d u a l  

o p e r a t i o n s .  P a r t i c u l a r l y ,  t h e  EOR p r o f i t  t e r m  i s  only  

u s e d  f o r  c o m p a r a t i v e  p u r p o s e s .

3)  P r o c e s s  c o s t s :  To d e t e r m i n e  w h e t h e r  t h e  p r o j e c t  

w i l l  be e c o n o m i c a l ,  t h e  c o s t s  s p e c i f i c  t o  a s t e a m d r i v e  

o p e r a t i o n  ne e d  t o  be a n a l y z e d  i n  d e t a i l .  They i n c l u d e  t h e  

f o l l o w i n g  :

0 Steam g e n e r a t o r  o p e r a t i o n  and m a i n t e n a n c e  c o s t
0 F u e l  c o s t  f o r  g e n e r a t i n g  s t e a m
0 Water  s u p p l y  and t r e a t m e n t  c o s t s
0 P o l l u t i o n  c o n t r o l  e q u i p m e n t  o p e r a t i o n  and  

m a i n t e n a n c e - c o s t

The p r o c e s s  c o s t s  a r e  t h e  o n l y  c o s t s  i n c l u d e d  i n  t h e  

p r o f i t  e q u a t i o n ,  t h e r e f o r e ,  t h e  p r o f i t  e q u a t i o n  i s  

f o r m u l a t e d  a s :

P r o f i t  = Reveune  -  ( G e n e r a t o r  o p e r a t i o n  and 
m a i n t e n a n c e  c o s t )  -  ( f u e l  c o s t )  -  
( s c r u b b e r  o p e r a t i n g  and c o r r o s i o n  c o s t )
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Crude  o i l  p r i c e = $ 3 5 . 5 / b b l

G e n e r a t o r  o p e r a t i n g  
and m a i n t e n a n c e  c o s t

F u e l  c o s t

S c r u b b e r  o p e r a t i o n  
and m a i n t e n a n c e  c o s t

= $0 . 1 / b b l  o f  s t e a m 
i n j e c t e d

= $ 2 . 2 6 / b b l  o f  s t e a m 
i n j e c t e d

= $0 . 2 / b b l  o f  s t e a m 
i n j e c t e d

T h e r e f o r e  :

where :

P r o f i t  = 35 . 5N„ -  O. IVS -  2 . 26VS -  0.2VS 
P

P r o f i t  = 35 . 5Np -  2 .56VS

Np = c u m u l a t i v e  o i l  p r o d u c t i o n ,  b b l s

( 4 . 1 a )  
( A . l b )

VS = s t e a m  i n j e c t e d ,  b b l s  

The o i l  r e c o v e r y ,  o i l  p r o d u c t i o n  r a t e ,  s t e a m i n j e c t i o n  

r a t e ,  and s t e a m i n j e c t i o n  p r e s s u r e  e q u a t i o n s  a r e  o b t a i n e d  

f rom r e g r e s s i o n  e q u a t i o n s  f o r  t h e  s t e a m  d r i v e  mode l .

S i m i l a r l y ,  t h e  p r o f i t  e q u a t i o n  o f  t h e  i n - s i t u  

c o m b u s t i o n  o p e r a t i o n  can  be f o r m u l a t e d  a s :

P r o f i t  = Revenue  -  ( c o m p r e s s o r  o p e r a t i o n  and
m a i n t e n a n c e  c o s t )  - ( c o m p r e s s o r  e n e r g y  c o s t )  

- ( o i l  t r e a t m e n t  c o s t )  - ( f i e l d  o p e r a t i n g  c o s t )

Cr u d e  o i l  p r i c e

C o m p r e s s o r  o p e r a t i o n  
and m a i n t e n a n c e  c o s t

C o mp r e s s o r  e n e r g y  c o s t  

O i l  t r e a t m e n t  c o s t  

F i e l d  o p e r a t i n g  c o s t

= $ 3 5 . 5 / b b l

= $ 0 . 1 0 / M c f  o f  c u m u l a t i v e  
a i r  i n j e c t i o n

= $ 0 . 5G/ Mc f  o f  c u m u l a t i v e  
a i r  i n j e c t i o n

= $ 3 . 2 5 / b b l  o f  c u m u l a t i v e  
o i l  p r o d u c e d

= $ 0 . 0 7 5 / M c f  o f  c u m u l a t i v e  
a i r  i n j e c t i o n
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Therefore :

P r o f i t :  35 . 5Np -  lOOCAI -  500CAI -  3 . 2 5 N p -  75CAI ( 4 . 2 a )  

P r o f i t :  32 . 25Np -  675 CAI ( 4 . 2 b )

where  :

Np :  c u m u l a t i v e  o i l  p r o d u c t i o n ,  b b l s  

CAI :  c u m u l a t i v e  a i r  i n j e c t i o n ,  M M s c f / a c r e - f t

4 . 4 . 2  F o r m u l a t i o n  o f  t h e  P r o c e s s  D e s i gn  E q u a t i o n s

In t h e  C h a p t e r  111,  t h e  a u t h o r  h a s  i l l u s t r a t e d  t h e  

v a l i d a t i o n  o f  t h o s e  r e g r e s s i o n  e q u a t i o n s .  The r e g r e s s i o n  

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

T h e r e f o r e ,  t h e  e q u a t i o n s  c a n  be u s e d  a s  t h e  g o a l  o b j e c t i v e  

f u n c t i o n s .

S i n c e  t h e  r e g r e s s i o n  e q u a t i o n s  a r e  d i f f e r e n t  f o r  b o t h  

s t e a m d r i v e  and i n - s i t u  c o m b u s t i o n  p r o c e s s e s ,  t h e  

e q u a t i o n s  a r e  l i s t e d  a c c o r d i n g  t o  t h e  i n d i v i d u a l  p r o c e s s .  

The a u t h o r  a l s o  u s e s  t h e  t h i r d  t i m e s t e p  f o r  i l l u s t r a t i o n :

Steam d r i v e  p r o c e s s  g o a l  o b j e c t i v e  f u n c t i o n s  
O i l  r e c o v e r y  Rec = G . 24 7 2 9 i Xg  + 0 . 5 7 3 2 8 7 X^q +

.044587X2 - 0.556212Xg + dj - d j “ 
P r o d u c t i o n  r a t e  G,  = 0 . 21 9 5 1 7 Xg  -  0 . 1 9 72 62 X^  +

0.481235Xg + 0 .3 38108X ^

+0 . 537787X5 + d" - d *
I n j e c t i o n  r a t e  :  0 .17 8 8 0 7 X g  -  0 . 1 9 7 2 6 2 X ^  +

0 .0 8 6 2 8 3 X g  + d j  -  d ^
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I n j e c t i o n  p r e s s u r e  = 0 . 9 6 1 3 2 6 X ^  + 0 . 056363X2
0 . 048218Xg  - 0 . 029626X5 + d"  - d j

I n - s i t u  C o m b u s t i o n  g o a l  o j e c t i v e  f u n c t i o n s

O i l  r e c o v e r y  = - O . 9 I 8565X5 - 0 . 6 8 4 8 1 7 X 2  +
0 . 044559X3 + 0 . 3 4 8 8 1 0 X^  +d^ -d*  

P r o d u c t i o n  r a t e  G2 = -O.O31246X3 + 0 . 032501X^ 2  +
. 751532X^ + .220271Xg -  . 032422Xy 

+ . 063542Xg - . 0040079X2 
+ . 046543X5 + - d +

I n j e c t i o n  r a t e  G3 = - . 031246X3 + . 032501X^2  +
. 75153X^ + . 220271Xg -  . 032422Xy 

+. 063542Xg -  . 0040079X2 
+ . 046543X5 + d j  - d +

I n j e c t i o n  p r e s s u r e  G^ = - 0 . 5 8 3 8 5 8 X ^  + .23699X^2 +
. 677206X^g +. 012519Xp + .462549Xg 
-  . 094701X^^ + 0 . 7 1 3 1 7 9 X g + d '  - d j

The above  e q u a t i o n s  on l y  r e p r e s e n t s  one t i m e s t e p  and 

t h e r e  a r e  a n o t h e r  11 t i m e s t e p s ,  wh i c h  can  be r e p r e s e n t e d  

i n  a m a t r i x  f o r m.

The r e a l  c o n s t r a i n t s  a r e  t h e  p r o c e s s e s  p a r a m e t e r s  

o b t a i n e d  f rom t h e  p e r f o r m a n c e  model  r e s u l t s  ( Append i x  C) .

4 . 4 . 3  G e n e r a l  form o f  Model  F o r m u l a t i o n

The o i l  r e c o v e r y ,  o i l  p r o d u c t i o n  r a t e ,  a i r  i n j e c t i o n

r a t e ,  and a i r  i n j e c t i o n  p r e s s u r e  e q u a t i o n s  a r e  o b t a i n e d

f rom t h e  r e g r e s s i o n  e q u a t i o n s  and t h e  p r o f i t  e q u a t i o n s  i s

f o r m u l a t e d  a n a l y t i c a l l y .  Then t h e  o p t i m i z a t i o n  mode l  can

be f o r m u l a t e d  f o r  t h e  s t e a m d r i v e  p r o c e s s  and t h e  i n - s i t u
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c o m b u s t i o n  p r o c e s s .  S i n c e  t h e  main  o b j e c t i v e  f u n c t i o n ,  

g o a l  o b j e c t i v e  f u n c t i o n s  ( o r  g o a l  c o n s t r a i n t s )  and r e a l  

c o n s t r a i n t s  a r e  d i f f e r e n t  f o r  t h e  two p r o c e s s e s ,  t h e

o p t i m i z a t i o n  model  f o r  e a c h  p r o c e s s  h a s  t o  f o r m u l a t e

i n d i v i d u a l l y  :

( i )  S t ea m d r i v e  p r o c e s s :  ( G e n e r a l  fo rm)

Goa l  o b j e c t i v e  f u n c t i o n s

R e c o v e r y  ^1 ' ^^11^6 *^12^10 ^ *^13^2 *^14^5 ( * . 3 )

+ d - - d j

Rroduc  i o  ^ 2 1 ^ 1  *̂22^2 *^23^3 *^24^4

^ 25*5 + ^2 -  dg 
Rnjectio k^^Xg + k^gXy + (4.5)

+ d ; _ d ;

P r e s s u r e ' ^  ^4 * ^4^  *^41^3 *^42^2 ^ '^43^8 U - 6 )

+ k^^Xg + d^ -d+

P r o f i t  G5 : ^ 3= kg^ X,  -  kggXg + d ' - d j  ( 4 . 7 )

Main o b j e c t i v e  f u n c t i o n

M i n i m i z a t i o n :  Z = P ^ ( d ^  + d p  + Pgdg + P^d^ ( 4 . 8 )

■*■ ^ 4*̂ 4 F^dg
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R e a l  c o n s t r a i n t s

% <

> ^ <  ^2

4
s

^  ̂  ^ 7 

^ 0 ^  ^ 10

Where ^ l  = o i l  r e c o v e r y  e f f i c i e n c y , %
^ 2  = o i l  p r o d u c t i o n  r a t e ,  B/D
3 3 = s t e a m  i n j e c t i o n  r a t e ,  B/D
3 4 = s t e a m  i n j e c t i o n  p r e s s u r e ,  p s i a
3 5  = p r o f i t ,  d o l l a r s
X 1 = t h e r m a l  e f f i c i e n c y ,  %
^ 2 = o i l  v i s c o s i t y  a t  r e s e r v o i r  c o n d i t i o n s ,  cp
^3  = s t e a m t e m p e r a t u r e ,  °F
^ 4 = o i l  r e c o v e r y ,  %
^5  = o i l  s a t u r a t i o n  p o r o s i t y
^6  = o i l  p r o d u c t i o n  r a t e ,  B/D
^ 7  = c u m u l a t i v e  o i l  p r o d u c t i o n , b b l
^ 8  = s t e a m r e q u i r e d ,  b b l
^ 9  = t r a n s m i s s i b i l i t y
X 10  = o i l  s t eam r a t i o ,  b b l / b b l
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(i) In-situ combustion process: (General form)
Goal  o b j e c t i v e  f u n c t i o n s

R e c o v e r y  ^1* ^1^ *^11^9 *^12^2 ^ 1 3 ^ 3  ( * ' 9 )

+ ki4%4 + d l - d i

P r o d u c t i o n  kg^X^Q + kggX^ + ^ 2 3 ^ 5  *  *24*4

*25*12 ^ *26*6 ‘̂ 2" ‘̂ 2

R a t e ^ ^ ' °  ^ 3 '  ^ 3 ^  *31*5 *32*12+ *33*4+ *34*6 ( ^ - I D

*35*7 + *36*8 + *37*2+ *38*9+ ^ 3-^3

P r e s s u r e ' ^  ^4* ^4= *41*4 + *42*12 + *43*10 + *44*9 ( ^ - 1 2 )

*45*6 + *46*11 + *47*8 + ^4-^4

P r o f i t  G ÿ  ^ 5= kg^Xg -  kg 2%4 + d^ -d+  ( A . 13)

Main O b j e c t i v e

M i n i m i z a t i o n  Z = P ^ f d ^  + d^ )  + Pgdg + P^d^ + F^d^ ( 4 . 1 4 )

+
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R e a l  c o n s t r a i n t s  

% <

f ,

t  3  f g  

f g

% a f ,

^  ^  ^8 

^  ^  f  9  

^ 0  ^  ^10 

^1  11 

^ 2  -   ̂ 12

w h e r e :  6 i  = o i l  r e c o v e r y  e f f i c i e n c y ,  %
0 2 =  o i l  p r o d u c t i o n  r a t e ,  B/D 
5 3 = a i r  i n j e c t i o n  r a t e ,  Mscf /D 
5 4 = a i r  i n j e c t i o n  p r e s s u r e ,  p s i a  
6 5 = p r o f i t ,  d o l l a r s  . 
f  2 = o i l  r e c o v e r y  e f f i c i e n c y ,  % 
f  2 = o i l  s a t u r a t i o n  p o r o s i t y  
f  3 = f u e l  b u r n e d ,  b b l / a c r e - f t  
f  4 = c u m u l a t i v e  a i r  i n j e c t e d ,  M M s c f / a c r e - f t  
f  5 = a i r  i n j e c t i o n  p r e s s u r e ,  p s i a  
f 5 = c u m u l a t i v e  o i l  p r o d u c t i o n ,  B/D 
5 7 = a i r - s a n d  r a t i o ,  M c f / a c r e - f t  
5 g = t r a n s m i s s i b i l i t y  
( p = a i r - o i l  r a t i o ,  M c f / b b l  
t 20 = vo l ume  b u r n e d , 36

21 = o i l  p r o d u c t i o n  r a t e ,  B/D
22 = o i l  v i s c o s i t y  a t  r e s e r v o i r  c o n d i t i o n ,  cp
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In the general formulations, those process parameters
w i l l  be t r a n s f e r e e )  f rom t h e  

p e r f o r m a n c e  mode l  p a r a m e t e r s .  The c o e f f i c i e n t  i s

o b t a i n e d  f rom t h e  r e g r e s s i o n  e q u a t i o n s ;  t h e  c o e f f i c i e n t  

c o n s t a n t s  a r e  s u b j e c t e d  t o  c h a n g e  i f  t h e  i n p u t  d a t a  i s  

d i f f e r e n t .  The a c t u a l  a p p l i c a t i o n  o f  t h e s e  two g e n e r a l  

f o r m u l a t i o n s  w i l l  be d e m o n s t r a t e d  i n  t h e  f i e l d  c a s e  

s t u d i e s .

T h i s  m u l t i - c r i t e r i a  p r og r ammi ng  t e c h n i q u e  can  a l s o  be 

a p p l i e d  i n  l i n e a r  i n t e g e r  and n o n l i n e a r  mo d e l s  

( I g n i z i o ^ ^ ,  1 9 7 8 ) .  The a p p l i c a t i o n  o f  t h i s  t e c h n i q u e  

d e p e n d s  on t h e  f u n c t i o n a l  e q u a t i o n s  u s e d  f o r  t h e  g o a l  

o b j e c t i v e  f u n c t i o n s .  In  t h i s  t h e r m a l  p r o c e s s  o p t i m i z a t i o n  

m o d e l ,  a l l  t h e  g o a l  o b j e c t i v e  f u n c t i o n s  a r e  l i n e a r  

f u n c t i o n s .
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V. THE APPLICATIONS OF THE OPTIMIZATION MODEL AND THE
FIELD CASE STUDIES

In t h i s  c h a p t e r ,  t h e  o p t i m i z a t i o n  model  a p p l i c a t i o n s  

i n  two f i e l d  c a s e s  and t h e  s e n s i t i v i t y  a n a l y s i s  f o r  e a c h  

c a s e  w i l l  be i l l u s t r a t e d .

Oklahoma f i e l d s  were  s e l e c t e d  f o r  t h e  f i e l d  c a s e  

s t u d i e s .  The same p e r f o r m a n c e  model  f o r  g e n e r a t i n g  t h e  

t h e r m a l  r e c o v e r y  p r o c e s s  p a r a m e t e r s  f o r  t h e  o p t i m i z a t i o n  

mode l  has  a p p l i e d .  The S h o - v e l - t u m  SE P a u l s  V a l l e y  and 

Loco f i e l d s  w e r e  s e l e c t e d  f o r  t h e  c a s e  s t u d i e s .  However ,  

t h e  r e s e r v o i r  i n  S h o - v e l - t u m  f i e l d  d i d  n o t  p a s s  t h e  

s c r e e n i n g  c r i t e r i a  i n  t h e  p e r f o r m a n c e  m o de l .  The c o m p u t e r  

p r i n t o u t  o f  t h r e e  r e s e r v o i r s  i n  t h o s e  f i e l d s  i s  shown i n  

Append i x  C. T h e r e  a r e  d e t a i l e d  p u b l i c a t i o n s  a b o u t  S . E .  

P a u l s  V a l l e y  and Loco f i e l d s  ( E l k i n s  e t  a l . , ^ ^  1972;

a n d ,  M a r t i n  e t  a l . , ^ ^  1 9 6 8 ) .  The o p t i m i z a t i o n  model  can  

v a l i d a t e  t h e  mode l  w i t h  a c t u a l  f i e l d  r e s u l t s .
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5.1 Heavy Oil Recovery in Oklahoma

In  27 c o u n t i e s  o f  S o u t h e r n  Oklahoma ( shown i n  F i g u r e

5. IcO, h ea v y  c r u d e  o i l  a c c u m u l a t i o n s  a r e  f ound  p r i m a r i l y  i n

s a n d s t o n e  a s  w e l l  a s  f ound  i n  l i m e s t o n e  and c o n g l o m e r a t e .

G e o l o g i c a l  e r a s  o f  t h e  f o r m a t i o n s  a r e  P e r m i a n  and

P e n n s y l v a n i a n .  The p r i n c i p a l  p r i m a r y  p r o d u c i n g  me c ha n i s ms

a r e  s o l u t i o n - g a s  e x p a n s i o n ,  w a t e r f l o o d ,  and  c o m b i n a t i o n s  o f

t h e  two .  Net  t h i c k n e s s  o f  t h e  r e s e r v o i r s  r a n g e s  f rom a

few f e e t  t o  a b o u t  140 f e e t .  Known d e p t h s  r a n g e  f rom a b o u t

100 t o  9 , 7 0 0  f t ;  h o we v e r ,  53 o f  t h e  125 r e s e r v o i r s

r e p o r t e d  a r e  a t  d e p t h s  l e s s  t h a n  3 , 0 0 0  f t .  T h e r e f o r e ,

mos t  o f  t h e  r e s e r v o i r s  a r e  good f o r  s t e a m  d r i v e  a c c o r d i n g
18t o  t h e  p r o c e s s  s c r e e n i n g  c r i t e r i a  ( D i e t z m a n ,  1 9 6 5 ) .  

The i n - s i t u  c o m b u s t i o n  p r o c e s s  i s  c e r t a i n l y  a good c h o i c e .  

A c t u a l l y ,  Oklahoma was t h e  f i r s t  s t a t e  t o  e x p e r i e n c e  t h e  

i n - s i t u  c o m b u s t i o n  p r o c e s s  i n  J e f f e r s o n  Coun t y  i n  1953 .

O K L A H O M A
m

LEGEND
•  on  f ie ld

A r t o  of h fo v y  oil ,

F i g u r e  5 . 1 a  Heavy o i l  r e s e r v e  i n  s o u t h e r n  Oklahoma
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u s t s  1953,  t h e  f i r s t  e x p e r i m e n t a l  i n - s i t u  c o m b u s t i o n  

p r o c e s s  i n  Oklahoma was c o n d u c t e d  i n d e p e n d e n t l y  by two 

s e p a r a t e  c o m p a n i e s ,  S i n c l a i r  O i l  Co.  and M a g n o l i a  

P e t r o l e u m  Co.  The me t hod  p r o p o s e d  by Ma g n o l i a  P e t r o l e u m  

Co.  was d e v e l o p e d  w i t h  t h e  i d e a  o f  p r o d u c i n g  heavy  o i l s  i n  

t h e  10°  t o  25°API .  The S i n c l a i r  O i l  Co.  me t hod  was 

a p p l i e d  f o r  h i g h e r  API g r a v i t y  o i l s ,  i . e .  30°  t o  

4 0° API .

Mobi l  ( f o r m e r l y  M a g n o l i a  P e t r o l e u m  C o . )  c o n d u c t s  t h e

i n - s i t u  c o m b u s t i o n  p i l o t  p r o j e c t  a t  P o n t o t o c  T e s t  S a n d ,  i n

J e f f e r s o n  and S t e p h e n s  c o u n t i e s .  T h e i r  summary o f

e x p e r i e n c e s  i s  l i s t e d  a s  f o l l o w s :

R e s e a r c h  5 - s p o t  -  40 f t  b e t w e e n  w e l l s  -  195 f t  deep
18 . 4°A PI  O i l  -  5 , 0 0 0  cp  a t  BHT
Hi g h l y  i n s t r u m e n t e d  and  c o n t r o l l e d
I n j e c t i v i t y  i n c r e a s e d  a t  150 PSI
Conformance  good b u t  d i r e c t i o n a l
51% o f  o i l  r e c o v e r e d  f rom p a t t e r n
20%  o f  p a t t e r n  vo lume  was b u r n e d  c l e a n
R e s u l t s  c h e c k e d  l a b  p r e d i c t i o n s

Mobi l  a l s o  r a n  a n o t h e r  i n - s i t u  c o m b u s t i o n  p i l o t  a t  Cox 

Penn Sand u n i t ,  i n  C a r t e r  C o u n t y ,  b u t  no r e p o r t  was a v a i l ­

a b l e  t h i s  p i l o t .  S i n c l a i r  had  two p i l o t s  o f  t h e  i n - s i t u  

c o m b u s t i o n  r u n s  a t  D e l a w a r e - C h i l d e r s , Nowata C o u n t y .  Both  

t e s t s  were  r u n  i n  1 9 4 9 ,  and  t h e  t o t a l  i n c r e a s e d  o i l  

r e c o v e r y  was e s t i m a t e d  ' a t  3 4 , 9 7 1  b b l  and 1 1 , 1 0 6  b b l s .  In 

19 6 0 ,  S i n c l a i r  r e r a n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  f o r  a
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w a t e r e d - o u t  r e s e r v o i r .  The summary o f  p i l o t  t e s t  i s  l i s t e d  

a s  f o l l o w s :

I n - s i t u  c o m b u s t i o n  p r o c e s s  t e c h n i c a l l y  f e a s i b l e
A i r  o n l y  f o r  w a t e r e d - o u t  r e s e r v o i r
I n v e r t e d  2 . 2 - a c r e  5 - s p o t  33°API  o i l
High i n j e c t i o n  r a t e s  and  p r e s s u r e s
D e l a y e d  r e s p o n s e  due t o  h i g h  g r a v i t y  r e s e r v o i r
Good c o n f o r m a n c e

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

p o n s e  i n  t h e  t i m e  f r a me  o f  t h e  p r o j e c t  ( M a r t i n , 1 9 6 8 ) .

Soh i o  a l s o  d i d  an e x p e r i m e n t a l  i n - s i t u  c o m b u s t i o n  

p i l o t  i n  S . E .  P a u l s  V a l l e y ,  i n  G r a v i n  C o u n t y .  Conoco 

o p e r a t e d  i n  Loco f i e l d ,  i n  J e f f e r s o n  County  f o r  some 

y e a r s .  Conoco  t r i e d  h o t  w a t e r f l o o d  f o r  a p i l o t  t e s t  and 

t h e n  r a n  a s t e a m  d r i v e  p i l o t  i n  Loco f i e l d .  The a u t h o r  

c h o o s e s  t h e  l a s t  two f i e l d  c a s e s  a s  t h e  f i e l d  c a s e  s t u d i e s  

i n  t h i s  d i s s e r t a t i o n  b e c a u s e  b o t h  f i e l d s  h a v e  more 

d e t a i l e d  p u b l i c a t i o n s  o f  t h e  f i e l d  t e s t  r e s u l t s  

( M a r t i n , 1968;  and E l k i n s ,  e t  a l . ^ ^ ,  1 9 7 2 ) .  The

d e t a i l s  o f  t h e s e  two f i e l d  c a s e s  a r e  d i s c u s s e d  i n  t h e  n e x t  

two s e c t i o n s .

5 . 2  C a s e  S t u d y  1:  SE P a u l s  V a l l e y  F i e l d ,  Oklahoma

5 . 2 . 1  F i e l d  H i s t o r y :

The S o u t h e a s t  P a u l s  V a l l e y  F i e l d ,  G a r v i n  C o u n t y ,  

Oklahoma,  p r o d u c i n g  f rom t h e  O i l  C r e e k  Sand a t  a d e p t h  o f  

4 , 3 0 0  f t . ,  was d i s c o v e r e d  i n  March ,  195 5 .  The o i l  i s  v e r y  

v i s c o u s  ( 7 , 0 0 0 - 8 , 0 0 0  cp  API)  and t h e  o p e r a t i n g  p r o b l e m s  

h a ve  be e n  s e v e r e .  By 1 9 6 8 ,  i t  was a p p a r e n t  t h a t  u l t i m a t e
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o i l  r e c o v e r y  by n a t u r a l  w a t e r  d r i v e  was g o i n g  t o  be  l e s s  

t h a n  5% o f  t h e  o i l - i n - p l a c e .  T h e r e f o r e ,  t h e  t h e r m a l  

r e c o v e r y  me thod  was c o n s i d e r e d  t o  a p p l y  f o r  t h e  f i e l d .

The O i l  C r e e k  Sand r e s e r v o i r  i s  a f a u l t e d  a n t i c l i n a l  

n o s e  w i t h  a 1 0 0 - f t .  o i l  co l umn c o v e r i n g  some 325 a c r e s  a s  

o u t l i n e d  on t h e  s t r u c t u r e  map i n  F i g u r e  5 . 1 .  The r e s e r v o i r  

t e m p e r a t u r e  i s  f ound  t o  be 11G°F and  t h e  p r e s s u r e  h a s  

b e e n  m a i n t a i n e d  a t  a b o u t  1 , 8 0 0  t o  1 , 9 0 0  p s i  .

From t h e  c o r e  a n a l y s i s ,  p o r o s i t y  a v e r a g e d  31%, o i l  

s a t u r a t i o n  57%, and  w a t e r  s a t u r a t i o n  15%. P e r m e a b i l i t i e s  

o f  t h e s e  8 s a m p l e s  r a n g e d  f rom 878 t o  2 , 5 0 5  md. The 

r e s e r v o i r  d a t a  do e s  n o t  i n d i c a t e  how t h i c k  e a c h  p r o d u c i n g  

z one  i s ,  t h e r e f o r e ,  a h i g h  p e r m e a b i l i t y  and  a low 

p e r m e a b i l i t y  c a s e  were  s t u d i e d .  Gi ven  t h e  a b o v e  r e s e r v o i r  

p a r a m e t e r s ,  o i l - i n - p l a c e  i s  i n i t i a l l y  c a l c u l a t e d  t o  be 

1 , 3 7 0  b b l / a c r e - f t .  An e x p e r i m e n t a l  i n - s i t u  c o m b u s t i o n  

p r o c e s s  was s u g g e s t e d  f o r  t h i s  f i e l d .

•)4

F i g u r e  5 . 1  S t r u c t u r e ,  t o p  o f  o i l  c r e e k  s an d  
(From E l k i n s  e t  a l . )
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5.2.2 Experimental in-situ combustion process
S o h i o  P e t r o l e u m  Co.  and Morgan G u a r a n t y  T r u s t  Co. 

c o n d u c t e d  two e x p e r i m e n t a l  i n - s i t u  c o m b u s t i o n  p r o c e s s e s  in  

t h i s  f i e l d .  From J a n u a r y  t h r o u g h  November ,  1969 ,  a i r  was 

i n j e c t e d  be l ow t h e  o i l - w a t e r  c o n t a c t  i n  an ed g e  w e l l  a s  a 

p a r t i a l  e v a l u a t i o n  f o r  t h e  f e a s i b i l i t y  o f  u s i n g  a p e r i p h ­

e r a l  i n - s i t u  c o m b u s t i o n  p r o c e s s .  In  O c t o b e r ,  197 0 ,  t h e y

i g n i t e d  a s t r u c t u r a l l y  h i g h  w e l l  w i t h  t h e  e n t i r e  100- f t  

s a nd  col umn s a t u r a t e d  w i t h  o i l .  A i r  i n j e c t i o n  i n t o  t h i s

w e l l  was c o n t i n u e d  t h r o u g h  J a n u a r y ,  1972.  The n e t  o i l

s a nd  i s o p a c h  o i l  c r e e k  s a n d  and t e s t  w e l l s  map i s  shown i n

F i g u r e  5 . 2 .

A I R  I N J ULATEDW E L L SI G N I T I O
I t 7 0 > 7 2

Dutttn
A I R INJ .w 

•  C L O W  0 / W
l i s t

F i g u r e  5 . 2  Net  o i l  s an d  i s o p a c h  o i l  c r e e k  s a n d  
(From E l k i n s  e t  a l . )
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s t a r t i n g  on J a n u a r y  10 ,  1969 ,  a i r  was i n j e c t e d  i n t o

w a t e r - s a n d  be l ow t h e  o i l - w a t e r  c o n t a c t  i n  an edge  w e l l ,  

Duker  B - 7 ,  a t  r a t e s  o f  5 0 0 -8 0 0  M c f / d a y  a t  s u r f a c e  

p r e s s u r e s  o f  1 , 8 0 0  t o  2 , 4 0 0  p s i .  By m i d - A p r i l ,  a f t e r  

i n j e c t i o n  o f  some 45 MMcf o f  a i r ,  b r e a k t h r o u g h  o c c u r r e d  i n  

f o u r  o f f s e t  w e l l s .  T h r e e  o f  t h e  w e l l s ,  Duker  B- 3 ,  B- 5 ,  

and B-6  were  f l o w i n g  s u c c e s s f u l l y  w i t h  t h e  h e l p  o f  

s u c k e r - r o d  pumpi ng .  I n  O c t o b e r ,  1969,  w i t h  a i r  i n j e c t i o n  

i n t o  Duker  B-7 c o n t i n u i n g ,  t h e  volume o f  g a s e s  p r o d u c e d  by 

Duker  B-5 and B- 6  i n c r e a s e d  s i g n i f i c a n t l y .  I n  a d d i t i o n ,  

b o t h  w e l l s  wen t  s u b s t a n t i a l l y  t o  100% w a t e r  p r o d u c t i o n .  

The t e s t  was t e r m i n a t e d  on November  17 ,  1 9 6 9 ,  a f t e r  a cum­

u l a t i v e  156 MMcf o f  a i r  was i n j e c t e d .

On A ugus t  2 ,  19 7 0 ,  a i r  i n j e c t i o n  was s t a r t e d  i n  Duker  

A-1 a t  t h e  r a t e  o f  200 t o  300 Mcf/D a t  s u r f a c e  p r e s s u r e  up 

t o  3 , 0 0 0  p s i .  T h i s  w e l l  showed a l i m i t e d  a i r  i n t a k e  

c a p a c i t y  e ve n  a f t e r  t h e  w e l l b o r e  c l e a n u p .  T h e r e f o r e ,  

f a c i l i t i e s  were  a r r a n g e d  f o r  i n j e c t i o n  i n t o  Duker  B - 3 .  On 

O c t o b e r  7 ,  1970 ,  450 MMcf o f  a i r  was i n j e c t e d  a t  a b o u t

1 , 7 0 0  p s i  s u r f a c e  p r e s s u r e .  S e v e r e  c h a n n e l l i n g  t o  o t h e r  

p r o d u c i n g  w e l l s  was f o un d  i n  t h i s  i n j e c t i o n  w e l l .

