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ABSTRACT

A r e s e r v o i r  e n g in e e r i n g  s tudy  was made to  rev iew the 

past  or e x i s t i n g  pressure maintenance,  and secondary recove ry  

p r o j e c t s  i n  the Texas Panhandle o i l  f i e l d .  This  e n g in e e r in g  

s tudy was extended t o  de termine  the f e a s i b i l i t y  o f  des ig n i ng  

a success fu l  p r o j e c t  i n  the area o f  P i t t s  and Co ck re l l  

l eases .  The o i l  i n  p l a c e ,  i n  t he two leases se le c te d  f o r  

p o s s i b l e  secondary recove ry  o p e r a t i o n s  was c a l c u l a t e d  volume- 

t r i c a l l y  and was found to  be 95.8 m i l l i o n  s tock  tank b a r r e l s .

Pr imary per formance i n  the area s e le c t e d  showed t h a t  

6 .6  m i l l i o n  s tock  tank b a r r e l s  o f  o i l  had been recovered 

through  December, 1980. Water i n j e c t i o n  was suggested to  

re cove r  the  rema in ing o i l  i n  the two le as es .

Secondary recove ry  per formance c a l c u l a t i o n s  were made 

to  de termine  the  a d d i t i o n a l  o i l  t h a t  would be r e c o v e r e d .

The c a l c u l a t i o n s  i n d i c a t e d  t h a t  13.25% o f  the t o t a l  area 

i n  P i l o t  No. 1 and 21% o f  t o t a l  area i n  P i l o t  No. 2 would 

be swept a t  the t ime o f  wa te r  b r e a k - t h r o u g h , or 37 b a r r e l s  

o f  o i l / a c r e - f e e t  i n  P i l o t  No. 1 and 59 b a r r e l s  o f  o i l / a c r e -  

f e e t  i n  P i l o t  No. 2 would be d i s p l a c e d .

In c o n c l u s i o n ,  t he wa te r  f l o o d  p r o j e c t  w i l l  be f e a s i b l e .

- i v -
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INTRODUCTION

The Panhandle f i e l d  i n  Texas i s  a p a r t  o f  the Panhandle-  

Hugoton f i e l d ,  which i s  the l a r g e s t  gas f i e l d  i n  the Un i ted  

S t a t e s .

The o i l  l eg o f  t h i s  f i e l d  i s  over  a hundred m i les  long 

and v a ry in g  i n  w i d th  f rom a few m i les  to  ten m i l e s ,  cov e r i ng  

more than two hundred thousand acres i n  s i x  c o u n t i e s .

Most o f  t he o i l  produced f rom the Panhandle o i l  f i e l d  

has been by s o l u t i o n  gas expansion ( J .D .  Kenwor th , 1966).  

Secondary o i l  r ecove ry  p r o j e c t s , which i n c lu d e  g a s - i n j e c t i o n  

wa te r  f l o o d ,  LPG, and thermal  began where o i l  p r od u c t i o n  

had been d e c l i n i n g  f o r  severa l  y e a rs .  For c e r t a i n  reasons 

some of  the p r o j e c t s  succeeded and some o f  them f a i l e d .

The p r imary  purpose o f  t h i s  s tudy i s  t o  ev a lua te  the 

secondary recove ry  p r o j e c t s ,  f i n d  out  the k inds  o f  r e s e r v o i r  

or  f l u i d  parameters i n v o l v e d  and the k inds o f  t echn iques  

used t o  make the p r o j e c t  s u c c e s s f u l .

The o th e r  purpose i s  t o  do an e n g in e e r i n g  s tudy  to 

de te rmine  the f e a s i b i l i t y  o f  de s ig n i ng  a success fu l  p r o j e c t  

t o re cove r  a d d i t i o n a l  o i l  over  the p r imary  p r o d u c t i o n .

Requi red data were ob ta ined  from w e l l  l o g s ,  f l u i d  and 

s p e c ia l  core a n a l y s i s ,  and p r o d u c t i o n  h i s t o r y .

For e v a l u a t i n g  the secondary recove ry  p r o j e c t s ,  d e c l i n e  

curves o f  o i l  p r o d u c t i o n  w i t h  t ime f o r  some o f  the p r o j e c t s  

were p l o t t e d ,  and the i nc reas e  i n  the o i l  p r o d u c t i o n  per
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a c r e - f e e t  due to  wa ter  o r  gas t h a t  has been i n j e c t e d  was 

c a l c u l a t e d .

Contou r ing  maps o f  o i l  p r o d u c t i o n ,  the g a s - o i l  r a t i o  

produced , and the w a t e r - o i 1 r a t i o  produced were co n s t ru c t e d  

t o  show the a c t i v i t y  o f  the water  or  gas t h a t  has been i n ­

j e c t e d .  Based on the f i n a l  r e s u l t s  o f  t he e v a l u a t i o n  and the 

sc reen ing f a c t o r s  a n a l y s i s  o f  the enhanced o i l  r ecove ry  

methods, water  f l o o d  was found t o  have the best  chance o f  

being f e a s i b l e .

Two w a t e r - f l o o d  p i l o t s  were suggested to  be designed 

i n  the P i t t s  and C o c k r e l l  a r e a , f o r  two reasons :

1) Th i s  area does not  have any secondary recove ry  

p r o j e c t s  except  f o r  gas i n j e c t i o n  which was f o r  pressure 

maintenance pu rposes.

2) The o n ly  data a v a i l a b l e  and adequate f o r  such a 

s tudy  was i n  t h i s  area.
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FIELD GEOLOGY

The Panhandle f i e l d  i n  Texas covers an area o f  two 

hundred thousand acres i n  s i x  co un t i es  which are Moore, 

Hu tch inson ,  P o t t e r ,  Carson, Gray,  and Wheeler (F ig u re  1) .

In the Panhandle f i e l d  the t r a p  i s  ma in l y  s t r u c t u r a l  

and most Panhandle pays are i n  the Wol fcampian stage o f  the 

Permian system.

Local  nomenclature f o r  the pay zone i s ,  i n  descending 

s t r a t i g r a p h i e  o r d e r :  Brown Do lo mi te ,  Whi te Do lo mi te ,  Moore

County L imestone,  A r k o s i c  Do lom i te ,  A r k o s i c  Lime and G r a n i t e  

Wash ( H a l b o u t y , 1969).

The angle o f  d ip  i n  Southern Hutch inson and N o r th ­

western Gray Count ies i s  low compared w i t h  the steep d ip  i n  

Eastern Gray and Wheeler Cou n t ie s .  Thi s i s  i m p o r t a n t , f o r  

t he  p r o d u c t i v e  area o f  the f i e l d  i s  much broader  where the 

d i p  r a t e  i s  low because the o i l  column i s  about  the same 

th i c k n e s s  and i s  r e l a t i v e l y  f l a t .  No rma l l y ,  gas,  o i l ,  and 

wa te r  are c o n s i s t e n t  in  r e l a t i o n  to  a s p e c i f i e d  r e s e r v o i r .  

Th i s  i s  not  t r u e  i n  the Panhandle f i e l d ,  where g as , o i l  and 

wa te r  cu t  across f o r m a t i  onal  boundar ies .  Hence, i n  t h i s  

f i e l d ,  the r e l a t i o n s  o f  the r e s e r v o i r s  to  the gas,  o i l  and 

wa ter  must be co ns id e re d .  The w id th  o f  the f i e l d  i s  d e t e r ­

mined by the angle o f  d ip  and the aggregate th i c kn e ss  o f  

r e s e r v o i r  beds.

F igu re  2,  Se c t i on  B-B' i s  a s t r u c t u r a l  and s t r a t i g r a p h i e
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s e c t i o n  along the a x i s  o f  the A m a r i l l o  Mountains ( H a lb o u t y ,  

1969).  The h i g h e s t  u n i t  shown i s  the Leonard ian Red Cave, 

which c o n s i s t s  o f  red sha le and f i n e - g r a i n e d  sandstone.  The 

W ic h i ta  Format ion ,  be low,  c o n s i s t s  o f  a n h y d r i t e  and dense 

a n h y d r i t e  d o lo m i te .  The Brown Dolomi te i s  a b u f f ,  c h e r t y ,  

sac ch a ro id a l  d o l o m i t e .  The White Dolomi te i s  a wh i te  vuggy,  

c o a r s e l y ,  c r y s t a l l i n e  d o l o m i t e .  The lower  most ,  sed imentary  

rock i s  the G ra n i te  Wash, which ranges f rom lo o se ,  u n c o n s o l i ­

dated g rave l  t o  f i n e - g r a i n e d  a r k o s i c  red s h a le ;  i t  o v e r l i e s  

precambr ian g r a n i t i c  r o c ks .  The h ig h e s t  s t r u c t u r a l  p o i n t  

on the cross s e c t i o n  ( F i g u r e  2) i s  a t  the west  end i n  P o t t e r  

County,  t he  W i c h i t a ,  Brown Dolomi te  and Gr a n i te  Wash are 

t h i n  i n  t h i s  area.  As the s t r a t a  t h i c k e n  eastward across 

Carson Coun ty , the  Whi te Dolomi te and Moore County l im es tone  

deve lop.

The Brown Dolomi te t h i n s  eastward and pinches out  

a g a i n s t  a g r a n i t e  peak i n  western  Wheeler County,  but  i s  

p resen t  again eas t  o f  the peak. The peak was b u r i ed  near 

the end o f  the t ime o f  W ic h i t a  d e p o s i t i o n .  Sect i on  E-E 

( F ig u r e  3 ) .  The d ip  r a t e  i s  l ow ,  and the aggregate th i c k n e ss  

o f  r e s e r v o i r  beds i s  g r e a t .  As a r e s u l t ,  the w id th  of  the 

band o f  o i l  pay i s  g r e a t .  Sec t i on  F-F ( F i g u re  3) extends 

f rom n o r t h e a s t e r n  P o t t e r  County i n t o  no r thwes te rn  Carson 

County,  pass ing near the d i s c o v e r y  o i l  we l l  i n  t he Panhandle 

F i e l d ,  and t e rm in a t e s  i n  c e n t r a l  Hutch inson County.  There
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are more r e s e r v o i r  beds p r esen t  i n  t h i s  area than i n  any 

o t h e r  p a r t  o f  t he Panhandle f i e l d .  They are f rom top to 

bo t tom.  Brown Do l om i t e ,  Whi te Do lo m i t e ,  A r ko s i c  d o l o m i t e ,  

A r ko s i c  l i m e s t o n e ,  and G ra n i t e  Wash. The angle o f  d i p  i s  

low i n  t h i s  a rea ,  so t h a t  t he i n t e r s e c t i o n  o f  the o i l  column 

w i t h  a l l  these r e s e r v o i r  beds produces a wide band o f  o i l  

pay.  M i g r a t i o n  o f  o i l  was l i m i t e d  southward by i n t e r s e c t i o n  

o f  t he  o i l  column w i t h  g r a n i t e .  I f  a p r o f i l e  were drawn 

across no r thwe s te rn  Hutch inson County,  i t  would show the 

o i l  column i n t e r s e c t i n g  Brown Dolomi te,  Whi te Do lomi te ,  

and the  Moore County Limestone f rom eas t  t o  west .  M i g r a t i o n  

o f  o i l  would have been h a l t e d  by the dense Moore County 

l i m e s to n e .  A band o f  o i l  p r o d u c t i o n  i s  p resent  i n  the Moore 

County Limestone a long the edge of  the f i e l d  as a r e s u l t  o f  

p o r o s i t y  development  i n  the top o f  t h a t  u n i t .  I t  i s  p r o ­

d u c t i v e  i n  very  few p laces beyond t h i s  c o n t a c t ,  except  where 

i n t e n s e  f r a c t u r i n g  has c r ea ted  a l o c a l  r e s e r v o i r .  The d i p  

i s  low in  t h i s  a rea ;  hence,  the band o f  o i l  p r o d u c t i o n  i s  

r e l a t i v e l y  wide i n  no r th we s t e r n  Hutchinson County.  F igu re  4 

(H a lb o u t y ,  1969) shows the o i l  p r o d u c t i v e  areas f o r  the 

r e s e r v o i r s  o f  the Panhandle o i l  f i e l d .  Each symbol r e p r e ­

sents the i n t e r s e c t i o n  o f  a r e s e r v o i r  bed w i d th  o f  the o i l  

column. P r o g r e s s i v e l y  o l d e r  r e s e r v o i r s  are found in  an 

updip d i r e c t i o n .  The w id th  o f  the p r o d u c t i v e  band and the 

number o f  r e s e r v o i r s  are g r e a t e s t  where the angle o f  d ip  i s
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l e a s t ,  as i n  southwestern Hutch inson County.  Converse l y ,  

the p r o d u c t i v e  bed i s  na r rowes t  where the r e s e r v o i r s  are the 

fewest  and the d ip  i s  s t e e p ,  as i n  Wheeler County.  The 

most p r o d u c t i v e  r e s e r v o i r  i s  the o o l i t i c  zone in  the Brown 

Do!omi t e .
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FIELD HISTORY AND DEVELOPMENT

The Panhandle o i l  f i e l d  which was d i scovered i n  1921 

i s  the second l a r g e s t  o i l  f i e l d  i n  the Un i ted States  i n  terms 

o f  cu m u l a t i v e  p r o d u c t i o n ,  a p p ro x im a t e l y  1.7 b i l l i o n  b a r r e l s .  

The o i l  f i e l d  i s  a c t u a l l y  an o i l  r im on the g i a n t  Hugoton-  

Panhandle gas f i e l d ,  w i t h  approx imate cum u l a t i ve  p r o d u c t i o n  

o f  t h i r t y - f i v e  TCP ( W i l l i a m  D i f f i n ,  1982).

Th is  f i e l d  i s  over  a hundred m i les  long and v a r i e s  in  

w id t h  f rom a few m i les  to  over  ten m i l e s .  I t  i s  cont i nuous  

except  a t  t he  so u t heas te rn  end,  where th e re  are smal l  sk ip s  

and a long the southwestern f l a n k  where t h e re  are s c a t t e r e d  

o u t p o s t  po o ls .  A l l  o i l  r e s e r v o i r  u n d e r l i e  the Panhandle 

gas f i e l d  (Bryan Denson, 1960).  O i l  i s  found in  the s e r ie s  

o f  d o l o m i t e s ,  l i m e s t o n e s ,  and g r a n i t e  washes a t  depths ap­

p r o x i m a t e l y  a hundred f e e t  below sea l e v e l  t o  two hundred 

f e e t  above. The we l l  depths vary  f rom two thousand one 

hundred f e e t  t o  over  th r e e  thousand f o u r  hundred f e e t .