The o v e r a l l  p e r f o r m a n c e  o f  t h e  i n - s i t u  c o m b u s t i o n  t e s t  

i s  s umma r i zed  i n  F i g u r e  5 . 3 .  O i l  p r o d u c t i o n  i n c r e a s e d  

f rom 1 0 0 - 170  B/D d u r i n g  t h e  f i r s t  9 mo n t hs  o f  1970,  b e f o r e
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i g n i t i o n  o f  Duker  B-3 on O c t o b e r  1 ,  t o  a p e a k  r a t e  o f  401

B/D i n  March ,  1971.  I t  d e c l i n e d  t o  285 B/D i n  J a n u a r y ,

1972 ,  j u s t  b e f o r e  a i r  i n j e c t i o n  was t e r m i n a t e d .  D u r i n g  

t h e  16 mont hs  o f  a i r  i n j e c t i o n  i n t o  Duker  B - 3 ,  t h e  f i e l d  

p r o d u c e d  1 4 9 , 0 0 0  b b l  o f  o i l ,  a v e r a g e  310 B/D.  Fo r  t h e

t o t a l  p r o j e c t  p e r i o d ,  t h e  a i r - o i l  r a t i o  a v e r a g e d  6 M c f / b b l .

O «t

CUM. A 0 »  ^  '

to«

I t T t

F i g u r e  5 . 3  I n - s i t u  c o m b u s t i o n  p i l o t  p e r f o r m a n c el o tb u s tt
(From E l k i n s  e t  a l . )

A f t e r  t h e s e  two f i e l d  t e s t s ,  t h e  e n g i n e e r s  e v a l u a t e d  

t h e  p o s s i b i l i t y  o f  p r o j e c t  e x p a n s i o n .  I n  t h e i r  c o n c l u d i n g  

r e m a r k s ,  t h e y  s u g g e s t e d  an e x p a n s i o n  o f  t h e  i n - s i t u  

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

and h i g h  o p e r a t i n g  c o s t  d u r i n g  t h a t  t i m e .  One a d d i t i o n a l  

f a c t o r  f a v o r e d  t h e  e x p a n s i o n ,  t h e  i n t a k e  c a p a c i t y  o f  t h e  

s i n g l e  a i r  i n j e c t i o n  w e l l .  They commented :
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" I n j e c t i v i t y  c a l c u l a t i o n s  i n d i c a t e d  t h e  a i r  i n j e c t i o n  
r a t e  p r o b a b l y  c o u l d  be d o u b l e d  o r  t r i p l e d  w i t h  s u r f a c e  
i n j e c t i o n  p r e s s u r e  n o t  e x c e e d i n g  2500 p s i .  I f  t h i s  
would  c a u s e  o t h e r  w e l l s  t o  f l ow a t  a s i m i l a r  a i r - o i l  
r a t i o ,  t o t a l  f i e l d  o i l  p r o d u c t i o n  r a t e  m i gh t  be 
d o u b l e d  o r  t r i p l e d . "

5 . 2 . 3  O p t i m i z a t i o n  mode l  a p p l i c a t i o n s  and s e n s i t i v i t y  

a n a l y s i s

The a b o ve  q u o t a t i o n  p r o v i d e s  a good b a s i s  f o r  t h e  

m u l t i - c r i t e r i a  o p t i m i z a t i o n  model  t o  e v a l u a t e  t h e  i n j e c t i o n  

p r e s s u r e ,  i n j e c t i o n  r a t e ,  and  p r o d u c t i o n  r a t e  f o r  t h e  

i n - s i t u  c o m b u s t i o n  p r o c e s s .  The d e t a i l e d  i n p u t  r e s e r v o i r  

p a r a m e t e r s  and t h e  p e r f o r m a n c e  model  r e s u l t s  a r e  l i s t e d  i n  

A p p e n d i x  C.  The m u l t i - c r i t e r i a  p ro g r a mmi n g  t e c h n i q u e  i s  

p rogrammed i n  FORTRAN. The p r og ra m l i s t i n g  and u s e r ' s  

g u i d e  t o  t h e  i n - s i t u  c o m b u s t i o n  p i l o t  a r e  shown i n  

A ppe nd i x  D. S i n c e  t h e  p u b l i s h e d  l i t e r a t u r e  h a s  n o t  

i n d i c a t e d  d i f f e r e n t  p e r m e a b i l i t y  p r o d u c i n g  z o n e s ,  t h i s  

p i l o t  was e v a l u a t e d  on h i g h  and  low p e r m e a b i l i t y  c a s e s .

a )  High  p e r m e a b i l i t y  c a s e :  p e r m e a b i l i t y  = 2,5GQmd

O p t i m i z a t i o n  model  r e s u l t s :
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Table 5.1 Process Achievement for 2,500md
T i m e s t e p  P r o f  P i n j  q i n i  Pno Rec
( mo n t h )___________ ( $ j _______ ( p s i )  (MMcr/D) (B/D)  { % )

1 4 1 0 3 9 . 7 6 5 9 4 . 5 4 2 . 7 0 18 4 . 8 2 12 .86
2 8 0 9 1 4 . 6 1 5 3 9 . 4 3 2 . 7 0 1 7 3 . 22 2 0 . 2 4
3 1 1 9 7 8 5 . 7 0 5 3 9 . 4 3 2 . 7 0 1 6 2 . 52 2 5 . 9 6
4 1 5 7 7 3 5 . 5 0 4 9 2 . 3 1 2 . 7 7 1 5 5 . 4 9 3 1 . 3 0
5 1 9 4 7 5 7 . 2 8 4 9 2 . 3 1 2 . 7 9 1 4 5 . 9 0 3 2 . 2 3
6 2 3 0 8 9 1 . 0 0 4 3 7 . 0 0 3 . 0 2 1 4 0 . 0 6 3 3 . 8 6
7 2 6 6 1 2 0 . 4 3 4 5 1 . 3 3 3 . 4 2 1 3 3 . 6 4 3 4 . 0 6
8 3 0 0 5 5 1 . 3 0 4 6 1 . 3 5 2 96 1 2 8 . 5 8 3 8 . 8 7
9 3 3 4 1 7 6 . 9 0 4 7 0 . 3 9 2 . 7 9 1 2 2 . 9 2 4 2 . 7 4

where  :

P r o f  = p r o f i t ,  d o l l a r s
P j n j  = i n j e c t i o n  p r e s s u r e ,  p s i

P i n j  = i n j e c t i o n  r a t e ,  MMcf/D 

q^p = p r o d u c t i o n  r a t e ,  B/D 

Rec = o i l  r e c o v e r y ,  %

The work o f  t h e  o p t i m i z a t i o n  mode l  u s u a l l y  i s  n o t  

c o m p l e t e d  when t h e  m u l t i - c r i t e r i a  p rogramming t e c h n i q u e  

h a s  b e e n  s u c c e s s f u l l y  a p p l i e d  t o  i d e n t i f y  t h e  o p t i m a l  

s o l u t i o n s .  The p a r a m e t e r s  u s e d  i n  t h e  model  a r e  j u s t  t h e  

e s t i m a t e s  f rom t h e  p e r f o r m a n c e  mode l  f o r  a p r e d i c t i o n  o f

f u t u r e  c o n d i t i o n s .  The d a t a  o b t a i n e d  t o  d e v e l o p  t h e s e

e s t i m a t e s  a r e  o f t e n  r a t h e r  c r u d e  and  t h e  p r o c e s s

p a r a m e t e r s  may ev e n  r e p r e s e n t  o v e r e s t i m a t e s ,  s u c h  a s  t h e

maximum i n j e c t i o n  p r e s s u r e  and i n j e c t i o n  r a t e .

The s e n s i t i v i t y  a n a l y s i s  o f  t h e  d e c i s i o n  v a r i a b l e s  c a n  

be p e r f o r m e d  i n  two a s p e c t s :
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1)  The g o a l  o b j e c t i v e  f u n c t i o n s  a r e  f o r m u l a t e d  a s  t h e  

r e g r e s s i o n  e q u a t i o n s ,  and  t h e  c o e f f i c i e n t s  f o r  e a c h  p a r a m ­

e t e r  a r e  c o n s t a n t .  The i n p u t  p a r a m e t e r s  h a v e  t o  r e a d j u s t  

t h e m s e l v e s  i n  o r d e r  t o  a c h i e v e  t h e  p r e d i c t i v e  power  o f  e a c h  

r e g r e s s i o n  e q u a t i o n .  The r e a d j u s t m e n t s  o f  t h e  d e c i s i o n  

v a r i a b l e s  form t h e  f e a s i b l e  r e g i o n  f o r  t h e  mode l .

2 ) The p h y s i c a l  model  i s  s i m u l a t e d  i n  d i f f e r e n t  t i m e -  

s t e p s .  Some o f  t h e  d e c i s i o n  v a r i a b l e s  v a r y  t h r o u g h o u t  t h e  

t i m e s t e p s ,  e . g . ,  o i l  r e c o v e r y ,  c u m u l a t i v e  a i r  i n j e c t i o n ,  

c u m u l a t i v e  o i l  p r o d u c t i o n ,  a i r - o i l  r a t i o ,  vo lume b u r n e d ,  

and o i l  p r o d u c i n g  r a t e .  The o p t i m i z a t i o n  model  f e a s i b l e  

r e g i o n  may v a r y  i n  d i f f e r e n t  t i m e s t e p s ;  t h e r e f o r e ,  some o f  

t h e  d e c i s i o n  v a r i a b l e s  a r e  o b t a i n e d  f o r  t h e  f e a s i b i l i t y  o f  

t h e  m o d e l i n g .

The m u l t i - c r i t e r i a  p r ogrammi ng  t e c h n i q u e  f o r ms  t h e  

f e a s i b l e  r e g i o n  w i t h  t h e  i n p u t  p a r a m e t e r s  a s  t h e  r e a l

c o n s t r a i n t s .  Some o f  t h e  r e a l  c o n s t r a i n t s  h a v e  t o  

r e a d j u s t  a s  t h e  b a s i c  v a r i a b l e s  f o r  t h e  f e a s i b l e  r e g i o n .

Then t h e  b a s i c  v a r i a b l e s  and some o t h e r  r e a l  c o n s t r a i n t s

a r e  u s e d  a s  t h e  d e c i s i o n  v a r i a b l e s  f o r  t h e  o p t i m i z a t i o n

mode l .  The b a s i c  d e c i s i o n  v a r i a b l e s  a r e  o b t a i n e d  f o r  t h i s  

p a r t i c u l a r  model  a s  f o l l o w s :
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Table 5.2 Basic Decision Variables for 2,500md
T i m e s t e p

( ™on t h ) ^ g^ B,
CAI

(MMcf)
q . . FB 

(M&bf /D)(B/AF)
PIS

(%-%)
VISO
(Cp)

VB
(%) ( p s i ^ j

1 3 6 0 . 3 6 . 3 3 5 . 5 2 2 9 9 . 5 0 2 9 3 7 . 1 0 3 0 3 . 6 6 1 3 . 5 2 7 5 9 . 7 3
2 3 3 8 . 1 8 . 5 7 5 . 5 2 2 5 2 . 8 6 2 9 9 7 . 4 0 3 2 9 . 6 3 1 4 . 5 2 7 5 9 . 7 3
3 3 1 8 . 3 0 . 79 5 . 5 2 2 3 2 . 2 6 3 0 5 4 . 6 0 3 5 8 . 8 0 1 5 . 5 2 7 5 9 . 7 3
4 3 2 8 . 6 3 1 . 1 5 6 . 0 8 2 3 3 . 2 1 3 1 1 6 . 1 0 4 2 9 . 9 6 1 6 . 5 2 6 9 8 . 5 6
5 3 0 8 . 4 0 1 . 4 1 6 . 0 8 2 3 7 . 2 6 3 0 5 9 . 1 3 4 1 4 . 5 0 2 0 . 5 2 6 9 8 . 5 6
6 3 1 7 . 6 0 1 . 7 6 6 . 4 4 2 3 5 . 1 0 3 0 4 3 . 5 0 4 0 7 . 1 6 2 4 . 5 2 6 3 3 . 7 0
7 3 1 5 . 9 6 1 . 9 5 6 . 6 0 2 3 1 . 9 5 3 0 0 8 . 8 4 4 0 5 . 6 7 2 8 . 5 2 6 3 8 . 1 2
8 1 3 4 . 2 6 2 . 2 5 6 . 9 8 2 4 2 . 2 3 3 0 1 3 . 7 8 4 1 6 . 2 4 3 1 . 5 2 6 3 2 . 3 1
9 1 2 8 . 1 6 2 . 5 5 7 . 0 2 2 4 5 . 1 7 3 1 0 3 . 8 1 4 0 5 . 0 2 3 2 . 3 1 5 7 5 . 5 9

where  : 
a np = p r o d u c t i o n  r a t e ,  B/D
CAI = c u m u l a t i v e  a i r  i n j e c t e d ,  M M s c f / a c r e - f t .  
Q i n j  = i n j e c t i o n  r a t e ,  MMscf/D

FB = f u e l  b u r n e d ,  B / a c r e - f t  
P I S  = o i l  s a t u r a t i o n  p o r o s i t y  
VISÜ = o i l  v i s c o s i t y ,  C

P
VB = volume b u r n e d ,  %
P i  j  = i n j e c t i o n  p r e s s u r e ,  p s i

b) Low p e r m e a b i l i t y  c a s e :  p e r m e a b i l i t y  = 878md

The o t h e r  r e s e r v o i r  p a r a m e t e r s  a r e  t h e  same f o r  t h e  

h i g h  p e r m e a b i l i t y  c a s e .  The p i l o t  p a t t e r n  i s  an i n v e r t e d  

5 - s p o t  i n  5 - a c r e  s p a c i n g .

O p t i m i z a t i o n  model  r e s u l t s :

T a b l e  5 . 3 a  P r o c e s s  A c h i e v e m e n t  f o r  878md

T i m e s t e p  P r o f  P ^ n i  d i n i
( j n p n t h l ________($ j  ( p s i ;  (MMcf7D) ( §9 0 )

Rec
( %)

1 4 1 0 3 9 . 7 8 6 3 5 . 0 4 2 . 7 0 1 8 4 . 8 2 11 .88
2 8 0 7 8 3 . 8 7 5 9 9 . 4 3 2 . 7 0 1 7 3 . 2 2 2 1 . 9 5
3 1 1 84 7 9 . 3 0 5 8 9 . 3 0 2 . 7 0 1 6 2 . 5 2 2 5 . 2 0
4 1 5 7 1 8 8 . 4 0 5 80 . 3 1 2 . 9 8 1 5 5 . 4 9 2 8 . 1 0
5 1 9 1 6 3 1 . 2 8 5 3 9 . 4 5 3 . 1 4 1 4 5 . 9 0 2 8 . 9 5
6 2 1 3 6 0 2 . 7 3 5 3 7 . 0 0 4 . 3 3 1 4 0 . 0 6 3 2 . 2 0
7 2 6 6 9 9 6 . 9 5 5 8 5 . 60 2 . 9 9 1 3 3 . 6 4 5 9 . 3 1
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T i m e s t e p  
( m o n t h )

Table 5.3b Basic Décision Variables for 878md
F i n i FB

(B/AF)
CAI PIS  VB

(MMcf/AF) (%-%) (%)
1 9 7 8 . 9 5 2 8 4 . 1 7 0 . 3 3 3 3 8 2 . 7 1 1 3 . 5 2
2 9 7 8 . 9 5 2 5 0 . 9 9 0 . 5 7 3 4 9 7 . 9 9 1 4 . 5 2
3 9 7 8 . 9 5 2 1 9 . 9 9 0 . 7 9 3 5 7 1 . 4 7 1 5 . 5 2
4 8 9 4 . 5 6 2 2 6 . 4 5 1 . 1 5 3 4 4 0 . 0 1 2 0 . 5 2
5 8 9 4 . 5 6 2 2 7 . 4 9 1 . 4 1 3 3 4 1 . 3 6 2 5 . 5 2
6 8 3 5 . 2 7 2 3 0 . 5 2 1 . 7 6 3 2 9 5 . 8 4 3 0 . 5 2
7 8 6 1 . 0 3 2 3 6 . 0 8 1 . 9 5 3 2 3 7 . 8 5 3 5 . 5 2
From t h e  r e s u l t s  o f  t h e  d e c i s i o n  v a r i a b l e  i n  b o t h  

p r o c e s s e s , ( T a b l e s  5 . 2  a n d  5 . 3 )  t h e  i n j e c t i o n  p r e s s u r e  i s  

c o n s i d e r a b l y  h i g h e r  f o r  t h e  low p e r m e a b i l i t y  c a s e  

( 8 6 1 - 9 7 9  p s i )  t h a n  t h e  h i g h  p e r m e a b i l i t y  c a s e  ( 5 7 5 - 7 5 9  

p s i ) .  The d i f f e r e n t  i n j e c t i v i t y  o f  p r e s s u r e  i s  due t o  

t h e  t i g h t e r  f o r m a t i o n  f o r  t h e  low p e r m e a b i l i t y  c a s e .  Two 

p r e s s u r e  r a n g e s  a r e  p l o t t e d  on a c o n s o l i d a t e d  g r a p h  

( F i g u r e  5 . 4 )  f o r  c o m p a r i s o n .  The p r o c e s s  a c h i e v e m e n t s  

show a c l o s e r  r a n g e  o f  i n j e c t i o n  p r e s s u r e  f o r  b o t h  c a s e s ,  

b u t  t h e  i n j e c t i o n  p r e s s u r e  i s  s t i l l  h i g h e r  f o r  low 

p e r m e a b i l i t y  c a s e .

MULTI-CRITERIA OPTIMIZATION MODEL
W -SrrU  COMBUSTION PROCESS

PAULS VALLEY FIELD

1000-T I f N
J 900-ECT 800-
5N 700-

•3
[LOW n ia iE A B IllT Y  ZOSE)

^WOHPEBUEABILirrZOSE)

PR 600- E :
sS 500-
u :
RE WOO-

75 6321

TIME, MONTH
F i g .  5 . 4  I n j e c t i o n  p r e s s u r e  f o r  h i g h ,  low p e r m e a b i l i t y

c a s e s .
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The o i l  s a t u r a t i o n  p o r o s i t y ,  P I S ,  i s  u s u a l l y  u s e d  f o r  

EOR s c r e e n i n g  p u r p o s e s  b e c a u s e  t h i s  t e r m  i n d i c a t e s  a 

b a s i c  i d e a  o f  o i l - i n - p l a c e .  F o r  t h e  low p e r m e a b i l i t y  

c a s e ,  t h e  PIS  t e r m  has  a r e l a t i v e l y  h i g h e r  v a l u e  which  

g i v e s  a l o w e r  o i l  r e c o v e r y  t h a n  t h e  h i g h  p e r m e a b i l i t y  

c a s e .  T h e r e f o r e ,  t h e  o i l  r e c o v e r y  i s  r e l a t i v e l y  l o w e r  

f o r  low p e r m e a b i l i t y  c a s e ;  t h e  o i l  r e c o v e r y  f o r  two 

d i f f e r e n t  c a s e s  a r e  p l o t t e d  i n  F i g u r e  5 . 5 .

MULTI-CRITERIA OPTIMIZATION MODEL
IN-SITU COMBUSTION PROCESS

PAULS VALLEY FIELD

E 10-

TIME. MONTH

F i g .  5 . 5  O i l  r e c o v e r y  f o r  h i g h ,  low p e r m e a b i l i t y  c a s e .
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S i n c e  t h e  p r o f i t  i s  b a s e d  on t h e  p r o d u c t i o n  r a t e ,  

i n j e c t i o n  p r e s s u r e ,  and  i n j e c t i o n  r a t e ,  t h e  p r o f i t  i s  

r e l a t i v e l y  l o w e r  f o r  t h e  low p e r m e a b i l i t y  c a s e ,  i . e . ,  

$ 2 6 6 , 9 9 6 . 9 5  a s  c o m p a r e d  t o  $ 5 5 4 , 1 7 6 . 9 0 .

5 . 2 . 4  S t eam d r i v e  p r o c e s s  f o r  S . E .  P a u l s  V a l l e y :

The s c r e e n i n g  c r i t e r i a  o f  t h e  p e r f o r m a n c e  model  h a s  

i n d i c a t e d  a s t e a m  d r i v e  p r o c e s s  f o r  t h e  p i l o t  t e s t  i n  

S . E .  P a u l s  V a l l e y  f i e l d .  The r e s e r v o i r  p a r a m e t e r s  a r e  

t h e  same p a r a m e t e r s  u s e d  f o r  t h e  i n - s i t u  c o m b u s t i o n  

p r o c e s s .  Bo t h  h i g h  p e r m e a b i l i t y  and low p e r m e a b i l i t y  

p r o d u c i n g  z o n e  c a s e  s t u d i e s  a r e  s i m u l a t e d  f o r  t h e  s t e a m 

d r i v e  p r o c e s s .  The m u l t i - c r i t e r i a  o p t i m i z a t i o n  model  i s  

a l s o  a p p l i e d  f o r  b o t h  c a s e s  and  t h e  r e s u l t s  a r e  a l m o s t  

i d e n t i c a l  e x c e p t  t h a t  o f  t h e  o i l  r e c o v e r y .  T h e r e f o r e ,  

t h e  r e s u l t s  a r e  l i s t e d  i n  a c o n s o l i d a t e d  t a b l e  a s  f o l l o w s :

T a b l e  5 . 4  P r o c e s s  A c h i e v e m e n t  f o r  H i g h ,  Low P e r m e a b i l i t y  

T i m e s t e p  h i g h  k low k

1 - 1 1 9 5 5 5 6 . 5 1 0 8 8 . 1 4 9 9 5 . 1 1 6 4 4 . 1 5 2 4 . 4 1 2 1 . 4 7
2 - 1 0 1 7 6 5 6 . 5 1 0 8 4 . 1 4 9 9 2 . 7 5 7 4 7 . 5 7 4 6 . 8 5 4 0 . 9 7
5 -  8 4 0 0 9 9 . 4 1 0 8 8 . 6 9 9 9 2 . 4 5 6 0 9 . 9 7 5 2 . 7 8 4 5 . 9 6
4 -  6 6 2 8 7 6 . 6 1 0 9 8 . 2 0 9 9 0 . 8 8 6 5 2 . 5 7 6 5 . 0 0 5 5 . 2 6
5 -  4 8 5 9 7 1 . 7 1 1 6 9 . 5 4 9 8 6 . 7 9 6 4 5 . 0 7 6 9 . 6 4 5 4 . 9 7
6 -  5 0 9 5 8 6 . 8 1 1 7 4 . 5 5 9 8 4 . 0 0 5 5 0 . 5 2 7 2 . 7 0 5 5 . 1 2
7 -  1 5 5 1 4 6 . 5 1 1 8 4 . 5 2 9 8 1 . 7 4 4 8 4 . 5 9 7 7 . 7 1 5 7 . 2 1
8 + 4 2 8 2 2 . 4 1 2 1 2 . 7 9 9 7 9 . 0 5 4 6 8 . 0 5 8 2 . 5 4 5 8 . 9 5
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T a b l e  5 . 5  B a s i c  D e c i s i o n  V a r i a b l e s  ( Bo t h  c a s e s )  

T i m e s t e p
(Month)  EH VS

(%) _____  (BBLS)
1 9 9 . 6 2 4 4 9 4 5 0 . 1 3
2 9 9 . 6 4 4 5 0 4 5 9 . 9 1
3 9 9 . 4 6 4 5 1 4 6 9 . 9 4
Ù 9 9 . 2 8 4 5 2 4 8 0 . 1 6
5 9 9 . 1 1 4 5 3 4 9 0 . 0 6
6 9 8 . 9 3 4 5 4 5 0 0 . 0 0
7 9 8 . 7 5 4 5 5 5 0 9 . 8 8
8 9 8 . 5 8 4 5 6 5 2 0 . 0 2

S i n c e  b o t h  p r o c e s s  a c h i e v e m e n t  p a r a m e t e r s  a r e  a l m o s t  

i d e n t i c a l ,  e x c e p t  o i l  r e c o v e r y ,  a c o n s o l i d a t e d  g r a p h  i s  

p l o t t e d  f o r  t h e  o i l  r e c o v e r y  i n  F i g u r e  5 . 6 .  The o i l  

r e c o v e r y  i s  c o n s i d e r a b l y  h i g h e r  b e c a u s e  t h e  s t e a m  

i n j e c t i o n  i n c r e a s e s  t h e  i n j e c t i v i t y  o f  t h e  p r o c e s s .

MULTI-CRITERIA OPTIMIZATION MODEL
STEAM DRIVE PROCESS

PAULS VALLEY FIELD90

8 0 -

L 7 0 -  (HIGH PERMEABILITY ZONE,

5 60-

5 0 -

%0W PERM EABILITY ZONE)10 -

3 0 -

20 -

10-

TIME. MONTH

n C 5 « 6  OR. RECOVERY VS TIME
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As shown i n  F i g u r e  5 . 7 ,  t h e  n e g a t i v e  p r o f i t  f o r  t h e  s t e a m  

d r i v e  p r o c e s s  i n d i c a t e s  a f a i l u r e  i n  c o m p a r i s o n  w i t h  t h e  

i n - s i t u  c o n b u s t i o n  p r o c e s s .  T h i s  i s  due t o  t h e  f a c t  t h a t  

t h e  s t e a m d r i v e  h a s  a r e l a t i v e l y  h i g h  i n j e c t i o n  r a t e  

( a v g .  990 B/D) and a h i g h  i n j e c t i o n  p r e s s u r e  ( a v g .  1 , 1 0 0  

p s i )  f o r  t h e  p r o c e s s .

MULTI-CRITERIA OPTIMIZATION MODEL
PAVLS VALLEY FIELD

600000

0 500000 ■

S >100000 -

P 300000
m - situ c o m b u s t i o n p r o c k sF 200000

100000

•1000000

•2000000

-3000000

->1000000

-5000000
s t e a m drive p r o c e s s

-6000000-
1 2 3 >1 5 6 7

nc 5.7

TIME. MONTH 
PROCESS PROFIT VS TIME
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5.2.5 Discussion of field case study 1
1)  I n  t h e  h i g h  p e r m e a b i l i t y  and  low p e r m e a b i l i t y  

c a s e s ,  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  i n j e c t i o n  p r e s s u r e  

i s  k e p t  w e l l  b e l o w  2 , 5 0 0  p s i  a s  s u g g e s t e d  by E l k i n s  e t  

a l . , 2 2  ( 1 9 7 2 ) .  A c t u a l l y ,  t h e  i n j e c t i o n  p r e s s u r e

a c h i e v e m e n t  f o r  t h e  low p e r m e a b i l i t y  c a s e  i s  a b o u t

8 6 0 - 9 8 0  p s i  w h i c h  i s  h i g h e r  t h a n  t h e  h i g h  p e r m e a b i l i t y  

c a s e  ( T a b l e s  5 . 2 ,  5 . 3 ) .  T h i s  i s  b e c a u s e  t h e  t i g h t

f o r m a t i o n  h a s  a l i m i t e d  c a p a c i t y  f o r  i n j e c t i v i t y .

2 )  The i n - s i t u  c o m b u s t i o n  p r o c e s s  d e p e n d s  on t h e  

amount  o f  a i r  i n j e c t e d  f o r  c o m b u s t i o n  t o  form t h e  h o t  

f r o n t  p u s h i n g  t h e  v i s c o u s  o i l  o u t .  The volume b u r n e d  and  

f u e l  d e p o s i t  a r e  t h e  f a c t o r s  w h ic h  d e c i d e  on t h e  a i r  

i n j e c t i o n  r a t e .  The opt imum i n j e c t i o n  r a t e  i s  a b o u t  2 . 7  

MMcf/D f o r  h i g h  and  low p e r m e a b i l i t y  c a s e s  ( T a b l e s  5 . 1 ,  

5 . 3 ) .  I n  t h e  l a s t  f o u r  m o n t h s ,  t h e  i n j e c t i o n  p r e s s u r e  

c l i m b s  up b e c a u s e  o f  a h i g h e r  c o n s u m p t i o n  o f  oxygen  f o r  

s u s t a i n i n g  t h e  c o m b u s t i o n .

3 )  The s u c c e s s  o f  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  

r e l i e s  on t h e  h i g h e r  oxygen  c o n t e n t  f o r  s u s t a i n i n g  t h e  

c o m b u s t i o n  f r o n t  t o  d r i v e  t h e  o i l  o u t  o f  t h e  p r o d u c i n g  

w e l l .  The low p e r m e a b i l i t y  h a s  an  a d v a n t a g e  o f  

s u s t a i n i n g  t h e  c o m b u s t i o n  b e t t e r  t h a n  t h e  h i g h e r  

p e r m e a b i l i t y  c a s e .  The o i l  r e c o v e r y  i s  s l i g h t l y  h i g h e r

f o r  t h e  h i g h  p e r m e a b i l i t y  c a s e  t h a n  f o r  t h e  l o w e r
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p e r m e a b i l i t y  c a s e  b e c a u s e  an e a s i e r  f l ow i s  f ou n d  i n  t h e  

h i g h  p e r m e a b i l i t y  f o r m a t i o n .

5)  F o r  P a u l s  V a l l e y  F i e l d ,  t h e  s c r e e n i n g  g u i d e  a l s o  

recommends  t h e  s t e a m  d r i v e  p r o c e s s .  The m u l t i - c r i t e r i a  

o p t i m i z a t i o n  mode l  i s  a b l e  t o  t e l l  t h e  d i f f e r e n c e s  i n  t h e  

a d v a n t a g e s  o f  c o n d u c t i n g  an i n - s i t u  c o m b u s t i o n  p r o c e s s  i n  

t h i s  f i e l d .

a )  The 1 , 1 0 0  p s i  i n j e c t i o n  p r e s s u r e  h a s  t o  be 

s u s t a i n e d  a t  a h i g h  i n j e c t i o n  r a t e  f o r  t h e  s t e a m  

d r i v e  p r o c e s s .  The h i g h e r  p r e s s u r e  f o r  

g e n e r a t i n g  s t e a m  i s  c o s t l y  and  d a n g e r o u s .

b)  The s t e a m  i n j e c t i o n  i s  u s u a l l y  more c o s t l y  t h a n  

a i r  i n j e c t i o n .  A 990 B/D s t e a m  i n j e c t i o n  r a t e  

p u t s  a s u b s t a n t i a l  c o s t  on t h e  s t e a m  d r i v e  

p r o c e s s  w h i c h  r e s u l t s  i n  a n e g a t i v e  p r o f i t  f o r  

mos t  o f  t h e  p r o c e s s  t i m e  ( T a b l e  5 . 4 ) .

c )  The p r o d u c i n g  r a t e  i s  a l m o s t  d o u b l e  f o r  t h e  s t e a m  

d r i v e  p r o c e s s .  However ,  t h i s  o i l  p r o d u c t i o n  i s  

u s u a l l y  a m i x t u r e  o f  o i l  w i t h  w a t e r  f o r  t h e  s t e a m  

d r i v e  p r o c e s s .  A h i g h e r  p r o d u c i n g  r a t e  would  

mean a h i g h e r  c o s t  f o r  d e - e u m u l s i f i e r s .

d)  A c c o r d i n g  t o  a DOE s u r v e y  on EOR ( J o h n s o n ,  

1 9 8 2 ) ,  t h e  s t e a m  d r i v e  p r o c e s s  o b t a i n s  a h i g h e r  

o i l  r e c o v e r y  t h a n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s .  

The s t e a m  d r i v e  p r o c e s s  i m p r o v e s  i n j e c t i v i t y .
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t h e  o i l  r e c o v e r y  i s  p r o v e d  t o  be 20-30% 

h i g h e r  t h a n  t h e  i n - s i t u  c o m b u s t i o n  model

( T a b l e s  5 . 1 ,  5 . 3 ,  5 . 4 ) .

The h i g h e r  c o s t  o f  t h e  s t e a m  g e n e r a t i o n  g i v e s  a 

n e g a t i v e  p r o f i t  f o r  t h e  s t e a m d r i v e  p r o c e s s .  T h e r e f o r e ,  

we would  s t i l l  c o n s i d e r  u s i n g  t h e  i n - s i t u  c o m b u s t i o n  

p r o c e s s  i n  t h e  S . E .  P a u l s  V a l l e y  F i e l d .  ( F i g u r e  5 . 7 )

5 . 3  Case  S t u d y  2;  Loco F i e l d ,  Oklahoma

5 . 3 . 1  F i e l d  H i s t o r y

Loco f i e l d  i s  l o c a t e d  i n  S o u t h e r n  Oklahoma,  Ardmore

S t e v e n s  C o u n t y ,  Ok l ahoma.  A w a t e r f l o o d  was i n  o p e r a t i o n

on t h e  I d a  B i l l y  l e a s e  when C o n t i n e n t a l  O i l  Co. o b t a i n e d

t h e  Loco p r o p e r t i e s .  However ,  t h e  c o n v e n t i o n a l  

w a t e r f l o o d  was w e l l  p a s t  i t s  e c o n o m i c  l i m i t  f o r  a

r e s e r v o i r  c o n t a i n i n g  600 cp 2 0 . 8 ° A P I  v i s c o u s  o i l .

Conoco i n i t i a t e d  a h o t  w a t e r f l o o d  t e s t  i n  1961 i n

o r d e r  t o  o b t a i n  t e c h n i c a l  i n f o r m a t i o n  and o p e r a t i n g  

e x p e r i e n c e .  The t e s t  was c o n d u c t e d  on a 2 1 / 2 - a c r e  

p a t t e r n  t h a t  was p a r t  o f  a 20 - a c r e  c o n v e n t i o n a l  w a t e r ­

f l o o d  p i l o t  a r e a  ( shown i n  F i g u r e  5 . 8 ) .  Hot  w a t e r

p r o v i d e d  w a t e r  i n j e c t i v i t y  i n c r e a s e s  o f  200 t o  400 

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

w a t e r f l o o d  i n c r e a s e d  o i l  r e c o v e r y .
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5 . 3 . 2  Loco F i e l d  (Hot  W a t e r f l o o d  i n  I d a  B i l l y  L e a s e ) ;

Summary o f  h o t  w a t e r f l o o d  p i l o t  e x p e r i e n c e :

T a b l e  5 . 6  I d a  B i l l y  R e s e r v o i r  P a r a m e t e r s  Co r e  A n a l y s i s

P o r o s i t y  = 25.6%
O i l  s a t u r a t i o n  = 58.1%
Wat er  s a t u r a t i o n  = 31.6%
Gas s a t u r a t i o n  = 10.3%
F o r m a t i o n  volume f a c t o r  = 1 . 0 5

Co r e  A n a l y s i s  Da t a

Sand ( f t )
Dep th  t h i c k n e s s

( f t ) K(md) (%) b b l / AF  C o r e  Log

Upper 5 2 9 - 36 8 3065 4 7 . 3 1068 2 8 . 9 32
Lower 537 - 4 1 5 1733 4 4 . 4 980 3 9 . 4 60
O v e r ­
a l l

529 - 41 13 2553 4 6 . 2 1032 3 2 . 9 4.3

2 2 1#
T-3

T-6

T- 4 #

T 7,

F i g u r e  5 . 8  P i l o t  p a t t e r n s ,  Loco h o t  w a t e r  d r i v e  
(From M a r t i n  e t  a l . )
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The f r e s h  w a t e r  s u p p l y  comes  f rom n i n e  f r e s h  w a t e r  w e l l s .  

The f r e s h  w a t e r  a n a l y s i s  i s  l i s t e d  a s :

T o t a l  d i s s o l v e d  s o l i d s ,  ppm - 1 , 4 1 0
S p e c i f i c  g r a v i t y  ® 78°F - 998
C a l c i u m ,  ppm 10
Magnes ium,  ppm - 18
C h l o r i d e ,  ppm — 260
S u l f a t e = None
C a r b o n a t e = None
B i c a r b o n a t e ,  ppm = 730

D e s c r i p t i o n  o f  t h e  h o t  w a t e r  f l o o d  p r o c e s s :

0 Hot  w a t e r  i n j e c t i v i t y  i n c r e a s e  f rom 200 t o  400%
0 75% o f  t h e  p a t t e r n  was a f f e c t e d  by h e a t
0 60% o f  t h e  i n j e c t e d  h e a t  was l o s t  t o

o v e r / u n d e r b u r d e n  z o n e s  
0 S e v e r e  c h a n n e l i n g  a c r o s s  t h e  l o w e r  p o r t i o n  o f  t h e  

o i l - s a n d  t h r o u g h  z o n e s  o f  r e l a t i v e l y  h i g h  w a t e r  
s a t u r a t i o n

0 " p l u g g i n g  o f f "  t h e  i n j e c t i o n  w e l l  b e c a u s e  t h e  
i n j e c t e d  w a t e r  may h a v e  b e e n  c o n t a m i n a t e d  w i t h  
c l a y  p a r t i c l e s  

0 T e r t i a r y  o i l  p r o d u c t i o n  f rom t h e  p i l o t  p a t t e r n  
a r e a  was 3 , 8 9 6  b b l  o r  a b o u t  156 b b l / a c r e - f t  

0 w a t e r - o i l  r a t i o  i s  f o u nd  t o  be 3 4 : 1

P r o c e s s  d a t a :

Volume h o t  w a t e r  i n j e c t e d  = 1 7 8 , 8 8 7  b b l

Hot  w a t e r  i n j e c t i v i t y  = 4 . 0  BWPD/psi

C u m u l a t i v e  o i l  p r o d u c t i o n  = 3 , 8 9 6  b b l  ( 1 2 / 6 1 - 7 / 6 2 )

O i l  r e c o v e r y ( s a t u r a t i o n )  = ( 4 6 - 3 5 )  = 11%
= 156 b b l / a c r e - f t

P r o f i t  = $ 1 2 3 , 4 6 4 . 2 4

Hot  w a t e r  i n j e c t i o n  r a t e  = 500 BWPD 
( a v e r a g e )  ( shown i n  F i g .  5 . 9 )

P r o d u c t i o n  r a t e  f o r  w e l l s  # 2 2 1 , 2 3 9 , 2 4 0  i s  shown i n

F i g u r e  5 . 9 .
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Average production rate/well = 280 B/D
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F i g u r e  5 . 9  Month ly  a v e r a g e  p r o d u c t i o n  h i s t o r y  and
m o n t h l y  a v e r a g e  i n j e c t i o n  r a t e  (From M a r t i n  e t  a l . )

P r o c e s s  c o n c l u s i v e  r e m a r k s :

( i )  He a t  p r o d u c e d  a d d i t i o n a l  o i l  f rom t h i s

w a t e r e d - o u t  r e s e r v o i r

( i i )  He a t  i n c r e a s e d  w a t e r  i n j e c t i v i t i e s .  T h i s  i s  a

good i n d i c a t i o n  t h a t  t h e  h e a t  w i l l  d e c r e a s e  o i l

v i s c o s i t y  s u b s t a n t i a l l y .

( i i i )  W e l l b o r e  h e a t  l o s s e s  wer e  t o l e r a b l e  a t  526 f t

w i t h  i n j e c t i o n  r a t e s  o f  500 t o  600 BWPD, and

w i t h  l o w - p r e s s u r e  g a s  i n  t h e  c a s i n g - t u b i n g

a n n u l u s .

134



( i v )  The i n j e c t e d  w a t e r  c h a n n e l e d  t h r o u g h  z o n e s  o f  

h i g h  w a t e r  s a t u r a t i o n  a nd  some o f  t h e  i n j e c t e d  

w a t e r  r e a c h e d  t h e  p r o d u c i n g  w e l l s  two mon t hs  o r  

more a h e a d  o f  t h e  h e a t  f r o n t .

(v )  P r o d u c i n g  WOR's were  v e r y  h i g h .

( v i )  The h o t  w a t e r f l o o d  d r i v e  e n h a n c e d  t h e

i n c r e m e n t a l  o i l  r e c o v e r y  o f  156 b b l / a c r e - f t

i n d i c a t i n g  t h a t  t h e  s t e a m  d r i v e  i s  t h e

p o t e n t i a l  e n h a n c e d  o i l  r e c o v e r y  me thod .

5 . 3 . 3  Loco f i e l d  (S t eam d r i v e  p r o c e s s  and  i n - s i t u  

c o m b u s t i o n  p r o c e s s )

I n  e a r l y  1970 ,  Conoco p l a n n e d  a f u l l - s c a l e  s t e a m  

d r i v e  p r o j e c t  i n  t h e  Loco f i e l d .  I n  1982 ,  Gas and  O i l  

J o u r n a l  Annua l  P r o d u c t i o n  R e p o r t  , t h e  p r o j e c t  

c o n s i s t e d  o f  24 i n j e c t i o n  w e l l s ,  43 p r o d u c i n g  w e l l s  i n  a 

a r e a  o f  90 a c r e s .  The d e t a i l s  o f  t h e  p r o j e c t  w i l l  be 

d i s u c s s e d  i n  t h e  s t e a m  d r i v e  s e c t i o n .

Summary o f  t h e r m a l  p r o c e s s e s  d e s c r i p t i o n :

i )  The same r e s e r v o i r  p a r a m e t e r s  a r e  l i s t e d  i n  t h e  

h o t  w a t e r f l o o d  p i l o t  t e s t .

i i )  The 5 - a c r e  p a t t e r n  c h a r t  i s  a s sumed  t o  be p a r t  o f  

a 20 - a c r e  c o n v e n t i o n a l  w a t e r f l o w  p i l o t  a r e a .

i i i )  S i n c e  t h e  s t e a m d r i v e  i s  a s sumed  t o  c o n d u c t  a t
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t h e  same p i l o t  p a t t e r n  a s  t h e  h o t  w a t e r f l o o d .  The r e  a r e  

s e v e r a l  p r o c e s s  p a r a m e t e r s  t h a t  r e m a i n  t h e  same as  i n  t h e  

h o t  w a t e r f l o o d  p r o c e s s ,  a s  f o l l o w s :

o 1 5 %  o f  t h e  p a t t e r n  was a f f e c t e d  by h e a t
0 60% o f  t h e  i n j e c t e d  h e a t  was l o s t  t o

o v e r / u n d e r b u r d e n  z o n es
0 s e v e r e  c h a n n e l i n g  a c r o s s  t h e  l o w e r  p o r t i o n  o f

t h e  o i l - s a n d  t h r o u g h  z o n e s  o f  r e l a t i v e l y  h i g h
w a t e r  s a t u r a t i o n

O p t i m i z a t i o n  mode l  r e s u l t s :

a )  Steam d r i v e  p r o c e s s

T a b l e  5 . 7  P r o c e s s  a c h i e v e m e n t  i n  Loco F i e l d

( m o n t h s )  ( t ) '  ? g P p )
1 1 8 , 3 0 0 . 8  8 2 9 . 5 7  9 9 3 . 1 1  6 4 4 . 1 5  2 0 . 5 4
2 1 1 8 , 0 9 3 . 1  8 0 1 . 1 9  9 9 2 . 7 3  6 5 0 . 9 3  4 0 . 0 4
3 2 4 7 , 4 8 9 . 2  9 4 0 . 8 8  9 9 2 . 4 3  6 0 9 . 9 7  5 8 . 1 0

b)  I n - s i t u  c o m b u s t i o n  p r o c e s s :

T a b l e  5 . 8  P r o c e s s  a c h i e v e m e n t  i n  Loco F i e l d  

T i m e s t e p

( I f  ( o i î j  ( J À W n ,  % 9 h )
1 1 5 , 3 7 5 . 7 3  5 3 9 . 4 3  4 . 9 8  1 8 4 . 8 2  6 . 8 7
2 3 0 , 3 1 5 . 3 7  5 3 9 . 4 3  4 . 9 7  1 7 3 . 2 2  1 4 . 2 6
3 5 8 , 9 4 5 . 6 5  5 3 9 . 4 3  4 . 9 9  1 6 2 . 5 2  1 9 . 8 9
4 9 8 , 9 3 9 . 0 2  4 9 2 . 3 1  5 . 0 7  1 5 5 . 4 9  2 5 . 3 9
5 1 2 3 , 7 8 6 . 0 7  4 9 2 . 3 1  5 . 1 1  1 4 5 . 9 0  3 1 . 4 6
6 1 4 8 , 4 3 3 . 9 3  4 3 7 . 0 0  5 . 2 6  1 4 0 . 0 6  3 6 . 9 8
7 1 6 9 , 5 5 3 . 4 8  4 5 1 . 3 3  5 . 2 4  1 3 3 . 6 4  3 7 . 9 9
8 1 9 0 , 6 5 5 . 3 5  4 2 2 . 7 9  5 . 3 3  1 2 8 . 5 8  4 6 . 6 9
9 2 2 0 , 3 2 4 . 7 2  4 6 7 . 1 8  5 . 1 0  1 2 2 . 9 2  5 1 . 5 3
10 2 3 8 , 8 9 7 . 8 2  4 2 2 . 8 5  5 . 6 0  1 2 8 . 1 1  5 3 . 7 0
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t a b l e  5 . 9  B a s i c  D e c i s i o n  V a r i a b l e s  i n  Loco F i e l d  

T i m e s t e p
(Month)  TRS VISO
________________ ( m d - f t / c p ) _____________ ( c p ) _________________________

1 1 , 0 5 0 . 5 2  3 9 5 . 6 8
2 1 , 0 5 0 . 5 2  3 7 2 . 5 0
3 1 , 0 5 0 . 5 2  3 7 3 . 7 9
4 1 , 0 3 0 . 5 0  4 1 4 . 1 8
5 1 , 0 3 0 . 4 8  4 0 8 . 7 2
6 9 4 2 . 0 9  4 0 6 . 3 0
7 8 4 6 . 8 7  4 2 1 . 2 0
8 7 9 5 . 0 2  4 3 7 . 4 1
9 6 7 1 . 4 0  4 9 6 . 1 8
10 6 9 1 . 1 9  4 2 8 . 9 7

where :
TRS = t r a n s m i s s i b i l i t y , ( k h / ^ )

From t h e  r e s u l t s  o f  p r o c e s s  a c h i e v e m e n t  ( T a b l e s  5 . 7 ,  

5 . 8 ) ,  we f i n d  b o t h  p r o c e s s e s  a r e  v e r y  s i m i l a r  i n  t e r m s  o f  

t h e  f i n a l  p r o f i t  and o i l  r e c o v e r y ;  i . e . ,  $ 2 3 8 , 8 9 7 . 8 2

p r o f i t  and  54-58% r e c o v e r y .  The i n j e c t i o n  p r e s s u r e ,  

i n j e c t i o n  r a t e ,  and p r o d u c t i o n  r a t e  w i l l  be d i s c u s s e d  i n  

t h e  l a t e r  s e c t i o n .  In  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  

( T a b l e  5 . 9 ) ,  t h e  d e c i s i o n  v a r i a b l e s  i n d i c a t e  h e a t  l o s t  t o  

t h e  f o r m a t i o n  be c omi ng  a p p a r e n t  b e c a u s e  t h e  v i s c o s i t y  

i n c r e a s e s  a s  t h e  t e m p e r a t u r e  d r o p s .  T h e r e f o r e ,  t h e  

t r a n s m i s s i b i l i t y  d e c r e a s e s  t o  t h e  f l o w  when t h e  o i l  i s  

g e t t i n g  t h i c k e r  i n  t h e  f o r m a t i o n .

5 . 3 . 4  D i s c u s s i o n  o f  Case  S t u d y  2

1) I n  e a r l y  197 0 ,  Conoco p l a n n e d  on a f u l l - s c a l e  s t e a m  

d r i v e  p r o j e c t  i n  t h e  Loco F i e l d .  F r e s h  w a t e r  i s  a l w a y s  

t h e  f i r s t  c o n s i d e r a t i o n  o f  t h e  s t e a m  g e n e r a t i o n  b e c a u s e
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w a t e r  t r e a t m e n t  a d d s  a s u b s t a n t i a l  c o s t  t o  t h e  p r o j e c t  

( F i n c h e r ,  1 9 6 9 ) .  Conoco d r i l l e d  n i n e  f r e s h  w a t e r  w e l l s  

f o r  h o t  w a t e r f l o o d ;  b u t  t h e  w e l l s  c o u l d  n o t  p r o v i d e  enough 

f r e s h  w a t e r  f o r  t h e  e n t i r e  p r o j e c t .  T h e r e f o r e ,  Conoco 

a c t u a l l y  b u i l t  a f r e s h  w a t e r  r e s e r v o i r  f o r  f r e s h  w a t e r  

s u p p l y .

A s m a l l  p i l o t  i n - s i t u  c o m b u s t i o n  p r o c e s s  was c o n d u c t e d  

i n  1963 and t h e  p r o j e c t  was a b a n d o n e d  f o r  s a f e t y  r e a s o n s

( M a r t i n ,  1 9 7 5 ) .

2)  The Loco i s  an o l d  f i e l d ;  many w e l l s  ha v e  be e n

d r i l l e d  i n  a l l  t h e  a r e a .  C h a n n e l i n g  i s  a s e v e r e  p r o b l e m .  

Steam l e a k s  i n  t h e  i n j e c t i o n  w e l l s  a n d ,  i n  some o l d  w e l l s ,  

a r e  v e r y  common. The p r o d u c i n g  f o r m a t i o n  i s  500 f t .  d e e p .  

The o p t i m i z e d  s t e a m  i n j e c t i o n  r a t e  m a i n t a i n s  a t  992 B/D 

t h r o u g h o u t  t h e  p r o j e c t .  The o p t i m i z e d  i n j e c t i o n  p r e s s u r e  

i s  k e p t  i n  t h e  r a n g e  o f  800 t o  950 p s i  ; i . e . ,  a h i g h e r

i n j e c t i o n  r a t e  and  a l o we r  i n j e c t i o n  p r e s s u r e  g i v e  a 

b e t t e r  r e s u l t .

Fo r  t h e  same r e a s o n s ,  t h e  o p t i m i z e d  a i r  i n j e c t i o n

p r e s s u r e  i s  k e p t  a t  4 2 0 - 5 4 0  p s i  and a h i g h e r  i n j e c t i o n

r a t e  o f  4 , 9 - 5 . 6 0  MMscf/D f o r  t h e  i n - s i t u  c o m b u s t i o n  p i l o t .

3)  The s e n s i t i v i t y  a n a l y s i s  o f  i n p u t  p a r a m e t e r s  h a s

been  done  and t h e  p a r a m e t e r s  do n o t  a f f e c t  t h e  f e a s i b i l i t y  

o f  t h e  o p t i m i z a t i o n  model  i n  g e n e r a l .  The i n j e c t i o n

p r e s s u r e  and  p r o d u c t i o n  r a t e  show a s l i g h t  c h a n g e
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t h r o u g h o u t  t h e  p r o c e s s ;  t h e  i n j e c t i o n  r a t e  i s  i n c r e a s e d  t o  

a b o u t  992 B/D and i t  r e m a i n s  s t e a d y  t h r o u g h o u t  t h e  

p r o c e s s .  T h i s  s t e a m  d r i v e  p i l o t  p r o j e c t  i s  an a c c e l e r a t e d  

p r o j e c t  o f  t h e  h o t  w a t e r f l o o d .  The a v e r a g e  p r o d u c t i o n  r a t e  

w i l l  be 635 B/D i n  t h r e e  mo n t h s  ( T a b l e  5 . 7 ) .  The s t e a m  

g e n e r a t o r  i s  a p o r t a b l e  one  wh i ch  c a n  be  moved a r o u n d  i n  

t h e  who le  f i e l d .  The s t e a m  d r i v i n g  p e r i o d  r u n s  a b o u t  3 t o  

5 mont hs  i n  t h e  Loco F i e l d .  The m o v a b l e  s t e a m  g e n e r a t o r  

h a s  t h e  a d v a n t a g e  o f  a c c o m p l i s h i n g  t h e  a c c e l e r a t e d  p r o j e c t  

a s  d e s i g n e d  i n  t h e  o p t i m i z a t i o n  m o d e l .  The p r o j e c t  l i f e

i s  a b o u t  10 mon t hs  f o r  t h e  i n - s i t u  c o m b u s t i o n  p i l o t  wh i ch

i s  t h r e e  t i m e s  l o n g e r  t h a n  t h e  o t h e r  one ( T a b l e  5 . 8 ) .

T h e r e f o r e ,  t h e  i n c r e a s i n g  s t e a m  i n j e c t i v i t y  c a n  a c c e l e r a t e  

t h e  p r o c e s s  c o n s i d e r a b l y .

4)  The opt imum p r o d u c t i o n  r a t e  ( a v g .  638 B/D o r  160

B / D / w e l l )  i s  h i g h e r  t h a n  t h e  r e p o r t e d  a v e r a g e  p r o d u c t i o n

r a t e  (100 B/D) i n  t h e  Loco F i e l d  ( Gas & O i l  J o u r n a l
2

P r o d u c t i o n  R e p o r t , 1 9 8 2 ) .  The p r o d u c t i o n  i s  b e i n g

pumped o f f  by u s i n g  s u c k e r  r o d  pumps .  The o i l  i s  b o t h

v i s c o u s  and  low i n  g as  c o n t e n t .  T h e r e f o r e ,  t h e  c o l l e c t i o n  

s y s t e m  i s  c h a r a c t e r i z e d  a s  h a v i n g  a r e l a t i v e l y  s m a l l e r  

o i l - g a s  s e p a r a t o r  and  a l a r g e  d e - e m u l s i f i e r  f o r  a d d i n g  

c h e m i c a l s  w h i c h  may i n c r e a s e  t h e  p r o j e c t  o p e r a t i n g  c o s t .

The p r o d u c t i o n  r a t e  i s  1 2 8 - 1 8 5  B/D f o r  t h e  i n - s i t u

c o m b u s t i o n  p r o c e s s .  T h i s  p r o d u c t i o n  r a t e  d o e s  n o t
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c o n s i s t  o f  h o t  w a t e r  p r o d u c t i o n  a s  i n  t h e  s t e a m  d r i v e  

p r o c e s s .  I f  we c o n s i d e r  30% o i l  c u t  f o r  t h e  s t e a m  d r i v e  

p r o d u c t i o n ,  t h e  a c t u a l  o i l  p r o d u c t i o n  r a t e  i s  a l s o  t u r n e d  

o u t  t o  be 130 B/DI

5)  The s t e a m  d r i v e  p r o c e s s  p r o f i t  i s  $ 2 4 7 , 4 8 9 . 2 0  a t  

t h e  end o f  t h e  d r i v e  ( T a b l e  5 . 7 ) .  T h i s  p r o f i t  i s  a 

b i g g e r  e c o n o m i c  g a i n  t h a n  t h e  h o t  w a t e r f l o o d  $ 1 2 3 , 4 6 4 . 2 4 .  

The s t e a m d r i v e  c u m u l a t i v e  o i l  p r o d u c t i o n  i s  8 , 2 4 8  b b l s  

w h i c h  i s  d o u b l e  t h e  h o t  w a t e r f l o o d  o f  3 , 8 9 6  b b l s  

p r o d u c t i o n .  T h i s  d o u b l e  i n c r e m e n t a l  p r o d u c t i o n  a g r e e s  

w i t h  t h e  p r o f i t  g a i n e d .

The i n - s i t u  c o m b u s t i o n  p r o c e s s  p r o f i t  i s  $ 2 3 8 , 8 9 7 . 8 2  

i n  t e n  mo n t h s .  As an  a c c e l e r a t e d  p r o j e c t  w i t h  a q u i c k e r  

r a t e  o f  r e t u r n ,  t h e  s t e a m  d r i v e  p r o c e s s  i s  a b e t t e r  

c h o i c e .

A p i l o t  s t e a m  d r i v e  p r o c e s s  i s  b e i n g  c o n d u c t e d  i n  t h e  

d e e p e r  p r o d u c i n g  zone  ( D - d e e p )  a t  1 , 0 0 0  f t .  d e p t h .  I t  may 

be  t o o  e a r l y  t o  r e a c h  a  c o n c l u s i v e  r e s u l t  a b o u t  t h e  

p r o j e c t  ( O i l  and Gas Journal,^ 1 9 8 2 ) .

5 . 4  D i s c u s s i o n s

I n  g e n e r a l ,  t h e  s i m p l e s t  mode l  s h o u l d  be t r i e d  f i r s t ,  

f o r  a d d i t i o n a l  a c c u r a c y  i s  a p t  t o  r e q u i r e  a d d i t i o n a l  c o s t  

and  t i m e .  The p e r f o r m a n c e  mode l  s i m u l a t e s  t h e  t h e r m a l
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p r o c e s s  and t h e  m u l t i - c r i t e r i a  p rogrammi ng  o p t i m i z e s  t h e  

o u t c o m e s ;  ho we v e r ,  t h e  m o d e l i n g  as sumed i d e a l  c o n d i t i o n s .

The model  i s  n o t  a s p e c i a l i z e d  model  t a i l o r e d  f o r  any 

p r o d u c t i o n  p r o b l e m s ,  e . g . ,  f r a c t u r e ,  c o r r o s i o n ,  s a n d ,  and  

c h a n n e l i n g .  I f  any o f  t h e s e  p r o b l e m s  a r i s e  d u r i n g  

p r o d u c t i o n ,  t h e  e n g i n e e r  w i l l  c o n s i d e r  s h u t t i n g - i n  t h e  

w e l l  and  may s u g g e s t  a w o r k - o v e r  j o b .  Models  t h a t  t a k e s  

i n t o  a c c o u n t  s u c h  u n c e r t a i n t i e s  a r e  c a l l e d  " s t o c h a s t i c . " 

F o r m u l a t i o n  o f  a model  i n  s t o c h a s t i c  t e r m s  p o s e s  a n o t h e r  

f u n d a m e n t a l  q u e s t i o n :  What i s  meant  by an opt imum

s o l u t i o n  i n  t h e  f a c e  o f  u n c e r t a i n  o u t c o me s ?  I n  o t h e r  

w o r d s ,  t h e  u n c e r t a i n t i e s  i n t r o d u c e d  i n  t h e  s t o c h a s t i c  

mode l  e f f e c t i v e l y  p r e s e n t  a g u a r a n t e e d  s o l u t i o n .  I n
Q

B e n t s e n  and D o n o h u e ' s  p a p e r  ( 1 9 6 9 ) ,  t h e  a u t h o r s  

d i s c u s s e d  t h e  i d e a :

"The p r ob l e m  i s  n o t  i n  f i n d i n g  a means f o r  c o m p a r i n g  
p o l i c i e s ,  t a k i n g  i n t o  a c c o u n t  t h e  p o s s i b l e  f l u c t u a t i o n  
o f  o u t c o m e s ,  b u t  r a t h e r  t o  f i n d  a u n i q u e  m e a s u r e .  I t  
d e v e l o p s  t h a t  t h e r e  i s  no one method  t h a t  c a n  be 
c o n s i d e r e d  " b e s t " .  However ,  i t  h a s  become a g e n e r a l l y  
a c c e p t e d  p r o c e d u r e  t o  u s e  some a v e r a g e  o f  t h e  p o s s i b l e  
ou t c o me s  a s  a m e a s u r e  o f  t h e  v a l u e  o f  a p o l i c y .  T h i s  
p a r t i c u l a r  a v e r a g e  p o s s e s s e s  an i m p o r t a n t  i n v a r i a n t  
p r o p e r t y  -  l i n e a r i t y  -  t h a t  g r e a t l y  s i m p l i f i e s  t h e  
f u n c t i o n a l  e q u a t i o n s  d e s c r i b i n g  t h e  p r o c e s s .  As a 
c o n s e q u e n c e  o f  t h i s  p r o p e r t y ,  f u t u r e  d e c i s i o n s  can  be 
b a s e d  s o l e l y  upon t h e  p r e s e n t  s t a t e  o f  t h e  s y s t e m ,  
i n d e p e n d e n t  o f  t h e  p a s t  h i s t o r y  o f  t h e  p r o c e s s . "

A s t o c h a s t i c  mode l  r e q u i r e d  c o n s i d e r a b l y  more 

c o m p u t a t i o n  and memory s t o r a g e  i n  t h e  c o m p u t e r .
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However ,  t h e  a u t h o r  s u g g e s t s  a s t o c h a s t i c  mode l  c o u l d  be a 

good r e s e a r c h  t o p i c  p r o v i d e d  a b i g g e r  c o m p u t e r  s y s t e m  i s  

a v a i l a b l e

By t h e  same t o k e n ,  t h e r e  i s  a n o t h e r  p r o b l e m  p o s i n g  on 

t h e  e x p a n s i o n  o f  t h e  m o d e l .  T h i s  mode l  u s e s  t h e  r e s e r v o i r  

d a t a  wh i ch  i s  an  a v e r a g e  d a t a  p o i n t .  The a u t h o r  o n l y  u s e d  

t h e  a v e r a g e  d a t a  p o i n t  on a s i n g l e  i n j e c t i o n  w e l l  o f  t h e  

i n v e r t e d  5 - s p o t  and  s i m u l a t e d  t h e  p r o d u c t i o n  w e l l  p r o c e s s  

p a r a m e t e r s .  E v i d e n t l y ,  t h e  r e s e r v o i r  h e t e r o g e n e i t y  c o u l d  

o n l y  be s i m u l a t e d  by u s i n g  a number  o f  w e l l s '  d a t a  and 

t h e i r  p r e s s u r e  and  p r o d u c t i o n  h i s t o r y ,  e t c .  The a u t h o r  

s u g g e s t s  t h a t  t h e  w e l l - t o - w e l l  d a t a  b a s e  w i l l  be u s e d  when 

t h e  c o m p u t e r  s i m u l a t i o n  g r o u p  works  on t h e  m o d e l i n g .
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VI.  SUMMARY AND CONCLUSIONS

6 . 1  Summary o f  Mode l i ng

The m o d e l i n g  c o n c e p t  h a s  be ga n  w i t h  a p i l o t  t e s t  

a p p l i e d  t o  a r e s e r v o i r  e v a l u a t i o n ,  and  t h i s  c o n c e p t  i s  t h e  

u s u a l  e v a l u a t i o n  p r o c e d u r e  b e i n g  u s e d  by t h e  o i l  

c o m p a n i e s .  I n  f a c t ,  t h e  e n g i n e e r s  c a r e f u l l y  d e s i g n  a 

p i l o t  and c o l l e c t  t h e  p r o c e s s  p a r a m e t e r s  f rom t h e s e  w e l l s  

o r  f rom t h e  o b s e r v a t i o n  w e l l s .  The p r o c e s s  p a r a m e t e r s  can  

p e r f o r m  any t y p e  o f  r e s e r v o i r  e v a l u a t i o n  when t h e  p i l o t  i s  

s u c c e s s f u l l y  r u n .  The g i v e n  r e s e r v o i r  p a r a m e t e r s  a r e  o n l y  

a s i n g l e  r e p r e s e n t a t i o n ;  t h e r e f o r e ,  t h e  i n v e r t e d  5 - s p o t  

p i l o t  t e s t  i s  d e s i g n e d .  T h e n ,  t h e  g i v e n  d a t a  ha s  been  

a p p l i e d  t o  t h e  i n j e c t i o n  w e l l  and t h e  f o u r  p r o d u c i n g  w e l l s  

r e s p o n d  f rom t h e  p r o c e s s  p e r f o r m a n c e  mo d e l ,  which  

g e n e r a t e s  t h e  p r o c e s s  p a r a m e t e r s .  These  p r o c e s s  

p a r a m e t e r s  can  be c o n s i d e r e d  t h e  same a s  t h e  a c t u a l  p i l o t  

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

T h e r e f o r e ,  t h e  p e r f o r m a n c e  model  h a s  b e e n  c a r e f u l l y  

d e s i g n e d .  I n  t h e  p e r f o r m a n c e  m o de l ,  a s c r e e n i n g  c r i t e r i a
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i s  s e t  f o r  b o t h  s t e a m  d r i v e  and  i n - s i t u  c o m b u s t i o n  

p r o c e s s e s .  The c r i t e r i a  s c r e e n s  t h r o u g h  t h e  u n d e s i r a b l e  

c a n d i d a t e s  and  v a l i d a t e s  t h e  p o t e n t i a l  p i l o t s  f o r  e v a l u a ­

t i o n .  The p e r f o r m a n c e  model  c o n s i s t s  o f  two i n d i v i d u a l  

p r o c e s s  m o d e l s ;  n a m e l y ,  t h e  Marx and  Lange nhe i m s t eam 

d r i v e  model  and t h e  o i l  r e c o v e r y / v o l u m e  b u r n e d  i n - s i t u  

c o m b u s t i o n  mo d e l .  I n  t h e  s t e a m  d r i v e  m o d e l ,  t h e  a u t h o r  

i n c l u d e d  Van L o o k e r e n ' s  sweep e f f i c i e n c y  a p p r o a c h  f o r  

maximum i n j e c t i o n  r a t e  and p r e s s u r e ,  and  a l s o  i n c l u d e d  t h e  

Mand l - Vo l ek  r e f i n e m e n t  on t h e  h o t  w a t e r  b a n k .  T h i s  s t e a m 

d r i v e  model  i s  a good s i m u l a t i o n  f o r  mos t  o f  t h e  r e s e r v o i r  

c a s e s  ( i . e . ,  t h e  p r o b l e m  i s  r e a s o n a b l y  r e s o l v e d  f o r  t h e  

Marx and L a n g e n h e i m s o l u t i o n  f o r  t h i n  l a y e r  f o r m a t i o n  

m o d e l i n g ) .  I n  t h e  i n - s i t u  c o m b u s t i o n  m o d e l ,  t h e  a u t h o r  

a p p l i e d  t h e  o i l  r e c o v e r y / v o l u m e  b u r n e d  me t hod  which  i s  a 

r e s u l t  o f  b o t h  f i e l d  and  e x p e r i m e n t a l  t e s t s .  The 

r e l a t i o n s h i p  i s  g e n e r a l i z e d  on a g r a p h  w i t h  o i l  r e c o v e r y  

v e r s u s  vo lume  b u r n e d  and a p r e d i c t i o n  c a n  be made by 

c u r v e - f i t t i n g  on t h o s e  c u r v e s .  The i n v e r t e d  5 - s p o t  p i l o t  

t e s t  i s  s e l e c t e d  f o r  t h i s  p r o c e s s ,  and a r a d i a l  f low 

e q u a t i o n  i s  u s e d  f o r  t h e  c a l c u l a t i o n  o f  a i r  i n j e c t i o n  

p r e s s u r e  and  i n j e c t i o n  r a t e .