E a r l y  major  development  began in  1925 and la s t e d  u n t i l  

1930. Development o f  the f i e l d  ex t en s io ns  has been more or  

less  cont i nuous  s ince  th e n ,  t he  r a te  depending upon the 

economic c o n d i t i o n s  a t  the t im e .  Most o f  the e a r l y  w e l l s  

were d r i l l e d  w i t h  cab le t o o l  r i g s .  I f  s t i m u l a t i o n  was 

needed, n i t r o g l y c e r i n  i n  e i t h e r  l i q u i d  o r  j e l l i e d  form was 

used. L a t e r ,  t he  p r a c t i c e  o f  us ing r o t a r y  t o o l s  to  se t  the 

p r o d u c t i o n  s t r i n g  o f  cas ing  became p o p u la r .  Most o f  the
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w e l l s  are now being d r i l l e d  by r o t a r y  methods a l l  the way, 

cement ing cas ing through the f o r m a t i o n ,  p e r f o r a t i n g ,  and 

us ing h y d r a u l i c  f r a c t u r i n g  methods. The new developments in  

d r i l l i n g  and co mp le t i on  techn iques  have r e s u l t e d  i n  the 

development  o f  areas w i t h  l e ss  and less  pay s e c t i o n  and o i l  

r e s e r v e s .  S o l u t i o n  gas expansion has been the p r i n c i p l e  

produc ing  f o r c e  w i t h  g r a v i t y  d ra inage .  E a r l y  a t tempts  a t  

i n c r e a s i n g  the rec ov e ry  were made by p u t t i n g  an e x t e r n a l  

f o r c e  i n t o  the r e s e r v o i r .  The f i r s t  a t t e m p t ,  1944, was 

begun by i n j e c t i o n  o f  water  by Magnol ia Pet ro leum Company in  

Hutch inson County.  L a t e r ,  i n  1946, gas was i n j e c t e d  by West 

Pampa A s s o c i a t i o n  i n  the West Pampa area where o i l  p roduc­

t i o n  had been d e c l i n i n g  f o r  severa l  y e a rs .  In 1946, a 

thermal  f l o o d  was at tempted south o f  Pampa, i n  Gray County 

but  proved to  be u n s u c c e s s f u l . Since t h e n , many p r o j e c t s  

i n c l u d i n g  gas i n j e c t i o n ,  wa ter  f l o o d ,  LPG, and thermal  

re cove ry  were t e s t e d  as a means to  i nc rease  the r e c o v e r y .

( Performance o f  t hese p r o j e c t s  v a r ie d  between f a i l u r e  and 

success ) .

Reviewing and e v a l u a t i n g  the per formance o f  some o f  the 

p r o j e c t s  w i l l  be d i scussed l a t e r .
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REVIEW OF THE SECONDARY RECOVERY PROJECTS 

IN THE TEXAS PANHANDLE OIL FIELD

Since 1944, many a t tempts  have been made t o  i n c rease  

the o i l  r ecove ry  f rom the Texas Panhandle o i l  f i e l d ,  which 

are i n  Hu tch inson ,  Gray,  Carson,  and Wheeler Cou n t ie s ,  as 

they are shown in  F igure  1.

One thermal  r e c o v e r y ,  s i x t y - s i x  wa te r  f l o o d ,  seventeen 

gas i n j e c t i o n ,  and f o u r  LPG i n j e c t i o n  p r o j e c t s  were under ­

taken .

The f i e l d  i n  genera l  showed a wide range o f  responses

t o  the d i f f e r e n t  p r o j e c t s ,  which i s  p robab ly  due to  one or

more o f  the f o l l o w i n g  reasons (Rober t  Gray,  1962):

a) Wide range p o r o s i t y  and p e r m e a b i l i t y ;

b) Wide range i n  the r e l a t i v e  p e r m e a b i l i t y  to 

w a t e r ,  p o s s i b l y  due to  d i f f e r e n t  s a t u r a t i o n  

condi  t i o n s  ;

c) Format ion f r a c t u r e s  i n h e r e n t  i n  the r e s e r v o i r .

The o n ly  thermal  p r o j e c t  us ing in s i t u  combust ion was

i g n i t e d  i n  Gray County the f i r s t  week o f  October  1965, and 

was suspended i n  September 1966 (Fred J .  Neslage,  1966).

The o i l  p r o d u c t i o n  data i n d i c a t e  t h a t  p o s s ib le  b e n e f i t s  

were m ino r .

Four LPG p r o j e c t s  were under taken (Nes lage,  1966):  

one i n  Moore County,  two in  Gray County,  and one in  

Hutch inson County.  These p r o j e c t s  d id  not  show any i nc rease
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i n  o i l  p r o d u c t i o n .  The one i n  Moore County was suspended in  

1958, t he two in  Gray County were suspended in  1962, and 

the one i n  Hutch inson County was suspended in  1966. Of a l l  

t he gas and wa ter  i n j e c t i o n  p r o j e c t s  i n i t i a t e d  i n  the a r e a ,

12 gas i n j e c t i o n  and 39 wa ter  i n j e c t i o n  p r o j e c t s  were sus­

pended because o f  no response i n  the o i l  p ro d u c t i o n  r a t e .  

These p r o j e c t s  were d i s t r i b u t e d  as f o l l o w s :

a) Three gas i n j e c t i o n  and f i v e  wa te r  i n j e c t i o n  

p r o j e c t s  i n  Gray County ;

b) Three gas i n j e c t i o n  and f o u r  water  i n j e c t i o n  

p r o j e c t s  i n  Carson County;  and

c)  F ive gas i n j e c t i o n  and 30 wa te r  i n j e c t i o n  p r o j e c t s  

i n  Hutch inson County.

C h a r a c t e r i s t i c s  o f  the gas i n j e c t i o n  p r o j e c t s  are :

1) Few i n j e c t i o n  w e l l s  were used compared to  the t o t a l  

p roduc ing  w e l l s ,  r a t i o  o f  1 to  10 through 1 to  28, and

2) Gas was i n j e c t e d  f o r  an average t ime o f  seven 

years  w i t h  l i t t l e  or  no a p p re c i a b le  b e n e f i t s .

The c h a r a c t e r i s t i c s  o f  the wa te r  i n j e c t i o n  p r o j e c t s  are :

1) Few i n j e c t i o n  w e l l s  were used in  a smal l  area ;

2) Water was i n j e c t e d  f o r  a s h o r t  t i m e ;  and,

3) Quick response i n  the o i l  p r o d u c t i o n  was observed 

due t o  the i n j e c t i o n  o f  w a t e r ,  but  t h i s  response l a s t e d  f o r  

a s h o r t  t im e .  F ive gas i n j e c t i o n  and twen ty -seven wa te r  

i n j e c t i o n  p r o j e c t s  were a c t i v e  i n  the Panhandle o i l  f i e l d
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i n  Texas a t  t he t ime o f  t h i s  s tudy .

The twen ty -seven a c t i v e  wa te r  f l o o d  p r o j e c t s  were 

d i s t r i b u t e d  as f o l l o w s :

1) Two p r o j e c t s  i n  Carson County (No. 13 and No. 21,  

Appendix A ) ,  c o n s i s t  o f  two leases and one o p e r a t o r  having 

a t o t a l  o f  two hundred and s e v e n t y - e i g h t  w e l l s ,  d r i l l e d  on 

ten acres spac ing .  In the f i r s t  p r o j e c t  (No. 13, Appendix A), 

wa ter  i n j e c t i o n  commenced i n  August  1961 a t  s i x  water  i n p u t  

w e l l s ,  in  two f i v e - s p o t  p a t t e r n s  w i t h  an i n j e c t i o n  r a te  

ave rag ing  500 -  600 BWPD/input w e l l .

In the second p r o j e c t  ( P r o j e c t  No. 21, Appendix A ) ,  

wa te r  i n j e c t i o n  commenced i n  J u l y  1963 i n t o  a s i n g l e  f i v e -  

spot  p a t t e r n , us ing f o u r  w e l l s  f o r  wa te r  i n p u t  and one we l l  

as a p roduc ing  w e l l .  Two years  l a t e r  response had not  y e t  

occur red even though 1.3 m i l l i o n  b a r r e l s  o f  wa ter  had been 

i n j e c t e d .  I n j e c t i v i t y  surveys i n d i c a t e d  t h a t  t he water  was 

e n t e r i n g  the p roduc ing  fo rm a t i o n  a t  the we l l  bore but  what 

happened to  i t  a f t e r  t h a t  remained a mystery  ( M o r in g , 1967),  

( J .C .  Henry and J .D.  Mori  n g , 1967).  A t e s t  w e l l  was d r i l l e d  

ha l fway between one o f  the f o u r  i n j e c t i o n  w e l l s  and the 

c e n t e r  p r o d u c t i o n  w e l l ,  t o  f i n d  out  i f  the water  was a c t u a l l y  

s t a y i n g  i n  the f o r m a t i o n .  The t e s t  w e l l  was put  on pump and 

t e s t e d  f o r  18 days.  Then a bot tom hole p ressure read ing  was 

taken and the c h l o r i d e  co n te n t  o f  the produced water  was 

measured. From t h i s  d a t a ,  the f o l l o w i n g  t h re e  f a c t o r s



ER-2872 16

emerged as p r o o f  t h a t  the f l o o d  f r o n t  had passed the t e s t  

w e l l  a t  the t ime i t  was d r i l l e d :

a) High r e s e r v o i r  p res su re :  Most o f  the w e l l s  i n  the

v i c i n i t y  o f  the t e s t  w e l l  had bot tom hole pressures  c lose  to  

100 pounds. When the t e s t  w e l l  was s h u t - i n  f o r  72 hou rs ,

a bot tom hole pressure o f  181 psi  was measured. Two and a 

h a l f  months l a t e r  the p ressure was 228 p s i ,  and e i g h t  months 

l a t e r  i t  was 290 p s i .  Th i s  i s  one o f  the best  i n d i c a t i o n s  

t h a t  the f l o o d  f r o n t  had passed the t e s t  we l l  a t  the t ime 

i t  was d r i l l e d .

b) High water  c u t :  The we l l  was p r o d u c t i o n  t e s t e d  f o r

18 days and i t  averaged 4 b a r r e l s  o f  o i l  per day and 20 

b a r r e l s  o f  wa ter  per  day (a wa te r  cu t  o f  83 p e r c e n t ) .  This 

i s  s i g n i f i c a n t  because the o f f s e t  w e l l s  had never  produced 

any wa te r .

c) Low c h l o r i d e  c o n t e n t  i n  the produced w a te r .  The 

produced wa ter  was analyzed two d i f f e r e n t  t im e s ,  once on 

August  2, and again on August  27, 1965. On the f i r s t  t e s t ,  

the c h l o r i d e  c o n te n t  was 24,000 ppm, and on the second t e s t  

i t  was 29,000 ppm. No rm a l l y ,  the c h l o r i d e  c o n te n t  o f  the 

produced wa te r  f rom the p r o d u c t i o n  zone w i l l  be over  a 

hundred thousand p a r t s  per  m i l l i o n .  This  p r o j e c t  was ex ­

panded t w i c e ,  f i r s t  i n  March 1966 w i t h  the a d d i t i o n  o f  

f i v e  more i n p u t  w e l l s ,  second a t  the end o f  1966 w i t h  the 

a d d i t i o n  o f  seven more i n p u t  w e l l s .  The area a f f e c t e d  by
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the wa te r  f l o o d  p r o j e c t  had been under gas i n j e c t i o n  s ince 

1952.

2) Six p r o j e c t s  i n  Hutch inson (No. 1, 5,  6,  9,  15, 18; 

Appendix A ) ,  c o n s i s t  o f  f o u r t e e n  leases and s i x  o p e r a t o r s ,  

hav ing a t o t a l  o f  t h r e e  hundred and ten w e l l s ,  most o f  them 

d r i l l e d  on ten acres spac ing .

P r o j e c t s  No. 1 and No. 6 are reviewed in  Appendix B.

In P r o j e c t  No. 5,  wa te r  i n j e c t i o n  commenced in  June 1965 w i t h  

f o u r  i n p u t  w e l l s ,  and one we l l  o u t s id e  the f l o o d  area was 

used f o r  s a l t  wa te r  d i s p o s a l .  I n i t i a l  i n j e c t i o n  ra te s  were 

about  320 -  340 BWPD per  i n p u t  w e l l ,  and as o f  August  1966, 

an average o f  482 BWPD per  i n p u t  we l l  was i n j e c t e d  a t  zero 

su r fa ce  p r ess u r e .  In P r o j e c t  No. 9,  wa ter  i n j e c t i o n  com­

menced in  October  1960 w i t h  ten i n p u t  w e l l s .  On A p r i l  1, 

1966, t h re e  p roduc ing  w e l l s  were conve r ted  to  i n j e c t i o n  w e l l s  

and one i n j e c t i o n  we l l  was suspended,  then the number o f  

i n j e c t i o n  w e l l s  became twe lve  t o  22 p roduc ing  w e l l s .  O i l  

response was ob ta ined  i n  December 1960, two months a f t e r  

s t a r t  o f  i n j e c t i o n  and reached i t s  peak o f  343 BOPD in  

March 1961, then began to  d e c l i n e .  This  d e c l i n e  con t i nued 

to  June 1966, when the lease was p roduc ing 124 BOPD.

In P r o j e c t  No. 15, wa ter  i n j e c t i o n  commenced in  A p r i l  

1964, a t  t h r e e  i n p u t  w e l l s ,  and by September 1966 th e re  were 

seven i n p u t  w e l l s  and t w e n t y - f o u r  p roduc ing w e l l s .  Water 

i n j e c t i o n  r a t e  was 300 BWPD per  i n p u t  w e l l ;  and l a t e r ,  the
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r a te s  were i nc reased  to  450 -  500 BWPD per  i n p u t  w e l l .

P r o j e c t  No. 18, c o n s i s t s  o f  seven leas es ,  which are Gary,  

Houck, Kay, L i z z i e ,  S t a p l e s ,  Supreme, and Thompson. The p r o ­

ducing f o r m a t i o n  i s  the Brown Do lomi te .  The w e l l  p a t t e r n  i s  

i r r e g u l a r  w i t h  a p p r o x i m a te l y  16 to 20 acres per w e l l .  Water 

i n j e c t i o n  was commenced i n  J u l y  1958, on the Supreme lease 

and a c c o r d i n g l y ,  o i l  p r o d u c t i o n  on the Supreme lease was the 

f i r s t  to  show an i n c r e a s e .

On the Gray l e a s e ,  wa ter  i n j e c t i o n  commenced in  January 

1961, us ing one i n p u t  we l l  and by Fe b r u a ry , t h re e  i n p u t  w e l l s  

were used.

The Houck lease has two produc ing  w e l l s ,  and no i n j e c ­

t i o n  w e l l ,  and i s  east  and a d ja ce n t  t o  the P h i l l i p s -S u p r e m e  

lease .  This  l ease showed o i l  response soon a f t e r  i n j e c t i o n  

commenced on the Supreme lea se .

The Kay l ease i s  west  o f  the Supreme and L i z z i e  leases 

and has f i v e  a c t i v e  i n j e c t i o n  w e l l s  and one i n j e c t i o n  we l l  

t h a t  has been d i s c o n t i n u e d .  F i r s t  response appeared on the 

n o r t h  end o f  the lease i n  I96 0 ,  soon a f t e r  the s t a r t  o f  

wa te r  i n j e c t i o n .

Water i n j e c t i o n  on the Stap les  lease commenced i n  

September o f  1961 i n  one i n p u t  w e l l ,  by May 1962 f o u r  i n j e c ­

t i o n  w e l l s  were used. Resu l t s  f rom the i n j e c t i o n  were 

r a t h e r  d i s a p p o i n t i n g  except  f o r  Wel l  No. 2 which responded 

i n  June 1961, and reached a peak o f  69 b a r r e l s  o f  o i l  per 

day i n  March 1962. By June 1963, the w e l l  was down to  zero
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b a r r e l s  o f  o i l  per  day.

The R.E. Thompson lease has f o u r  wa te r  i n j e c t i o n  w e l l s  

and e i g h t  p roduc ing  w e l l s .  I n j e c t i o n  commenced du r i ng  

September 1961. No p a r t i c u l a r  p a t t e r n  o f  o i l  p r o d u c t i o n  

response has o cc u r r e d ;  however,  s l i g h t  o i l  and water  i nc reases  

were noted i n i t i a l l y  on the south end o f  the l e ase .  At the 

t ime wa te r  i n j e c t i o n  s t a r t e d ,  the lease was produc ing 27 BOPD. 

Dur ing  1965, t he l ease has averaged 157 BOPD, which was i t s  

peak y e a r .  C u r r e n t l y , t he l ease i s  produc ing 58 BOPD.

3) Nineteen a c t i v e  wa te r  i n j e c t i o n  p r o j e c t s  e x i s t  i n  

Gray County (Nos. 2,  3,  4,  7,  8,  10, 11, 12, 14, 16, 17, 19, 

20,  22,  23,  24,  25,  26,  27;  Appendix A ) ,  which c o n s i s t s  o f  a 

hundred and twenty  l eases .

In P r o j e c t  No. 2,  water  i n j e c t i o n  was commenced in  

December 1963. Stage 1 area c o n s i s t s  o f  650 acres w i t h  46 

p roduc ing  w e l l s ,  18 wa ter  i n j e c t i o n  w e l l s .  Two p i l o t  ope ra ­

t i o n s  have been s t a r t e d  on the Stage 1 a rea.  In the n o r t h ­

eas t  s e c t o r  a t w e n t y -a c r e  f i v e - s p o t  w i t h  f o u r t e e n  water  

i n j e c t i o n  w e l l s  was developed and in  the southwest  s e c t o r ,  

a l i n e  d r i v e  w i t h  f o u r  wa te r  i n j e c t i o n  w e l l s  was deve loped.  

Water i n j e c t i o n  was commenced in  December 1963 in  the 

e igh teen  wa ter  i n j e c t i o n  w e l l s .  I n i t i a l l y ,  the r a t e  o f  i n ­

j e c t i o n  was c o n t r o l l e d  a t  300 BWPD per  w e l l ,  but  i n  March 

1964, t h i s  r a t e  was inc reased to  500 BWPD per i n p u t  w e l l .

Seven p roduc ing w e l l s  i n d i c a t e d  some o i l  response.  Stages



ER-2872 20

2, 3 and 4 i n c l u d e  the rema in ing 1,431 acres i n  the u n i t  w i t h

99 p roduc ing  w e l l s ,  18 gas i n j e c t i o n  w e l l s  and 7 i d l e  w e l l s .

In P r o j e c t  No. 3, t h e re  were twe lve  w e l l s  d r i l l e d  on a t e n -  

acre p a t t e r n .  The p roduc ing  fo rm a t i o n  being f l ooded  i s  the 

Brown Do lomi te  a t  a depth o f  a p p r o x im a te l y  3150 - 3250 f e e t .  

Th i s  lease i s  o f f s e t  on the west ,  n o r t h ,  and east  by the 

Kewanee-South Pampa w a t e r - f 1ood ( P r o j e c t  No. 8 ) .  Water 

i n j e c t i o n  commenced i n  September 1964 i n  t h re e  i n p u t  w e l l s .  

Dur ing 1966, t he l ease was p roduc ing  75 BOPD and 95 BWPD, 

o f  which 50 BOPD i s  c r e d i t e d  to  the wa te r  i n j e c t i o n  program. 

In P r o j e c t  No. 4,  t h e re  are 14 l e a se s ,  i n  which wa te r

i n j e c t i o n  commenced i n  J u l y  1963. Most o f  the 31 i n p u t  w e l l s

were p laced in  o p e r a t i o n  i n  J u l y  1963, w i t h  the remain ing 

i n p u t  w e l l s  placed in  o p e ra t i o n  w i t h i n  th re e  months.  The 

f o r m a t i o n  i s  t he Brown Dolomi te  a t  2900 f e e t  w i t h  an e f f e c ­

t i v e  t h i c k n e s s  o f  43 f e e t ,  average p o r o s i t y  16.9% and 

average p e r m e a b i l i t y  20.4 mds (Fred J .  Neslage,  1966).  

S u b s t a n t i a l  o i l  response occu r red  on a l l  l eases .

In P r o j e c t  No. 7, t h e re  i s  one o p e r a t o r ,  Kewanee, w i t h  

13 d i f f e r e n t  a r eas ,  d i s t r i b u t e d  as f o l l o w s :

a) Champan, which c o n s i s t s  o f  n ine w e l l s .  One o f  them 

was conver ted t o  s a l t  wa ter  d i sp os a l  d u r i ng  February 1963, 

and t h re e  more w e l l s  were conver ted to  wa te r  i n j e c t i o n  d u r ­

ing March 1966. No response i n  o i l  p r o d u c t i o n  r a t e  has been 

r e p o r t e d ,  but  response in  wa ter  p r o d u c t i o n  a t  one we l l  was
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noted soon a f t e r  i n j e c t i o n  commenced.

b) East  Morse u n i t ,  which c o n s i s t s  o f  seven leases 

w i t h  a t o t a l  o f  60 w e l l s .  Water i n j e c t i o n  commenced in  

September 1960 i n  32 i n p u t  w e l l s .  The area i s  developed 

on a r e g u l a r  t en acre spac ing p a t t e r n .  O i l  p r o d u c t i o n  de­

c l i n e d  f rom 150 BOPD in  J u l y  and August  1960, t o  80 BOPD in  

December 1960. From December 1960, o i l  p r o d u c t i o n  was on a 

r i s i n g  t r e n d , but  i t  peaked a t  759 BOPD in  October  1964. As 

o f  June 1966, the l ease i s  produc ing a t  a d a i l y  r a t e  o f  521 

BOPD.

c) G e th ing ,  which c o n s i s t s  o f  t h re e  l e a s e s ,  has a t o t a l  

o f  30 w e l l s .  Development i s  on a t e n - a c r e  p a t t e r n  and the 

f l o o d  i s  developed as a l i n e  d r i v e .  The produc ing f o rm a t io n  

i s  Brown Do lomi te .  Water i n j e c t i o n  commenced i n  February 

1963 a t  s i x  w e l l s ,  ano the r  t h re e  w e l l s  were conve r ted  to  

wa ter  i n j e c t i o n  i n  May 1963. One w e l l  was conve r ted  to  an 

i n p u t  w e l l  i n  December 1964, and ano ther  w e l l  was conve r ted  

t o  an i n p u t  w e l l  i n  February 1965. Dur ing June 1963, on l y  

f o u r  months a f t e r  i n j e c t i o n  s t a r t e d ,  the f i r s t  response was 

no ted .  Since t h e n , response i n  o i l  p r o d u c t i o n  has been 

noted i n  a l l  p roduc ing  w e l l s .  I t  i s  es t im a ted  t h a t  a p p r o x i ­

ma te ly  90 pe rcen t  o f  the c u r r e n t  o i l  p r o d u c t i o n  i s  due t o  

the  wa ter  i n j e c t i o n  program.

d) The Johnson A W a te r f 1ood, which c o n s i s t s  o f  a t o t a l  

o f  t h r e e  w e l l s .  Water i n j e c t i o n  commenced in  October  1962,
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a t  one i n p u t  w e l l .  There was no ev idence o f  response in  

o i l  p r o d u c t i o n  f rom the wa te r  i n j e c t i o n  as o f  J u l y  1966 

(Fred Neslage,  1966).

e) KSAM U n i t ,  which c o n s i s t s  o f  f o u r  leases w i t h  a 

t o t a l  o f  26 w e l l s  developed on a te n - a c r e  p a t t e r n . Twelve 

i n p u t  w e l l s  were used o t  i n j e c t  w a te r ,  in  the Brown Dolomi te 

f o r m a t i o n .  Water i n j e c t i o n  commenced i n  March 1962 a t  ten 

i n p u t  w e l l s ,  f o l l o w e d  by one i n p u t  we l l  i n  December 1963, 

and the o t h e r  one i n  December 1965. Dur ing March 1962, the 

u n i t  area was produc ing  20 BOPD. Th is  r a t e  g r a d u a l l y  i n ­

c reased ,  reach ing  a peak o f  601 BOPD in  January 1965. Dur ing 

June 1966, the u n i t  averaged 270 BOPD, a l l  o f  which was 

c r e d i t e d  t o  the wa ter  i n j e c t i o n  program (Fred Neslage,  1966).

f ) Morse Area,  which c o n s i s t s  o f  n ine  l e a s e s ,  w i t h  a 

t o t a l  o f  28 w e l l s .  Water i n j e c t i o n  commenced in  1959, us ing 

ten i n p u t  w e l l s .  O i l  p r o d u c t i o n  f rom t h i s  area f o l l o w e d  a 

normal  d e c l i n e  t r e n d  through  J u l y  1962, a t  which t ime o i l  

p r o d u c t i o n  was on ly  22 BOPD. From t h i s  t im e ,  o i l  p r o d u c t i o n  

g r a d u a l l y  increased  and d u r i n g  1963 averaged 50 BOPD. In 

1964 i t  averaged 94 BOPD, i n  1965 i t  averaged 105 BOPD and 

d u r i n g  the f i r s t  s i x  months o f  1966 i t  averaged 112 BOPD.

g ) Morse F lood,  c o n s i s te d  o f  a t o t a l  o f  68 w e l l s .

Water i n j e c t i o n  commenced in  J u l y  1955 in  two w e l l s .  From 

the p i l o t  s tag e ,  i n j e c t i o n  w e l l s  were added u n t i l  J u l y  1962,
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when th e re  were 31 a c t i v e  i n j e c t i o n  w e l l s .  Since th e n ,  f i v e  

a d d i t i o n a l  w e l l s  have been added. The i n j e c t i o n  w e l l  p a t t e r n  

i s  i r r e g u l a r ,  rang ing  f rom a t e n - a c r e  l i n e  d r i v e  p a t t e r n  i n  

one area t o  a twenty  acre f i v e - s p o t  i n  one area and a t e n -  

acre f i v e - s p o t  i n  ano th e r .  Dur ing June 1966, the Morse Flood 

produced 16,303 b a r r e l s  o f  o i l ,  a l l  o f  which i s  c r e d i t e d  to  

the wa te r  i n j e c t i o n  program.

h) P h i l l i p s ,  which c o n s i s t s  o f  a t o t a l  o f  f o u r  w e l l s  

d r i l l e d  on a t e n - a c r e  p a t t e r n . One i n p u t  w e l l  was used f o r  

wa te r  i n j e c t i o n .  No ev idence o f  response in  o i l  p r o d u c t i o n  

f rom wa te r  i n j e c t i o n  has occur red (Fred Neslage,  1966).

i )  Shor t  and Shor t  A and B, which c o n s i s t s  o f  a t o t a l  

o f  14 w e l l s  d r i l l e d  on a t e n - a c r e  spac ing .  The produc ing  

f o r m a t i o n  i s  t he Brown Dolomi te a t  2,959 f e e t  which i s  89 

f e e t  t h i c k  w i t h  18% p o r o s i t y ,  6md p e r m e a b i l i t y  and 30% con­

nate w a t e r .  Five w e l l s  were used f o r  wa te r  i n j e c t i o n .  Major  

response in  o i l  p r o d u c t i o n  r a t e  has been noted i n  Shor t  A 

where Well  No. 1A inc reased f rom 1 BOPD to  100 BOPD and the 

No. 4A has i nc reased  f rom 1 BOPD to  12 BOPD. As o f  June 30, 

1966, 82,845 b a r r e l s  o f  w a t e r f 1ood o i l  had been produced.

j )  Webb and Huselby ABC W a t e r f ! o o d , which c o n s i s t s  o f  

a t o t a l  o f  88 w e l l s ,  d r i l l e d  on a t e n - a c r e  p a t t e r n .  In p r e ­

p a r i n g  f o r  the f l o o d i n g  o p e r a t i o n ,  an i n j e c t i o n  w e l l  was 

d r i l l e d  i n  the c e n t e r  o f  each vacant  t e n - a c r e s  on the 

Kewanee-Webb lea se .  These w e l l s  were used f o r  i n j e c t i o n  and
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t he f l o o d i n g  p a t t e r n  i s  a t e n -a c r e  f i v e - s p o t .  Water i n j e c ­

t i o n  commenced in  March 1959 a t  32 i n p u t  w e l l s .  I n j e c t i o n  

w e l l s  were added u n t i l  by May 1965 when t h e re  were f i f t y  

i n j e c t i o n  w e l l s .  Peak p r o d u c t i o n  o f  2,403 b a r r e l s  o f  o i l  

per  day was recorded in  March 1963. Since then the lease 

has been on a gradual  d e c l i n e  and d u r i n g  the f i r s t  s i x  months 

o f  1966 averaged o n ly  144 b a r r e l s  o f  o i l  per  month o r  4.6 

BOPD per  p roduc ing  w e l l .

k ) West Morse Group, which c o n s i s t s  o f  a t o t a l  o f  35 

w e l l s .  Water i n j e c t i o n  commenced in  J u l y  and August  1959 a t  

19 i n p u t  w e l l s .  O i l  p r o d u c t i o n  began to  i nc r eas e  soon a f t e r  

t he  i n j e c t i o n  commenced. P roduc t i on  g r a d u a l l y  increased 

f rom a low o f  69 BOPD in  September 1959, t o  a peak o f  273 

BOPD in  June 1961. From the peak reached in  1961, o i l  p r o ­

d u c t i o n  d e c l i n e  through 1964 when i t  averaged 135 BOPD.

Dur ing the l a s t  q u a r t e r  o f  1965 remedia l  work was per formed 

such t h a t  the p r o d u c t i o n  d u r i ng  the f i r s t  s i x  months o f  1966 

averaged 180 BOPD.

1) West Webb con ta ined  a t o t a l  o f  24 w e l l s .  The p r o ­

duc ing f o r m a t i o n  i s  the Brown Dolomi te and the p r o p e r t y  was 

developed on a t e n - a c r e  p a t t e r n .  A l i n e  d r i v e  i n j e c t i o n  

p a t t e r n  was used when wa ter  i n j e c t i o n  commenced in  October  

1962 a t  e leven i n p u t  w e l l s .  In October  o f  1962 the p roduc­

t i o n  was 53 BOPD. From t h i s  p o i n t ,  i t  began a gradual  up­

t r e n d  u n t i l  i t  reached a peak o f  512 BOPD in  J u l y  1964,
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f rom which i t  has g r a d u a l l y  d e c l i n e d ,  reach ing  241 BOPD in  

June 1966.

P r o j e c t  No. 8,  which c o n s i s t s  o f  twe lve  leases and has 

a t o t a l  o f  88 w e l l s  d r i l l e d  on a te n - a c r e  p a t t e r n . Water

i n j e c t i o n  commenced i n  J u l y  1964 a t  27 i n p u t  w e l l s  developed

w i t h  a f i v e - s p o t  p a t t e r n ,  i n c l u d i n g  the 61 produc ing w e l l s .  

I n i t i a l l y ,  i t  was planned to  i n j e c t  500 BWPD per i n p u t  w e l l ,  

but  t h i s  goal  has not  been ma in ta ined due to  h igh i n j e c t i o n  

p ressures  encountered soon a f t e r  i n j e c t i o n  s t a r t e d  (Fred 

Neslage,  1966).  Some response in  o i l  and wa te r  p r o d u c t i o n  

r a t e  has been noted a t  43 w e l l s .  F rac tu res  and high perme­

a b i l i t y  s t r e a ks  i n  the produc ing fo rm a t i o n  have p e r m i t t e d  

wa te r  t o  m ig ra t e  to  o f f s e t  w e l l s  which have r e s u l t e d  in  high 

wa t e r  o i l  r a t i o s .