The p e r f o r m a n c e  model  h a s  b e e n  u s e d  t o  s i m u l a t e  42 

s t e a m d r i v e  and 32 i n - s i t u  c o m b u s t i o n  f i e l d  c a s e s  and 

g e n e r a t e s  b o t h  p r o c e s s  p a r a m e t e r s  f o r  r e g r e s s i o n  a n a l y s i s .
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The c u r r e n t  p r o c e s s  p a r a m e t e r s  p r o v i d e  a good f o u n d a t i o n  

f o r  r e g r e s s i o n  m o d e l i n g .

R e g r e s s i o n  m o d e l i n g  i s  emp l oye d  t o  f o r m u l a t e  t h e  

o b j e c t i v e  f u n c t i o n s  f o r  t h e  o p t i m i z a i o n  mode l .  S e v e r a l  

SAS r e g r e s s i o n  a n a l y s i s  p r o c e d u r e s  have  been  u s e d  i n  t h e  

m o d e l i n g :  RSQUARE, STEPWISE, MAXR, and BACKWARD. Thes e

p r o c e d u r e s  f o r m u l a t e  t h e  b a s i c  t e r m s  f o r  t h e  d e p e n d e n t  

v a r i a b l e s  s uc h  a s  o i l  r e c o v e r y ,  i n j e c t i o n  r a t e ,  i n j e c t i o n  

p r e s s u r e ,  and p r o d u c t i o n  r a t e .  T h e s e  r e g r e s s i o n  e q u a t i o n s  

were  s c r e e n e d  t h r o u g h  by t h e  REG p r o c e d u r e  t o  g e t  r i d  o f  

o u t l i e r s  and  c o l l i n e a r i t y  p r o b l e m s .  The a c c u r a c y  o f  

p r e d i c t i o n  h a s  a l s o  b e e n  c o n s i d e r e d  f o r  t h o s e  e q u a t i o n s .  

In  t h i s  p a r t i c u l a r  r e g r e s s i o n  s y s t e m ,  t h e  m o d e l ' s  

d e p e n d e n t  v a r i a b l e s  a r e  a l s o  t h e  i n d e p e n d e n t  v a r i a b l e s  o f  

some o t h e r  r e g r e s s i o n  e q u a t i o n s ;  t h e r e f o r e ,  i n t e r d e p e n d e n t  

r e l a t i o n s h i p s  a r e  e s t a b l i s h e d  among t h e  e q u a t i o n s .  Those  

r e l a t i o n s h i p s  c a n  c a u s e  more s e r i o u s  r e g r e s s i o n  e r r o r s .  

The SYSREG r e g r e s s i o n  m o d e l s  a r e  c o n f i r m e d  w i t h  a 9 5 - 9 9 %  

w e i g h t e d  R - s q u a r e .  The r e s i d u a l  p l o t s  f u r t h e r  r e v e a l  t h a t  

t h e  e q u a t i o n s  a r e  r e a s o n a b l y  f i t  and most  o f  t h e  

p r e d i c t i o n  p o i n t s  f a l l  w i t h i n  t h e  95 %  c o n f i d e n c e  l i m i t s .  

The AUTOREG f u r t h e r  c h e c k s  t h e  p o s s i b i l i t y  o f  t i m e  s e r i a l  

p r o b l e m s  wh i ch  a r e  n o t  s i g n i f i c a n t  i n  t h e  r e g r e s s i o n  

m o d e l i n g  f o r  b o t h  p r o c e s s e s .  R e g r e s s i o n  a n a l y s i s  

f o r m u l a t e s  o b j e c t i v e  f u n c t i o n s  and t h e y  can  be u s ed  f o r  

t h e  o p t i m i z a t i o n  model  w i t h  c o n f i d e n c e .
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I n  t h e  S . E .  P a u l s  V a l l e y  and  Loco f i e l d s  c a s e  s t u d i e s ,  

t h e  p e r f o r m a n c e  mode l  h a s  b e e n  u s e d  a g a i n  t o  e v a l u a t e  t h e  

p r o c e s s  p a r a m e t e r s  o p t i m i z a t i o n  m o d e l .  Those  p r o c e s s  

p a r a m e t e r s  a r e  s u b s t i t u t e d  a s  c o n s t a n t s  i n t o  t h e  o b j e c t i v e  

f u n c t i o n s  o b t a i n e d  f rom r e g r e s s i o n  a n a l y s i s .  The 

m u l t i - c r i t e r i a  o b j e c t i v e  f u n c t i o n s  h a v e  b e e n  s u c c e s s f u l l y  

a p p l i e d  i n  t h e  o p t i m i z a t i o n  mo d e l .

6 . 2  C o n c l u s i o n s

1)  T h i s  model  i n d i c a t e s  t h a t  a b r i d g e  h a s  b e e n  

s u c c e s s f u l l y  b u i l t  b e t w e e n  t h e  e n g i n e e r i n g  a s p e c t  and  

d e c i s i o n - m a k i n g  a s p e c t .  I n  t h e  e n g i n e e r i n g  a s p e c t ,  

o p t i m i z e d  o i l  r e c o v e r y ,  i n j e c t i o n  r a t e ,  i n j e c t i o n  p r e s s u r e  

and p r o d u c t i o n  r a t e  a r e  o b t a i n e d  f rom t h e  m u l t i - c r i t e r i a  

o p t i m i z t i o n  m o d e l .  An e n g i n e e r  c a n  s i m p l y  a s s i g n  t h o s e  

o p t i m i z e d  p a r a m e t e r s  a s  t h e  d e s i g n e d  r e q u i r e m e n t .  I n  t h e  

d e c i s i o n - m a k i n g  a s p e c t ,  t h e  p r o c e s s  p r o f i t  i s  o p t i m i z e d  

w i t h  t h e  p r e e m p t i v e  p r i o r i t i e s  o f  e n g i n e e r i n g  p a r a m e t e r s .  

The p r o f i t s  o f  e a c h  p r o c e s s  c a n  be compar ed  and t h e  

e n g i n e e r  c a n  r e j e c t  t h e  u n e c o n o m i c a l  p r o p o s a l .

I n  t h e  f i e l d  c a s e  s t u d i e s ,  t h e s e  two a s p e c t s  were  

d e m o n s t r a t e d  v e r y  w e l l .  I n  S . E .  P a u l s  V a l l e y  f i e l d ,  t h e  

s c r e e n i n g  c r i t e r i a  s u g g e s t e d  b o t h  t h e  s t e a m  d r i v e  and  t h e  

i n - s i t u  c o m b u s t i o n  p r o c e s s  c o u l d  be a p p l i e d .  The p e r f o r -
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mance model has also simulated both processes as if they
a r e  p r o m i s i n g .  The m u l t i - c r i t e r i a  p r ogrammi ng  t e c h n i q u e

m i n i m i z e s  t h e  d e v i a t i o n a l  v a r i a b l e s  and e v a l u a t e s  t h e

a c h i e v e m e n t  o f  e a c h  g o a l .  I n  t h e  i n - s i t u  c o m b u s t i o n

p r o c e s s ,  t h e  h i g h  p e r m e a b i l i t y  c a s e  c o u l d  p o s s i b l y  be

b e t t e r  b e c a u s e  a l o w e r  a i r  i n j e c t i o n  p r e s s u r e  i s  a p p l i e d

( a v g .  4 5 0 - 5 4 0  p s i a  compa r e d  t o  5 8 0 - 6 3 0  p s i a ) .  The p r o c e s s

a c h i e v e s  a h i g h e r  o i l  r e c o v e r y  (43% compared  t o  39%) and

y i e l d s  a much h i g h e r  p r o f i t ,  i . e . ,  $ 3 3 4 , 1 7 6 . 9 0  as  compared

t o  $ 2 7 0 , 0 0 0 . 0 0 :

The s t e a m  d r i v e  p r o c e s s ,  i n  P a u l s  V a l l e y  F i e l d ,  i s

u n f a v o r a b l e  b o t h  i n  t h e  e n g i n e e r i n g  and economi c  a s p e c t s .

The a c h i e v e m e n t  i n d i c a t e s  t h e  p r o d u c t i o n  r a t e  ha s  to

" j a c k - u p "  600 t o  770 B/D wh i c h  i s  u n u s u a l  f o r  s u c h  heavy

c r u d e .  The p r o f i t  i s  a v e r y  g r e a t  l o s s  i n  c o m p a r i s o n  w i t h

t h e  o t h e r  p r o c e s s .  A p p a r e n t l y ,  t h i s  c a n d i d  e v a l u a t i o n  o f

b o t h  p r o c e s s e s  c o u l d  n e v e r  be a c h i e v e d  w i t h  o n l y  t h e

p e r f o r m a n c e  mode l :

Conoco  o p e r a t e d  t h e  Loco f i e l d  a s  e a r l y  a s  t h e  1 9 5 0 s .

T h i s  f i e l d  h a s  a r e p u t a t i o n  f o r  s h a l l o w  b u t  f r e s h  w a t e r  
é 2sa n d  ( S u c h a r d ,  1 9 8 3 ) ,  an d  so i s  a good c a n d i d a t e  f o r  

e i t h e r  s t e a m  d r i v e  o r  i n - s i t u  c o m b u s t i o n  p r o c e s s e s .  S i n c e  

t h e  h o t  w a t e r f l o o d  p r o v e d  an  i n c r e a s e  i n  i n j e c t i v i t y ,  

Conoco d e c i d e d  on a f u l l - s c a l e  s t e a m d r i v e  p r o j e c t .  From 

t h e  o p t i m i z a t i o n  model  s o l u t i o n s ,  t h e  s t e a m  e v i d e n t l y  

b o o s t s  up t h e  i n j e c t i v i t y  s u b s t a n t i a l l y .  As a r e s u l t ,  t he
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i n j e c t i o n  p r e s s u r e  i s  d o u b l e d ;  and  t h e  p r o d u c t i o n  r a t e  i s  

p u s h e d  up t o  5 t i m e s  h i g h e r  (640  B/D c ompa r e d  t o  a v g .  

1 5 0 8 / D ) .  A l t h o u g h  t h e  i n - s i t u  c o m b u s t i o n  p i l o t  a l s o  h a s  

p e r f o r m e d  r e a s o n a b l y  w e l l  i n  t h i s  f i e l d ,  t h e  s t e a m d r i v e  

p i l o t  i s  an a c c e l e r a t e d  p r o c e s s ,  i . e . ,  3 mon t hs  compared  

t o  10 m o n t h s .  The s t e a m  d r i v e  p r o c e s s  h a s  a q u i c k e r  r a t e  

o f  r e t u r n  w i t h  a h i g h e r  p r o f i t .

T h e r e f o r e ,  t h e  s t e a m  d r i v e  p r o c e s s  i s  a f a v o u r a b l e  

c h o i c e .  T h i s  f a c t  c o n f i r m s  w i t h  Conoco  abandonmen t  t h e  

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

and e n v i r o n m e n t a l  p o l l u t i o n  were  a l s o  p r o b l e m s .

2)  The s t e a m  d r i v e  mode l  h a s  p r o v e d  two b a s i c  e f f e c t s  

f o r  o i l  r e c o v e r y  and  p r o d u c t i o n :

a )  d e c r e a s i n g  t h e  o i l  v i s c o s i t y ,

b)  i n c r e a s i n g  t h e  i n j e c t i v i t y .

B u t ,  t h e  i n - s i t u  c o m b u s t i o n  h a s  o n l y  t h e  e f f e c t  o f  

d e c r e a s i n g  o i l  v i s c o s i t y .  The i n c r e a s i n g  i n j e c t i v i t y  

e f f e c t  u s u a l l y  e n h a n c e s  a h i g h e r  o i l  r e c o v e r y  f o r  t h e  

s t e a m  d r i v e  p r o c e s s .  I n  t h e  S . E .  P a u l s  V a l l e y  f i e l d  , 

t h e r e  i s  o n l y  a s l i g h t l y  h i g h e r  o i l  r e c o v e r y  i n  h i g h  

p e r m e a b i l i t y  z o n e  f o r  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  

( F i g u r e  5 . 5 ) .  However ,  a c o m p a r a t i v e l y  h i g h e r  o i l  

r e c o v e r y  r e s u l t s  i n  t h e  s t e a m  d r i v e  p r o c e s s  ( F i g u r e  5 . 6 )  

t h a n  i n  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  f o r  t h e  same h i g h  

p e r m e a b i l i t y  z o n e .  I n  t h e  Loco f i e l d ,  t h e  i n j e c t i v i t y
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e f f e c t  o f  t h e  s t e a m  d r i v e  i s  even  more a p p a r e n t  t h a t  t h e  

p r o c e s s  i s  much more a c c e l e r a t e d ,  l e a d i n g  t o  a q u i c k e r  

r e t u r n  i n  t h e  i n v e s t m e n t .

3)  I n  t h i s  m o d e l ,  t h e  o p t i m i z e d  d e s i g n  p a r a m e t e r s  and 

t h e  p r o f i t  d e c i s i o n  a n a l y s i s  a r e  o b t a i n e d  s i m u l t a n e o u s l y .  

Due t o  t h e  u n i d i m e n s i o n a l  l i m i t a t i o n  o f  t h e  l i n e a r  

p r o g r a m m i n g ,  t h e  e n g i n e e r i n g  o p t i m i z a t i o n  a p p l i c a t i o n s  a r e  

u s u a l l y  n o t  p r a c t i c a l .  T h i s  m u l t i - c r i t e r i a  o p t i m i z a t i o n  

mode l  h a s  p r o v e d  t o  be  a more p r a c t i c a l  e n g i n e e r i n g  

a p p l i c a t i o n .  The i n j e c t i o n  p r e s s u r e ,  i n j e c t i o n  r a t e ,  and 

p r o d u c t i o n  r a t e  a r e  t h e  d e s i g n  p a r a m e t e r s ;  t h e  o i l  

r e c o v e r y  and p r o f i t  a r e  t h e  d e c i s i o n  a n a l y s i s .  The 

o p t i m i z a t i o n  model  can  a l s o  be a p p l i e d  i n  mos t  e n g i n e e r i n g  

d e s i g n .  T h i s  e a s y  a p p l i c a t i o n  has  b e e n  i l l u s t r a t e d  i n  t h e  

f i e l d  c a s e  s t u d i e s  ( A p p e n d i x  D) .

F u r t h e r m o r e ,  t h e  m u l t i - c r i t e r i a  o p t i m i z a t i o n  model  

a l s o  h a s  t h e  a d v a n t a g e  o f  s m a l l  s i z e .  The model  o n l y  n e e d s

35k c o r e  memory f o r  s t o r a g e  an d  e x e c u t i o n  i n  t h e

m i n i c o m p u t e r s .  Wi th  a s l i g h t  m o d i f i c a t i o n ,  t h e  p rogram 

c o u l d  be  e x e c u t e d  c o m f o r t a b l y  w i t h  a 48k App l e  c o m p u t e r  o r  

any o t h e r  d e s k t o p  m i c r o c o m p u t e r .

4)  A o n e - d i m e n s i o n a l  p e r f o r m a n c e  mode l  h a s  been  

s u c c e s s f u l l y  a p p l i e d  f o r  s c r e e n i n g  and  e v a l u a t i n g  b o t h  t h e

s t e a m  d r i v e  and  i n - s i t u  c o m b u s t i o n  p r o c e s s e s .  I n  t h e

m o d e l ,  t h e  s c r e e n i n g  c r i t e r i a ,  t h e  Marx and Langenhe im
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s o l u t i o n  and o i l  r e c o v e r y / v o l u m e  b u r n e d  me t h o d ,  a r e  

i n c o r p o r a t e d  a s  t h e  b a s i c s  wh ich  a r e  s u p p l e m e n t e d  w i t h  

o t h e r  t h e o r i e s  i n  o r d e r  t o  p r e f e c t  t h e  d e f i c i e n c i e s ,  s u c h  

a s  t h i c k  l a y e r  and  f r o n t a l  d r i v e  me c h a n i s m.

5)  In  t h e r m a l  p r o c e s s e s  r e g r e s s i o n  m o d e l i n g ,  s e r i e s  

SAS p r o c e d u r e s  h a v e  b e e n  s u c c e s s f u l l y  u s e d  t o  f o r m u l a t e  

t h e  e q u a t i o n s ,  a nd  REG p r o c e d u r e  c h e c k s  o u t  t h e  p o s s i b l e  

o u t l i e r s  and c o l l i n e a r i t y .  The SYSREG p r o c e d u r e  h a s  b e e n  

a p p l i e d  t o  f o r m u l a t e  t h e  r e g r e s s i o n  e q u a t i o n s  

s i m u l t a n e o u s l y  i n  one  s y s t e m ;  t h e  r e g r e s s i o n  mode l s  a r e  

c o n f i r m e d  w i t h  w e i g h t e d  R - s q u a r e  95-99% f o r  b o t h  

p r o c e s s e s .  T h i s  s y s t e m  r e g r e s s i o n  t e c h n i q u e  h as  be e n  

i n t e l l i g e n t l y  a d o p t e d  i n  t h e  e n g i n e e r i n g  a p p l i c a t i o n .

6 ) T h i s  work h a s  d e m o n s t r a t e d  t h e  s u c c e s s f u l  

a p p l i c a t i o n  o f  PDS d a t a  f o r  t h e  r e s e r v o i r  e v a l u a t i o n .  An 

i n v e r t e d  5 - s p o t  p i l o t  d e s i g n  h a s  b e e n  u s e d  f o r  t h e  t h e r m a l  

r e c o v e r y  p e r f o r m a n c e  e v a l u a t i o n .  The p i l o t  r e s u l t s  c an  be 

p r o j e c t e d  on t h e  e n t i r e  r e s e r v o i r .  The m i n i c o m p u t e r s  VAX 

1 1 / 7 8 0  and  POP 1 1 / 7 0  wer e  u s e d  f o r  t h i s  r e s e a r c h  work .  

The c o m p u t e r  p r o g r a m s  c a n  be e x e c u t e d  on any d e s k t o p  

m i c r o c o m p u t e r  w i t h  a s l i g h t  m o d i f i c a t i o n  i n  t h e  p r o g r a m s .  

The u s e  o f  a s t o c h a s t i c  and  w e l l  d a t a  may p r o v e  t o  be  a 

more  r e a l i s t i c  a p p r o a c h ;  h ow e v e r ,  i t  i s  n o t  t h e  p u r p o s e  o f  

t h i s  r e s e a r c h .
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NOMENCLATURE

A = e n t i r e  r e s e r v o i r  a r e a ,  a c r e s  

AE = a r e a  sweep e f f i c i e n c y ,  f r a c t i o n  
ADR = a i r - o i l  r a t i o  , M c f / b b l
AR = v e r t i c a l  c o n f o r m a n c e  f a c t o r ,  r a d i a l  f l o w  c a s e  
ASR = a i r - s a n d  r a t i o ,  Mcf /  a c r e - f t  

API = o i l  g r a v i t y ,  °
CAT = c u m u l a t i v e  a i r  i n j e c t i o n ,  M M s c f / a c r e - f t  

Co,  c ^ ,  Cj.= h e a t  c a p a c i t y  w i t h  r e s p e c t s  t o  o i l ,
w a t e r  and r o c k  

CNp = p r o j e c t e d  t o t a l  p r o d u c t i o n  o f  a who l e
r e s e r v o i r ,  b b l s  

D = t h e r m a l  d i f f u s i v i t y  o f  c a p  r o c k  ( K , / p c ) ,
f t ^ / D

FB = f u e l  b u r n e d ,  B / a c r e - f t  
GGR = g a s - o i l  r a t i o  

h = pay t h i c k n e s s ,  f t  

h^ = n e t  pay t h i c k n e s s ,  f t
= l a t e n t  h e a t  o f  v a p o r i z a t i o n  a t  P^ ,

Tg,  B t u / l b .
H = t h e  e n t h a l p y  o f  wet  s t e a m  a t  P ,

Tg,  B t u / l b .

= t h e  e n t h a l p y  o f  s a t u r a t e d  l i q u i d  a t  P^ ,

Tg,  B t u / l b .
= t h e  s p e c i f i c  e n t h a l p y  o f  s t e a m P . ,  T.  a t  

r e s e r v o i r  c o n d i t i o n s  
l i n j  = no .  o f  i n j e c t i o n  p a t t e r n s

i g 2 = maximum a l l o w a b l e  s t e a m  i n j e c t i o n  r a t e ,  B/D

i g 2 = i n i t i a l  s t e a m  i n j e c t i o n  r a t e ,  B/D
k|  ̂ = t h e r m a l  c o n d u c t i v i t y ,  B t u / f t - h r - ° F
kg = p e r m e a b i l i t y  o f  s t e a m ,  md
m^ = s t e a m  i n j e c t i o n  r a t e ,  B / D / p a t t e r n
Np = c u m u l a t i v e  p r o d u c t i o n ,  b b l s
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PIS

P r o f

^ i n j

^np

Rec

%os

t e
TAOR
TCAI
TN_

AT

t r

TRS

f i
VISO
VISO

VTSW

( P c )

o i l  s a t u r a t i o n  p o r o s i t y  
p r o f i t ,  d o l l a r s  

: i n j e c t i o n  p r e s s u r e ,  p s i
i n i t i a l  i n j e c t i o n  p r e s s u r e ,  p s i a  
i n c r e a m e n t a l  i n j e c t i o n  p r e s s u r e ,  p s i a  
s t e a m  i n j e c t i o n  p r e s s u r e ,  p s i a  

i n j e c t i o n  r a t e ,  MMcf/D 
p r o d u c t i o n  r a t e ,  B/D 
p r o d u c t i o n  r a t e ,  B/D 
o i l  r e c o v e r y ,  % 

o i l - s t e a m  r a t i o ,  b b l / b b l  

p r o d u c t i o n  t i m e  p e r o i d ,  d a y s
a i r - o i l  r a t i o  f o r  t h e  e n t i r e  r e s e r v o i r , M s c f / b b l  

a i r  r e q u i r e m e n t  f o r  t h e  a c t i v e  r e s e r v o i r ,  MMscf 
c u m u l a t i v e  p r o d u c t i o n  f o r  t h e  t o t a l  

r e s e r v o i r ,  b b l s  
t e m p e r a t u r e  d i f f e r e n c e ,  °F 

r e s e r v o i r  t e m p e r a t u r e ,  °P
1 1 5 . IP 8 - 2 2 5  Q

b  j r

t r a n s m i s s i b i l i t y ,  (kh / j u  ) 

s t e a m  q u a l i t y ,  f r a c t i o n  
s t e a m  q u a l i t y  a t  t h e  s a n d f a c e ,  f r a c t i o n  
dead  o i l  v i s c o s i t y ,  cp 
l i v e  o i l  v i s c o i s t y ,  cp 

volume b u r n e d ,  %
v e r t i c a l  sweep e f f i c i e n c y ,  f r a c t i o n  

= t o t a l  s t e a m  i n j e c t i o n  r a t e ,  B/D 
= p o r o s i t y ,  f r a c t i o n

h e a t  c a p a c i t y  o f  f l u i d s  s a t u r a t e d  r o c k .
B t u / f t ^ - ° F  

h e a t  c a p a c i t y  o f  o v e r b u r d e n  r o c k .
B t u / f t ^ - ° F

,06 
1 4 1 . 5

g O. 000559%

API + 1 3 1 . 5
0 . 0 0 00 51 7T S  +

5,  I b / c u - f t

6 2 . 4  , I b / c u - f t

0 . 0 0 0 4 9  , cp 
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Appendix A

Thermal Process Screening Guide

W i t h i n  t h e  p e r f o r m a n c e  mode l ,  t h e  a u t h o r  i n c l u d e d  an

i n i t i a l  s c r e e n i n g  g u i d e  f o r  t h e  c a n d i d a t e  r e s e r v o i r s .  In

t h i s  c a s e ,  t h e  c a n d i d a t e  r e s e r v o i r  h a s  gone t h r o u g h  an EOR

s c r e e n i n g  p r o c e d u r e  and m i s s i n g  d a t a  can  be  v a l i d a t e d .
33The s c r e e n i n g  c r i t e r i a  ( H a y e s ,  1976)  a r e  l i s t e d  a s  

f o l l o w s  :

S c r e e n i n g  g u i d e  f o r  s t r e a m  f l o o d s

a )  API g r a v i t y  < 25
b)  o i l  v i s c o s i t y  ( c p )  > 20
c )  d e p t h  ( f t )  < 5000 b u t  > 200
d)  p a y z o n e  t h i c k n e s s  ( f t )  > 20
e )  p e r m e a b i l i t y  (md) > 20
f )  o i l  s a t u r a t i o n  \  .50
g)  min o i l  c o n t e n t  (STB/AF) > 5 0 0

S c r e e n i n g  g u i d e  f o r  i n - s i t u  c o m b u s t i o n

a )  API g r a v i t y  ^  25
b)  o i l  v i s c o s i t y  ( c p )  > 20
c )  d e p t h  ( f t )  /  5000
d)  p a y z o n e  t h i c k n e s s  ( f t )  ^  10
e )  o i l  s a t u r a t i o n  > . 5 0
f )  min o i l  c o n t e n t  (STB/AF) > 5 0 0

The s c r e e n i n g  method h as  b e e n  programmed i n  t h e  main
p r o g r a m .
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Appendix A

Marx and La n a e n h e i m s o l u t i o n

T h i s  model  was f i r s t  i n t r o d u c e d  by Marx and
h t

L a n g e n h e i m i n  1959 and was f u r t h e r  c l a r i f i e d  by Fa r o u q
O A

A l i  i n  1966.  A l t h o u g h  t h e  a u t h o r s  d i d  n o t  d i s c u s s  t h e

b a s i c  a s s u m p t i o n s  upon which t h e  model  was f o r m u l a t e d ,  

t h e y  ha v e  i m p l i c i t l y  assumed t h a t  t h e  r e s e r v o i r  b a s e  and

c a p  r o c k  a r e  g e o m e t r i c a l l y ,  h y d r o l o g i c a l l y  and  t h e r m a l l y  

h omoge neous  and i s o t r o p i c ,  and t h a t  r a d i a l  h e a t  c o n d u c t i o n  

c an  be i g n o r e d .  I n  a d d i t i o n ,  t h e y  h a v e  as sumed  t h a t  o n l y  

s t e a m  d i s p l a c e s  t h e  o i l ,  w i t h o u t  a h o t  w a t e r  bank  a h e a d  o f  

i t ,  and t h a t  t h e  f l u i d s  a r e  i n c o m p r e s s i b l e .

cap  r o c k .  Tr
r e s e r v o i r  r o c k ,  Tr  

b a s e  r o c k ,  Tr

F i g .  A . 1 I n i t i a l  T e m p e r a t u r e  o f  r e s e r v o i r ,  
b a s e  and cap  r o c k .

The f i g u r e  a b o v e  shows  t h e  r e s e r v o i r  b a s e  and c a p  r o c k  a t  

an i n i t i a l  t e m p e r a t u r e  T^.  The t h i c k n e s s  o f  t h e  b a s e  

and  cap  r o c k  a r e  a s s u me d  i n f i n i t e .  At t i me  t  = 0 ,  h e a t  i s  

a p p l i e d  t o  t h e  f a c e  o f  t h e  r e s e r v o i r  r o c k  and t h e  t e m p e r a ­

t u r e  Tg i s  s u s t a i n e d .  C o n s i d e r  t h e  o r i g i n  o f  t h e  y 

c o o r d i n a t e  t o  be a t  t h e  c o n t a c t  b e t w e e n  r e s e r v o i r  and cap  

r o c k .  The d i f f e r e n t i a l  e q u a t i o n  wh i ch  d e s c r i b e s  t h e  h e a t  

f l o w  i n  t h e  y d i r e c t i o n  i s  g i v e n  by:
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The i n i t i a l  a n d  b o u n d a r y  c o n d i t i o n s  a r e :  T ( y , 0 )  = 

f o r  0 ^  oo ; and  1 ( 0 ,  t )  = T^ ,  D i s  t h e  t h e r m a l

d i f f u s i v i t y  o f  t h e  cap  r o c k  ( o v e r b u r d e n )  wh i c h  i s  d e f i n e d  

a s  I V( PC) ,

wh e r e  :

= t h e r m a l  c o n d u c t i v i t y ,  B T U / f t - h r ° - F  
p  = d e n s i t y  o f  t h e  cap  r o c k ,  I b / f t ^
C = s p e c i f i c  h e a t  o f  t h e  c a p  r o c k ,  B T U / l b ° - F

The s o l u t i o n  t o  e q u a t i o n  A . l  i s  g i v e n  by;

T(y,t) = T .-  AT erf (x) (& 2 )
2VDÎ

wher e  :

X = y'/4D%
AT = (T .-T ,)

2 *  1
erf(x) = -----  f  e’’ dt

y / lT  J

E q u a t i o n  A. 2 g i v e s  t h e  t e m p e r a t u r e  a t  any p o i n t ,  y , i n  

t h e  cap  r o c k ,  a t  any  t i me  t ,  f o l l o w i n g  t h e  a p p l i c a t i o n  o f  

s u s t a i n e d  h e a t  a t  t h e  f a c e  o f  t h e  r e s e r v o i r  r o c k .  The h e a t  

H^,  c o n d u c t e d  i n  t h e  v e r t i c a l  d i r e c t i o n ,  i s  g i v e n  by :
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Ht= - 4 f l y *  o

or (A.3)
Ht .jk A L

VirDt

I f  a c o n t i n u o u s  s u p p l y  o f  s t e a m o r  h o t  w a t e r  i s  i n j e c ­

t e d  i n t o  t h e  r e s e r v o i r ,  t h e n  t h e  h e a t  w i l l  p r o p a g a t e  i n  t h e  

r e s e r v o i r  and h e n c e ,  t h e  a r e a  o f  t h e  c a p  r o c k  t h r o u g h  which  

h e a t  i s  l o s t  w i l l  e x p a n d  c o n t i n u o u s l y  w i t h  t i m e .  The 

f o l l o w i n g  f i g u r e  A. 2 shows t h r e e  s t a g e s  o f  h e a t  

p r o p a g a t i o n ,  a s s u m i n g  no t e m p e r a t u r e  g r a d i e n t s  i n  t h e  s a nd  

i n  t h e  v e r t i c a l  d i r e c t i o n ,  and t h a t  t h e  t e m p e r a t u r e  

d i s t r i b u t i o n  i s  a s t e p  f u n c t i o n .  F i g u r e  A.2a  a l s o  shows 

t h e  h e a t  wave o c c u p y i n g  an a r e a A A ^ ,  a t  t i m e  T  = 0

( a )
AAi

( b )

T, Tr

f  =  0, AAi

AAj

T, Tr

T *  1, A A j

F i g .  A . 2 a , b  P r o g a t i o n  o f  u n i t  s t e p  h e a t  wave 

( f r o m  Van P o o l e n ^ ^ )
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( c )
AA)

T , Tr 

r = 2, AAj

F i g .  A . 2 c P r o p a g a t i o n  o f  u n i t  s t e p  h e a t  wave

where :
( f r o m  Van P o o l l e n ^ ^ )

T  = t i me  s t e p

t  = t o t a l  t i m e  s i n c e  b e g i n n i n g  o f  i n j e c t i o n  

T  <  t

From E q u a t i o n  A.A,  i t  i s  e v i d e n t  t h a t  a t  t i m e  t , t h e  

h e a t  l o s s  t o  t h e  cap  r o c k  i s  g i v e n  by :

( A . 4 a )

F i g .  A.2b  shows t h a t  a t  t i m e  T= 1 ,  t h e  h e a t  wave 

o c c u p i e s  an a r e a  AA^i t h e n  a t  t i me  t , t h e  t o t a l  h e a t  l o s s  

i s  g i v e n  by:

L i k e w i s e ,  t h e  t o t a l  h e a t  l o s s  when t h e  h e a t  wave 

c o v e r s  an a r e a  AA^ F i g .  A. 2c  i s  g i v e n  by:
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(A.4c)

T h e r e f o r e ,  a s  t h e  h e a t  wave t r a v e l s  i n  t h e  r e s e r v o i r ,  

t h e  t o t a l  h e a t  l o s s  t o  t h e  c a p  r o c k  i s  g i v e n  by:

Ht = Z .(AAr*i -  AAr) and AAo = 0 ( A . 4 d )
T=0 V>rD(»*r)

S i n c e  i n  t h e  l i m i t  AAr.i- A A ,■ drdr '

t h e  a b o ve  e x p r e s s i o n  may be w r i t t e n  a s :

Ht = J
t

( A . 4)
VrrD(t-r) dr 

o

The a b o v e  e q u a t i o n  g i v e s  t h e  t o t a l  h e a t  l o s s  t o  t h e  cap  

r o c k ,  and  i f  t h e  b a s e  r o c k  h a s  t h e  same t h e r m a l  c o n d u c t i v ­

i t y ,  d e n s i t y  and  h e a t  c a p a c i t y  a s  t h a t  o f  t h e  c a p  r o c k ,  

t h e n  t h e  t o t a l  h e a t  l o s t  t o  t h e  b a s e  and c a p  r o c k  combi ned  

would  be t w i c e  t h a t  g i v e n  by E q u a t i o n  A . 5 .  The h e a t  U 

u t i l i z e d  i n  h e a t i n g  t h e  r e s e r v o i r  a t  t i m e  t  i s  g i v e n  by:

« ■ = i > ^ ( p « W â T  (A-5)
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where: h = thickness of the reservoir, feet
U = h e a t  i n  h e a t i n g  t h e  r e s e r v o i r ,  B t u / h r

( p c ) p ^ P  = h e a t  c a p a c i t y  o f  s a t u r a t e d  r o c k ,  B T U / f t ^ - ° F

T h e r e f o r e ,  t h e  r a t e  o f  h e a t  i n j e c t e d  i n t o  t h e '  f o r m a t i o n  i s  

g i v e n  by :

( A . 6 )

where  ;

= s p e c i f i c  e n t h a p y  o f  s t e a m ,  B t u / l b  
m^ = mass  r a t e  o f  s t e a m  i n j e c t i o n ,  l b / h r

B r i e f l y ,  E q u a t i o n  A . 7 s t a t e s ;

The r a t e  
o f  e n e r g y  
i n j e c t e d

The r a t e  o f  
e n e r g y  l o s s  
t o  cap  and  • 
b a s e  r o c k

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

L a p l a c e  t r a n s f o r m a t i o n  i s  a p p l i e d  t o  o b t a i n  t h e  h e a t e d  

a r e a  ( C a r t e r , 1 9 5 7 ) :

A(0 , 4Kj{AT ( A . 7)
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w h e r e  :

- 1 (A.7a)

and

( A . 7 b )

wh i ch  i s  t h e  d i m e n s i o n l e s s  t i me

= t h e  s p e c i f i c  e n t h a l p y  o f  s t e a m  P ^ ,  a t  

r e s e r v o i r  c o n d i t i o n s

" t  = * l " . v  ♦ » » s  -  « « ■  ( BT U / l b )  
h = pay t h i c k n e s s ,  f t

and  t h e  c o m p l e m e n t a r y  e r r o r  f u n c t i o n  i s  d e f i n e d  a s :  

e r f c ( x )  = 1 -  e r f ( x )
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Appendix A

1
2

PERFORMAÎÎCE $JOT------------- :MODEL FOR STEAM DRIVE ARD I N -S IT U  C01I3U STI0N
C
c
c
c
c
c

3
4

5
6
7

8 
9

10
11
12

13

14

15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31

32
33
34
35
36
37
38
39

THIS IS A PBOGHAH THAT OSES PDS SOPPLIED DATA 
AHD BEGZNEBATES A BED PIIE FOR DATA TALIDATXCN 
THEN (IHITIAL SCBEZNIH6 FOB THERMAL PROCESS 
SELECTION FOB STEAM DRIVE OB IN-SITO COMBUSTION 

****$»$*$»»##»#*###*$**»$#»##*$*#*$»*#$*##*$»*##****»
BEAL*4 MSI,N,HP
DIMENSION PRES (45) ,T£HP{45) ,ACBE (45) .DEPTH (45) .CROS (45) ,TS (45) , 
1THICK(45).API(45).PERM(45).VISC(45),POE(45).ICAI (45).TCAOE(45) , 
2HATSAT (45) ,BS(45) .OILSAT (45) .GASAT (45) ,EH1 (45) ,BC3 (45) .TK?(45) , 
3MS1 (45) ,00(45,30) ,PINJ (45) ,N (45) ,REÇUT (45) ,VS (45) , VISÜ (45) ,TE3 (4 5 
4) , ASE (45) ,CAI (45). VB (45) .AOR (45) .FB (45) , NP (4 5) .CAGE (45) , CKP (45,33) 
5.QMAX (45) , QNP (45) ,PHAX (45) ,QMA (45) ,BEC (45) ,CF (45) , PIS (45), KPE (45)

COMMON / FNAME / STATE(24).CNTI(35),FIELD(40)
COMMON /BESPAB / PEES. TEMP. ACRE, DEPTH. THICK, API,
1 PERM,VISC.POB.NATSAT.OILSAT,GASAT,BS,PIS,TE5
COMMON / FPABH / OBICBD, AGSCM. CUCRU
COMMON / STEAMP/EH1,B O S .MSI.00.PINJ,N,REÇUT,V S .CNP,CEOS,TS 
COMMON / INSITP/ VISO, AS2, CAI, VB. AOR, FE. NP, CAOH,
1 QHAX. ONP, PHAZ, QMA. EEC, CF.TNP,TCAOE.TCAI,NPR
DATA EPS5.EPS6/1.E-5,1.S-6/
BEAD (5,99)M 
DO 800 1-1,H
BEAD(5.100) STATE. CNTI, FIELD 
HEAD (5. 150)
10PICRD,C0CED,A5SCM,RS(I) .GASAT(I),OILSAT(I)
BEAD(5.200)

2DEPTH (I) .PERM (I) .THICK (I) , PRES (I) , VISC (I) , ACRE (I)
BEAD(5,201)
1TEMP (I) ,POB (I) .BATSAT (I) ,API (I)
HRITE(6,350)
CALL PRINT(I)
IF(0BICBD.LE.EPS6) 0EICEU=EPS5 
IF(CUCRU.LE.EPS6) CUCRU=EPS5 
IF(AGSCM.LE.EPS6) AGSCM=EPS5 
1F(?RES(I).LT.EPSÔ) PBE3(I)=EPS5 
IF(TEKP(I).LT.EPS6) TEH?(I)*EPS5 
IF (ACRE (I). LT. EPS6) ACfiE(I)>EPS6 
IF (DEPTH (I) . LI. EPS6) DEPTH (I) =EPS5 
IF (THICK(I) .LT.EPS6) THICK (I)=EPS5 
IF (API(I).LI.EPS6) API (I)=EPS5 
IF (VISC (I).LT.EPS6) VISC (I)* SPSS 
IF (PERM(I).LT.EPS6) PERM (I) »EPS5 
IF(POB(I).LT.EPS6) POE(I)=EPS5 
IF(OILSAT(I).LE.ZPS6) OILSAT(I)-EPS5 
IF (BATSAT (I) . LE. EPS6) HATS AT (I) *£?S5 
1F(GASAI(I).LE.EPS6) GAS AT (I) =EPS5

CALCULATION OF SOME HISSING DATA

IF (TEMP (I) . LE. EPS5) TEMP (I) =60. ♦ .02*DEPTH (I)
IF (PRES (I) . LE. EPS5) PRES (I) =.5*DEPTH (I)
IF(ORICEU.LE.EPS5) 0BICRU=7758.$PUB(I)*OILSAT(I)
IF (GASAT (I) .LE.EPS5) GASAT (I) = (1.-CILSAT (I)-BATS AT (I) )
IF (VISC(I).GE.EPSS) GOTO 300
CALL LIQVIC(I,TEMP.API,PRES,VISC,RS)

300 CONTIN OS
BBITE(6.370)
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«0 C & U  niBT{I)
c
C SCIZEIIIG GOIOELIIIE VAIDES FOB STEAB DBITE PIOCZSS 
C

A1 IT1-0
«2 IF2=0
•3 IF (API (I).IE. 25. .AND.

1TZSC{I).GE.20. .AND.
20EPTH(Z).G7.200. .AND.
3SEPTH{I).LE.50C0. .AND.
«PEBH(I).G7.20..AND.OBICBD.GE.500. .AND.
5OILSAT(I).GE.0.50J IT 1=9 

«tt IP(IT1.N2.9) GOTO 530
C
C SCBEENING GOIDEXINE TALDES FOB IN-SITD CONEUSIICN PROCESS
C

«5 «00 IF(API(I).LE.25. .AND.
1TISC(I).GE.20. .AND.
2THICK(I).6T.B. .AND.
JOBICBD.GE.500. .AND.
«CILSAT(I).GE.0.50) IT2=10

46 1F(IT2.NE.10) GO TO 530
47 IF(IT1.EQ.9) NBITE(6,420)
48 CALL STEAN(I)
49 IF (I V2.EG. 10) NBITE (6, 520)
50 CALL INSITO(I)
51 530 IF(ZT1.LT.9 .OR. IV2.SI.10) GO IC 600
52 GO TO 700
53 600 NBITE(6,620)
54 NR1TE(6,630)
55 NBITE(6,640)
56 700 CONTINDE
57 BOO CONTINUE
58 99 POEM AT (12)
59 100 FOBNAT(24A1/35A1/40A1)
60 150 FOBBAT(6F10.3)
61 200 FOBaAT(6F10.3)
62 201 FOBflAT(4F10.3)
63 350 FORMAT(IB1,/////)
64 370 FORMAT(1H1,/////)
65 420 FORMAT(1H0,201,«COHNZNI: STEAM OBITS IS RECOMMENDED')
66 520 FORMAT(1H0,20%,'COMMENT:IN-SIIO COMBUSTION IS RECOMMENDED')
67 620 FORMAT(1H0,201,'COMMENT: THESE DATA CANNOT BE PROCESSED FOB AKY

68 630 FORMAT(301,'THERMAL PROCESS AT THIS TIME FOR LACK OF')
69 640 FORMAT(301,'INSUFFICIENT DATA OR CANNOT PASS SCREENING')
70 STOP
71 END 

C

72 SUBROUTINE PRINT(I)
73 DIMENSION PBES(45) ,TEMP(45) ,ACRE (45) .DEPTH (45) ,

1THICR(45).API(45),PERM(45),TISC(45),POE(45),
21ATSAT (45) .RS (45) .OILSAT (45) .GASAT (45) .PIS (45) .TES (45)

C
74 COMMON / FNAME / STATE(24).CNTI(35).FIELD(40)
75 COMMON /BESPAB / PRES. TEMP, ACRE, DEPTH, THICK. API.

1 PERM.TISC.POR.BATSAT,OILSAT,GASAT.RS.PIS.1RS
76 COMMON / FPABH / OBICEU, AGSCM. CUCRU
77 1RITE(6.1692)
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78
79
80 
81 
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99 

100 
101 
102
103
104
105

106
107
108
109
110  
111 
112
113
114
115
116
117

118

119

120

121
122

UZTZC6,1693)
88192(6,1694)
8BITE(6,2870) ( STME(J) ,J=1,24)
BBITZ(6,2880) CBIT 
BBITE(6,2890} FIELD 
B£ITE(6,3120) OBZCBO 
BBZ9E(6,3200) COCBO 
BRITE(6,3400) BGSCH 
BBZTZ(6,3800) PBES (Z)
BBZTE(6,3810) TBHF(Z)
BBITE(6,3820) ACBE(Z)
BRZTE(6,3830) DEPTH (I)
«BITE(6,3840) THICK(I)
BBITE(6,3850) PEBH (I)
BRITS (6, 3860) API (I)
«RITE (6, 3870) FISC (I)
BRITZ(6,3920) BS (I)
BRITE(6,3880) POB(I)
«RITE(6,3890) OILSAT (I)
SBITE(6,3900) BATSAT (I)
HEITE(6,3910) CASAT (I)

1692 FORMAT(321,' PDS SOPPLIED DATA OF A BESEBTOIB')
1693 FORMAT(321,'
1694 FORMAT(180,401,'( ORIGINAL DATA )•)
287C FORMAT(1H0,201,»1»,10X,‘STATS NAME i ‘,24A1)
2880 FOF.HAT(1HO,20X,'2',10X,»COONTT NAME: »,35A1)
2890 FORMAT(180,201,‘3‘,101,‘FIELD NAME : »,40A1)
3120 FORMAT{1H0,20X,'4‘,101,'CHIGINAL OIL (BBLS/AF): •,

•F14.2)
3200 FORMAT(1H0,201,‘5‘,101,‘COM. CBU. PRCD.(B3LS):‘,2X,F14.2) 
3400 FOBHAT(1B0,30X,‘6‘,10X,'ASSO. GAS PBOD.(MSCF):•,2X,PI4.2) 
3800 FORMAT(1H0,191,‘ 7‘,10X,‘PRESSUEE(PSIA) : ', 7X,F14.2)
3810 FORMAT(1H0,191,‘ 8‘,10X,‘TEMPERATURE(DEC):‘, 7X,F14.2)
3820 FOBMAT(1HO,19X,‘ 9‘,10X,'PEOFED ACBE3E (ACRE): ',3X,F14.2) 
3830 FORMAT (1H0,19X,‘10',10X,'DEPTH(FT) : ', 8X,F15.2)
3840 FORMAT(1HO, 19X,‘11',10Z,'2ONE THICKNESS(FT) ,4X,F14.2) 
387C FORMAT(1H0,19I,‘14‘,10X,‘VISCOSITI SUBFACE(CP) : )X,F14.2) 
3860 FORMATt1H0,19X,‘13',101,‘API GRAVITY (DEC) : ‘,3X,F14.2)
3850 FORMAT(1H0,19I,‘12‘,10I,‘PERMEABILITY(KD) :‘,6X,F14.2)
3880 FORMAT(180,19X,‘16',10X,‘?OB0SITY : ‘,13X,F14.3)
3890 FORMAT(1H0,191,‘17‘,10X,‘OIL SATURATION : ',3X,

• F14.3)
3900 FORMAT(1H0,192,'18‘,10X,‘BATES SATURATION : ‘,3X,

•F14.3)
3910 FOEMAT(1H0,19X,‘19',10X,‘GAS SATURATION : ,3X,

♦F14.3)
3920 FORMAT(laO,19%,‘15‘,10I,‘GA5-0IL RATIO (SCF/S73):‘,IX, 

♦F14.2)
RETURN
END

123

124

C
c
c
c
c
c

SUBBOOIINE LIQFIC (I, TR, API, PR, FISC, RS)

CALCULATE DEAC OIL VISCOSITY AND LIVE OIL VISCOSITY 
BELOB TBE BUBBLE POINT PRESSURE USING THE EEGGS AND 
BOEINSON CORRELATIONS. JPT, (SEPT. 1975),P1140.

CALCULATE DZAC OIL VISCOSITY,CP
DIMENSION TB (45) , API (45) ,PB (45) , FISC (45) ,RS (45) ,
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•TISDIH5)
125 Z - 3.0324 - {.02023*XPI(I) )
126 T * 10#*Z
127 X » T/(T8(I) **1.163)
128 VISD(I) = (10.**%) -1.

C
C CALCOIATE IIVE OIL 7ISC0SITT,CP
C GXS-OIL RATIO FOB HBATT OIL 15 OSIBS CQEB C CONJALLT
C COBREIATIOH CBABI

129 1F(BS(I).LT.0.001) BS(I) = 40.
130 A = 10.715/(ES(I) * 1O0.)**.515
131 B * 5.44/(33(I) *150.)**.338
132 VISC (I) = A*(VISD(IJ **B)
133 EETORN
134 END

C $ * * * * * $ * * * * $ * # » * * # # * * * * * * # * # $ * » * * * $ * * * # * * * $ * $ $ * * # $ * * # * * * *  
C THIS HOOEL 15 EOILT EASING ON NABI-LANGENHEIM *
C SOLaTICN;"BESEBVOIE HEATING BE HCT FLUID INJECTION *
C TEANS.AIME(1959) P216-312 *
C •**•*•**********••****••••««•••*******•****«*••*•*•**•*•« 
C
C S7EAH PEEFOEHANCB MODEL
C *#»$****»*####$*#»**#*#
C

135
C

136
137

SURBOOIIBE 5TEAH (Il

^  t  %* » I f
3EECDT(45) I  ,  1 * 3 , J U ]  ,

(45), TCAOa(45),4CB0S

138 COMMON /BESPAB / PB , TB , A , Z , H , API,
1 K« MU , POE, SB, SO ,56 ,BS, PIS, TES

139 COMMON / STEAnP/EH1,EOS,5S1,aO,PINO,NP,BECOT,VS,CN?,CiOS,rs 
C

140 DATA BO,%SD,Q,B,DIA,BH,PRH,EB/33.,0.9,410.,1.31,467., 
*0.3,34.,0.8/

141 DATA BOI,T,SOE,AZ/1.0,2.5,.2,0.7/
C
C
c STEAM INJECTXCB PBESS'JBE t  BATE OPTIMIZATION PBOCEDUEE
C

142 IF(PR(I).ST.1000. .AND. ?H(I).LT.2000.) PINJ1=?B(I)
143 CALL OPTIMJ(I,PB, tS, FXNJ1, M, API, B, ISO, PINJ, A 

♦,MSA, VTSB, MS3, Z, Q)
C
C CALCULATION OF TBE STEAM DRIVE PBOCESS PEE PATTERN
C THERMAL EFFICIENCT

144 HBB * 91.*(PIBJ(I)**.2574)
145 HHO = 1318.*(PIBJ(I)**(-.08774))
146 MBS « 1119.*(PINJ(I) **.01267)
147 HF « (18.08*30(1) * 48.8*58(1) -32.2) *POB (I) * 32.2
148 CB » 1.0504 -(6.05E-4)*I3(1) ♦ ( 1.79E-6)* (IS (I) **2)
149 BS2 = MSA*350.
150 XAO * XSD - ((24.* a » Z (I)) / (MS3*350.*BBU))
151 TR * ZAU*BBD * BBS - HBB
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1F(R(Z) .LE.100.) HH = H(I)
ZF(TTSH.L£.0.6) TTSH =0.6 
BH « a(Z)«FISH 11 « 0.6«a356Q.
IF = 5.
HHZTE(6,1)
F0RBlI{1H1.4Z,'EESaLT5 OF FZVE-SPOT PZZOI TEST ZN THE BESERV0I5 
«{STEin ERZVE PROCESS}')
RBZTE(6,2)
FORMAT(IHO,41,

BRZTB(6,3)
FORMAT[8X,’EH1* THERMAL EFFECIENCT; ROS= OZL-STEAM RATIO (B/B); •) 
BRZTE{6,4)
FORMAT l8X,’i2H?= OZL PROD RATE (3/D) Q1HJ= STEAM I3J RATE (3/D);') 
BRZTE(6,5)
FORMAT(8X,*PZBJ= STEAM ZNJ PRESS (PSI) NP= CUM PRDO A PATI. (c) ;') 
BHZTE(6,6)
FORMAT (7X,' 7ZS0= OZL VISCOSZTT # EES TEMP(CE); R3C= OIL RECOVER] 

• (FRACTZON) ; •)
BRZTE(G,7)
FORMAT (BX,'PZS= ?OHOSITT*OZL SAT.; TBS= THAKSHISS13ILITT;•) 
BBZTE(6,8)
FORMAT(7X,' BS= FOL STEAM ZNJ.(BELS); TS= STEAM TEMP(DEC F);')
II = 1 
ZI = Z Z t  1 
II * (II -1) #1.
I AO = ( 4.4PKB*B0*(T1))/((H{Z)**2)*(RF**2))
IT = 1
CBPd.IT) = 0.0 
CO(I,IT) = 0.0 
S K I P = 0.0 
I T = I T +  1 
TP = (IT -1)*1. ♦ II
TAO = (4.*PKH*R0*TP)/{(H(I)**2)*(RF**2))
SKIP = SKIP ♦ 1.
IF (SKZP.GS.30.) SKIP = 0.

C
C OSE MANDL-FOELK REFZNEMEHT FOR HOT BATEE BANK CORRECTION
C "HEAT AND HASS TRANSPORT IN STEAM DRZFE PROCESSES",SPE J
C (MAR. 1969), P59
C

186 FED * (HBO*XAU)/( IS (I)- TR(Z))*CB
187 BETA = 1/(1* PHD)
188 ELSZ = AES(TAO - (.48* (FHD**1-71)))
189 TADI = 1.- (ERF (SORT (TAO)))
190 ZF(TAU.GE.174.0) TAO = 174.0
191 ELPSZ = EXP(T*0)“TA01 ♦ (2*(SORT (TAO))/S2ET(3.14)) -1.
192 MFT=(SQRT(2LSI/3.14))*(BETA*{((EISZ-3.)/3.)*EXP(TAD) "TAJ 1)

»- (BLSI/(3"SaHT(3.14*TA0))))
C
C STEAM FLOODING AREA AS

193 AT * (a(I) *EE*BLPSIJ/(4.*PKH*BO*(TS(X)-IR(Z))*43560.)
194 TH1 = 14.6«HSA«ZAD*HB0
195 AS = TH1*AT

C
C BOT-BATER AREA AB

196 TR2 - 14.6*HSA*{HBR*ZAa*HB0 -CB*(TB(I)-32.))
197 AB « TB2*AT
198 IF (AB.GT.AS) 60 TO 14

152
153
154
155
156
157
158 1

159
160 2

161
162 3
163
164 4
165
166 5
167
168 6

169
170 7
171
172 8
173
174 11
175
176
177
178
179
180
181 10
102
183
184
185
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199 E B 1 ( I )  «  Z L P S I / I 9 0
200 Z 7 ( 2 H 1 ( I } . G T . 1 . )  60  TO 19
201 19 M U U  »  (E I.P S I-f l?T ) /T A 0
202 ta  * I I
203 ZF(ZB1 ( I ) . G T . I . O )  GO TO 11
209

C
■ P ( I )  •  7 7 5 a .* 9 E * V T S H * lP * H t I ) * P 0 B ( I J * ( S O l I J - S 0 E ) / ( B 0 I )

C OEL'STEIH BITXO, PBODOCTIOH BATE, OIL BECGTEBT PZB PiTTEBN
205 BOl* ( ( 6 2 .9 $ P 0 B  (IJ  #B ( I )  #EB1 {IJ ) /  [H ( I )  •  (TS ( I ) - T B  ( I ) ) *BP> ) •  (XAO

1*H H O «(SO (I)-5C fi) l
206 B 0 S ( i ;  «  ( 1 0 0 0 . / ( C B * ( T S ( i )  - 7 5 . )  «ZSO*HBU) ) *B01
207 CALL L IC T I S ( I ,T B ,A P I ,P B ,T I S D ,T I S C ,B 0 )
206 ISO  « A I D / 5 .
209 7 S ( I )  »  BSA*TP
210 C B P d . l T )  ■ B OS(I)  * 6 5 9 * 3 0 .
211 £ 0 ( 1 , IT )  -  C B P ( I , I T ) / 3 0 .
212 C N P ( I , I T )  »  C B ? ( I , I T )  ♦ C N P (I ,  ( I T - 1 ) )
213 BECOT(I) «  C N P ( I , I T ) / ( B P  ( I ) )
219 BEC « 50 (I )  -  50B
215 C a O S i l  ) «  H P ( I ) / V 5 ( I )
216 1 E 5 ( I )  *  K ( I ) * H { I ) / 7 I 5 0 H )
217 P IS  ( I )  «  POB ( I )  * 5 0 ( 1 )  * 1 0 0 0 0 .
216 651 ( I )  « 6 5 A
219 I F ( S K I P .L E .0 . 0 )  GO TO 15
220 IC * I T  -  1
221 CALL A S 3 ( I , I C ,E f l 1 ,R 0 S , : 0 , a S 1 ,P I H J , l l P ,V I S 0 ,C J i F ,V 3 ,C R 0 3 ,â E C 3 T ,T 3 ,

1E ZS,T B 5,P0B ,SC)
222 I F ( I C . G E . 8  ) 30 TO 12
223 SOC *  5 0 (1 )  -  0 . 1 5
229 I F  (BECOT (I ) .G E .S O C )  GO TC 12
225 15 I F ( 0 . 1 7  -  E O S ( I ) )  1 0 ,  1 2 ,1 2

c
g

PBIMT TBE PEBF0B6AHCE ETALDATION FOB THE ENTIRE EESEBVOIR

c PROJECTION TO TBE BHOLE BESESVCIB
226 12 I B J  -  A ( I ) / 5 .
227 C K P (I ,IC } »7 75 8 .*A 2 *F T S B *A  ( I )* H ( I )* P O B  ( I ) * ( 5 0 ( I ) - 5 0 B)/ ( 3 0 1 * 1 0 0 0 . )
226 7 5 ( 1 )  *  H S A * IN J/1 00 0 .
229 CEO S(I) "  CNP ( 1 , 1 0 / 7 5 ( 1 )
230 IF  (BECOT ( I ) .  CE. 5 0 ( 1 ) )  BECOT ( I )  «  5 0 (1 )
231 B f iIT E (6 ,1 0 0 )
232 ■ a iT E { 6 ,  105)
233 B B IT Z (6 ,  106)
239 B B IT E (6 ,  107)
235 B BZTE(6 ,110) I
236 B B IT E (6 ,1 2 1 )  H (I )
237 B E IT E (6 ,1 2 2 )  K ( I )
238 B B IT E (6 ,1 2 9 )  Z (1)
239 B R IT E (6 ,1 2 5 )  A ( I )
290 B R IT E (6 ,1 2 6 )  P B (I )
291 B B IT £ (6 .1 2 7 )  TR(1)
292 B R IT E (6 ,12B ) POB(I)
293 V a iT E ( 6 ,1 2 9 )  5 0 ( 1 )
299 6 B IT E ( 6 ,1 3 0 )  5G(Z)
295 B E IT E (6 ,1 3 1 )  A P I ( I )
296 B B IT E (6 ,1 3 2 )  5 1 (1 )
297 B R IT B (6 ,1 9 0 )
298 B B IT E (6 ,1 5 0 )  7 1 5 0 (1 )
299 ■ E IT E ( 6 ,2 0 3 )  f iO(Z,IC)
250 B BZTB (6,202) BS1 ( I )
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251 «BXT£{6,20it}
252 «BXTB(6,20S) BBCOT(X)
253 BEX7E(6«206] CBP(I,IC)
254 VBXTS(6,208) TS(X)

C
255 100 P0BBAT(1H1,/////)
256 105 FOBBAT(1H0,25X,'STEAB DfilTB PBOJECI PEBFORflAXCE BOOEL')
257 105 P O R B A T ( 2 6 X , •)
258 107 FORMAT(27X,'(PROJECTIOB TO TBE VBCIE RESERVOIR)')
259 110 FORMAT(ISO,20X,«RECORD »',X3,10X,'IBPUI DATA')
260 121 FORMAT(1H0,20Z,•B2T TBXCKHESS (FI): ',7X.F20.2)
261 122 FORMAT (1H0,20X,'?SBBEABX1XIT (BD): 5X,F20.2)
262 124 FORMAT(1H0,20X,'DEPTH (FT): ', 5X,F20.2)
263 125 FOBHAT(1H0,2OZ,'ABEA (ACRE): ', 5X,F20.2)
264 126 FORMAT(1B0,20X,'RESERVOIR PRESS. (PSIA): 5X.F20.2)
265 127 FORMAT I1H0,20X,'RESERVCIB TESP. (DEC F): ', 5X.F20.2)
266 128 FORMAT(1HO,20X,'POBOSITT: ', 5X.F20.3)
267 129 FORMAT(in0«20Z,'CXE SAT3BA7XOH BEFORE STEAMCE:',F20.3)
268 130 FORMAT(lnO,20X,'GAS SATOEATIOH BEFORE STEAMER:'.F20.3)
269 131 FORMAT(130,20%,'API GRAVITY (DEC): ',5X,F20.2)
270 132 FORMAT(130,20%,'BATER SAI. BEFORE STEAHDfi:•,4K,F20.3 )
271 140 FORMAT(IRQ,401,'ODTPDT RESOLT')
272 150 FORMAT(130,20%,'VISCOSITY ,BZS. TSHF.(CP):',7%,F17.2)
273 202 FORMAT(130,201,'OPTIM. MAI. STEAB IBJ BATE (E/D):',F17.2)
274 203 FORMAT(180,20%,'OIL PRCD HATE (3/D/PATTERS):',3X,F19.2)
275 204 FORSAT(1H0,20X,'OPTXM. MAX. INJ PB ESSORE (PSIA):',1X,F17.2)
276 205 FORMAT(1HO,20Z,'OLTIHATS OIL RECCVEBY: ',5X,F20.3)
277 206 FORMAT(130,20X,'C0M0LATIV3 PROD (MBBIS) : ',5X,F20.2)
278 203 FORMAT ( 130,20X,'STEAM RECOXBEMSHI (MBBL):',5X,F20.2)
279 BETDRN
280 ERD 

C
C TRIS SOBBOOTXSE BASED 08 7AH LCOREBEH:'CALCOIATICH METHODS
C FOB IIBEAR AME RADIAL STEAM FLOW IN OIL RESERVOIRS,"
C SPE 6788
C

281 SOBBCOTXHE OPTINJ(I,PR,TS,PIMJ1,K,APX,H,XSO,EXNJ,A 
$,BSA, VTSB, MS3, Z, C)

282 REAL*4 MS1,RS,H0S,BS3,K,IRJ,HS2,SSC,83A
283 DIMEHSXCR PR (45), K(45), API(45) , 3(45), PI»J(4S), 2(45),

• A(45),TS(45)
284 IF (PR (I) .LE. 1000) PIBJI'PR (I)
285 XF(PR(X).GE.2000) PIMJ1>2000.
286 MSI - 350.
287 MSC * 1000.
288 PINJ2 > PXNJ1 *50.
289 BS2 > MSI
290 5 BS2 « 3S2* 10.
291 SLOPE * ((ALOa(PISJ1/PlBJ2))/(5SC-MS1))
292 PINJ(I) * PINJ1*(EXP(SLOPE*(MS2-BS1)))
293 If(PINJ(I).GT.2000.) PINJ(X)«2000.
294 IS (I) « 115.1* (PINJ (I) *«0.225)
295 CO « (141.5/(API(I)*131.5))*62.4
296 OS « (5.06* (EXP (.00C3S9«PIHJ(X)))) - 5.
297 MGS « (0.0000517*TS(X) » .00049)
298 RS > K(I)/1000.
299 RS3 » BS2
300 BVO * 1318.*(PINJ(I)**(-.08774))
301 XAD « ISO -((24.#0*Z(X))/(MS3*350.*BB0))
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302 U  » SCB’r((5900.*aOS*flS2*XA0)/(3.14*(0O-D3)*CH{I)**2l*
• f S * D S ) )

303 tT 5 8  «  0 .6 2 6 * 1 B
304 BSA = BS2
305 Z r iV T S B .L E . ( 0 . 6 )  AND. B S 3 .L Z . 1 0 0 0 .)  GO 10  S
306 BETOBN
307  EVD 