In P r o j e c t  No. 10, the area i n c lu de s  1,740 acres w i t h

160 w e l l s  d r i l l e d  p r i m a r i l y  on a te n - a c r e  s p a c i n g . Format ion

data are : Brown Dolomi te  a t  2,800 - 2,900 f e e t , t h i c k n e s s

30 - 70 f e e t ,  p o r o s i t y  12% - 18%, p e r m e a b i l i t y  10 - 20 mds, 

and connate wa ter  35% - 42%. In t h i s  area t h e re  were s i x  

o p e ra to r s  work ing  on twe lve  l ea se s ,  which c o n t a in  a t o t a l  o f  

136 w e l l s .  Water i n j e c t i o n  commenced August  1962 a t  62 i n p u t  

w e l l s ,  and by March 1963, the t o t a l  o f  the i n j e c t i o n  w e l l s  

was 65. Response i n  o i l  p r o d u c t i o n  r a te  began to  appear 

about  s i x  months a f t e r  wa te r  i n j e c t i o n  commenced and by the 

end o f  1965, a l l  leases i n  the p r o j e c t  had shown response.
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In P r o j e c t  N o . 11, t he  wa ter  i n j e c t i o n  commenced in  

February 1965 a t  s i x  w e l l s  o f  a t o t a l  o f  24 w e l l s .  The i n ­

j e c t i o n  r a t e  was 250 BWPD per  i n p u t  we l l  t o  August  1965.

Then 300 BWPD per  i n p u t  w e l l  was i n j e c t e d  to  January 1966, 

and about  350 - 450 BWPD per  i n p u t  we l l  has been i n j e c t e d  

s in c e .  No s i g n i f i c a n t  response i n  o i l  p r o d u c t i o n  r a t e  has 

been i n d i c a t e d .

In P r o j e c t  No. 12, a p i l o t  p r o j e c t  w i t h  s i x  wa te r  i n p u t  

w e l l s  commenced in  August  1961. There have been two expan­

s ions o f  wa ter  i n j e c t i o n  o p e r a t i o n s .  The f i r s t  expansion 

i n v o l v e d  36 w e l l s  conver ted t o  i n p u t  w e l l s ,  o f  which 29 were 

conve r ted  i n  June 1964 and seven were conver ted  a t  i n t e r v a l s  

to  September 1965. The second expansion took p lace March 1, 

1966, and put  on an a d d i t i o n a l  37 i n p u t  w e l l s .  S u b s t a n t i a l  

i nc reases  i n  o i l  p r o d u c t i o n  have been ob ta ined  over  a p e r i od  

o f  a p p ro x i m a te l y  th re e  y e a rs .

In P r o j e c t  No. 14, wa te r  i n j e c t i o n  commenced March 1966 

in  12 o f  21 w e l l s  on the l ea se .  Format ion data are : Brown

Dolomi te  a t  2821 f e e t , p o r o s i t y  15%, p e r m e a b i l i t y  37.1 mds, 

and connate wa te r  35%. No a f f e c t  o f  water  i n j e c t i o n  ope ra ­

t i o n s  was noted du r i ng  the f i r s t  f i v e  months o f  o p e ra t i o n s  

through J u l y  1966.

In P r o j e c t  No. 16, wa te r  i n j e c t i o n  commenced December 

1961 i n  seven i n p u t  w e l l s  o f  a t o t a l  o f  27 w e l l s .  Format ion 

data are : Brown Dolomi te  a t  2950 f e e t , 60 f e e t  t h i c k n e s s .
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15% p o r o s i t y  10 mds. p e r m e a b i l i t y ,  and 30% connate wa te r .  

Dur ing the s i x  months p r i o r  t o  s t a r t  o f  wa te r  i n j e c t i o n ,  

the l ease averaged 63 BOPD. Dur ing the nex t  35 month 

p e r i o d ,  l i t t l e  change was noted as the l ease averaged o n ly  

59 BOPD (Fred Neslage,  1966).  The f i r s t  sus ta ine d  i n c rease  

occur red d u r i n g  December 1964, when the lease averaged 187 

BOPD. Dur ing 1965, the lease averaged 233 BOPD, and du r i ng  

the f i r s t  s i x  months o f  1966, the l ease has averaged 359 BOPD.

In P r o j e c t  No. 17, t h e re  were n ine teen  leases which 

cover  some 1,980 acres and con ta ined  a t o t a l  o f  181 w e l l s .

The p i l o t  f l o o d  area covers 320 acres and in c l u d e d  s i x  water  

i n j e c t i o n  w e l l s  and 24 p roduc ing  w e l l s .  The area being 

f l o od ed  i s  Brown Dolomi te a t  ap p ro x i m a te l y  3,220 -  3,290 

f e e t .  Water i n j e c t i o n  commenced in  February 1965. Response 

in  o i l  p r o d u c t i o n  r a t e  has been m a r g in a l .

In P r o j e c t  No. 19, wa te r  i n j e c t i o n  commenced in  

September 1965, a t  e i g h t  i n p u t  w e l l s  o f  a t o t a l  o f  23 w e l l s .  

Format ion data are : Dolomi te  fo rm a t io n  a t  3,000 f e e t , 25 

f e e t  t h i c k n e s s ,  12% average p o r o s i t y  and 20 md. p e r m e a b i l i t y .  

Dur ing 1965, p r i o r  t o  s t a r t  o f  i n j e c t i o n ,  the p r o j e c t  area 

averaged 21.6 BOPD. Dur ing the f i r s t  s i x  months o f  1966, 

t he p r o j e c t  area averaged o n ly  19.3 BOPD.

In P r o j e c t  No. 20,  wa ter  i n j e c t i o n  commenced in  June 

1964 i n  n ine  w e l l s  o f  the t o t a l  o f  113 w e l l s  developed on 

r e g u l a r  t e n - a c r e  spac ing .  The i n j e c t i o n  r a t e  was 474 BWPD
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per  i n p u t  w e l l .  The f o r m a t io n  data are : Brown Dolomi te  a t

3,150 f e e t ,  e f f e c t i v e  t h i c k n e s s  79 f e e t , p o r o s i t y  18.7% and 

wa te r  s a t u r a t i o n  38%. The o i l  d e c l i n e  r a t e  has decreased 

and o i l  p r o d u c t i o n  has l e v e le d  out  s ince water  i n j e c t i o n  

commenced.

In P r o j e c t  No. 22,  t h e re  were t h re e  leases a f f e c t e d  by 

w a t e r f ! o o d  o p e r a t i o n s .  Water i n j e c t i o n  began March 1959 a t  

seven w e l l s  and by January 1965, 13 water  i n p u t  w e l l s  were 

on o p e r a t i o n  and i n j e c t i o n  r a t e  was 100 BWPD per i n p u t  w e l l .  

S u b s t a n t i a l  response in  o i l  p r o d u c t i o n  has oc c u r re d .

In P r o j e c t  No. 23,  wa te r  i n j e c t i o n  commenced in  February

1963 a t  e i g h t  o f  the 13 w e l l s ;  i n j e c t i o n  r a t e  was 400 - 450

BWPD per  i n p u t  w e l l .  Format ion data are : Brown Dolomi te  a t

2,800 f e e t , e f f e c t i v e  th i c k n e s s  20 f e e t , p o r o s i t y  14%, and 

p e r m e a b i l i t y  10 to  500 mds. A l l  o i l  produced c u r r e n t l y  i s  

b e l i e v e d  t o  be a t t r i b u t e d  to  water  f l o o d i n g  o p e r a t i o n s .

In P r o j e c t  No. 24,  wa ter  i n j e c t i o n  commenced in  May

1965 in  13 w e l l s ,  then o p e r a t i o n s  were expanded in  March

1966 w i t h  the a d d i t i o n  o f  s i x  more i n p u t  w e l l s .  There were 

no s i g n i f i c a n t ,  sus ta in e d  i nc reases  i n  o i l  p r o d u c t i o n .

In P r o j e c t  No. 25, water  i n j e c t i o n  commenced in  March

1966 a t  12 w e l l s  o f  a t o t a l  o f  31 w e l l s  developed on a t e n -

acre spac ing .  The i n p u t  p a t t e r n  was a tw e n t y - a c r e  f i v e - s p o t .  

The f o r m a t i o n  data are : Brown Dolomi te  a t  2,800 f e e t ,  66

f e e t  pay,  14.5% p o r o s i t y ,  3 mds. p e r m e a b i l i t y  and 35% connate
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w a te r .  No a f f e c t  f rom wa te r  i n j e c t i o n  was r e p o r t e d .

In P r o j e c t  No. 26,  wa te r  i n j e c t i o n  commenced in  May 

1966 i n  26 w e l l s  o f  a t o t a l  o f  59 w e l l s .  The i n p u t  p a t t e r n  

was a t w e n t y -a c r e  f i v e - s p o t .  The fo rm a t io n  data are : Brown

Dolomi te  a t  2,900 f e e t , 62 f e e t  pay , 14.5% p o r o s i t y ,  5 mds. 

p e r m e a b i l i t y  and 35% connate wa te r .  No a f f e c t  f rom water  

i n j e c t i o n  o p e ra t i o n s  was r e p o r t e d .

In P r o j e c t  No. 27,  wa ter  i n j e c t i o n  began in  A p r i l  1962 

a t  one i n p u t  w e l l ,  more i n p u t  w e l l s  were added and by January 

1965 t h e re  were n ine i n p u t  w e l l s  i n  o p e r a t i o n . Format ion 

data are Brown Dolomi te a t  2,750 f e e t , 50 f e e t  t h i c k n e s s ,  

14.9% p o r o s i t y ,  6 .5 mds. p e r m e a b i l i t y  and 35% connate wa te r .  

Between November 1962 and J u l y  1963, o i l  p r o d u c t i o n  r a te  

i nc reased  s t e a d i l y  t o  a peak o f  a p p ro x i m a te l y  4,200 B0PM, 

f rom which i t  dropped to  a l e v e l  o f  about  3,400 B0PM du r i ng  

the f i r s t  h a l f  o f  1964. Most o f  the response t o  water  i n ­

j e c t i o n  has been i n  the o r i g i n a l  p i l o t  a rea.  The f i v e  a c t i v e  

gas i n j e c t i o n  p r o j e c t s  are d i s t r i b u t e d  as f o l l o w s :

1) Two p r o j e c t s  i n  Carson County which are :

a) C i t i e s  Serv i ce  -  Empire Gr a n i t e  Wash U n i t ,  which 

i s  a c o n s o l i d a t i o n  o f  f i v e  fo rmer  leases and 

i s  composed o f  24 produc ing  w e l l s  and f o u r  gas 

i n j e c t i o n  w e l l s  on a thousand a c r e s . U n i t  

development  has been g e n e r a l l y  on a tw e n t y - a c r e  

spac ing .  Gas i n j e c t i o n  commenced in  September



ER-2872 30

1960, a t  a r a t e  o f  250 MCF per  day per  i n p u t  

w e l l .  Since the s t a r t  o f  gas i n j e c t i o n ,  s i x  

new w e l l s  have been d r i l l e d .  By September 1966, 

t h e re  was a p r o j e c t e d  i n c rease  in  o i l  r e cove ry  

o f  806 b a r r e l s  per  a c r e . Th i s  i nc rease  i n  o i l  

r ecove ry  cou ld  be due to  the new w e l l s  or  both 

the new w e l l s  and gas i n j e c t i o n ,

b ) S k e l l y - S c h a f e r  Ranch, which has 16 gas i n p u t  

w e l l s  o f  which s i x t e e n  were placed in  o p e r a t i o n  

i n  A p r i l  and June 1952, and the l a s t  i n  October  

1953. I n j e c t i o n  ra tes  averaged between 115 MCF 

per  day per i n p u t  w e l l .  The r a p i d  d e c l i n e  i n  

o i l  p r o d u c t i o n  exper ienced f rom 1949 through 

1951 was r e ta r d e d  soon a f t e r  i n j e c t i o n  commenced 

in  1952. O i l  p r o d u c t i o n  d e c l i n e d  a t  a 3.6% 

r a t e  d u r i ng  the pe r i od  1952 - 1956 as compared 

to  the p r i o r  d e c l i n e  ra te  o f  about  18% (Fred 

Neslage,  1966).  I t  was es t ima ted  i n  August  

1963 t h a t  i ncreased  o i l  r ecove ry  above the 

normal d e c l i n e  a f t e r  a l lowance f o r  new w e l l s  

and remedia l  work amounted to  1,550,000 b a r r e l s  

o i l ;  and, s i m i l a r l y  t h a t  4 ,700,000 MCF o f  a d d i ­

t i o n a l  gas had been produced.  Water f l o o d  o pe r ­

a t i o n s  commenced on these leases i n  J u l y  1963. 

Ten o f  the o r i g i n a l  17 gas i n p u t  w e l l s  were re -
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moved f rom gas i n j e c t i o n  s e r v i c e .  Two o f  t hese 

were r e c o n v e r te d ,  one to  p r o d u c t i o n  and the 

o t h e r  t o  water  i n p u t ,  i n  connec t i on  w i t h  the 

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

gas i n j e c t i o n  w e l l s  were conver ted l a t e  i n  1965 

and e a r l y  1966 to  p roduc ing w e l l s  i n  a n t i c i p a ­

t i o n  o f  expansion o f  the wa te r  f l o o d  o p e r a t i o n s .

2) Two p r o j e c t s  i n  Gray County, which are :

a) Le fo rs  area p r o j e c t ,  i n  which gas i n j e c t i o n  com­

menced i n  August  1955 in  12 w e l l s ,  a t  an average 

r a t e  o f  f o r t y - t h r e e  MCF per  day per  i n p u t  w e l l .  

P r i o r  t o  the s t a r t  o f  gas i n j e c t i o n ,  o i l  p roduc­

t i o n  had l e v e l e d  out  a t  about  2,300 BOPD, 

decreas ing  to  2,000 BOPD when gas i n j e c t i o n  

commenced. Then o i l  p r o d u c t i o n  i ncreased to  an 

average o f  about  2,500 BOPD the f o l l o w i n g  year  

and remained near the 2500 -  2600 l e v e l  f o r  

seven y e a r s ,  then a smal l  d e c l i n e  occu r red  to

about  2,200 - 2,300 BOPD which i s  comparable to

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

gas i n j e c t i o n ,  e leven years  e a r l i e r .

b ) West Pampa Repressur ing  A s s o c i a t i o n ,  which 

commenced gas i n j e c t i o n  o p e r a t i o n  i n t o  the 

Do lomi te f o r m a t i o n  March 1946, and c u r r e n t l y  

c o n s i s t s  o f  f i f t e e n  ope ra to rs  w i t h  f i f t y - s i x
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l eases having 140 gas i n j e c t i o n  w e l l s  and 855 

produc ing w e l l s  developed on t e n - a c r e  spac ing .

As o f  J u l y  31, 1966, 138.3 b i l l i o n  cub ic  f e e t  

o f  gas had been i n j e c t e d  i n t o  the Dolomi te 

r e s e r v o i r  and cumula t i ve  b e n e f i t s  are es t ima ted  

t o  t o t a l  25.1 m i l l i o n  b a r r e l s  o f  o i l  and 135.7 

b i l l i o n  cub ic  f e e t  gas (Nes lage,  1966).  Resu l ts  

o f  the gas i n j e c t i o n  a t  the d i f f e r e n t  leases i s  

shown in  Appendix A.