C

306  SOSBOOIZNE A B S ( I . I C ,E H 1 , 6 0 S , 2 0 , MS1 , P IS J ,H P ,V IS O ,C S P ,V S ,
1C 2 0S ,R E C H T ,T S ,P IS ,T B S ,P 0 B ,S 0 )

309 BEAL*4 BP, MO, MSB,BF2,H51
3 10  OZMENSIOB EH 1 ( 4 5 ) ,  BOS (45) ,  30 ( 4 5 , 3 0 ) ,  PINJ&4S) ,  NP(45) ,

1 VISO (45) ,  CKP ( 4 5 , 3 0 ) ,  V 3 ( 4 5 ) ,  CB03 (45) ,BECDT (45) ,  T3 ( 4 5 ) ,
2 E I S ( 4 5 ) ,  I B S ( 4 5 ) ,  M S I( 4 5 ) , POB( 4 5 ) ,  SO (45)

311 DIMSNSIOS EH2 ( 4 5 , 1 3 ) ,  E 0 S 2 ( 4 5 , 1 3 ) , C 0 2 ( 4 5 , 1 3 ) , P I H J 2 ( 4 5 ,1 3 )  ,
• B P 2 ( 4 5 ,1 3 )  , V I S 0 2 ( 4 5 ,  1 3 ) , C S P 2 ( 4 5 , 1 3 ) ,VS2 ( 4 5 , 1 3 ) ,C £0 S 2  ( 4 5 , 1 3 ) ,  
•B2C3T2 (4 5 ,  13) , 1 5 2 ( 4 5 , 1 3 )  , P I S 2 ( 4 5 , 1 3 )  , I E S 2 ( 4 5 , 1 3 )  , . 1 S B ( 4 5 ,13) ,  
•E0S2 ( 4 5 ,1 3 )

312 E H 2 ( I , I C )  »  E B1(I)
3 1 3  E0S2 ( I , i q  « BOS ( I )
314 : 0 2 ( I , I C )  •  5 0 ( 1 , IC)
315 P 1 H J 2 ( I , I C )  » P I B J ( I )
316 * P 2 ( I , I C )  « B P ( i j
317 T I S 0 2 ( I , I C )  * V IS O (I)
318  C 8 P 2 ( I , I C )  » C B P ( I , IC )
319 Ï S 2 ( I , I C )  »  7 3 (1 )
320  C a O S 2 ( I , IC )  » CBOS(I)
321 B E C 0 T 2 (I , IC )  »  BECOT ( I )
322 T S 2 ( I , I C )  -  T S ( I )
323  P IS 2  ( I , I C )  = P I S ( I )
324 IBS2 ( I , I C )  « TES (I )
3 2 5  H S B ( I , IC )  « H S 1 (I)
3 2 6  I F ( R E C O T 2 ( I , I C ) .G S .S O ( I )  ) B 2 C a î 2 ( I , I C )  =30 ( I )
327  B B IT E (6 ,1 0 )
328 10 POHSAX(1H0,2X,*aOSTB*,3X,'EH1',6X,'VIS0*,7X,'TS',9X,'EEC*,5X,

• • P I S * ,7 X ,» a B P » )
329  a B IT E ( 6 ,1 5 )  I C , 5 H 2 ( I , I C )  , V X S 0 2 ( I , 1 C ) ,T S 2 ( 1 ,1 C ) , E E C 0 r 2  ( I , I C ) ,

• Î X S 2 ( l , I C ) , 0 O 2 ( l , I C )
330 15 rO E .1 A T (2 X ,X 3 ,P 1 0 .3 ,  SE 1 0 .2 )
331 8 R IT E (6 ,2 0 )
3 32  20 F O R M A T ( 1 H 0 , 5 I , 'B P ' , 8 % , 'V 3 * , 9 % , 'T E S ' , 9 1 , " E O S ' , 4 X , ' i l B J ' , 7 X ,•
333  B B IT E (6 ,25 )  C B P 2 ( I , I C ) , T S 2  ( I , I C ) , I H S 2 ( I , X C ) , E 0 S 2 ( I , I C ) , n 3 ô ( I , I C )  

• P X B J 2 ( I , I C )
334 25 FORMAT (2 X ,6 P 1 0 .2 )
335 EETOBB
336  END 

C

337  SOBBOOTIBE IB S IT O (I )
C
C IN -SITO  COMBQSTXOB PEBFORHABCE NCOEI.
C

C MODIFIED OIL-BECOVEEED/VOLOME-BOBNED METHOD 
C TBXS MODIFIED METHOD I S  BASED ON GATES C BAMEI:"A METHOD FOB 
C EBCIB2EBXBG XH-SITO COHBOSTZQN OIL RECCVEBI PROJECTS",JPT,
C (FEB 1980) ,P285-294. THE AOTBOB MODIFIED FOB FIELD DATA FROM 
C AM ALCOBITBH POBIISHED BOTH IV SOPBI 8 DOE REPCBT(OCT 1981)
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338 REALM 8 0 ,  R P ,  R P A ,R D ,8 0 i ,8 P E ,8 2 ,K ,K *
339 OXREISZCH 3 ( « S )  ,K (4 5 )  , 8 0  (45) ,Z (U S ) ,A (« 5 )  ,P B (« 5 )  ,TB («S) ,

MG (45) ,  API (4 5 )  , 5 8 ( 4 5 )  ,T IS O  (45) ,  ASB (45) ,CAI (45) ,T E (45)  ,
•AOB ( 4 5 ) , PB( 4 5 ) , VP(45) ,CAOB (45) ,Q B A I(45) , QHP(45) , P8AX(45) ,
• 5 0 ( 4 5 )  ,C H A (4 5 ) ,P O B (4 5 )  ,B IC  (45) , C î  (45) ,B S  (45) ,CH?(45) ,C B0S(45) 
• 1 5  (45) ,  PZ5 (4 5 )  ,TfiS (4 5 )  ,  I B P (45) ,1CA0B (45) ,  ICAI (45) ,HPB (45)

C
340  CCBB08 /BESPAB /  PB ,  TB ,  A ,  Z , B  ,  A P I ,

1 8 ,  B O ,  POB, 58  ,  50  ,  SS ,  BS, P I S ,  IBS
341 COHHOB /  Z B S Z tP /  TZSO, ASB, CAZ, VB, AOB, P E ,  HP, CAGE,

1 ÛRAX,2RP,PBAZ,QBA,BEC,CP,IBP, ICAOB,ICAZ,BPR
C

342 DATA C 0 ,C 0 2 ,0 2 ,B 2 ,T R ,7 Z H J ,R 0 A ,K A ,B 8 ,B O Z ,A P /1 .1 , 1 5 . 2 , . 2 , 8 3 . 2 ,
C . 5 , 1 0 0 . , . 0 1 8 6 , 2 5 . , . 2 7 6 , 1 . , 5 . /

343 DATA B ,C B «A O ,D O ,B A /8860 ., . 4 6 , 3 0 8 0 . , 9 7 0 . , 2 9 4 0 . /
C
C SINCE 80 COHBOSTZON lOBE BOB S BE OSE THE PIELE TEST DATA,
C FOEL CCNC I S  CALTED BY OSIBG CBO'S COBEELAIICN. "A STUDY
C OP PZBEPLOOD FIELD PBOJECTS",JPT (1977) P 1 1 1 -1 2 0 .
C BE CALCOLAXE FOEL COHC BY OSIBG CHO'S COESELATION
C

344 CALL L Z S V I5 (Z ,T B ,A P I ,P B ,V IS D ,7 Z 5 C ,B 0 )
345 CP ( I )  » - . 1 2 * ( . 0 0 2 6 2 * H ( Z ) ) * ( . 0 0 0 1 1 4 * K ( I ) )  + ( 2 . 2 3 4 S C ( I ) )  

C - l . 0 0 0 1 8 9 ^ 2 ( I ) ) -  ( .0 0 0 0 6 5 2 ^ f Z 5 0  ( I ) )  ♦ ( . 0 0 0 2 4 2 ^ ( (K (I)  
C ^ H ( I ) ) / V I S O ( I ) ) )

C
C HYDB0CAB30B EATZO

346 BCE *  ( 4 ^ { .2 6 5 3 ^ B 2  - C 0 2 - C 2 - . 5 ^ C 0 ) ) / (C02*C0)
C
C A I E - FOEL BATZO C AZB-SAHD BATZO

347  A P B = ( 4 7 9 .7 ^ N 2 ) / ( (C 0 2 * C C )•(IZ .♦ H C B )• lO O O .)
348 ASB ( I )  > (A P B ^ C P ( I )^ 4 3 .5 6 )
349 B R I IE (6 ,4 )
350 » F0BHA T(1H1,4X ,*RESOUS OF PZVE-SPOT PILOT TEST IK T3E BESTEVCIR

• ( I N - S I T O  COBB. PBOCESS)*)
351 BBZTE(6,6)
352 6 FOBMAT(1H0,4 1 , * • • • • • • • • • • • • • • • • • • • • • • • • • • • • ♦ • • • • • • • * * * • • * • • ♦ • • • *$$»$*$»»»*»»*#**##$#$###«)
353 NBITE ( 6 ,1 )
354 1 PCR3AT(8X,* EEC* OIL BECCVEBY (*) ; AOE« A l f i - C I l  E ATIO (flCF/3); •)
355 B B IT E (6 ,2 )
356 2 FOBSAT(SX,* QIBJ= BAX AIE IN J  BATE(BHCF/D); PINJ= IN J  PRESSURE (

• lA )  ; ' )
357 B R IT E (6 ,3 )
358 3 F0E SA T (8X ,' P IS *  POEOSITY^OIL-SAT. ; TBS* TRABSBISSIBILITY ; • )
359 8 B IT E (6 ,7 )
360 7  FORMAT (8X,« ASE* AIB-5ABD RATIO (BCF/AF) ; PB* FUEL BORNED(B/A*")

•)
361 B B IT E (6 ,8 )
362 3 FORMAT(8%,* CAZ* COB. AIR BEQOIBED (HBCF/AF); i)HP* OIL PRCD EATE(

• l / D )  : ' )
363 BBZTE(6,9)
364 9 P0B M A T (8I, '  BP* COB. OIL PBOD.(BELS); VB* VOL BORNED(X) ; • )

C
C THE POLLOVI8G STEPS ABE COBVE-PITTIBG PBOC2DOBES
C VOL BOBBED AT IN ITIA L GAS SATORATION

365 SGI * SG (I) • 1 M . '
366 VBO *  0 . 0
367 TIREB-O.O
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3 6 8  WO > .1 « 7 1 4 3 * S G 1  + . 0 1 0 7 1 4 *  (SG1«*2)
369 V B(I) «  TBO
370 SKIP « 0 . 0
371 00  5 8 * 1 ,1 2
372  IZBE8 > IXBEB * 1.
373  10 9 8 I I )  *  9 8 ( 1 )  ♦ 1 .0

C
c  FBICTION OF T8E 901 BOBBED

374 E B B S ( ( 9 B ( I ) - 9 B 0 ) / ( 1 O D.-9BO))
C
C EAZIHOB OETIATZOH

375  8 0 * 2 6 .8 2 2 9 5  - ( . 4 6 7 8 7 * 5 0 1 )
376 0 I D r * 6 . 7 7 5 2 6 7 - ( 3 1 . 3 9 5 5 8 3 * 1 ) * ( 4 0 - 5 6 1 5 6 1 * ( X * * 2 ) ) - ( 2 8 .0 5 3 3 6 *  

1 (X * *3 ))
377 SIOPE* ( 1 0 0 . / (100 .-9B O ) ) + ( ( 8 0 / ( 1 0 0 . - 9 8 0 ) ) *DIDX)

C
C COBSEHT A IB -G I l  BATZO

378  BFA * ( 7 7 5 8 . * 5 0 ( I ) * P O B ( I ) ) / B O I
3 79  BEO * BPA - ( C F ( I ) * ( 4 3 5 6 0 . / 3 5 0 . ) )
380 AOB(I) * A S B ( I ) * 1 0 0 0 . / (S10PZ*RE0)

C
C COEOIATI9E PBOOOCTIOS, FOEL BOBBED ESTIEATIOH PEE PATtEEl)

381 7 * 6 . 7 7 5 2 6 7 * 1 - ( 1 5 . 9 4 7 7 9 4 * (X * * 2 )) * ( 1 6 . 1 3 7 1 8 7 * (X * *3 )) - ( 7 . 0 1  
C 4 5 6 9 * (X * * 4 .) )

382 NPB ( I )  * (1 0 0 .  *X) + (7*80)
383 BP ( I )  * (B P B (I )* B E O * A P * H (I ) ) /1 0 O .
384 F B (I )  » C F ( I ) * ( 4 3 5 6 0 . / 3 5 0 . )
385  SOB « F E ( I ) / ( 7 7 5 8 .* P O K  ( I ) )

C
C ESTIMATION OF INJECTION BATE AND PBESSUBZ AT
C 55% ABEAL SWEEP PEN PATTERN

386  91 * 0 .1 2 5
387 01 * S Q B T (A P * 4 3 5 6 0 . /2 . )
388 BA * S Q E T (2 * (D 1 /2 )* * 2 )

C ESTIMATION OF AIB BEQOIBENENT PEE PAITSBN
389  BPP * (B P B (I )* B E O ) /1 0 0 .
390  CAOB(Z) * ( 9 B ( I )  * A S B ( I ) ) / ( N P P * 1 0 0 . )
391 C A I ( I )  *  (C A O a ( I )* H P P * A ? * H ( I ) ) /1 0 0 0 .
392 AIB *  ( 4 . 7 2 + . 0 3 6 5 * H ( I ) + 9 . 9 9 6 * S O ( I ) + . 0 0 0 6 9 * K ( I ) ) * 1 0 0 0 . / 4 3 5 6 0 .
393  CHAX(I) » 4 . 7 7 * 9 1 * A I B * B A * 3 ( I ) /1 0 0 0 .
394 T » ( C A I ( I ) * 1 0 0 0 . ) / ( Q M A X (I )* 3 0 )
395 CNP ( I )  *  OMAX (I )  * 1 0 0 0 . )  /  (AOB ( I )  * 4 . )

C
C ESTIMATION OF INJECTION PBESSOBE PBB PATTERN

396 T8AI*G3AX(I)/ ( 2 . * 3 . 1 4 1 6 * 8 (I)•A IB * 9B * 9H )
397 £SA (I) *  5MAX(I) *1 00 0 .
398 PMAX ( I )  *SOBT ( (PR ( I )  * * 2 . )  ♦ (  (QMA (1) *BUA* (TB ( I )  * 4 6 0 . ) )

C / ( . 703*K A *H (I)) )* (A L O G ( (BA**2) / (BW*9M*TMAX)) - 1 . 2 3 3 ) )
399 TBS ( I )  » { K ( I ) * H ( I ) ) / 9 I S 0 ( I )
4 00  P IS  ( I )  «  POB ( I )  *S0 ( I )  * 1 0 0 0 0 .

C PROJECTION TO TBE BBOLE BESEB90ZB
401 IN J  *  A ( I ) / 5 .
4 02  T B P (I)  *  (NPB (I )  *BEO*AP*N ( I )  * I N J ) / 1 0 0 0 0 0 .
403 TCAOB(I) * (98  ( I )  *ASB ( I )  * I N J ) /  (TNP ( I )  * 1 0 0 .  )
404  I C A I ( I )  *  T C A O B (I)# N P P * A P * H (I)* IN J /1 0 3 0 .
4 0 5  I F ( T . G E . 3 6 0 . )  GO TO 20
4 0 6  16 I F ( T  -  IIHBB) 1 0 , 1 0 , 1 5
4 0 7  15 IT  *  T
4 0 8  IC  * 8
4 0 9  CAIL R E S U L T (I , IC ,N P B ,A O B ,o aA X ,rB ,C A I ,B P ,0B P ,P M A X ,9 IS O ,9 B ,P IS ,T B 5

176



«10
«11
«12

«13 
«14 
«15  
•  16 
«17 
«18 
«19 
«20 
«21  
«22  
«23 
«2« 
«25 
«26 
«27 
42 8  
«29
430
431 
«3 2  
«33 
«34 
«35  
«36 
«37 
438 
«39

««0
4«1

4 42
4«3
«4«
««5
446
«47
448
449 
«50
451
452
453 
«54  
«55  
456  
«57  
4 5 8  
« 5 9  
«60 
«61 
462

C
C
C
c

20

««St,tKE«TC & O B,TC K,FO B )
SOC > (50 (X) -  0 . 2 0 )  * 1 0 0 .
X r ( S O C . l E .> P B ( I ) )  6 0  1 0  20 
COITIROE

PBXHT THE fEBFOBBABCE BVALDATI08 0 2  THE EBXIBE BESEB70IB

FBOJECTIOB 1 0  THE BHIIBB BESEBTOIB 
IM P (I)  «  ( I I P B ( I ) * B 2 0 * A ( 1 J * H ( I ) ) /1 0 0 0 0 0 .
TCAOB ( 1} » (TB ( I )  *ASB ( I )  ) /  BP ( I )
T C A I( I )  «  TCAOB ( I )  *BP ( I )  *A (I )  *H ( I )  / 1 0 0 0 0 0 0 .
B B I I£ (6 « 1 0 0 )
B B I IE (6 ,1 0 2 )
BBZTE(6,103)
BBZTE(6,104}
B B IT E (6 ,1 10 )
BBXT£(6,121)
BRXTE(6,122)
B B IT E (6 ,1 2 4 )
B P.ITE(6 ,125)
B B IT E (6 ,1 26 )
B B IT E (6 ,1 27 )
BBXTE(6,128)
BBXTE(6,129)
B B I :E ( 6 ,1 3 0 )
B R IT E (6 ,1 31 )
B R IT E (6 ,1 3 2 )
B R IT E (6 ,1 4 0 )
B RITE{6,209)
BRZTE(6.250)
B R IT £ (6 ,2 9 0 )
B B IT E (6 .« 50 J  
B B IT E (6 ,««0)
B B IT E (6 ,420)
BBITE(6 ,4 3 0 )

X
8 (1)
K(I)
2 (1 )
AID
PR(X)
M I D
POB (I )
S O (I)
S G (I)
APX(I)
SB (X)

T IS O (I )  
TCAX (1) 
T IP  ( I )  
BPE(Z) 
a i P  (I )  
38AX (I)  
P B A Z d)

100
102

103
104 
110 
121 
122
124
125
126
127
128
129
130
131
132 
140 
209 
250 
290 
«20 
«30 
««0

FORMAT
POEHAI

FORIAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT
FORMAT

( 181)
( / / / / / 1 H 0 , 2 U , ' I » - S I T 0  COBBOSIXOèl PROCESS PERFORMANCE

(22X,* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ' )
( 2 7 1 , ' (PROJECTION TO THE BHCIE BESERTCIR)')
(1 H 0 ,1 8 1 , ' RECORD 1 3 , 1 0 1 , 'XNPOT DATA')
( 1 8 0 , 1 8 1 , 'MET THICKNESS (FT) î  ' , U , F 2 0 . 2 )
(1 B 0 ,18% ,'P E R M E A E III IT  (MD): ' , 1 X , F 2 0 . 2 )
(1 H 0 ,1 3 X , 'DEPTH (F T ) :  ' , 1 X , ? 2 0 . 2 )
[1H0,18X,'AREA (ACRE):  ' , 1 X , F 2 0 . 2 )
( IR Q ,1 8 % , 'RESERVOIR PRESS ( P S I A ) : ' , 1 X , F 2 0 . 2 )
( ia 0 , ia x , 'R E S 2 B V O Z B  TEMP (DES F ) :  ' , 1 X , F 2 0 . 2 )
I1 H O ,1 8 X , 'P O R O S II I :  * ,1 X ,F 2 0 .3 )
(1HO,1BX,'OZL SATOBAIZON BEFORE PROCESS:' , 1X ,F20 .3 )  
(1H 0 ,18 X , 'G A S  SATURATION BEFORE PROCESS:' , IX,F 2 0 .3) 
(1 H 0 ,1 8 X , 'A P I  GRAVITE (DEC): ' , 1X ,F 2 0 .2 )
(IRQ,18X,'BATER SAT. BEFORE PROCESS: ' , 1 X , F 2 0 . 3 )
{1HO,38X,'OOTPDT RESOLT')
( 1 R 0 ,1 8 1 , ' VISCOSITT,BESERVCIR T S M P .(C P ) : ' , 1 X ,F 2 0 .2 )  
( 1 R 0 , i a x , ' A I R  REQOIREMENT (MMSCP/AF):  ' , 1 X , F 2 0 . 2 )
(1H0,18X,'COMOLATIFE PBOD (MBBLS): ' , 1 X , F 2 0 . 2 )
(1 H O ,1 S X , 'O P T ia  MAX I B J  BATE (HSCF/O/B) : '* ,  1 X ,F 2 0 .2) 
( i n c ,  18 X , '0 P T IM  MAX IN J  PRESS (PSIA) :  • , U , F 2 0 . 2 )
(1 H O ,1 8 X , 'O IL  PBOD RATE (BBLS/O/PATTERI): • ,F 2 0 . 2 )
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«63 4 5 0 rO B an (1 H O ,1 8 S ,< D l.I IB A X B  OIL BICOTZBT (X ):  « , 1 I , F 2 0 . 2 )
464 BITOBB
465

C
ERO

466 SOBBOOZXHE LX3TIS (X ,TB, 1PX ,PB«TISC,TI50«HII)
467 BZkL*4 MO
468 BZREB5I0H TB (45) ,&PX (45) ,PB  (45) ,  VXSO (45) ,M0 (43)

C CALCULETE BEAC OIL VISCOSITY AHO LIVE OIL VISCOSITY BELCH
c THE BUBBLE POINT PBESSOBE 0SIN8 THE BES6S ARE BOEINSON
c COBBBLATIONS.(J003HAL OF PETBOLEOS TECHNOLOGY, SEPTEH3EE,
c 1 9 7 5 ,  P . 1140)

c CALCULATE DEAD OIL VISCOSITY,CP
469 2 -  3 . 0 3 2 4  - ( . 0 2 0 2 3 * A P I ( I )  |
470 Y » 10»#Z
471 I  «  Y /( T R ( I )  * * 1 .1 6 3 )
472 VISD *  ( 1 0 - * * I )  -  1 .

c CALCOLATE LIVE OIL VISCOSITY, CP
c GAS-OIL BATIC FOB HEAVY OIL IS  USING CHEW C CONNALLY
c C06BELATI0N COABI

473 E « HO (D /V I S D
474 I F ( B . I E . 0 .7 )  GOB «  2 0 0 .
475 I F ( B . L E . 0 .8  .AND. B .G T .0 .7 )  GOB « 100 .
476 I F ( R . L E . 0 .9  .AND. B .G T .0 .3 )  GOB «  5 0 .
477 I F  (B. G I .  0 .9 }  GOB -  2 0 .
478 A ■ 1 0 . 7 1 5 / (GOB * 1 0 0 . ) * * . 5 1 5
479 E ■ 5 . 4 4 / (GOB * 1 5 0 . ) * * . 3 3 8
480 V IS O (I)  »  A*(VISD**B)
481 EETOBH
482

c
END

483 SOBBOOTIHE BESOLT(I,IC ,NFB,AOB,QHAZ,FB,CAX,NP,3NP>PHAX,VISO,V3. 
•PIS ,TBS,ASa,TH P,TCA OB,TCA I,PO B)

484 BZAL*4 NP,NPB,NPB2,NP2
485 DIMENSION NPB ( 4 5 ) , AOB( 4 5 ) , CMAX(45) , F B ( 4 5 ) ,C A 1 (45) , NP( 4 5 ) , 2 N P ( 4 5] 

*FHAI(45) ,V I S 0 ( 4 5 )  ,V B(45) , P IS  (45) , TBS (45) ,  ASE (45) ,T B P (4 5 )  ,POH (4 5; 
* , T CA O B(45),TCA I(45)

486 DIMENSION NPB2( 4 5 , 1 3 ) , A0B2( 4 5 , 1 3 ) , jH A IZ ( 4 5 , 1 3 ) , C A I 2 ( 4 5 ,1 3 )  ,  
* N P 2 ( 4 5 ,1 3 ) , 3 N F 2 ( 4 5 ,1 3 ) ,PHAZ2( 4 5 , 1 3 ) , V I S 0 2 ( 4 5 , 1 3 ) ,VB2 ( 4 5 , 1 3 ) ,  
*P IS 2  ( 4 5 , 1 3 ) , TBS2 ( 4 5 , 1 3 ) , ASB2( 4 5 , 1 3 ) , TNP2( 4 5 ,1 3 )  , TCAOB2 ( 4 5 ,1 3 )  
* , T C A I 2 ( 4 5 , 1 3 ) , P 0 B 2 ( 4 5 , 1 3 ) , F B 2 ( 4 5 , 1 3 )

487 N ? B 2 ( I , IC )  «  NFB(I)
488 A 0 B 2 ( I , IC )  «  AOR ( I )
489 C M A I2(I ,IC )  «  S H A I(I)
490 F E 2 ( I , I C )  -  FB (I)
491 C A X 2 (I , IC )  -  C A I ( I )
492 N P 2 ( I , I C )  -  N P(I)
493 C N P 2 ( I , IC )  -  QHP ( I )
494 FH A I2(I,XC ) «  PHAZ(I)
495 V IS 0 2 ( 1 , I C )  «  V IS O (I)
496 VB2 ( I ,  IC) -  VB (I )
497 E IS 2  ( I , I C )  -  P IS  ( I )
498 TBS2(X,XC) ■ TBS ( I )
499 A S B 2 ( I , IC )  «  ASB ( I )
500 T H P 2 ( I , IC )  «  IBP ( I )
501 T C A 0 B 2(I , IC )  >  TCAOB(I)
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502 TCftl2tX,XC) > XCmi(I)
503 tOR2(I,IC5 « fCB(I)
50<t BBITB(6.1«)
505 Itt FOaHM(1HO,2X,'HO»tTH»,«X,'BEC*,5X,'PIS',7X,'fB*,9X,*CAI',5Z,

•»P1SJ*,9X,*«P')
506 H I T E  (6, 15) IC,BPB2 ,PIS2 ,Pfi2 (I,IC) ,CAI2 (Z,IC) ,

•P»AX2(I,IC) , 12211,10
507 15 POHAT (21,13,6:10. 2)
506 SE17E(6,20)
509 20 POHaAT(1H0,«X,'ASB',7I,'IBS',9X,’AOR*,7X,'VE',7X,'2BP',7X,

••VIS0*,5X,'ÛIIIJ»)
510 HITB(6,25J ASB2 (I,iq ,TBS2 (I, IC) ,10H2 (1,10 .»B2 (I.K) »

♦SHP2(I,IC),»ISC2 (I,IC),aBAX2{l,IC)
511 25 POBBAT(7:10.2)
512 SETOBB
513 EBD

J2XEC
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M
00
O

STATE MBB l

STEAM DRIVE EHCJSCT PEEFüRMAüCZ i-lOESL 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ♦ * *

{PROJECTION TC THE WHOLE RESERVOIR)

CB U F BBK CBLXF UOLLABO CALIF
CODHTI MME: KEBB

SBBTB DBBEBBB OUACHITB MOATERBET nOMTEBBEI

riBLD lABE : H.S0BSET-1F- CBT CBBTON SBACKOTEB SAM ABDO(LCnOABDl) SCHOONEBECK SAM ABD0(ADBI0HAC|
MET IHICKIBSS (TT ): 1 5 0 .0 0 9 5 .0 0 2 5 .0 0 1 1 5 .0 0 8 0 .0 0 ' 10 0 .0 0
PBBHBABllITT (MD) : 1 0 0 0 .0 0 5 0 0 .0 0 2 000 . 00 ' 6 0 0 0 .0 0 5 5 0 0 .0 0 2 2 0 0 .0 0
OEPTH {PTJj 1 9 0 0 .0 0 3 8 0 0 .0 0 1 9 2 0 .0 0 2 1 0 0 .0 0 2 8 0 0 .0 0 2 2 0 0 .0 0
ABEl (BCBE): 9 3 .0 0 2 2 .5 0 9 0 .0 0 9 9 .0 0 9 3 .0 0 7 0 2 .0 0
BESEBTOIB PBESS. (P S I i)  : 9 5 0 .0 0 1 9 0 0 .0 0 1 0 5 0 .0 0 1 0 5 0 .0 0 1 0 0 0 .0 0 1100 .0 0
BESEBTOIB TEMP. (DBG F ) : 1 1 5 .0 0 1 3 0 .0 0 1 3 0 .0 0 1 2 5 .0 0 1 0 0 .0 0 1 9 5 .0 0
POBOSITI: 0 .3 5 0 0 .2 8 0 0 .3 5 0 0 .3 2 5 0 .3 0 0 0 .3 9 0
OIL SITOBATIOM BEFOBE STEIMOB: 0 .6 5 0 0 .9 9 0 0 . 500 0 .7 0 0 0 . 850 0 .7 3 0
CBS SBTOBBTIOM BEFOBE STEBBOB: 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 0 0
BEI GBBTITI (DEC) : 1 6 .0 0 1 0 .0 0 2 0 .0 0 1 1 .0 0 1 9 .0 0 1 3 .0 0
VBTEB SBT. BEFOBE SSEABOB: 0 .  350 0 .0 1 0 0 .5 0 0 0 .  300 0 .1 5 0 0 .2 7 0

OIL PBOD BBTE (B/D/PBITEBH) : 3 7 6 .8 6 3 5 0 .2 0

OÜTPOI BESOLT

2 2 9 .2 1  3 7 7 .7 9 9 3 9 .3 6 9 9 9 .0 6

OPTIN. HBI. STEBM IMJ BBTE ( B / 0 ) : |0 1 0 .0 0 1 0 1 0 .0 0 1010 .0 0 1 0 1 0 .0 0 1 0 1 0 .0 0 1 0 1 0 .0 0
OPTIM. HBI. IM J FBESSORE (P5IB) :  9 0 1 .7 9 1 8 5 0 .5 9 1001 . 56 1 0 0 1 .5 6 9 5 1 .6 7 1051 .9 5

OLTIMBTE OIL BECOTEBI: 0 .2 3 5 0 .5 2 8 0 .9 8 2 0 .2 9 8 0 .9 1 7 0 .3 5 7
COBDLBTITE PBOD (BBBLS): 3 3 1 0 .0 8 7 2 9 .7 6 7 6 9 .7 9 2 9 8 3 .6 9 2 1 8 5 .7 1 9 7 2 7 9 .8 6
STEBM BEQOIBEMEBT(MMBBL): 8 .6 9 9.59 1 8 .1 8 9 .9 0 8 .6 9 19 1 .8 0



Appendix B

Curve-fitting Prpcedure of Oil Recovery/Volume Burned

From t h e  G a t e s  and Ramey w o r k ,  t h e  o i l  r e c o v e r y / v o l u m e  

b u r n e d  e x p e r i m e n t a l  r e s u l t s  w e r e  c o r r e l a t e d  i n  t h e  

f o l l o w i n g  f i g u r e :

w C t f  UTUHATiOM

CO

d # o

* 4 0

V O LU M E M U R N C B  •  %

F i g u r e  B . l  O i l  r e c o v e r y  v s .  vo lume b u r n e d

I n  t h e  a bove  c o r r e l a t i o n  c h a r t ,  knowing  t h e  volume 

b u r n e d  o f  t h e  i n - s i t u  c o m b u s t i o n  p r o c e s s  a l l o w s  us  t o  

p r e d i c t  o i l  r e c o v e r y  o f  t h e  p r o c e s s ,  o r  v i c e  v e r s a .  T h i s  

c o r r e l a t i o n  c h a r t  c an  be c u r v e - f i t t e d  i n t o  an e q u a t i o n  f o r  

c o m p u t a t i o n  p u r p o s e s .

I n  o r d e r  t o  c u r v e - f i t  t h e  c o r r e l a t i o n  c h a r t  ( F i g u r e  

B . l ) ,  we ha v e  t o  r e d e f i n e  b o t h  t h e  v e r t i c a l  and h o r i z o n t a l
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a x i s e s  so t h a t  we can  p u t  a l l  t h e  c u r v e s  i n t o  a s i n g l e  

c u r v e .  The p r o c e d u r e s  c an  be done a s  f o l l o w s :

1)  We as sumed  t h e  r e c o v e r y  c u r v e s  c o u l d  be 

a p p r o x i m a t e d  by s t r a i g h t  l i n e s  w i t h  i n t e r c e p t s  Vg(0)  a t  

i n i t i a l  o i l  b r e a k t h r o u g h  a s  shown i n  F i g u r e  B . 2 .