3) One p r o j e c t  i n  Hutchinson County,  under Watkins 

o p e ra t o r s  commit tee which commenced gas i n j e c t i o n  October  

1950 i n t o  the Dolomi te  f o r m a t i o n .  The p r o j e c t  c o n s i s t s  o f  

26 o p e ra t o r s  w i t h  93 leases having 125 gas i n j e c t i o n  w e l l s  

and 1,176 produc ing  w e l l s  developed p r i m a r i l y  on a t e n - a c r e  

spac ing .  Through J u l y  1966, 95.7 b i l l i o n  cub ic  f e e t  o f  gas 

has been i n j e c t e d ,  and cu m u la t i ve  b e n e f i t s  are es t im a te d  to  

t o t a l  17.9 m i l l i o n  b a r r e l s  o f  o i l  and 92.9 b i l l i o n  cub ic  

f e e t  o f  gas (Nes lage,  1966).  The r e s u l t s  o f  the gas i n j e c ­

t i o n  a t  the d i f f e r e n t  leases i s  shown in  Appendix A.
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EVALUATION OF THE SECONDARY RECOVERY 
PROJECTS IN THE PANHANDLE -  OIL FIELD IN TEXAS

I n f o r m a t i o n  f rom the d i s c u s s io n  o f  the secondary r e ­

covery  p r o j e c t s  i n  the p rev iou s  cha p te r  and p r o d u c t i o n  data 

o f  some o f  t he p r o j e c t s  were used to  eva lua te  the success o f  

the p r o j e c t s .  The o i l  r ecove ry  a l l o c a t e d  to  w a t e r f ! o o d  f rom 

the pu b l i sh e d  data or  f rom the a n a l y s i s  o f  the d e c l i n e  cu r ve ,  

prepared f o r  t h i s  s tudy  were used to  determine the degree o f  

p r o j e c t  success . The amount o f  o i l  p r o d u c t i o n  a l l o c a t e d  to  

w a t e r f ! o o d  was d i v i d e d  by the r e s e r v o i r  volume ( a c r e - f e e t ) 

t o  o b t a i n  the i nc remen ta l  secondary recove ry  o i l  expressed 

as b a r r e l / a c r e - f o o t .

In t h i s  r e p o r t ,  i ncremen ta l  secondary o i l  r ecove ry  equal  

t o  12 b a r r e l s  per  a c r e - f o o t  or  more i s  de f i ned  as a success­

f u l  r e s u l t  (Fred Wi l son ,  1981).  In F igure 5 through F igure  

15, o i l  p r o d u c t i o n  d e c l i n e  curves f o r  ten w a t e r f ! o o d  p r o j e c t s  

and one a l t e r n a t i n g  gas -wa ter  i n j e c t i o n  p r o j e c t  i n  twe lve  

d i f f e r e n t  leases are shown. A l l  the p r o j e c t s  have shown an 

i n c r eas e  i n  o i l  p r o d u c t i o n  a f t e r  the s t a r t  o f  the water  i n ­

j e c t i o n ,  the i ncremen ta l  i n c r eas e  i s  d i f f e r e n t  f rom one 

p r o j e c t  t o  anothe r  and f rom one area to  a n o t he r .  A l l  the 

r e s u l t s  are presented i n  Appendix A. The r e s u l t s  o f  the 

p r o j e c t s  f o r  which d e c l i n e  curve were prepared are d i scussed 

below.

Water was i n j e c t e d  i n  southwest  Pampa Dolomi te  u n i t  i n
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December 1963 (F ig u r e  5) when the area was produc ing  an 

average o f  145 BOPD. Th is  r a t e  i ncreased and reached i t s  

peak o f  271 BOPD in  J u l y  1966. The water  i n j e c t i o n  r a t e  

was c o n t r o l l e d  a t  300 BWPD per  i n p u t  w e l l s  f o r  the t ime 

wa ter  was i n j e c t e d  December 1963 through A p r i l  1964. O i l  

p r o d u c t i o n  r a t e  decreased to  135 BOPD in  January 1964, 

i nc reased  to  164 BOPD i n  February 1964, and decreased again 

to  159 BOPD in  March 1964. B e t t e r  r a t e  s t i m u l a t i o n  was 

n o t i c e d  a f t e r  i n c r e a s i n g  the wa te r  i n j e c t i o n  r a te  to  500 

BWPD per  i n p u t  w e l l  i n  March 1964. The increment  o f  the 

secondary o i l  r ecovered per  a c r e - f o o t  was found by s u b t r a c t ­

ing  the t o t a l  p r ima ry  p r o d u c t i o n  ( e x t r a p o l a t i n g  the s t r a i g h t  

l i n e  f rom the t ime o f  s t a r t i n g  water  i n j e c t i o n )  f rom the 

t o t a l  o f  p r o d u c t i o n  a f t e r  the s t a r t  o f  wa te r  i n j e c t i o n .  The 

increment  o f  t he secondary o i l  was found to  be 5.3 b a r r e l s  

per  a c r e - f e e t  ( p a r t i a l  success) .

Water was i n j e c t e d  i n  Meers C Lease (Gray County)  i n  

September 30, 1964 (F ig u re  6 ) .  S t i m u l a t i o n s  was noted on 

the  lease a f t e r  t he  s t a r t  o f  water  i n j e c t i o n ,  the lease o i l  

p r o d u c t i o n  was 328 bb ls /mo .  and increased to  a peak o f  3,642 

bb ls /mo .  i n  March 1966 when one we l l  was recompleted i n  the 

Whi te and Brown Do lomi te .  Oi l  p r o d u c t i o n  decreased to  2,145 

bb ls /mo .  i n  J u l y  1966. The inc remen ta l  recove ry  o f  the 

secondary o i l  was found to  be 7.6 b a r r e l s  per  a c r e - f e e t  

( p a r t i a l  success) .
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Figure 5: Water Flood Evaluation in  Southwest Pampa Dolomite 
Unit (Gray County)
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Figure 6: Water Flood Evaluation in Meers C Lease (Gray County)
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In Kewanee East  Morse U n i t  (Gray County ) ,  water  was 

i n j e c t e d  i n  November 1960 when the area was p roduc ing an 

average o f  143 BOPD (F ig u r e  7 ) .  O i l  p r o d u c t i o n  i nc reased  

u n t i l  i t  peaked a t  an average o f  737 BOPD through 1965, 

then decreased to  an average o f  552 BOPD through the f i r s t  

s i x  months o f  1966. The increment  o f  the secondary o i l  was 

found to  be 25 b a r r e l s  per  a c r e - f e e t  ( the p r o j e c t  i s  success­

f u l ) .

Water was i n j e c t e d  i n  Kewanee-KSAM U n i t  i n  March 1962, 

then two i n p u t  w e l l s  were added, one i n  December 1963 and 

the  o t h e r  i n  December 1965 (F i gu re  8 ) .  At  the t ime water  

i n j e c t i o n  began, t he area was p roduc ing 23 BOPD and g r a d u a l l y  

i nc reased to  a peak o f  409 BOPD in  1965. Dur ing the f i r s t  

s i x  months o f  1966, t he area was p roduc ing an average o f  

289 BOPD. The o i l  p r o d u c t i o n  was very s e n s i t i v e  to  the 

number o f  the i n p u t  w e l l s .  The increment  o f  the secondary 

o i l  was found to  be 27 b a r r e l s  per a c r e - f o o t  ( p r o j e c t  i s  

s u c c e s s f u l ) .

In the  L i t t l e  Seminole area (Gray Coun ty ) ,  water  was 

i n j e c t e d  i n  August  1962 ( F i g u re  9 ) .  Response in  the o i l  

p r o d u c t i o n  r a t e  began to appear i n  March 1963. The o i l  

p r o d u c t i o n  r a t e  cont i nued  t o  i n c r e a s e ,  reach ing  a peak o f  

95,550 in  December 1965. Then p r od u c t i o n  decreased to  

80,060 bb ls /mo .  i n  June 1966. The increment  o f  secondary
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Figure 7: Water Flood Evaluation in  Kewanee-East Morse
(Gray County)
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Figure 8: Water Flood Evaluation in Kewanee-KSAM
(Wheeler County)
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Figure 9: Water Flood Evaluation in  L i t t le  Seminole Area 
(Gray County)
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o i l  was found t o  be 27 b a r r e l s  per acre f o o t  ( p r o j e c t  i s  

s u c c e s s f u l ) .  In the f i n e l y  Dolomi te  area (Gray County ) ,  water  

was i n j e c t e d  i n  December 1961, when the area averaged 60 BOPD 

( F i g u re  10) .  The f i r s t  i nc rease  i n  o i l  p r o d u c t i o n  occur red 

d u r i n g  December 1964 and by 1965 the area p r o d u c t i o n  averaged 

233 BOPD. Dur ing the f i r s t  s i x  months o f  1966, the p roduc­

t i o n  averaged 359 BOPD. The increment  o f  secondary o i l  was 

found t o  be 12.5 b a r r e l s  per  a c r e - f o o t  ( p r o j e c t  i s  success­

f u l ) .

Water was i n j e c t e d  i n  P h i l l i p s  L i z z i e  area (Hutch inson 

County)  i n  November 30,  1960 when the area was produc ing  

7,607 b b l s / y r  (F ig u r e  11) .  T h e r e a f t e r ,  the annual  o i l  p r o ­

d u c t i o n  i nc rease  reached a peak o f  87,573 b a r r e l s  o f  o i l  i n  

1962, then annual  o i l  r a t e  decreased to  19,814 b a r r e l s  o f  

o i l  i n  1965. In the f i r s t  s i x  months o f  1966, the o i l  p r o ­

d u c t i o n  was 5,153 b a r r e l s .  The increment  o f  secondary o i l  

was found to  be 489,581 b a r r e l s .  No i n f o r m a t i o n  about  the 

area o r  the pay t h i c k n e s s  was a v a i l a b l e ,  but  the L i z z i e  area 

was cons idered  the area which has recovered the g r e a t e s t  

amount o f  wa te r  f l o o d  o i l  (Fred Neslage,  1966).

Water i n j e c t i o n  s t a r t e d  i n  September 1961 in  the 

P h i l l i p s  Thompson area (Hutch inson County)  (F ig u r e  12) .  The 

o i l  p r o d u c t i o n  a t  the s t a r t  o f  the water  i n j e c t i o n  was 

14,751 b a r r e l s  per  y e a r .  Th i s  r a te  was i ncreased  and 

reached a maximum o f  57,237 b b l s / y r  i n  1965. Th i s  area was
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Figure 10: Water Flood Evaluation in Finely Dolomite
(Gray County)
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Figure 11: Water Flood Evaluation in Phillips Lizzie
(Hutchinson County)
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Figure 12: Water Flood Evaluation in  P h illip s  Thompson 
(Hutchinson County)
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a ls o  cons ide red  to  be o f  a g r e a t  amount o f  wa te r  f l o o d  o i l  

(Fred Neslage,  1966).

Water i n j e c t i o n  commenced in  August  1961 in  the Mobi l  

Fee 227 area (Gray County)  when the area was ave rag ing  850 

b a r r e l s  o f  o i l  per  d a y , or  a month ly  p r o d u c t i o n  o f  25,502 

bar re l ,s  o f  o i l  (F ig u re  13) .  The o i l  p r o d u c t i o n  r a t e  f l u c t ­

uated up and down f rom the t ime the wa te r  i n j e c t i o n  s t a r t e d  

t o  the t ime o f  the f i r s t  expansion o f  water  f l o o d :  t h i r t y -

s i x  i n p u t  w e l l s  were added in  June 1964 and another  seven 

were added a t  i n t e r v a l s  through September 1965. A f t e r  t h i s  

expans ion ,  an i nc rease  i n  o i l  p r o d u c t i o n  was n o t i c e d  and the 

incremen t  o f  o i l  r ecovered by wa te r  f l o o d i n g  was c a l c u l a t e d  

t o  be 14 b a r r e l s  per  a c r e - f e e t . The second expansion took 

p lace  i n  March 1966 which r e s u l t e d  i n  an a d d i t i o n a l  t h i r t y -  

seven i n p u t  w e l l s .  There was not  enough p r o d u c t i o n  data 

a f t e r  the t ime o f  t he  second expansion to  ev a lu a te  the 

r e s u l t s .

In S k e l l y  Schafer  area (Carson County)  water  was i n ­

j e c t e d  i n  J u l y  1963 ( F i g u re  14) .  Some o f  the p r o d u c t i o n  

data on t h i s  lease was not  a v a i l a b l e ,  but  the p r o j e c t  has 

shown an i nc reas e  o f  o i l  p r o d u c t i o n .  The wa ter  f l oo de d  o i l  

r e cove ry  was c a l c u l a t e d  to  be 14 b a r r e l s  per  a c r e - f e e t  (a 

s u cc es s f u l  p r o j e c t ) .

F igu r e  15 p resents  the wa ter  f l o o d  and the a l t e r n a t e  

ga s -w a te r  i n j e c t i o n  p r o j e c t s  i n  the Amoco Cobb area i n  Gray
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Figure 13: Water Flood Evaluation in Mobil Fee 227
(Gray County)
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Figure 14: Water Flood Evaluation in Skelly-Schafeer
(Gray County)



Oi
l 

Pr
od

uc
tio

n 
Ra

te 
(b

bl
s/

m
o.

)

ER-2872 48

W.F

Ini  t i  ated
o-

GAS, WATER INJ

847236 48
TIME (months)

6012 24

Figure 15: Amoco Cobb Alternate Gas-Water Injection Project
(Gray County)
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County.  There was not  enough data to  eva lua te  the water  

f l o o d  p r o j e c t s . No o i l  p r o d u c t i o n  response was shown due to  

the a l t e r n a t e  gas-wate r  i n j e c t i o n .
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RESULTS AND OBSERVATIONS OF THE SECONDARY -
RECOVERY PROJECTS IN THE PANHANDLE OIL FIELD

1) Resul t s  o f  the wa ter  f l o o d  p r o j e c t s :

a) Carson County:  50% o f  the t o t a l  p r o j e c t s  were 

su c ce ss fu l  ;

b) Hutch inson County:  17% o f  the t o t a l  p r o j e c t s

were s u c c e s s f u l ,  33% were p a r t i a l l y  success fu l  

and 50% f a i l e d ;  and

c) Gray County:  58% o f  the t o t a l  p r o j e c t s  were

s u c c e s s f u l ,  14% were p a r t i a l l y  s u c c e s s f u l ,  

and 28% f a i l e d .

2) Resu l ts  o f  the gas i n j e c t i o n  p r o j e c t s :

a) Carson County:  100% o f  the gas i n j e c t i o n  p r o j e c t s

have f a i l e d ;

b) Hutch inson County:  10% o f  the p r o j e c t s  were suc­

c e s s fu l  and 90% were p a r t i a l l y  s u c c e s s f u l ;  and

c) Gray County:  8% o f  the p r o j e c t s  were success fu l

and 92% were p a r t i a l l y  s u c c e s s f u l .

Note t h a t  the percentage o f  t he degree o f  success o f  gas-  

i n j e c t i o n  p r o j e c t s  was not  ve ry  accu ra te  because d u r i ng  the 

p e r i o d  o f  gas i n j e c t i o n ,  new p roduc ing w e l l s  were added.
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OBSERVATIONS ON THE EVALUATION OF 
PREVIOUS AND EXISTING PROJECTS

1) Most o f  t he  wa te r  f l o o d  p r o j e c t s  t h a t  f a i l e d  had a 

low i n j e c t i o n  r a t e  (between 300 to  350 b a r r e l s  per day per 

i n p u t  w e l l .