20 40 60
VOLUME BURNED -  %

F i g u r e  B.2  O i l  r e c o v e r y  v s .  vo lume b u r n e d
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2 ) R e d e f i n e  t h e  h o r i z o n t a l  a x i s  as :

X = Vg -  Vg(0)
100 -  Vg(0)

(B-1)

i n  o r d e r  t o  p u t  a l l  t h e  s t r a i g h t  l i n e s  i n t o  a s i n g l e  l i n e  

t h e n ,  we have  t o  d e f i n e  t h e  r e l a t i o n s h i p  b e t w e e n  Vg(0)  

and g a s  s a t u r a t i o n .  T h i s  s t e p  c a n  be done  by r e p l o t t i n g  

p e r c e n t  vo lume b u r n e d  a t  o i l  b r e a k t h r o u g h ,  Vg(0)  v e r s u s  

g a s  s a t u r a t i o n ,  %PV shown i n  F i g u r e  B . 3 .

50
o
5 “ 40

Q
30

00
111

i 20

I
10 20

GAS SATURATION. % P.V.
30 50 6040

F i g .  B . 3  Volume b u r n e d  a t  o i l  BT v s .  Gas S a t u r a t i o n
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And the above curve can be fitted into equation as follows:
2Vg(0)  = 0 . 14714g + 0 .0 1 0 7 1 S ; ( B- 2 )

3)  I t  was f ou n d  t h a t  f o r  e a c h  l e v e l  o f  g a s  s a t u r a t i o n ,  

t h e r e  i s  a maximum d e v i a t i o n  f rom t h e  s t r a i g h t  l i n e .  The 

maximum d e v i a t i o n  o f  e a c h  g as  s a t u r a t i o n  c a n  be found  f rom 

F i g u r e  The maximum d e v i a t i o n  i s  p l o t t e d  v e r s u s  ga s

s a t u r a t i o n ,  %PV i n  F i g u r e  B. 4  and t h e n  c u r v e  f i t t e d  i n t o  

e q u a t i o n  a s :

Maximum D e v i a t i o n  = 2 6 . 8 2 2 9  -  0 . 4 6 7 8 S ( B- 3 )

50

40

§ 30

3 20

50 604020 30
GAS SATURATION, % P.V.

F i g u r e  B . 4  Max d e v i a t i o n  v s .  g a s  s a t u r a t i o n
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4) The c u r v e - f i t t i n g  o f  o i l  r e c o v e r y / v o l u m e  b u r n e d  me thod 

h as  b e e n  shown i n  F a s s i h i ' s  DOE r e p o r t  ( 1 9 8 1 ) ^ ^ .  I n  t h e  

r e p o r t ,  t h e  a u t h o r  u s e d  a c o m b u s t i o n  t u b e  r e s u l t s  f o r  t h e  

d a t a  p o i n t s  i n  t h e  c u r v e  p l o t t i n g  and  f i t t i n g .

Vg = 25%
Vg(o)  = 2.54%

Sg = 10%
MD = 2 2 . 1 4 5  D e v i a t i o n  = 18

X = 25 -  2 . 5 4  = 0 . 2 3
100 -  2 . 5 4

D e v i a t i o n  = 1 8  = 0 .8 1 2
MD 2 2 . 1 4 5

The d e v i a t i o n s  wer e  n o r m a l i z e d  on t h e  b a s i s  o f  maximum 

d e v i a t i o n s  and were  g r a p h e d  w i t h  r e s p e c t  t o  x i n  F i g u r e  

B . 5 .

s  as

S 0.6

E  0.4

02

02 0.4
V g - V g ( 0 )

K)O-Vp(O)

0.6 08

F i g u r e  B . 5  Curve  f i t t i n g  g r a p h  
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The data points of the above curve is fitted into a
fourth order polynomial equation as:

D e v i a t i o n
Maximum D e v i a t i o n

= 6 .7752X

-  7 .0146X

1 5 . 9 4 7 8 x 2  + 1 6 .1 8 7 2 x 3

As shown i n  f i g u r e  B . 6 , t h a t  t h e  a c t u a l  o i l  r e c o v e r y  i s  a 

c o m b i n a t i o n  o f  o i l  r e c o v e r y  a t  z e r o  g as  s a t u r a t i o n  and o i l  

r e c o v e r y  due t o  d e v i a t i o n  o f  g a s  s a t u r a t i o n .

100

Oil /e d S v e x '!.
O

%
OilJfecovery

100806040
VOLUME BURNED %

F i g u r e  B .6  D i l  r e c o v e r y  v s .  volume b u r n e d
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The actual oil recovery can be formulated as follows:

Rec(%) = O i l  r e c o v e r y  a t  z e r o  g as  s a t u r a t i o n
+ O i l  r e c o v e r y  due t o  d e v i a t i o n  o f  g a s  s a t u r a t i o n

100(Vg -  V g ( 0 ) )  ^ d e v i a t i o n  (^D)
(100  -  VgCO) ) NLOl

= lOOx + ( y )  (M.D. )  ( B- 5 )

The s l o p e  can be  o b t a i n e d :

s l o p e  =
dVg

From t h e  o i l  r e c o v e r y  e q u a t i o n ;

s l o p e  = 100 4 ^  + M.D.dVg dVg

1 )+ M.D. . ^  ( B - 6 )
Vg Vgo Vg __ Vgg dx
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VOLUME BURNED ,%
100

F i g u r e  B . 7  O i l  r e c o v e r y  v s .  vo l ume  b u r n e d

The a b o v e  f i g u r e  s hows  t h e  c om p u t e d  r e s u l t s  ( c i r c l e s )  

a s  w e l l  a s  t h o s e  o f  G a t e s  and Ramey ( s t r a i g h t  l i n e )  f o r  

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

a r e  w i t h i n  1% o f  t h e  a c t u a l  o n e s .
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Appendix B

Optimum Pressure of Air Injection for In-situ Combustion

The i n j e c t i o n  p r e s s u r e  v s  p r o d u c t i o n  r a t e  r e l a t i o n s h i p  

d u r i n g  c o m b u s t i o n  i s  d e r i v e d  be l ow f o r  a d e v e l o p e d  

f i v e - s p o t  p a t t e r n .  S i m i l a r  r e l a t i o n s h i p s  c a n  be o b t a i n e d  

f o r  o t h e r  w e l l  p a t t e r n s  by a p p l i c a t i o n  o f  t h e  same me thod  

t o  i n t e r f e r e n c e  f l o w - c a p a c i t y  e q u a t i o n s  f o r  t h e  t y p e  o f  

w e l l  d e v e l o p m e n t  s e l e c t e d  ( a s s u m i n g  t h e  m o b i l i t y  r a t i o  i s  

u n i t y ) .  I n  a d d i t i o n  t o  t h e  u s u a l  l i m i t a t i o n s  on t h e s e  

r e l a t i o n s h i p s ,  we a s sume :

1 .  B u r n i n g  f r o n t  i s  r a d i a l

2 .  R e s i s t a n c e  t o  g a s  f l o w  ahe a d  o f  t h e  z o ne

3.  Gas m o b i l i t y  a h e a d  o f  t h e  b u r n i n g  zo n e  i s  c o n s t a n t

4 .  Gas s h r i n k a g e  a s  a r e s u l t  o f  c o m b u s t i o n  i s  

n e g l i g i b l e

The d e r i v a t i o n  i s  b a s e d  on t h e  f a c t  t h a t  a s  l o n g  as  

t h e  f l o w  i s  r a d i a l  a t  t h e  b u r n i n g  z o n e ,  t h e  f l o w d i s ­

t r i b u t i o n  a h e a d  o f  t h e  z o n e  i s  t h e  same a s  t h e  one t h a t  

would  p r e v a i l  i n  t h e  a b s e n c e  o f  t h e  b u r n t - o u t  r e g i o n .  

T h e r e f o r e ,  t h e  p r e s s u r e  ( P r )  a t  t h e  r a d i a l  l o c a t i o n  o f  t h e  

b u r n i n g  z o n e  ( r ^ ) ,  r e s u l t i n g  f rom i n j e c t i o n  a t  a g i v e n  

r a t e ,  c a n  be  c a l c u l a t e d  a s  t h e  p r e s s u r e  wh i ch  would  o c c u r  

a t  r ^ ,  i n  t h e  a b s e n c e  o f  t h e  b u r n e d - o u t  r e g i o n  and w i t h  

i n j e c t i o n  f rom t h e  w e l l  r a d i u s  ( r ^ )  a t  t h e  same r a t e .
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S i n c e  f l o w  i s  as sumed  r a d i a l  f rom r ^  t o  r ^ ,

iwf ' a V f
0 . 7 0 3 k g h

( I n r f / r w ) (B-7)

A l s o ,  f o r  t h e  f i v e - s p o t  d e v e l o p m e n t  w i t h  1 : 1  m o b i l i t y

r a t i o  ( e . g .  f rom M. Mu s k a t ^ ^  P h y s i c a l  P r i n c i p l e s  o f  O i l  
P r o d u c t i o n ,  p 6 8 8 -7 1 5 )

iw f l a * a T f
0 . 7G3kgh

j(21n ( a / r ^ )  -  1 . 2 3 8J ( B - 6 )

S u b t r a c t i n g  Eq.  B-7 f rom Eq.  B - 8 ,

r
2 1 n ( a / r ^ )  - 1 . 2 3 8  - l n ( r f / r * ^  ( B - 8 )

G.703kgh

Combi n i ng  t h e  l o g a r i t h m e t i c  t e r m s  and  n o t i n g  t h e  

a s s u m p t i o n s  t h a t  P^ = P^^

( B - 9 )Piw - ' P . ' G.7G3kgh
l n ( a  / r ^ r ^) -  1 .2 3 8 j

o r  i n  t e r m s  o f  t h e  t i m e  ( t )  r e q u i r e d  f o r  t h e  b u r n i n g  f r o n t  

t o  move o u t w a r d  t o  r ^  a t  a v e l o c i t y  o f  ,

. 2 3 s j  ( B - 1 0 )P i : -  Pw'  = | Z a j V f
| 0 . 7G3kgh

l n ( a  / r ^ V ^ t )  -  1 ,

D e s p i t e  t h e  a s s u m p t i o n s  o f  a r a d i a l  b u r n i n g  z o n e ,  t h i s  

r e l a t i o n s h i p  h a s  been  f o un d  t o  a g r e e  w i t h  p o t e n t i o m e t r i c  

mode l  d a t a  w e l l  beyond  t h e  p e r i o d  o f  r a d i a l  b u r n i n g ,  e . g . ,  

when t h e  a e r i a l  sweep i s  40% o f  t h e  p a t t e r n  a r e a  t h e  

b u r n e d  zone  i s  f a r  f rom r a d i a l .  However ,  v a l u e s  o f  P^^  

c a l c u l a t e d  f rom t h e  a bove  e q u a t i o n  a r e  l e s s  t h a n  2% h i g h e r  

t h a n  p r e d i c t e d  f o r  t h i s  a e r i a l  sweep by model  d a t a  f o r  

i n f i n i t e  m o b i l i t y  r a t i o .
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IN-SI TTJ COMDrJSTICN PUQCZSS ?E.lFûi i1AKCL • IGDEL
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

(PROJECTION TO THE KHCLE RESERVOIR)
STATE EASE :

CODATI EASE: 

r iE lO  EASE :

EET THJCKEESS ( F I ) :

BXO

batboea

SHANEOM

JJ.O O

■ IX

HIISOH 

GIBE HOaaEL 

8 .1 1

CALIF
LA

L. A.
CADDO

B. OLIHOA
PIEE ISLAED 

1 5 0 .0 0  2 4 .0 0

E.H

nCKIELET

UOSPAU
1 3 .0 0

CALIF

UBAHGE

OAHElHG

1 0 0 .0 0
FEBHEABILITT |E D ): 2 5 0 .0 0 1 0 3 0 .0 0 3 0 0 .0 0  6 5 0 .0 0  . 7 5 0 .0 0 3 0 0 0 .0 0
DEPTH [F T ): 9 5 0 .0 0 2 4 3 2 .0 0 3 5 5 0 .0 0  1 0 0 0 .0 0 4 8 0 0 .0 0 2 3 0 0 .0 0
AEEA (ACHE): 5 .0 0 S « « .0 3 3 1 .0 0  1 5 .0 0 1 2 0 0 .0 0 1 8 2 .0 0
BESEBVOIB PBESS (PSIA) : « 7 5 .0 0 8 0 0 .0 0 1 7 7 5 .0 0  5 0 0 .0 0 2 0 0 0 .0 0 1100 .00
BESEBTOia TEBP (DEC F) ; 7 8 .0 0 113 .00 1 3 5 .0 0  9 0 .0 0 185 .00 13 0 .0 0
POEOSITT: 0 .2 3 } 0 .3 6 0 0 .2 9 0  0 .3 3 0 0 .2 8 0 0 .3 4 0
OIL SATOBATIOB DEFOBE PBOCESS : 0 .6 0 0 0 .6 5 0 0 .5 0 0  0 .6 5 0 0 .5 5 0 0 .5 5 0
GAS SATOBATIOB BIFOBE PBOCESS :  0 .0 0 0 0 .0 5 0 0 .0 0 0  0 .0 0 0 0 .0 0 0 0 .0 0 0
API GBATITX (DEC): 2 5 .0 0 2 1 .9 0 2 2 .0 0  2 1 .0 0 1 0 .0 0 1 2 .0 0
BATEE SAT. BEFOEE PBOCESS: O.BOO 0 .3 0 0 0 .5 0 0  0 .3 5 0  

OOTPOT BESULT

0 .4 5 0 0 .4 5 0

AIE BEQDIBEHEET (BESCF/AF): 0 .0 3 0 .9 3 0 .7 1  0 .0 9 1 .0 4 4 .5 4
COmOIATIFE PBOD (MBBIS) : 6 2 .6 3 3 4 5 6 .0 0 1 3 2 4 .5 0  2 6 1 .3 9 7 8 4 9 .1 6 7 8 4 5 .6 6
DLTIBATE O i l  EECOTEBX ( * ) ; « 0 .B 2 4 6 .5 6 3 0 .3 0  4 8 .3 5 4 3 .9 5 3 5 .7 8
o n  PBOD BATE (BBLS/D/PATTEBE); # 8 .6 7 2 1 .7 5 2 8 2 .6 4  4 9 .3 3 6 4 .0 5 1 7 2 .1 0
O PTia MAX XEJ BATE (HHCF/D/B) :  1 .2 7 0 .3 2 7 .3 8  0 .9 6 . 0 .4 7 5 .0 9
OPTIB MAX XEJ PBESS (P S IA ): « 7 5 .33 8 0 0 .2 1 1 7 7 5 .1 2  5 0 0 .3 3 2 0 0 0 .0 9 1100 .20



Appendix C

1

2

3

4

5

6
7

8 
9

10

11

12

13

14

15

16

17

18 

19

POS SOPPLIED DATA OF A fiES£B7QIB

{ ORIGINAL DATA )

STATE IA8E : OKLAHOMA

COORTT NAME: CARTER,GARVIN

FIELD NAME : SHO-VEL-TOM (DEESE)

ORIGINAL OIL (BBLS/AF): 

COM. CEO. PR O D .(B B IS): 

ASSO. GAS PBOD.(MSCF): 

PRESSOEE (PSIA) : 

TSnPESATORE(DEG) : 

PROVED ACREGE(ACRE): 

DEPTH(FT) :

ZONE THICKNESS (FT) : 

PERHEABILITI(HD) :

API GRAVITY (DEG) : 

VISCOSITY SORFACI(CP) 

GAS-OIL RATIO (SCF/STE) 

POEOSITT :

OIL SATURATION :

HATER SATURATION :

GAS SATURATION :

9 5 3 .5 4

2 9 7 6 5 0 9 0 0 .0 0

0 .0 0

5 8 0 .0 0

1 1 5 .0 0

3 2 5 .0 0  

2 7 5 0 .0 0

7 1 . 0 0

1 3 2 .0 0

3 0 . 0 0  

0 .0 0  

0.00

0 . 1 7 0

0 . 7 2 3

0 . 2 7 7

0 .0 0 0

CO>E-IHNT: THESE DATA CAIiNOT BE PROCESSED FOR ANY IHEPDUL  
PROCESS AT TH IS TIME FOR LACKING SU FFIC IEN T  
DATA OR FAILURE IN  SCREENING
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PDS SUPPLIED DATA OF A BESERVGIB 
» * * » * $ $ * $ * $ * $ * $ * * * $ * * $ $ $ $ $ # * $ $ $ *

( 0BI6IBA L DATA )

1 STATE BASE : OKLAHOMA

2 CODHTT NAME: GARVIN

3 FIELD NAME : SE PAULS VALLEY

4 ORIGINAL OIL (B B L S/A F): 1 3 7 0 .  84

5 CUM. CBU. PBO D.(BBLS): 9 3 9 0 0 0 .0 0

6 ASSO. GAS PROD.(MSCF): 0 . 0 0

7 PRESSURE (PSIA) : 1 8 5 0 .0 0

8 TEMPERATURE (DEG) : 1 1 0 .0 0

9 PROVED ACBESE(ACRE) : 3 2 5 . 0 0

10 DEPTH(FT) : 4 3 0 0 . 0 0

11 ZONE THICKNESS (FT) : 1 0 0 .0 0

12 PERMEABILITY (HD) : 2 5 0 0 . 0 0

13 API GRAVITY (DEG) : 1 0 .0 0

14 VISCOSITY SURFACE (CP) : 7 5 0 0 . 0 0

15 GAS-OIL RATIO(SCF/STB) : 0 . 0 0

16 POROSITY : 0 . 3 1 0

17 OIL SATURATION : 0 . 5 7 0

18 RATER SATURATION : 0 .  150

19 GAS SATURATION : 0 . 2 8 0

COHHEIT: STEAK DRIVE I S  RECOMMENDED

IN-SITU COMBUSTION IS  RECOMMENDED
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Pauls Valley Field:
itSD iT s o r  n r t ' S m  r j t o i  t n ;  x i  tu x  i c s t r r o i i  ( i i z u i  s i i t z  n o c x s s )  

srit*  TRSsnii m E C is ic T s  lo s *  o x i - s ? n i  u i i o i s / d ) ;
fil? - 0X1 n o o  R17£ IB/DJ 31» " StBlB I I J  IA7Z (B/D) ;
PXBJ# STKBB IBJ nZSS|»5X) IB* C09 BB50 A PA7T. {BJ ;
fXSO* O il v s s c o s m  l  t x s  TM ?tCT); BBC" OXL BBCOTXBT (PBAC7X0B1 ;
PIS* BOBCS TB CI& SAT.; TBS" TBABSfllSSXBIUTT;
fS« fO l STBAB XBJ.(BBIB): tS «  S7IAB TBBP DBG P) ;

■08TH 1B1 fJSC 9S BSC PXS CIP
1 0.B9B #B9.01 «31.B5 0 .03 1747.00 0 .00

BP fS  TBS BCS QIBJ PIBO
0.00 M9B&0.00 S08.B9 0 .18  1010.00 1000.58

S-fAlOtS OB A ll TBS ABOBZ flBZABlSS
0.2423*8 0.255918 1.081339 0.9B0852 0.#6#6A3 -1 .5 3 #  18

#1.53## 1? 0 .S U 566  -e.OfiS#93 -1.092006 0.172502 2.702578

■OITH BB1 TXSC TS BBC PIS ;S?
2 0 .990 #99.01  0 2 1 .e s  0.06 1767.00 185.20

BP 95 TBS BC3 6%BJ PXMO
5555.18 #50000.00 500 .99  0 .18 1010.00 1830.58

X-9A10B5 OP A ll TBE AB01S 9A1XAB1SS
0.#81«72 0.20228* 1.715116 -1 .088717 -0.91361? -1.115865

-1 .3 I2070  0.298879 0.#9509# 1 115820 0.17#«60 2 8S022#

10178 EB1 9ZS0 TS BBC PXS (91
3 0 .995 #99.01 021.05 0 .09 1707.03 IE .86

BP IS  TBS BOS aiB J P2KJ
11101.69 #51870.00 580 .99  0 .18 1018.00 1008.58

2-PA13XS 07 A ll TRS IBOVS 7IBX1BIE5
0.630773 0.372917 1.781079 -1.185168 -1.011387 -0.9923*0

-1.1#2#05 0 .2 1 fP » 5 .-e .5 l3 0 # 9  -0 .995610  0.168#(3 2.811963

B0R7B B81 f i s c  TS BSC PXS (IP
•  0.9*3 #99.01 021.65 0.12  1767.OC 1 8 ..5 3

BP IS TK5 BCP 21MJ PIKJ
16637.53 #524*3.00 530.99 0.19 1010.00 1800.59

2-7A10X3 07 All T81 AB01S ViSXASlZS
6.605752 0.3697P.r 1.70^6 0# -1 .129570 - 1 .  116199 -1.023896

-1.136956 0.144313 -3 .552?## -1 .030561 0.171499 2.679717

BdATK ESI PTSC :S  81C PIS (DP
5 0.991 499.01 621.65 0 .15  1707.00 104.20

BP PS TBS IC : 01W PXkC
22163.44 #53490.00 500.99 0. 13 1010.00 IBOO.SJ

Z-TU9E5 07 A ll TBS ABOTE 9ABXABIXS
0.541277 0.362864 1.59735# -1.02P371 -1.804137 -0.986577

-1.078199 0.106515 (  5890 7 -1 .005610 0.18898) 2.517806

808TB BB1 9 : SC TS BBC PXS (IP
6 0 .989 #99.01 621.65 0 .18 1707.00 183.87

BP TS TBS BCS OZBJ PIBJ
27679.47 #54500.0 : 500.99 0 . 18 1010.00 1100.58

t-TALOCS Of A ll T8T ABOTE TABIABIZS
0.570293 0.38215# 1.996559 -1 .115396  -1.#92929 -1 .23817 :

-1.357237 0.(80904 -0 .665375  -1.167041 0.200003 2.8?423(

•0BT9 EB TXSC TS BEC MS in?
7  0.988 #99.01 621.65 9.21 1707.00 163.5#

BP TS TBS ACS SXBJ PX8J
23185.68 «55510.00 S9C.99 0. 18 1010.00 1100.55

B TAIOES OP A lt THE A80TT TABXABltS
0.558623 0.387209 1.078978 -1.15138# -1.012942 -1 .40072"

-B . 100715 0.956155 -0 .013368  -1 .241065 0.028787 1.211133

lOBYN EMI TXSC TS AEC PXS g\P
1 0.986 #99.01 021.65 0 .2# 1707.00 18 3.22

TBS 805 OXiJ PIBJ
5 0 (  99 0 .1# 101C.03 1A0C.5#

B-TAinXS C» A ll TM: ABOTE TirXABlCS
0.55285* 0 .2  :  69 1.580099 -1  198894 -1.555529 -1.507*59 

-1.6699*4 3. 1)51*0 -0 .05315* -1 .1 (7 2 (7  0.218218 2.377359
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iisoiTs or rjrK*5io7 m m  is s r  z> t ic  tEsmoxo u>*sito cohb. noctss)

l i e -  o i l  IBOOrmC^); AO#m ftXI-OZl IBIZO (Icr/BI ;
01BJ» U 2  BIB IBd » k tZ (llliC r/9 ); TZIJ* IBJ PBBSSDltK |FS2BJ S 

. f i B - » B o s m * o x i - s « .  j f i s »  f i â iB B is s iB u m  sJr’auls Valley Field:am- aib-sbip ibuo (icr/im rv mu :0BWZD #/BU ;
CAl- c o n .  BZI ISaQZBtO(IIBCr/4l); air* o i l  n o o  B I I I I B B L /D ) ;
If*  COB. o i l  nOS.CBBlSjS r i*  tC l  BOIIZD(B) ;

■OBin IZC n s  ?B CBZ MBJ BP
1 2.1B m 7 .0 0  121.23 0.52  1B58.12 13106.00

Bffi t I S  BOB TB OOP Î2S0 ftZBJ
T.BB S10.99 2 .W  13.52 M 0 .59  BB9.01 5.0*

IM BlO tS o r  BU MB IBOTB VBBIBIIBS 
«1.320256 -0.B77111 -1 .156398  6.221872 2.216393 -0.633516

1.156369 0.377575 -  0.562605 6.169062 1.606925 1.616638 0.963299

■OITB BBC PIS rO CBl PIBJ BP
2 6 .30  1767.00 121.23 0 .56  1050.12 2686 .95

BOB IBS BOB 98 QB? YZSC QZMJ
7.66 590.99 2 .9 6  16.52 629.67 699.01 5.0*

S-Y&IOZS o r  B Il MB BB07B IIBlkBlBS 
-1.680722 -0 .677111 -1 .156999  2.198067 2.266313 -0.617067
-1.156369 -0 .377575 -0 .659031  3.308766 1.796351 1.6186 36 0.963299

OORTH BBC PIS PB CAZ PIBJ BP
3 6 .17  1767.00 121.23 0 .60  1050.12 3 9 9 * .9 2

ASB 1RS BOB 70 GBP 71 SO g lh J
7.69 500.99 3 .0 1  15.92 610.76 699.01 5.3*

t-7AlDU or All T8E 0807: 7A8XI8LtS 
-1.026529 -0 .677111 1 .5 6 3 9 8  1.619297 2.266393 0 609339
-1 .156365 -0.377575 -  0.789BD5 2.293591 1.902069 1.610638 0.963299

■OBin BBC PIS PB CAT PINJ IP
6 0 .39  1767.00 121.23 0 .66  1850.12 52601.67

ASB TBS APB 78 SIP 72SC SXSJ
7.69 509.99 3 .0 9  16.52 609.69 699.01 B.Q*

B-7AUES or All t o :  ABQ7: 7ABll8ltS 
-2.362897 0.596602 -1.356201 0.912956 2.573538 -0.61619(1
-1.3562 1 -0.399916 0.989*96 2.92737* 1.981127 1.271656 0.93165*

10B7R BEC PIS PB CA: PIKJ BP
5 15.9P 1767.00 121.23 0 .19  1850.12 99B«5.Cf

ASP TB; AOB 78 2#P 71 SC JIWJ
7.69 500.99 3 .6 0  20.52 370.70 699.01 5.06

S-7A10ES or All THE AB07I 7A8IA8ltS 
•1 .6*1866 -0 .50*602 -1 .356203 0.9325#? 2 .5 3 5 3 8  -0.01890*
-1 .356267  -  0.393916 -0 .9 2 6 3  1 3 *909*2 1.876175 1.271*32 9.931676

BOBTH i : c  n s  PB CAl r iR J  K?
6 22 .89  1767.00 121.23 9 .9 6  1899.13 1*3831.70

ASP IBS ACS 78 )SP flSC 2IkJ
7 .69  500.9*  3 .7 3  26.52 138.6* 699.01 5 .0 .

8-fUOBS o r  A lt TBt A807I 7*1118118 
-1.107611 -0.609*91 -1 .5725#»  0.980957 2 .  86 8375 0.2223 72
-1 .573118 0.319255 -0 .879087 6.672957 1.757651 1.277727 0 .97505.

•OBTB BEC PXS 78 CA: PIBJ IP
7 29.23 1767.00 121.33 1.10  1850.12 182599.6C

ASB IPS ADR 71 QBP 7ZS0 01*J
7 .69 500.99 6 .0 5  2# 52 311.27 699.81 5.8w

X-7A108S o r  A ll TIE *807: PABIABIES 
-0 .619061 -0 .797110  1 .6  6*30 1.D20903 2.7*7821 0.38)603
-1.676756 -0 .3669*1 -0 .80*2*0 5 923867 1 .631)50 1.2Q17P0 0.9**?#*

ioim tic PIS 78 CA: p ib j  kp
0 33.65 1767.08 121.23 1.21 1850.12 2102*7.5(

AS: IPS AOS 7 t ; s r  f is o  j ik J
7 .69  530.99 # 29 3 1 .5 : 293. #0 *99.01 5.0*

8 7A10ES o r  A lt THE APOTt 9*R I* flt5  
-0 .* 5 * :5 6  -0.753101 -1 .788882  0.895836 2.696585 0.60:237

1.789 66 -0.330718 -0 .810773  6.657581 1.686*66 1.161A76 0.962183

■OBIH BfC PIS 78 C*T PI*4 BP
9 38.19 1767.CO 121.23 1.3? 1858.12 2*6831.50

ASP IBS 80S 78 :8P fiSC ;1*J
7.69  5C8.99 6 .6 8  35.52 276.03 699.01 5.8*

:  7*13:5 or *it rut *Borr pAPiABirs 
•0 .109*63 0.81285# -1 .71*153 0.9153*0 2.716751 0.679163
-1 .7966  6 -0.273636 0 .6958 6 6.88896» 1.50782) 1.079666 0.96)251
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POS SUPPLIED DiTA OF A fiESEBTOZB 
$**$#*#***$##»* $ * » * * $ $ * $ * * $ * $ » * *

( OBIGIBAL DATA )

1 STATE lAHE : OKLAHOMA

2 COORTT MARE; 6ARTIH

3 FIELD RARE : SE PAULS TALLEY

4 ORIGIHAL OIL (B B L S/A F): 1 3 7 0 .8 4

5 COR. CBU. PBOD.(BBLS): 9 3 9 0 0 0 .0 0

6 ASSO. GAS PBOD.(RSCF): 0 . 0 0

7 PRESSURE(PSIA) : 1 8 5 0 .0 0

8 TEMPERATURE (DEG) : 1 1 0 .0 0

9 PROVED ACRESE(ACBE): 3 2 5 .0 0

10 DEPTH(FI) :  4 3 0 0 .0 0

11 ZONE THICKNESS (FT) : 1 0 0 .0 0

12 PERHEABILITI(RD) : 8 7 8 .0 0

13 API GRAVITY (DEG). : 1 0 .0 0

14 VISCOSITY SURFACE(CP) : 7 5 0 0 .0 0

15 GAS-pIL RATIO(SCF/STE): 0 . 0 0

16 POROSITY : 0 . 3 1 0

17 OIL SATURATION : 0 . 5 7 0

18 RATER SATURATION : 0 . 1 5 0

19 GAS SATURATION : 0 . 2 8 0

COMMENT: STEAM DRIVE I S  RECOMMENDED

IN-SITU COMBUSTION IS  RECOHHERDED
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Pauls Valley Field:
ttssLTs or m t-s fO T  riLot t b t  x i m  itstnoxi issiii s u n  tiocxss)

0 1 * s i u n i .  crrrcxBicTi aos* oxx-trB ii i i n o i B / i ) ;
Qir* 0X1  n o s  i i t b  (b/o) axu« %tt%t l u  n r :  is/o);
Mij" STiAi iij nrss(rsxj ir- cob n s o  * mr.(i) :
fXSO« OXt fXSCOSXTt • IBS TBB?(Cn i BBC# 0X1 BKOVEBt (rXKCTlOl) ;
91Sm fCBOSXTT»011 5BT.; TBS- naiSB Z SS X B Illty ;
fS -  fOl m i B  i n .  (BBLS) t TB" n U B  TBBFIBBS T) :

M I t i  I I I  fZSO ts BBC ffZS cor
1 O.BBB 199.01 #11.15 0.03 1?#7.00 0.00

i r  fS TBS 105 QIBJ fXWJ
0.00 M9450.00 175.95 0.10 1010.00 1000.50

B-OX1O0 or U l  TIB BBOfl fllllBLBS
0.M2308 0.3S591B 1.#B13J9 0.990852 0 B60B#3 1.53# IB

-1.530 17 0.310500 0.500000 -1.0930*6 0.172502 2.702570

MBTR BRI 9XS0 TS IBC I IS  (BP
2 0.996 099.01 #21.05 0.06 1767.00 105.30

OP ts TBS les gxu r x u
5555.08 050060.00 175.95 0.10 1010.00 1000.58

I«tUDBS 07 BIX TRB IBOTB TIB2IBLBS
0.891*72 0.262389 1.715116 -1.0*8717 -0.913617 -1.1158(5
1.383070 0.398879 0.589 29 -1.115820 0 7*866 2.05022*

MITV BRI TXSC TS BBC MS C#P
3 0.995 899.01 #21.65 0.09 1767.00 18*.86

BP 95 TBS BOS QSIJ 8X83
11101.69 851870.00 175.95 0.18 1010.00 1000.5*

B TIL0B5 or U l  TRB IBOTB TIBIIBIBS
0.630773 0.373*17 1.781979 -1 .  185168 -1.0113*7 -0.9920*0

-1.1*3805 0.2168*5 -0.612326 -0.995610 0.16**00 2.0119(2

•0I7R 281 fZSO TS BBC MS (9P
8 0.993 899.01 621.65 0.12 1767.00 184.53

BP 95 TBS 80S fiZBO PIBJ
16637.53 153880.00 175.95 0.18 1010.00 1000.50

B-TltOBS or i:x t r b  ibotb t ip z ib ie s
0.695752 0.369786 1.70760* -1.129570 -1.118198 -1.023996

-1.136956 0. 118813 -0.6*9*73 -1.030561 0.171*99 2.679717

OOBTB 281 TXSC TS BBC MS CP
5 0.991 899.01 621.65 0.15 1767.00 10 .30

BP 93 TRS BCS 2XKJ PXIJ
22163.8* 853890.00 175.95 0. 19 1010.00 1000.5*

B-TIIOBS OP l i t  TRB IBOTB TIBIIBIBS
0.5*1377 0.3 2*6* 1.59735* -1.038371 -1.66*137 -0.986577

•  1.07*199 0.196515 -0.678838 -1.005610 0.108983 2.5178C(

BOITR 281 9X80 TS IBC MS CP
6 6.9*9 899.01 621.65 0.18 17*7.00 183.87

BP 95 TBS BOS OXBJ PIBJ
37679.87 *5*500.00 175.95 0.18 1010.00 1000.58

:  HOBS OP l i t  TIB IBOTB tlBXIIlBS
0.5 0293 0.3*2159 1.596559 -1.115396 1 *92928 -1.230172

-1.357337 0.00990* -0.709*07 -U  1676*1 0.200000 2 * 236

B0BT8 Bit r i s e  TS IBC MS C*P
7 0.988 899.01 631.15 0.21 1767.00 103.5*

BP 9S TBS# BCS QIBJ PIBJ
33105.68 «55910.00 175.95 0.18 1010.00 1000.58

S-TIIOBS o r  111 T i l  BOOTS TIBIIBIBS
# 550623 0 2 7208 1.67B97B -1.15130* -1.612982 1.600728

-0 .0 6  0719 0.05(155 -  0.7330* 9 -1.281065 0.028707 1.211133

iOlTR BRI TIRO TS BBC MS COP
# 0.916 899.01 #21.65 0.38 1767.00 103.32

BP 15 TBS BOS QTBJ PIBJ
3R682.1* 856120.00 175.95 0.18 1010.00 1000.58

B-9UDB5 o r l i t  TM IBOTB TIIXIBIBS
0.552859 0 .29369  1.506099 -1.19889* -1.955529 1.507*59

-1.6699** 0.1353*0 -0.770371 -1.16726? 0.210218 2.377359
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PDS SUPPLIED DATA OF A BESEBTOIR

( OBIGIBAL DATA )

1 STATE NAME : OKLAHOMA,5

2 COUNTY NAME: JEFFERSON

3 FIELD NAME : LOCO (IDA BILLY)

« ORIGINAL OIL (B B L S/A F ): 1 1 5 3 .8 9

5 COM. CRU. PROD.(BBLS): 0 . 0 0

6 ASSO. GAS PROD. (MSCF): 0 . 0 0

7 PRESSURE (PSIA) : 3 3 0 . 0 0

8 TEMPERATURE (DEG) : 6 0 . 0 0

9 PROVED ACEEGE(ACBE): 2 1 3 . 0 0

10 DEPTH (FT) : 5 2 6 . 0 0

11 ZONE THICKNESS (FT) : 1 2 - 9 0

12 PERHEABILITI(MD) : 2 5 5 3 . 0 0

13 API GRAVITY (DEG) : 2 0 . 8 0

14 VISCOSITY SURFACE (CP) : 5 8 8 . 0 0

15 GAS-OIL RATIO (SCF/STB) : 0 . 0 0

16 POROSITY : 0 . 2 5 6

17 OIL SATURATION : 0 . 5 8 1

18 RATER SATURATION : 0 , 3 1 6

19 GAS SATURATION : 0 . 1 0 3

COMMENT: STEAM DRIVE I S  RECOMMENDED

IN -SITU  COMBUSTION IS  RECOMMENDED
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Loco Field:

BISDLTS o r  riTE-SPOT PILOT TEST IN T 3 I BESESVOIR (STE».". S F I Ï Ï  PRCC-S3)

EH1= THEKML EPPECIEHCT; TOS* 0 Il-S 7 S i.« l F .A IIO iB /a j;
OHP« OIL PROD BRT2 (E/C) QIKJ= STEA1 IN J BATE (B /3) ;
P I1 J «  STEAR IN J PBESS (PSI) NP= CD1 PBSC A PATT. (B) ;
tIS O =  OIL TISCOSITT I RES TEMP (CP) : BSC« OIL BECOVEEI (rPACTlOH) ;
P IS »  PORCSITT»OIL SA T.; TBS IBAASRISSIEILITT;
tS «  fOL STEAM IN J. (BBLS) : TS» STEAM TEMP (DEG P) ;

BOETB EB1 RISC TS BEC P IS  CNP
1 0 .9 6 S  3 4 0 .0 9  42 2 .7 1  0 .2 1  1 4 8 7 .3 6  O.OC

IP  TS TBS BCS C ISJ PINJ
0 .0 0  CF40.00 1 3 7 .1 7  0 .3 3  4 3 0 .0 0  3 2 4 .3 3

Z-TAL3ES OP ALL THE ABOTE TABIABLES
-2 .5 9 0 6 2 5  -0 .3 3 5 6 7 6  -0 .2 4 0 8 5 4  0 .8 9 1 3 2 7  -1 .3 3 4 9 2 5  -1 .5 3 4 4 1 3
-1 .5 3 4 4 1 7  - C . 865275 - C . 592215 -0 .7 6 2 3 9 3  -5 .7 5 1 5 5 6  -0 .5 7 4 4 7 3

B0KT3 EH1 TISO TS SEC P IS  i3 P
2 0 .9 2 C  2 4 3 .0 9  4 2 2 .7 1  0 .4 0  1437.31 14 1 .0 6

BP TS TBS EC: 2IN J PINJ
4 2 3 1 .9 3  7 3 1 0 .0 0  1 3 7 .1 7  0 .3 1  4 3 0 .0 0  3 2 4 .3 2

Î-TAL0E3 OP ALL THE ABOTE TAPIA2LES 
-3 .5 4 6 2 2 8  -0 .3 2 7 5 5 6  -0 .2 1 5 4 6 3  0 .9 9 3 3  94 -1 .3 8 B 8 2 )  -1 .2 2 1 6 0 1
-1 .3 9 4 9 0 4  -0 .8 7 3 8 2 5  -0 .6 3 1 0 2 0  -0 .9 2 1 7 6 0  -5 .6 3 3 9 1 3  -0 .5 4 5 0 2 6

BOTTB EKl T i s r  TS REC P IS  (KP
3 0 .9 7 7  2 4 0 .0 9  4 2 2 .7 1  0 .5 3  1 4 8 7 .3 6  13 3 .3 5

HP TS TRS BCS 0 1 SJ PINJ
8 2 4 8 .5 4  7 7 4 0 .0 0  1 3 7 .1 7  0 .3 0  4 3 0 .0 3  3 2 4 .3 2

Z-TAL0E5 o r  ALl THE ABOTE TABIABLES
-5 .3 0 3 8 7 9  -0 .2 9 2 3 5 9  - 0 .5 2 9 7 0 5  2 .1 4 1 1 0 8  -1 .4 7 1 6 9 9  - 1 .1 1 0 9 9 :
- 1 .2 1 6 )0 4  -0 .8 9 3 8 4 6  - 0 .6 2 4 1 7 0  -0 .7 4 1 1 1 6  -5 .2 6 3 2 9 9  -3 .7 4 2 1 9 3
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A p p e n d i x  D 

OPTIMIZATION MODEL PROGRAM USER'S GUIDE

T h i s  u s e r ' s  g u i d e  p r o v i d e s  some b a c k g r o u n d  w i t h  r e s p e c t  

t o  t h e  c o m p u t e r  p r og r a m u s e d  t o  s o l v e  t h e  m u l t i - c r i t e r i a  

p r og r amm i n g  a l g o r i t h m .  The a u t h o r  u s e d  t h e  S . E . P a u l ' s  

V a l l e y  i n - s i t u  c o m b u s t i o n  f o r m u l a t i o n  a s  an i l l u s t r a t i o n .  

T h i s  c o m p u t e r  p r og r a m i s  g e n e r a l  i n  n a t u r e  and may be  u s ed  

t o  s o l v e  any m u l t i - c r i t e r i a  p r og r a m m i n g  f o r m u l a t i o n .  The

c o m p u t e r  h a s  b e e n  m o d i f i e d  t o  a d o p t  t h e  IBM 360 m a i n f r a m e

c o m p u t e r  and t h e  VAX 1 1 / 7 8 0 ,  and  POP 1 1 / 7 0  m i n i c o m p u t e r s .

( i )  Do u b l e  p r e c i s i o n  s t a t e m e n t s  we re  a dde d  t o  t h e  

p r og ra m  t o  h a n d l e  t h e  r o u n d - o f f  e r r o r s  d u r i n g  t h e  p i v o t i n g  

i n  t h e  m o d i f i e d  s i m p l e x  a l g o r i t h m .

( i i )  Compu t e r  c o d e s  were  m o d i f i e d  f o r  t h e  c h a r a c t e r

s t r i n g  i n  FORTRAN v a r i a b l e s  c o d i n g .

( i i i )  T h i s  p r o g r am i s  c a p a b l e  o f  s o l v i n g  p r o b l e m s  

w i t h  a maximum

NUMBER OF VARIABLES = 125 (NVAR)

NUMBER OF ROWS = 60 (NROWS)

NUMBER OF PIRORITY LEVELS = 20 (NPRT)

However ,  t h e  c a p a b i l i t y  c a n  be  e x p a n d e d  w i t h  a

m o d i f i c a t i o n  i n  t h e  d e f i n e d  s u b s c r i b e r s  and i t  i s  o n l y  

l i m i t e d  by t h e  memory s t o r a g e  o f  t h e  c o m p u t e r .
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In-situ Combustion Formulation (First Timestep)
Main o b j e c t i v e  f u n c t i o n :

Min Z = ( d^  + d p  + Pgdg + + P^d^  + P^d^

R-eal c o n s t r a i n t s : X j, ^  REC 

X 2 ^ P I S  
X3 4  FB 

X ^ < C A I  
Xg ^ P I N J  

X g ^  NP 

X y ^  ASR 
X g ^ T R S  
X g ^ AO R  

Xi o 3 : v B  
X n ^ Q N P  

X^2 ^ V I S 0

Goal  c o n s t r a i n t s :

R e c o v e r y  G^: REC = - I . G 99288X9 -  0 . 8 3 2 5 9 8 X2
+ 0 . 57 2 2 6 4 X3  + 0 . 14 6 1 2 X4

. d j  -  d+

QNP = - . 0 9 1 5 3 0 X 1 0  -  .O8 I 23OX5
+. 117596X12  +0 . 600794X6

+ d ;  -  d ;
QINJ = - 0 . 02794X5 + 0 . 0 99 2 7 5 X1 2  

+ O . 52 I 8OOX4 + . 27496X6 
+ 0 . 443930X7 + 0 . 2 3 5 4 7 3 X8  
-  0 . 3 3 8 8 5 4 X2  -  0 . 36 2 9 4 9 Xg
+ d ;  -  d ;

I n j .  P r e s s .  G. PINJ  = - 1 . 5 7 7 1 1 7 X 4  + 0 . 1 7 0 4 7 6 X i 2  
^ + 0 . 89 1 3 7 2 X1 0  + 0 . 0 4 8 7 4 1 X9

+ 0 . 50 6 7 8 0 X6  + 0 . 6 7 7 4 1 X n
+ 0 . 83 4 5 2 2 X8  + d% -  d%

P r o d ,  r a t e  G,

I n j .  r a t e  G,

P r o f i t  Gg: PROF = ( 32 . 2 5 X 6  -  6 7 5 X 4 ) 7 1 0 0 , 0 0 0  +d* - d *
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I n p u t

Introduction
The c o m p u t e r  p r og r a m  i s  d e s i g n e d  t o  a u t o m a t i c a l l y  

p r o v i d e  t h e  p r o p e r  d e v i a t i o n a l  v a r i a b l e s  f o r  e x e c u t i o n .  

The u s e r  mus t  s p e c i f y  t h e  f o l l o w i n g  d a t a :

1.  Number o f  c o n s t r a i n t s  o r  g o a l s  ( r o w s )

2.  Number o f  c h o i c e  v a r i a b l e s  ( c o l u m n s )

3 .  Number o f  p r i o r i t i e s

4 .  C o e f f i c i e n t s  o f  c h o i c e  v a r i a b l e s  f o r  e a c h  

c o n s t r a i n t  o r  g o a l

5.  D i r e c t i o n  o f  e a c h  c o n s t r a i n t  o r  g o a l  ( e q u a l i t y  o r

s e n s e  o f  i n e q u a l i t y )

6 . V a l u e  o f  t h e  r i g h t - h a n d  s i d e  h a s  t o  be p o s i t i v e .  

I f  t h e  g i v e n  v a l u e  i s  n e g a t i v e ,  t h e n  i t  i s  n e c e s s a r y  t o  

r e v e r s e  t h e  s i g n  by m u l t i p l i c a t i o n  by ( - 1 )

7.  O b j e c t i v e  f u n c t i o n  t o  i n c l u d e  t h e  p r i o r i t y  l e v e l ,  

t h e  l o c a t i o n  and  s i g n  o f  t h e  d e v i a t i o n a l  v a r i a b l e ,  and any 

d i f f e r e n t i a l  w e i g h t  t o  be  a p p l i e d  t o  t h e  d e v i a t i o n a l  

v a r i a b l e .

The i n p u t  d a t a  d e c k  r e q u i r e s  f i v e  b a s i c  s e c t i o n s  t o  

p r o v i d e  t h e  r e q u i r e d  i n f o r m a t i o n .  Each  o f  t h e  f i v e  

s e c t i o n s  w i l l  be  d e s c r i b e d  i n  d e t a i l  be l ow u s i n g  d a t a  

e x a m p l e s .
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The Problem Card Section
The p r o b l e m  c a r d  s u p p l i e s  t h e  f i r s t  t h r e e  i t e m s  o f  

d a t a  s p e c i f i e d  a bove  a s  r e q u i r e d  and i n i t i a l i z e s  s e v e r a l  

key v a r i a b l e s  i n t e r n a l  t o  t h e  p r o g r a m .  The f o r m a t  f o r  t h e  

p r o b l e m  c a r d  i s  a s  f o l l o w s :

Columns 1 -4  PROB

Columns 5 - 7  Number o f  rows

Columns 8 - 1 0  Number o f  co l umns

Columns 1 1 - 13  Number o f  p r i o r i t i e s

Columns 1 4 - 16  O u t p u t  s w i t c h

Columns 1 7 - 19  Bl a nk

Columns 2 0- 79  U s e r  comments

1 2  3
12345678 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 .  .

PR0B170012005001 MODEL TIMESTEP ONE

The number  o f  rows  s p e c i f i e s  t h e  t o t a l  number  o f  r e a l

and g o a l  c o n s t r a i n t s .  The number  o f  co l umns  s p e c i f i e s  t h e

number  o f  c h o i c e  v a r i a b l e s  i n  t h e  p r o b l e m .  T h i s  i s  n o t  t o

i n c l u d e  any  d e v i a t i o n a l  o r  s l a c k  v a r i a b l e s  s i n c e  t h e

p r og r am w i l l  g e n e r a t e  t h e s e  a s  r e q u i r e d .  The number  o f

p r i o r i t i e s  s p e c i f i e s  t h e  d i s t i n c t  l e v e l  o f  p r i o r i t y .

A r t i f i c i a l  v a r i a b l e s  n e c e s s a r y  f o r  s o l u t i o n  w i l l  be

g e n e r a t e d  by t h e  c o m p u t e r  p r og r a m a s  r e q u i r e d .
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The o u t p u t  s w i t c h  i s  a r e q u e s t  by t h e  u s e r  h a v e  t o  

p r og r a m p r i n t  o u t  e a c h  i t e r a t i o n  o f  t h e  s i m p l e x  t a b l e  as  

opposed  t o  p r i n t i n g  o n l y  t h e  f i n a l  s o l u t i o n  t a b l e .  T h i s  

o p t i o n  may be a c t i v a t e d  by s p e c i f y i n g  any p o s i t i v e  v a l u e  

i n  t h i s  f i e l d .  I f  no v a l u e  i s  s p e c i f i e d ,  t h e  p r o g r a m  w i l l  

d e f a u l t  t o  z e r o  and o n l y  t h e  f i n a l  s o l u t i o n  t a b l e  w i l l  be 

p r i n t e d .  T h i s  o p t i o n  s h o u l d  be  u s e d  w i t h  c a u t i o n  s i n c e  

t h e  number  o f  i t e r a t i o n s  c a n  be l a r g e  and  an e x c e s s i v e  

volume o f  o u t p u t  may be  p r o d u c e d .

S i x t y  c o l umn s  a r e  p r o v i d e d  f o r  t h e  u s e r  t o  e n t e r  any 

comments  d e s i r e d  t o  a i d  i n  i d e n t i f i c a t i o n  o f  t h e  p r og r a m  

r u n ,  i n p u t  d a t a ,  d a t e ,  e t c .  T h i s  i n f o r m a t i o n  w i l l  be 

p r i n t e d  on p a g e  one  o f  t h e  o u t p u t .

The S i g n  Card  S e c t i o n

The s i g n  c a r d  i s  u s e d  t o  d e s c r i b e  t h e  d i r e c t i o n  o f  t h e  

c o n s t r a i n t s .  T h e r e  a r e  f o u r  p o s s i b i l i t i e s :

1.  B w i l l  a l l o w  t h e  m i n i m i z a t i o n  o f  e i t h e r  t h e  

n e g a t i v e  o r  p o s i t i v e  d e v i a t i o n a l  v a r i a b l e  o r  b o t h  

d e v i a t i o n a l  v a r i a b l e s  i n  t h e  o b j e c t i v e  f u n c t i o n ,  when t h e  

a b s o l u t e  a c h i e v e m e n t  i s  e x p e c t e d  i n  a g o a l  c o n s t r a i n t .

2 .  E w i l l  n o t  a l l o w  d e v i a t i o n s  i n  t h e  s o l u t i o n  f rom 

e i t h e r  t h e  n e g a t i v e  o r  p o s i t i v e  d i r e c t i o n .  E i s  a l w a y s  

u sed  f o r  r e a l  c o n s t r a i n t  v a r i a b l e s .

3 .  G w i l l  a l l o w  o n l y  a p o s i t i v e  d e v i a t i o n  when
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underachievement is desirable for the goal constraints.
4 .  L w i l l  a l l o w  o n l y  a n e g a t i v e  d e v i a t i o n  when 

o v e r a c h i e v e m e n t  i s  d e s i r a b l e  f o r  t h e  g o a l  c o n s t r a i n t s .

I f  e i t h e r  B o r  G i s  s p e c i f i e d ,  t h e  p r o g r a m  w i l l  

g e n e r a t e  a p o s i t i v e  d e v i a t i o n a l  v a r i a b l e .  I f  e i t h e r  E o r  

G i s  s p e c i f i e d ,  t h e  p r og r am  w i l l  g e n e r a t e  an a r t i f i c i a l  

v a r i a b l e .  At l e a s t  one  d e v i a t i o n a l  v a r i a b l e  f rom eac h  

c o n s t r a i n t  ( r ow)  mus t  a p p e a r  i n  t h e  o b j e c t i v e  f u n c t i o n .  

I f  n e i t h e r  v a r i a b l e  a p p e a r s ,  i t  i s  p o s s i b l e  f o r  t h e  

p r o g r a m  t o  g e n e r a t e  a s o l u t i o n  i n  wh i ch  b o t h  d e v i a t i o n a l  

v a r i a b l e s  end up i n  t h e  b a s i s  and t h e  c o n s t r a i n t  d j  x 

d^ = 0 w i l l  be v i o l a t e d .  I f  b o t h  d e v i a t i o n a l

v a r i a b l e s  a p p e a r  i n  t h e  o b j e c t i v e  f u n c t i o n ,  t h e y  may be 

a s s i g n e d  d i f f e r e n t  p r i o r i t i e s .  "•

The f o r m a t  o f  t h e  s i g n  c a r d  i s  a s  f o l l o w s :

Column 1 s i g n  o f  1 s t  e q u a t i o n  

Column 2 s i g n  o f  2nd e q u a t i o n

Column n s i g n  o f  n t h  e q u a t i o n ,

1 2
1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 . . .

EEEEEEEEEEEEBGLGL
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The Main Objective Function Section
The main  o b j e c t i v e  f u n c t i o n  c a r d s  s p e c i f y  a l l  

i n f o r m a t i o n  r e q u i r e d  i n  i t e m  s e v e n  a b o v e .  T h e s e  c a r d s  

mus t  be p r e f a c e d  by a c a r d  w i t h  OBJ i n  t h e  f i r s t  t h r e e  

c o l u mn s  t o  s i g n a l  t h e  c o m p u t e r  p r og r am t h a t  t h e  o b j e c t i v e  

f u n c t i o n  f o l l o w s .

The f o r m a t  f o r  t h e s e  c a r d s  i s  a s  f o l l o w s :

Columns 1-3  PCS o r  NEC t o  i n d i c a t e  t h e  s i g n  o f  t h e

d e v i a t i o n a l  v a r i a b l e  t o  be m i n i m i z e d .  I f  PGS i s  

s p e c i f i e d ,  i t  i s  m a n d a t o r y  t h a t  e i t h e r  B o r  G be 

s p e c i f i e d  on t h e  s i g n  c a r d  f o r  t h e  c o r r e s p o n d i n g  

r o w .

Columns 8 - 9  The row i n  wh i ch  t h e  d e v i a t i o n a l  v a r i a b l e  

a p p e a r s

Columns  1 0 - 1 2  Bl a nk

Columns  1 3 - 1 4  The p r i o r i t y  a s s i g n e d  t o  t h e  d e v i a t i o n a l  

v a r i a b l e .  The p r i o r i t i e s  mus t  be s e q u e n t i a l  w i t h  

one  i n d i c a t i n g  t h e  h i g h e s t  p r i o r i t y .

Columns  1 5 - 25  The c o e f f i c i e n t  o r  d i f f e r e n t i a l  w e i g h t  

t o  be a s s i g n e d  t o  t h e  d e v i a t i o n a l  v a r i a b l e  w i t h i n  

t h i s  p r i o r i t y .
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SIGN ROW PRI WEIGHT

1 2 
1234567890123A56789Ü123A5,

POS 13 01 1 . 0
NEG 13 01 1 .0
POS lA 02 1 . 0
MEG 15 03 1 .0
POS 16 OA 1 .0
NEG 17 05 1 . 0

The Da t a  S e c t i o n

The i n p u t  c a r d s  i n  t h i s  s e c t i o n  s p e c i f y  t h e

t e c h n o l o g i c a l  c o e f f i c i e n t s  f o r  t h e  c h o i c e  v a r i a b l e s .

These  c a r d s  mus t  be p r e f a c e d  by a c a r d  w i t h  DATA i n  t h e

f i r s t  f o u r  c o l u m n s  t o  s i g n a l  t h e  c o m p u t e r  p rogram t h a t  t h e

t e c h n o l o g i c a l  c o e f f i c i e n t s  a r e  t o  f o l l o w .

The f o r m a t  f o r  t h e s e  c a r d s  i s  a s  f o l l o w s :

Columns 1 - 7  B l a n k

Columns 8 -9  The row i n  which  t h e  c o e f f i c i e n t  i s  l o c a t e d

Columns  1 0 - 1 2  Bl a n k

Columns 1 3 - l A  The co lumn i n  wh ich  t h e  c o e f f i c i e n t  i s  

l o c a t e d

Columns 1 5 - 2 5  The v a l u e  o f  t h e  c o e f f i c i e n t .

ROW COL VALUE

1 2 
1 2 3 A 5 67890123A567890123A5 . . .

e t c .

01 01 -1
01 02 -1
01 03 -1
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The Right-Hand Side Section
The l a s t  s e c t i o n  o f  t h e  i n p u t  d a t a  deck  i s  t h e

r i g h t - h a n d  s i d e  s e c t i o n .  Thes e  c a r d s  s p e c i f y  t h e  v a l u e  o f  

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

These  c a r d s  mus t  be p r e f a c e d  by a c a r d  w i t h  RGHT i n  t h e

f i r s t  f o u r  c o l umn s  t o  s i g n a l  t o  t h e  c o m p u t e r  t h e  end o f

t h e  d a t a  s e c t i o n  and  t h e  s t a r t  o f  t h e  r i g h t - h a n d  s i d e

v a l u e s .

The f o r m a t  f o r  t h e s e  c a r d s  i s  a s  f o l l o w s ;

Columns 1 -1 0  V a l u e  f o r  t h e  1 s t  row 

Columns 1 1 - 20  V a l u e  f o r  t h e  2nd row

Columns 6 1 - 7 0  V a l u e  f o r  t h e  7 t h  row,

I f  t h e r e  a r e  more t h a n  s e v e n  r o w s ,  c o n t i n u e  rows e i g h t  

t h r o u g h  f o u r t e e n  on t h e  s e c o n d  c a r d ,  and  so on.

1 2  3
12 3 4 5 67 89 01 2 34 56 78 90 12 34 56 78 90 1 2 . .

RGHT
1 . 2 23 49 0 .  0 . 9 9 3 8 1 5 0  0 . 1 6 2 6 5 2  0,
0 . 7 9 8 1 1 2  0 . 9 5 5 1 6 7 0  0 . 0 0 9 3 6 7  0,

e t c .  " "
e t c .

A c o m p l e t e  d a t a  d e c k  s e t  up i s  i l l u s t r a t e d  i n  t h e  
f o l l o w i n g  f i g u r e :
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PR0B170012005001 
EEEEEEEEEEEEBGLGL 
POS 
NEG 
POS 
NEG 
POS 
NEG 
DATA

13 01 1 . 0
13 01 1 . 0
14 02 1 . 0
15 03 1 . 0
16 04 1 . 0
17 05 1 . 0
01 01
02 02
03 03
04 04
05 05
06 06
07 07
08 08
09 09 1
10 10 1
11 11
12 12 1
13 09 + 1 . 0 9 9 2 8 8
13 02 - 0 . 8 3 5 2 9 6
13 03 ' - 0 . 5 7 2 2 6 4
13 04 - 0 . 1 4 6 1 2 0
14 10 - 0 . 0 9 1 5 3
14 05 - 0 . 0 8 1 2 3 0
14 04 - 0 . 3 5 6 0 5 3
14 12 - 0 . 1 1 7 5 9 6
14 06 - 0 . 6 0 0 7 9 4
15 05 + 0 . 0 17 49 4
15 12 - 0 . 0 9 9 2 7 5
15 04 - 0 . 5 2 1 8 0 0
15 06 - 0 . 2 7 4 9 6
15 07 - 0 . 4 4 3 9 3 0
15 08 - 0 . 2 3 5 4 7 3
15 02 - 0 . 3 3 8 8 5 4
15 09 - 0 . 3 6 2 9 4 9
16 04 + 1 . 5 7 7 1 1 7
16 12 - 0 . 1 7 0 4 7 6
16 10 - 0 . 8 9 1 3 7 2
16 09 - 0 . 0 4 8 7 4 1
16 06 - 0 . 5 0 6 7 8 0
16 11 - 0 . 6 7 7 4 1 0
16 08 - 0 . 8 3 4 5 2 2
17 06 + 0 . 0 0 32 25
17 04 - 0 . 0 6 7 5 0 0

RIGHT
1 . 2 3 4 9 4  0 . 9 9 3 8 1 5  0 . 1 6 2 6 5 2  0 . 9 1 7 7 8 5  0 . 3 5 8 1 2 5  0 . 8 9 5 2 9 0  0 . 1 6 2 6 1 3  
0 . 7 9 8 1 1 2  0 . 9 5 5 1 6 7  0 . 0 0 9 3 6 7  1 . 0 2 9 6 1 0  0 . 2 5 7 6 1 8  1 . 2 2 3 49 4  1 . 0 2 96 1 0  
0 . 8 9 1 4 6 6  0 . 3 5 8 1 2 5  4 . 0 9 8 8 4 2
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O u t p u t

The c o m p u t e r  p r o g r a m  p r o v i d e s  t h e  f o l l o w i n g  o u t p u t ;

a)  A c o m p l e t e  p r i n t o u t  o f  t h e  i n p u t  d a t a  t o  i n c l u d e  t h e

r i g h t h a n d  s i d e  v a l u e s ,  t h e  s u b s t i t u t i o n  r a t e s ,  and  t h e

o b j e c t i v e  f u n c t i o n ,  b)  t h e  f i n a l  s i m p l e x  s o l u t i o n  t a b l e  t o

i n l c u d e  t h e  Z j - C j  m a t r i x  and  e v a l u a t i o n  o f  t h e  o b j e c t i v e

f u n c t i o n s ;  c )  t h e  s l a c k  a n a l y s i s  p r e s e n t s  t h e  v a l u e s  o f  t h e

r i g h t - h a n d  s i d e ,  and  a l s o  v a l u e s  o f  t h e  n e g a t i v e ,  p o s i t i v e

v a r i a b l e s  f o r  e a c h  e q u a t i o n s .  d)  an a n a l y s i s  o f  t h e

v a r i a b l e s ,  and  e)  a summary o f  t h e  o b j e c t i v e  a c h i e v e m e n t s .

The o u t p u t  l i s t i n g s  a r e  s e l f - e x p l a n a t o r y .  The r e s u l t s  o f  t h e

p rogram a r e  b a s i c a l l y  o b t a i n e d  from ( d )  and  ( e ) .

VARIABLE ANALYSIS 
VARIABLE AMOUNT

3 0 . 3 3 6 5 6 2
5 2 . 2 4 6 3 9 3
7 0 . 3 3 6 5 9 6
4 1 . 2 2 7 7 7 1

11 0 . 3 8 9 9 4 4
9 1 . 4 3 4 6 2 8
8 2 . 6 8 1 3 4 9

10 4 . 1 6 9 0 4 2

ANALYSIS OF THE OBJECTIVE 
PRIORITY ACHIEVEMENT

5 4 . 0 9 8 4 4 2
4 2 . 3 4 9 9 8 8
3 0 . 0 0 0 0 0 0
2 0 .0 0 0 0 0 0
1 0 . 2 2 7 1 2 2

S i n c e  t h e  a b o ve  e x a m p l e  h a s  been  r un  i n  Z - v a l u e  and  t h e

c o n v e r s i o n  c a n  be  d o n e  w i t h  a f 77 p r o g r a m ,  t h e  p r og r a m  i s  

l i s t e d  as  f o l l o w i n g  a n d  t h e  c o n v e r t e d  r e s u l t s  h a v e  be e n  

l i s t e d  i n  t h e  S . E .  P a u l s  V a l l e y  c a s e  s t u d y  o f  C h a p t e r  V.

212



F-77 Z-values Conversion Program:
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Multi-criteria Optimization Program for Decision Analysis
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165 0 6 :6  l . E . a . t / 'B S ' O S ’ O’ . ’ l V
166

C
D6TA 70S ,a r c / *705 ,  #EJ * /

C
c

XRXTtlUZe COISTISTS

167 R7CR # 0
16# ■6PT -  0
169 RfLOS « 0
170 #7 -  20
171 a# •  60
172 #7 •  150
173

c
TEST •  0 .0

c
c

« E l #  111 II6T8XCZS

17# 10 00 20 i« i« a #
175 IRT(X) •  0 .0
176 1X77(1) -  0
177 •R S(I) « 0 .0
17# #851 (X) •  0 .0
179 T |I |  •  0 .0
160 DO 20 J » 1 ,I9
181 C d .J J  •  0 .0
182 m 0 .0
161 20 covT iaoe
18% 00 30 I  1,87
185 1911(1) m 0 .0
186 00 30 J»1 ,#9
187 • n t ( x , j )  •  0 .0
188 fllX IX .O ) # 0 .0
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190 30 CORTIIOE
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2 11

212
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215
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C009T T#t o o ao e i o r  r o s i n t c  s u c #  fâoxasLES

90 DO 100 X *1,#I0IS 
i r t s i c i f i )  . 10.  #) jrisxcfdi .eg. 6]
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