2) Oi l  p r o d u c t i o n  r a t e  was very s e n s i t i v e  to  the i n ­

j e c t i o n  r a t e ,  and i t  i nc reased  w i t h  the i nc reases  i n  the 

i n j e c t i o n  r a t e ,  such as i n  P r o j e c t  No. 2 (F ig u r e  6 ) ,  where 

the o i l  p r o d u c t i o n  r a t e  i n d i c a t e d  a l a r g e  i nc r eas e  a f t e r  

i n c r e a s i n g  the wa ter  i n j e c t i o n  r a t e  f rom 300 b a r r e l s  per day 

per  i n p u t  w e l l s  t o  500 b a r r e l s  per  day per  i n p u t  w e l l .

3) The degree o f  success depends on the  s i z e  o f  the 

p i l o t  a r e a , most o f  t he  p i l o t s  which were c l a s s i f i e d  as a 

f a i l u r e  o r  a p a r t i a l  success were conducted i n  a smal l  a r e a .

4) The p r o j e c t s  w i t h  l ower  p e r m e a b i l i t y  va lues i n d i ­

cated a b e t t e r  chance to  succeed than the p r o j e c t s  w i t h  

h i g h e r  p e r m e a b i l i t y  v a l u e s ,  t h i s  may be because the h ig h e r  

p e r m e a b i l i t y  the g r e a t e r  the chance o f  rock h e te r o g e n e i t y  

and v i c e  ve rsa.
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FEASIBILITY OF INCREASING OIL RECOVERY 
IN THE TEXAS PANHANDLE OIL FIELD

In o rd e r  t o  dec ide  what method o f  enhanced o i l  r ecove ry

might  have a chance to  succeed,  a rev iew o f  the screen ing

f a c t o r s  o f  d i f f e r e n t  methods was pe r fo rmed .

1) Polymer F lo o d in g :  Th i s  method cannot  be used

because o f  the f o l l o w i n g  r e s t r i c t i o n s ;

a) Low average p e r m e a b i l i t y  across the f i e l d  

except  some leases o f  h igh p e r m e a b i l i t y .

In polymer  f l o o d i n g ,  a p e r m e a b i l i t y  o f

20 md. and up i s  r e q u i r e d  ( I . O . C . C . ,  1974);  

and

b) Panhandle Pay Zone i s  g e n e r a l l y  a Dolomi te

w i t h  some L imestone.  In polymer f l o o d i n g .

Sandstone r e s e r v o i r s  are p r e f e r r e d .

2) Micro  Emulsion F lo o d in g :  There are two k inds o f

micro  emuls ion f l o o d i n g  which are :

a) Caus t i c  f l o o d i n g ;  and

b) S u r f a c t a n t  f l o o d i n g .  N e i t h e r  f l o o d i n g  process

can be used in  the  Panhandle o i l  f i e l d  because 

o f  the f o r e g o i n g  r e s t r i c t i o n s .  The s u r f a c t a n t  

needs to  be i n j e c t e d  as a s lug  d r i v e n  by 

th i ck en ed  wa ter  (pol ymer  s o l u t i o n )  which i s

i n  t u r n  d i s p la c e d  by wa te r  o r  b r i n e  ( I . O . C . C . ,  

1974).  Th i s  k ind  o f  f l o o d  needs high pressu re
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d isp lacemen t  and high r e s e r v o i r  p e r m e a b i l i t y .

The o t h e r  r e s t r i c t i o n  a g a i n s t  c a u s t i c  being used 

i s  the e x i s te n c e  o f  the d i v a l e n t  ions such as 

Ca++ and Mg++ in  the Panhandle f i e l d  f o rm a t io n s  

which cou ld  r e a c t  w i t h  c a u s t i c  t o  p r e c i p i t a t e  

the i n s o l u b l e  hydrox ides  w i t h  r e s u l t i n g  l oss  o f  

a l k a l i n i t y  and p lu gg ing  o f  the f o r m a t i o n .

3) M i s c i b l e  F l o o d in g ,  such as:

a) High p ressu re  gas i n j e c t i o n

b) Enr i ched gas d r i v e

c) LPG

d) C02

The f i r s t  t h re e  k inds  o f  m i s c i b l e  f l o o d  r e q u i r e  high 

r e s e r v o i r  p ressu re  and low o i l  v i s c o s i t y  t o  ach ieve the mis-  

c i b i l i t y  between the d i s p l a c e d  and d i s p l a c i n g  phases. A 

h igh  r e s e r v o i r  p ressu re  does not  e x i s t  i n  the Panhandle o i l  

f i e l d .  LPG has a l r e a d y  been t r i e d  and d id  not  w o r k , as was 

ment ioned e a r l i e r  in  t h i s  r e p o r t . Carbon d i o x i d e  has some 

advantages i n  the  Panhandle area because i t  reduces the v i s ­

c o s i t y  o f  the crude o i l .  S w e l l i n g  o f  o i l  would i nc rease  the 

o i l  p e r m e a b i l i t y  by i n c r e a s i n g  the o i l  s a t u r a t i o n .  COg could 

a l so  r e a c t  w i t h  the l imes tone  and change the w e t a b i l i t y  o f  

the rock f rom o i l  wet t o  wa ter  wet ( I . O . C . C . ,  1974).  The 

o n l y  d i sadvantage i s  the requ i remen t  o f  1000 -  1200 psi  

r e s e r v o i r  p ressu re  f o r  the achievement  o f  m i s c i b i l i t y  w i t h
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o i l .  Water i n j e c t i o n  would be r e q u i r e d  p r i o r  t o  C02 i n j e c ­

t i o n  to  i nc rease  the r e s e r v o i r  p ressure to  carbon d i o x i d e  

m i s c i b i l i t y  p r essu re .  To determine the COg m i s c i b i l i t y  

p r e s s u r e , the two p i l o t s  were des igned,  one w i t h  f o u r  i n ­

j e c t i o n  w e l l s  (F ig u re  16 ) ,  and the o t h e r  w i t h  n ine i n j e c t i o n  

w e l l s  (F ig u re  17) i n  the area o f  the C o ck r e l l  l e ase .

Pressure d i s t r i b u t i o n  d u r i n g  water  i n j e c t i o n  was c a l c u l a t e d  

and e q u i p o t e n t i a l  l i n e s  were p l o t t e d  (F igu r es  18 and 19) .

The r e s u l t s  o f  t he c a l c u l a t i o n s  i n d i c a t e d  t h a t  o n l y  smal l  

areas around each i n j e c t i o n  w e l l  would reach carbon d i o x i d e  

m i s c i b i l i t y  pressure w i t h  o i l .  T h e r e f o r e , carbon d i o x i d e  

i n j e c t i o n  w i l l  no t  be an e f f i c i e n t  or  an economical  p r o j e c t  

i n  t he  Panhandle o i l  f i e l d .

From the p rev ious  rev iew o f  the methods o f  enhanced 

o i l  r e c o v e r y ,  i t  i s  apparent  t h a t  none o f  them can be 

f e a s i b l y  a p p l i e d  i n  the Panhandle o i l  f i e l d .  As the d i s c u s ­

s ion  o f  the secondary o i l  r ecove ry  p r o j e c t s  i n  the Panhandle 

o i l  f i e l d  p o i n t s  o u t , wa ter  f l o o d  appears to  have the best  

chance o f  success.
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Figure 16: P ilo t No. 1 (Four In jec tion  Wells)
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Figure 17: Pilot No. 2 (Nine Injection Wells)
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Figure 18: Pressure Distribution in Pilot No. 1
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Figure 19: Pressure Distribution in Pilot No. 2



ER-2872 59

AREA OF INTEREST 

Th is  area c o n s i s t s  o f  two le a s e s ,  P i t t s  and C o c k r e l l .  

They are l o ca t e d  i n  Sec t i o n  7,  9,  and 14 i n  the TC and RR 

survey i n  the south c e n t r a l  p o r t i o n  of  Hutchinson County,  

Texas.  The main produc ing zone i s  the Brown Dolomi te  a t  

2,900 f e e t .  These two leases are p a r t  o f  the Watkins 

O p e r a t o r ' s  Commit tee p r o j e c t  a rea ,  formed in  1946 t o  i n j e c t  

n a t u r a l  gas i n t o  the Brown Dolomi te  t o  i nc re ase  the crude 

o i l  r e c o v e r y .  Gas i n j e c t i o n  began on these two leases in  

1950, i n  e i g h t  w e l l s  ( P i t t s  N o . ' s  9,  12, 26,  33, 34, 63 and 

C o c k r e l l  No. 3) and P i t t s  No. 37 was used f o r  a s a l t  water  

d i s p o s a l  ( F ig u r e  20 ) .  Contour  maps were p l o t t e d  f o r  o i l  

p r o d u c t i o n ,  p roduc ing  g a s - o i l  r a t i o  and produc ing  w a t e r - o i l  

r a t i o ,  d u r i n g  June and December 1980 and du r i ng  June and 

December 1981 ( F i gu re s  21 through 32 ) .  The dark l i n e s  

around the i n j e c t i o n  w e l l s  r e p r e s e n t  the high g r a d i e n t  o f  

g a s - o i l  r a t i o ,  w a t e r - o i l  r a t i o  due to  the h igh volume which 

was g iven to  the i n j e c t i o n  w e l l s  (2500 G0R and 10 W0R).

From matching every  se t  o f  o i l  p r o d u c t i o n ,  p roduc ing 

g a s - o i l  r a t i o ,  and w a t e r - o i l  r a t i o  du r i ng  the d i f f e r e n t  

p e r i od s  o f  t i m e ,  t he f o l l o w i n g  o b se rva t i on s  were made:

1) No or  s l i g h t  growth i n  the o i l  p r o d u c t i o n  r a t e  as 

the produced g a s - o i l  r a t i o  i n c r e as e d .  This  means t h a t  the 

i n j e c t e d  gas was c i r c u l a t i n g  f rom the i n j e c t i o n  w e l l s  t o  the 

p roduc i  ng wel Is ;
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2) S l i g h t  growth i n  the o i l  p ro d u c t i o n  r a t e  w i t h  i n ­

c r e as in g  produced w a t e r - o i l  r a t i o  i n  the area c los e  t o  the 

s a l t  wa ter  d i sp os a l  w e l l .  Th is  means t h a t  the wa ter  f r o n t  

was pushing some o f  the o i l  t o  t he su r round ing  p roduc ing 

w e l l s  caus ing the i n c r e as e  i n  the o i l  p r o d u c t i o n  r a t e .

The area o f  the P i t t s  and Co c k re l l  was se le c t e d  f o r  the 

s t u d y ,  f o r  t hese reasons:

1) Adequate a v a i l a b l e  data on the area ;

2) The area d i d  not  have any secondary - recove ry  

p r o j e c t s  going on except  the gas i n j e c t i o n  which was f o r  

p ressu re  maintenance purposes as shown in  F igures  21 through 

32;

3) A s l i g h t  response i n  o i l  p ro d u c t i o n  r a t e  f rom the 

i n j e c t i o n  o f  s a l t  wa ter  i n  P i t t s  Wel l  No. 37; and

4) Good o r  f a i r  i n c r e as e  i n  o i l  p r o d u c t i o n  r a t e  f rom 

wa te r  i n j e c t i o n  i n  the area near the P i t t s  and C o ck r e l l  

l eases ( re v ie w  o f  two p r o j e c t s  c lose t o  the a r e a , i n  Appendix 

B).

The cu mu l a t i v e  p r o d u c t i o n  f rom the P i t t s  l ease through 

December 1980 has been 5.7 m i l l i o n  b a r r e l s  o f  o i l ,  12.3 

b i l l i o n  cub ic  f e e t  o f  gas,  and 1.5 m i l l i o n  b a r r e l s  o f  wa te r .  

The cu m u l a t i ve  gas i n j e c t i o n  was 9.0 b i l l i o n  cub ic  f e e t  and 

an es t ima t ed  2.2 m i l l i o n  b a r r e l s  o f  wa te r  has been i n j e c t e d  

th rough 1980.

The C o c k r e l l  l ease began p ro d u c t i o n  i n  1940. This



ER-2872 62

H

a

O'
L_

1000'

OOMIDUR INTERVAL:?

Figure 21: Oil Production Contours in June 1980 (Pitts and
Cockrell Leases)
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Figure 22: G.O.R. Production Contours in June 1980
(Pitts and Cockrell Lease)
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Figure 23: W.O.R. Production Contours in  June 1980 
(P itts  and Cockrell Lease)
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Figure 24: Oil Production Contours in December 1980
(Pitts and Cockrell Lease)
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Figure 25: G.O.R. Production Contours in December 1980
(Pitts and Cockrell Leases)



ER-2872 67

0‘ 10001
I----------------------J

COHTOUR INTERVAL>1

Figure 26: W.O.R. Production Contours in  December 1980 
(P itts  and Cockrell Leases)
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Figure 27: Oil Production Contours in June 1981
(Pitts and Cockrell Leases)
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Figure 28: G.O.R. Production Contours in  June 1981
(P itts  and Cockrell Leases)
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Figure 29: W.O.R. Production Contours in June 1981
(Pitts and Cockrell Leases)
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Figure 30: Oil Production Contours in December 1981
(Pitts and Cockrell Leases)
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Figure 31: G.O.R. Production Contours in December 1981
(Pitts and Cockrell Leases)
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Figure 32: W.O.R. Production Contours in  December 1981 
(P itts  and Cockrell Leases)
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l ease has a c u m u l a t i v e  p r o d u c t i o n  through December 1980 o f  

0 .89 m i l l i o n  b a r r e l s  o f  o i l ,  3 .8 b i l l i o n  cub ic  f e e t  o f  ga s , 

and 0.57 m i l l i o n  b a r r e l s  o f  w a t e r ,  w i t h  a cu m u l a t i v e  gas 

i n j e c t i o n  o f  1.2 b i l l i o n  cub ic  f e e t . As o f  December 1980, 

t h e re  were 29 w e l l s  i n  the C o c k r e l l  l ease and 121 w e l l s  in  

t he  P i t t s  l e as e .  The December 1980 combined produc ing  r a t e  

f o r  both leases was 790 B0PD, 1750 BWPD, and 1425 MCFPD. 

P ro d u c t i o n  was i n c r e a s i n g  as a r e s u l t  o f  an ongoing d r i l l i n g  

program.
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GEOLOGY OF THE AREA OF INTEREST

The Brown Dolomi te  i s  the main p r o d u c t i v e  zone o f  the 

Panhandle f i e l d  i n  the area o f  the P i t t s  and C o c k r e l l  l eas es .  

I t  i s  encountered a t  an average depth o f  2600 f e e t  below the 

su r fa ce  and has a r e l a t i v e l y  un i fo rm t h i c k n e s s  o f  a p p r o x i ­

mate l y  230 f e e t .

The zone i s  o v e r l a i n  by dense d o l o m i t e ,  c h e r t ,  and 

a n h y d r i t e .  Un d e r l y i n g  the i n t e r v a l  i s  a t h i n  shale s e c t i o n  

se p a r a t i n g  the Brown f rom the Whi te Do lomi te .  The White 

Do lomi te i s  p r o d u c t i v e  i n  some w e l l s ,  but  i s  not  cont inuous  

across the f i e l d .

Hydrocarbons are t rapped  by t r u n c a t i o n  o f  the fo rm a t i o n  

a g a i n s t  the b u r i ed  A m a r i l l o  Mountains.  The gas zone i s  

n e a r l y  n o n e x i s t e n t  t o  the n o r t h e a s t  and g r a d u a l l y  i nc reases 

to  a c o n s id e ra b le  th i c k n e s s  on the southwestern margin o f  

the area as porous zones r i s e  w i t h  s t r u c t u r e  and get  above 

the  o i l  pay i n t o  the gas -be ar in g  zone. There i s  no water  

encroachment i n  the area o f  i n t e r e s t ;  however,  the water  

c o n t a c t  i n  the f i f t y - f o o t  zone a t  t he base o f  the o i l - b e a r i n g  

zone re p re se n t s  the i n i t i a l  wa te r  s a t u r a t i o n  (R. Sugarek,  

1980).

The bes t  p o r o s i t y  occurs in  the bot tom 160 f e e t  o f  the 

Brown Dolomi te  i n t e r v a l .  Th i s  pay i n t e r v a l  i s  f u r t h e r  sub­

d i v i d e d  i n t o  two s e v e n t y - f o o t  l a y e r s  by an 18 f o o t  r a d i o ­

a c t i v e  Gamma Ray marker  a t  an average depth o f  2700 f e e t .
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Th is  i n t e r v a l  i s  c h a r a c t e r i z e d  by low p e r m e a b i l i t y  and i s  

cons idered  impermeable to  v e r t i c a l  m i g r a t i o n  un less f r a c t u r e d .  

A l though  the i n t e r v a l  i s  d o l o m i t e ,  i t  i s  ev idenced by a 

Gamma Ray k i c k  on the log  and can be seen in  every we l l  on 

the two leases.  Above the low p e r m e a b i l i t y  b a r r i e r  l i e s  a 

l a y e r  o f  d o lo m i te  w i t h  ten to  twenty pe rcen t  p o r o s i t y .

However, severa l  logs  i n d i c a t e  a gas e f f e c t  i n  the upper 

l a y e r  o f  t h i s  i n t e r v a l .  The best  p rospect  f o r  a water  f l o o d  

i s  the bot tom seventy  f e e t  o f  the Brown Do lomi te .  This 

l a y e r  i s  very  heterogenous d o l o m i t e ,  c o n t a i n i n g  a n h y d r i t e ,  

c h e r t ,  and some sha le .
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RESERVOIR ROCK AND FLUID PARAMETERS 

Logs f rom th re e  new w e l l s  ( P i t t s  82,  83,  and C o c k r e l l  

19) and core a n a l y s i s  f rom f o u r  w e l l s  ( P i t t s  82,  83,  84 and 

C o c k r e l l  19) were used to  o b t a i n  the i m p o r t a n t  r e s e r v o i r  

and f l u i d  parameters .

E f f e c t i v e  Pay Thickness

The logs f rom th re e  w e l l s  ( P i t t s  82,  83 and C o c k r e l l  19) 

were used t o  c a l c u l a t e  the average net  pay t h i c k n e s s .  A 

va lue o f  85 f e e t  net  pay t h i c k n e s s  was found.

Poros i  t y

The average r e s e r v o i r  p o r o s i t y  was c a l c u l a t e d  to  be 

15% us ing  the f o l l o w i n g  e q u a t i o n :

n
E (J). h j

i  = i  1 1
Average <j> = —  -----------

E h< 
i = l  1

where :

<t>♦ = p o r o s i t y  f o r  i n d i v i d u a l  sample f r a c t i o n

h.j = pay th i c k n e s s  f o r  i n d i v i d u a l  sample f e e t

Water S a t u r a t i o n

Average connate water was calculated to be 30% using
the following equation:
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Average S^. 

where :

S .  = connate w a te r  s a t u r a t i o n  f o r  i n d i v i d u a l  w e l l s ,  
f r a c t i o n

<j>. = r e s e r v o i r  p o r o s i t y  f o r  i n d i v i d u a l  w e l l s ,  f r a c t i o n  

h . = net  pay th ic k n e s s  f o r  i n d i v i d u a l  w e l l s ,  f e e t

F lu id  P r o p e r t ie s

The f l u i d  p r o p e r t i e s  were c a l c u la t e d  based on averag ing  

the f l u i d  p r o p e r t i e s  f o r  f o u r  w e l l s .

O i l  V i s c o s i t y

O i l  v i s c o s i t y  was c a l c u la t e d  t o  be 5.08 c . p .  a t  100°F. 

I n i t i a l  o i l  f o rm a t io n  volume f a c t o r  was c a l c u la t e d  to  be 

1.156 r e s e r v o i r  b a r r e l s  per s to c k - ta n k  b a r r e l s  a t  450 ps ia  

(Fred W i lson ,  1981).  C u r re n t  o i l  fo rm a t io n  volume f a c t o r  

i s  re p o r te d  as 1.032 r e s e r v o i r  b a r r e l s  per s to c k - ta n k  

b a r r e l s  a t  60 ps ia  (Fred W i lso n ,  1981).

E f f e c t i v e  P e r m e a b i l i t i e s  and Residual O i l  S a tu r a t io n

A core sample o f  15% p o r o s i t y ,  46 md. p e r m e a b i l i t y ,

45.7% o i l  s a t u r a t i o n ,  40% w a te r  s a t u r a t i o n ,  and 14.3% f r e e  

gas s a t u r a t i o n  was used t o  o b ta in  the f o l l o w in g  r e s u l t s  f o r

1^ 1 swi 
_

£ (j). h .
i  = l  1 1
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d i s p la c in g  o i l  by w a te r :

E f f e c t i v e  p e r m e a b i l i t y  to  o i l  = 30 m.d 

E f f e c t i v e  p e r m e a b i l i t y  to  water  = 4 .4  m.d 

Residual o i l  s a t u r a t i o n  = 34%
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CALCULATION OF THE OIL IN PLACE 

The o i l  in  p lace was o b ta ined  on the bas is  o f  the 

f o l l o w i n g  e q u a t io n :

N = 7758 A<f>h (1 -  Sw. ) / B o1

where :

N = i n i t i a l  o i l  i n  p la c e ,  s to c k - ta n k  b a r r e l  

A = s u r fa c e  a rea ,  acre

= average r e s e r v o i r  p o r o s i t y ,  f r a c t i o n  

h = e f f e c t i v e  pay t h i c k n e s s ,  f e e t  

S .j = average i n i t i a l  w a te r  s a t u r a t i o n ,  f r a c t i o n

B . = o i l  fo rm a t io n  volume f a c t o r  a t  i n i t i a l  p ressure  01
r e s e r v o i r  b a r r e l  per s to c k - ta n k  b a r r e l

The i n i t i a l  o i l  i n  p lace  was determ ined t o  be 95.8 

m i l l i o n  s to c k - ta n k  b a r r e l  based on the r e s e r v o i r  volume o f  

135,898 a c r e - f e e t  (A = 1598.8 a c r e , h = 85 f e e t ) .

S a tu r a t io n  va lues  a t  the t ime the  wate r  f l o o d  s t a r t  were 

c a l c u la t e d  as shown in  the f o l l o w in g  d is c u s s io n .

O i l  S a tu r a t io n

The f o l l o w in g  e q ua t ion  was used to  c a l c u la t e  the o i l  

s a t u r a t i o n ,  assuming the net  t r a n s fo r m a t io n  across the 

lease l i n e s  equal t o  ze ro .  The o i l  s a t u r a t i o n  was c a l c u la t e d  

to  be 58.2%.
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So = o i l  s a t u r a t i o n , f r a c t i o n  

= re c o v e ry ,  f r a c t i o n

where :

Np was found to  be 6 .6  m i l l i o n  s to c k - t a n k  b a r r e l s  

(F ig u re s  33 and 34) and N was c a l c u la te d  to  be 95.8 m i l l i o n  

s to c k - ta n k  b a r r e l s .

Bo = c u r r e n t  o i l  f o rm a t io n  volume f a c t o r ,  r e s e r v o i r  

b a r r e l  per s to c k - ta n k  b a r r e l  

Boi = i n i t i a l  o i l  f o rm a t io n  volume f a c t o r ,  r e s e r v o i r  

b a r r e l  per s to c k - ta n k  b a r r e l  

$wl- = w a te r  s a t u r a t i o n

Gas S a tu r a t io n

Gas s a t u r a t i o n  was found t o  be 11.8% from us ing  the 

f o l l o w i n g  e q u a t io n :

Sg -  1 - So -  Swi

where :

Sg, So, Swl- are the gas, o i l  and w a te r  s a t u r a t i o n s ,  

r e s p e c t i  v e l y .

The Dardaganian c o r r e l a t i o n  was used to  f i n d  the  r e s i ­

dual gas s a t u r a t i o n .  A r e s id u a l  gas s a t u r a t i o n  va lue  o f  

9.5% was o b ta in e d .
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Figure 23: Production With Time (Cockrell Lease)
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Figure 34: Production With Time (Pitts Lease)
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WATER FLOOD PILOTS 

The C o c k re l l  area was s e le c te d  f o r  a p i l o t  t e s t  to  be 

r e p r e s e n t a t i v e  o f  the  e n t i r e  a rea ,  because i t  was a f f e c t e d  

by p r im a ry  recove ry  o n ly .  T w e n ty -e ig h t  a c t i v e  w e l l s  and 

one abandoned w e l l  e x i s t  i n  318.8 acre su r fa ce  a rea .

Two p i l o t s  were designed to  determ ine the response o f  

the  C o c k re l l  lease to  w a te r  f lo o d  recove ry  p r i o r  to  the i n ­

vestment o f  la rg e  sums o f  c a p i t a l  r e q u i re d  to  develop the 

f u l l - s c a l e  p r o j e c t .  Well Nos. 18, 21, 29 and 2 were s e le c te d  

as i n j e c t i o n  w e l l s  in  P i l o t  No. 1 (F ig u re  16) and Well Nos. 

16, 25, 24, 15, 26, 6 ,  17, 20, and 8 were s e le c te d  as i n ­

j e c t i o n  w e l l s  in  P i l o t  No. 2 (F ig u re  17).

Maximum i n j e c t i o n  p ressure  was designed to  be 2500 p s i .  

The i n j e c t i o n  r a te  was c a lc u la t e d  to  be 807 b b ls /d a y  per 

i n j e c t i o n  w e l l ,  us ing  the f o l l o w in g  e q u a t io n :

0.00708 K .  h

where :

= w a te r  i n j e c t i o n  r a t e ,  bb ls  per day 

Kw-j = the e f f e c t i v e  w a te r  p e r m e a b i l i t y ,  m.d

h = e f f e c t i v e  ne t  pay t h i c k n e s s ,  f e e t  

P.. = fo rm a t io n  i n j e c t i o n  p res su re ,  ps i

P = average reservoir pressure, psi
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yw = wa te r  v i s c o s i t y ,  c .p

rd = 4re where re i s  the e f f e c t i v e  w e l l  r a d i u s ,  f e e t  

rw f  = boreho le  r a d i u s ,  f e e t

The p i l o t  f l o o d s  are unconf ined  and most o f  the m a te r ­

i a l s  in  the l i t e r a t u r e  were designed f o r  c o n f in e d  r e s e r v o i r s ,  

t h e r e f o r e  no l i t e r a t u r e  can be used t o  c a l c u la t e  the swept 

a rea .  The e q u ip o t e n t i a l  and stream l i n e s  were e s ta b l i s h e d  

f o r  each p i l o t  (F ig u re s  18, 19) and F igures  35, 36 ) .  Because 

o f  h igh  gas s a t u r a t i o n ,  an o i l  bank i s  formed ahead o f  the 

w a te r  invaded re g io n .  Because o f  the zone w i t h  a h igh gas 

s a t u r a t i o n ,  the  i n j e c t i o n  w a te r  w e l l  does not  know t h a t  the 

p roduc ing  w e l l s  e x i s t  u n t i l  the o i l  bank reaches the p ro ­

duc ing  w e l l .

Another  se t  o f  e q u ip o t e n t i a l  l i n e s  and stream l i n e s  

were e s ta b l i s h e d  f o r  each p i l o t  a f t e r  o i l  b rea k - th ro u g h  a t  

the p roduc ing  w e l l s  (F ig u re s  37, 38, 39 and 40 ) .  Areas 

swept by w a te r  were measured u n t i l  the  t ime o f  o i l  b reak ­

th rough f o r  each p i l o t  (F ig u re s  41, 42, 43, and 44 ) .  Radius 

o f  the  w a te r  f r o n t  a t  the t im e  o f  o i l  b re a k - th ro u g h  was 

ob ta in ed  assuming the swept area as a un i fo rm  c i r c l e  

(Appendix D ) . Since rw f  i s  known, new o i l  p ro d u c t io n  ra te s  

f o r  those w e l l s  which have been con tac ted  by the o i l  f r o n t  

have been o b ta in e d ,  and a new se t  o f  stream l i n e s  have been 

p l o t t e d  (Appendices C and D).
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F in a l  swept area u n t i l  water  b re a k - th ro u g h  was measured 

(F ig u re s  45, 46, 47, 48 and 49 ) .  Time o f  o i l  b r e a k - th ro u g h , 

w a te r  b re a k - th ro u g h  and wa te r  i n j e c t e d  f o r  the two t imes 

were ob ta ine d  us ing  the f o l l o w in g  e q u a t io n s :

(V 1 )BT -  ( V s )BT *  (1 - Swi - Sd r )

(T) -  (V1)BTBT qA

where :

( V i ) DT = t o t a l  f l u i d  i n j e c t e d  a t  t im e o f  b re a k - th ro u g h , 
Bl bb ls

( V s )Bj  = volume swept a t  the t ime o f  b r e a k - th r o u g h , bb ls

<j) -  average r e s e r v o i r  p o r o s i t y ,  f r a c t i o n  

SW1- = connate w a te r  s a t u r a t i o n ,  f r a c t i o n

S. = f i n a l  s a tu r a t i o n s  in  the d is p la c e d  f l u i d s ,  
f r a c t i o n

T = t ime o f  b rea k - th rou g h  in  days 

q^ = t o t a l  i n j e c t i o n  r a te  b b ls /d a y
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Table 1A

D a i l y  O i l  P ro d u c t io n  i n  the C o ck re l l  Lease

Well No. Qo ( b b l s /d a y )

19 15
21 8
22 20
23 2.5
26 15
30 20
24 5
12 4
25 19

9 4
16 5
31 12
18 2.5

5 2
3 2.5

28 17
14 3
15 5
17 5
29 27
20 1.5

2 1
8 2.5

27 15
1 2.5

13 9.5
11 2

6 2
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Table  1: Pressure D i s t r i b u t i o n  ( P i l o t  1)

m u  1 : 1 ! !■ 608 0.820 144.214600 0.000 12o.7265611608 0.020 144.214ill I  li|
i l  1 IIWS'AIÎ îlh î  134:974
m m  fS4  U i : I i 33556.800 0.000 76.3744.000 0.000
3 9 n . $ 0 0  » : !SS

||:i|| l|j|| 1ÉÉ

I l  11 I
m  m  i i ü mI  il a
l|!ls  iiP l i:!!i

111 I I 11
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Table 1 continued
X Y

m m  H M fS  518:3513369.624 374.422 182.2983556.804 374.420 141.1453744.002 374.400 107.7433931.200 374.402 73.5620.402 561.620 322.369187.200 561.602 361.368374.49? 561.602 372.928
5 8 5 : 8 3 5  1 3 1 : 3 %  « 1 : 1 5 3

ifisiS?? iehSIS iilril?
m :tn  

m-.iu m :tii
2059.222 561.620 194.133
1335:33s 18:8!S 5M 8

2620.802 561.602 344.606fill! Eli! jp
3369.60k- 561.600 227.318
1553:855 381:85$ 111:331
3931.200 561.6*2  93.332

2.090 748.802 494.562
§741402 7^81802 &05I0S9
561.600 74ti.8?0 452.175
748.800 748.802 364.774
936.000 748.892 284.515

i t t îH  ü i:m
1684.800 zle l a N  !5§^6§1872.002 748.602 181.646
m -M  m u  m :m2433.60? 748.600 395.347
P : H S  m m2995.225 748.820 416.206
m u u  m :m  num3556.802 748.802 227.5693744.090 748.802 154.3723931.233 746.632 199.3480.802 936.000 483.125187.20? 936.200 650.818374.420 936.003 745.966561.60? 936.000 574.336

„ . _     _ _     j24.2 /3936.000 936.090 317.225743.802 936.802 42
1123.200 936.600 235.9371313.402 936.203 182.5981497.600 936.000 172.6911684.80? 936.000 173.375
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Table 1 continued

1872 .gf1* 
2059.20* 
2246.40*
2433.600
2620.800
ffll-All
H i ? : » !
3556.800

1 8 ^ 2 0 0
374.400
561.600
748.600

l l l i . *  *00
m . t t i1684.8291872.0**
\ffl:W
262CI6?i
2808.809
2995.288

3556.8903744.009
3931.200

3.000
H I :  M l
!!l;E

m m
2059.200

m m2808.660
pS?:SS
! « ? : « !3744.400
3 9 3 i : 3 E §

561.6~2

936.020
936.900
936.2 33
936.809
936.000 
936.023
936.000 
936.088
936.000
936.003936.003la
ill
IS
IBS
i M : W
1 « S : 5 8 S

m m
1312.4?*
11  8 : 3 5 5  
1 1 1 8 : 3 5 8
1319.49*
1 8 : 3 8
131?.49'1 
1312.49* 
1312.4?? 
1 3 1 * . 4C* 
1310.41* 
1 31 * .4? *  
1310.40*

É : 3 Î S  
3 :  5 1

1497.60*

%. Æ t

î à â11
l i

4421322

1
837.643
962.630
583.135

îM î i

I
i S Î i î S îilli:!l!
m
I I

405.321
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Table 1 continued

748.82 0 
9 3 6 .3Z2

1497.tia.)1684.800 1872.w3w
^ 4 6 : 4 0 0
mi-Mi
l im n
m : tn
mtiVA-3931.230

J?!:pS
KM ll936.0001123.203

H H : H S

PSI!2246.4302433.6002620.803
2806.0002995.2003182.4003369.6033556.8003744.3003931.230 

0 . 0 0 0

936.0001123.203
H M : « Î
1684.823
P : ! 5 I2246.4032433.6902628.800 2838.3802995.2003182.4003369.6033556.800

1497.663 1497.6 ’31497.6031497.6031497.6301497.6301497.608
14971693

1497.680
ttlb ttt1497.608

Î  : ! 3 ?
168418^0
1 8 1 1 : 8 8 81684.893 1684.8Z91684.8031684.8901684.8901684.8001684.8901684.800
l i i l l s t i i
m m1684.8081684.8031684.8031634.803 1684.80?1684.803 1694.80? 1872.
1111:111
H B : « 3

1372.303
I S Î i î K Î1872.333
H :KS1372.3031372.003 1872.3:30 1872.3301872.000

2?4l24o

142.389

I: Î463.j37

m m
m i l

iliik
m m

h
3811580 39J.^99 344.441 285.116

i â

U lM
9 5 : 1 1 1  
8 1 : 1 ? :

m
1 1 1 : 3 1 1280.813

M Mil



ER-2872 92

Table 1 continued

X Y P

m -M 1,
0*000

J H : « !  

i î 3 S : K S  
l » î : « S1694.8931972.400
? ! l ? : ï s ?
26201â l f
3 8 9 0 : 2 , 03182.4.33369.6003556.8003744.3033931.2.0 0.0,3187.290374.4.0

i î 3 t : ! M
m u n
m-Ait
2246 :1 ,02433.6.02620.800 
2808.00,
m : in3369.6003556.8003744.00,3931.2.3 

0 . 0 0 0187.2.0374.4.0561.6,3748.8.0 936.È,,1123.23,1310.400 1497.63,1664.6.0 1872.03,
2059.2925246.4.3 2433.6,J

1872.0731872.3002359.23,
UiüriS!
2039:200
2059.2192059.200
l S 3 ; : i S i
2059:200
m -M2259.2302059.2,, 2059.20M2059.200 2C59.2"02659.230 2059.2062659.2.0 2659.20,2246.4.0
m-.iîî
ü i l d î S
88:»»

8:8? 
1 1 8 : 8 ?2246.4662246.4.02246.4.02246.4032246.4.0 2246.433
2246:37*2246.404

1:12433.6.0
8 1 : » ! ?  
8  : ? ï »  
8 3 : 8 ?

2433:663
m u n2433.6,3

197.631
m-An
m - M

I I
1 1 : 5 1

1 : 1 3 3334.836
m - . m

i ; : 1 ; i
n tm  
m m
m - M
265:858
m - À i i

p î - l l
îllilJî

I I
372:760
m - . m349.659337.385328.125

m
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Table 1 continued
X Y P

m tm2995.202
| | p : p i3556.8033744.000

’ i p l p l374.400
5 « : 8 8 S

I p l i p l1497.600 1684.3021872.000
22461402
262013002808.0002995.2003182.4003369.6003556.8003744.000
3 9 3 k i Ê !

561.600748.800

i|P1684.8P2 1872.*002059.202

i l i S r l S I2995.202
336916223556.8023744.022 3931.2*2 0.0P3
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5 5 5 :  S «  

ifil.iSS131tf.40y

iiii-ISS2433.6?0
m n ’4

2p0:8002620.800
2630.80a
m i:m2630.8002620.8902620.8902620.803
2 6 2 0 . 8 0 0  2620.6P0
|8fS:|S
262§Ia?32620.893
3630.860

2620.8922620.000
2899.090 2808.0002803.003 2809.032 5808.80* 2808.0002803.0002808.090
2808.000
2899.0002808.0002806.0002828.0005808.0222808.0902808.000 2808.g"?5808.0002808.0002829.292 5808.0C0

s s s f i l f !
« S f r I S S2995.200

m m313.632

i |
405.393

S i413.504
m in i
H m
n tm
16 9.260

IS  
p a r i
i i m
i i h p685.465

p L I p
219:928

1 !
I :i!

I l l i l i !
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Table 1 continued

1497.
1684.8031872.43*
"51:81133.0002620.800

îliïltîa3556.8003744.0003931.200
1 8 7 l i s 0374.400
m :îîî936.0*0

: 8 S  
I I 2 : S S S1872.000

^246!4002433.6002620.300liiii!3369.65:*3556.800 3744.0833931.200 
0.0*2

151:8S561.6*0748.800936.02*

w mpiiiiii2246.4002433.6902620.600
2808.0002995.2903182.400 3369.6933556.300

i e 1 : 5 ^

M ilH2995.230

PL2995.22*
5 8 1 1 : 8 $2995.29* 2995.22* 2995.2*4 3182.4*0 3162.4C0liiii!
i:!H15:88

3 1 5 5 : 8 8iiil!ISIiîS3182.4003369.6033369.6023369.6203369.600 3369.6*03369.6003369.6033369.600 3369.6*0li;!!!3369.62*3369.6*93369.6003369.6203369.6003369.6003369.6003369.6903369.690 3369.6*03556.3003556.800

4560o7: i^466.556
im u902.189885.258
nump
\û M
1 ^ 9 ^ 5 0
6001829605.905531.808

III
m-Mlilll
i iC i i

68 .666

1
1 5 3 : 1 5 8  
1 8 : 1 1 ?389.500if
59.757127.580170.287
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Table 1 con t inued  

X Y P

1 2 ! :  S K
748.800

i i i a l p f
14971600
1684.800
m -M i
im-Mi2620.800
im w

H U : ? * !
3931.200

i s f c  H I
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im :iu
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m mid: III 
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2808.000
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I l l h S ü
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m bîtî
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m t iu
3 7 4 4 . 0 0 *
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Viiiiîîî 
Vi\X:Ul
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m-Aii
1 8 ! i : i S 2i§l!:pi
ÉIÜ
liilll
3 H 1 : 3 S S
3931.200
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III
324I32&
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1 ^ * 9 5 0  

1 ! 1

1 1

I
I S l i l Î !
Hi:!!i
M
170.030
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Table  2: Pressure D i s t r i b u t i o n  ( P i l o t  2)

X Y P

é . à M  0 .0 0 *  375.835
167.271 d.ZZ* 432.869
374.4P* 0 . * 0 *  446.624
561.6*0 0 .00*  424.742
74o.3?J J .dZ*  352.418

. î it - .ü i 8:558 155:518
15:8:5 5:888 :

1684.87* g . t J à  266.945
1672 .* "3  * .3 8 4  263.355

259.272 0 .3 *0  290.784'46.47* 0.03* 3*6.46 .1433.670 2.303 303.349i«i:8fS i;*n 581:815
J l d l l p *  *1 * *03369.6"* 0.373 3*3.256
m tin  km m-.m
liiii iflil li!
l i  lip ill1315:855 181: 53 855:1531885:1” 83:811 85:311
2^59.272 187.22* . 354.841
2246.47* 167.2*2 353.3513813:858 181:385 111:313
llil ii ill
3111:83 1 8 :155 388:'®
3931.27* 187.2*3 266.031

' I  I I
936.*»* 3 7 4 .4 '3 383.4P:

l l * j . 2 7 0  374.474 317.476
1111:855 311:158 388:118
1684.370 374.472 339.2 81
1872.0*3 374.4*0 427.238ü :i m  ss;ts
3858:355 311:118 315:W
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Table 2 Continued
X Y P

2995.2P0 3162.4^03369.620 3556.8^0

1936.mm 
I I
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i ik mSI!
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361000
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Table 2 continued
X Y
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! | !
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44P8

^ : \ n
48.839

-47.768
9.312

IS
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Table 2 continued

7 4 8 .8PZ 1497.623 363.160

iî iipl jlljilS illihl
thi-sis ihiiiii iilibf
p  : S 3  : y  : l  3 : S l i  

! | : S S S  H I  : | 8

pH }§! !fp||
3 ^ 3 l ! 5 « l  ^49? IS m  f a i l l iislilf 113:111 ilfilli

1 1 1 : $ 3 8  ! $ S i : $ S S  H i : p $936.OPa 1684.823 214.769
3 :  3 8  1 8 1 8 : 1 3 $  1 3 ? -1497.622 1684.8231684.82» 1684.632

872.322 1684.823
WS9.222 1684.820
246.422 1684.803

| 6 8 4 ! i l a
8 3 8 .3 2 a  1 6 8 4 .8 0 3

i |  | | |  h i If I 111 Sil
w \ m  lüfi

6.233

.094

.658
166.890

000 3 ^ . | 4 9
0fO 1372.800 422.116

1 5 $ ! : $ $ $  1 1 1 1 : 5 ! !  " 1 : 5 $ ;
2433.6” 3 1872.000 25.154mt mm iiüip mm mm iiyn
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Table 2 continued

X Y P

  m 3 : 8 ? 5  Î ? Î : 5 S  
'■‘M i S ? ? : 2 S J  i l s :  I

2259.2 jy  1 >33.735

MM 11:1 lliil!
131g.4?e 2?59.2r? 1 3 2 .9?3un:tci m -M  *3l:iy
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| ? 4 * I p  - l l l ' I H
74&I&Â* i l l t ' A U  1541364iOfiS Pllil I8:P! 

H l l i l S  J : i »
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i l î i S H  m m
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Table 2 continued

X Y P

262ii '  8?0 
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l l i i l !  
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W ! : S 8.4? 2
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Table 2 continued

m i  ip i497.680 3162.46084.880 3182.480

1497.680 2995.230 119.8111684.830 2995.230 417.Ü94
W,ï:$

m-.tn mi-.in mss.
sîpl j?S hlséllSshlriss m.l\% ii:I ! ii : $utt m m  im u
nm u im :M  m m
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m  iiii i l l
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l l l l l  200 Ü691630
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Table 2 continued
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3744.472
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l l l l l l s l
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Figure 35: Pressure Distribution and Streamlines in Pilot No. 1
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Figure 36: Pressure Distribution and Streamlines
in Pilot No. 2
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Tab! e 3: Pressure D i s t r i b u t i o n  ( P i l o t  1) Stage 2

i l l :  
î:iU 1 S S : Ï 3 !

7 4 8 .8?<; d.Kfw 128.665
9 3 6 . j . gCd 126.796

I 3 I P I 4 PL Ü Z 773
1497.6»6 «j.fcPy 49.682
1 664 .S1’ .' d .482 52.183
1872 . jjPi' d . B f t  67.265
1^4 6 ! 4 c i a laeo i i l l t l i
mi:®! km  m :m
2 608 .oea 0.023 141.999|pl:!8 1:18 }|M8
3556.8?? 0.062 78.236
3744.062 0.600 57.126
3931.262 2.002 57.740Si!:!;! }s?:lg i!|:5sl

561.662 187.220 197.813
7 4 6 .S'»? 187.206 176.163

1 iS:5?s I S: : II : :
I U S : « 5  1 8 ? : % .  8 : 3 ? i!l; 8 i! : !!
2246.4«i. 1 8 7 .2 f t  156.142

181:18 18?: % I88:3?S
3369.660 187.202 142.133i  ii i ?ii

g.CPd 3 7 4 .40r 250.917}p!||! iilli pg
748.860 374.402 231.469

iHS:5S HfcttS 183:885
1310.4P* 374.464 166.169
1 4 9 7 .6P0 3 7 4 . 4 f t  81.999
1 6 8 4 .6Pf 374.450 89.922

ii 11 M
2868.000 374.400 261.467
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Table 3 continued

H & l S i  liteU
1 8 : 1 6  m ill!

3m  i p i p i  m
374.4'* v 561.62.) 37J.673
5 f | : 8 ? *  i | i : « S

i l  i  i
* *  e e i  h
262e.t iPt 561.62* 344.370

I f l l i H I  l l l l t f ?
p H : I S ;  m :m  m t v

i s i - . K )  ‘ i i - . p i
a . g f j  748.602 494.223

&74l3c3 7 4 ^1? * '  É ? ia 6 6
561.600 748.820 449.856
748 .8 l’ i' 746.601- 364.522
936.0*1' 749.900 283.825

I  p :  K  m  1 1 ;  I

Isü ià  î î l i î l l  i l l i i S
« 8 : 8 8 8  m m

2622 .6fY 748.800 461.535
8 8 S S : S $ ?  « 8 : 8 8 8  th:Ki
3162.400 748.800 340.274

I I :  ? :  i  S i  m
3931 .2!’ 2 748.801' 109.3*6

k . bCi: 936.201 462.763
187.2*2 9 3 6 .<0f 65 f .341
374.402 936.000 745.411
561.6*0  936 .0*0  573.918
7 4 8 . 8 " i  936.082 423.974
936.0*2  936 .0?)  317.0*9

1123.2?? 936.002 235.785
1 316 .4?0 936.002 192.487
1497.6*2 936.2 01 170.786
1684.8*0 936.090 173.269
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Table 3 continued

» 8 : ! R
i l i a l e p
26*a .8 f0
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3369*6P^

IW M

m i  
. i s
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m:$}}
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’À I Î  
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936.000

JII|
.ûiiiî

m m

life
i m - . m

a è : 5 »
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■
0.400 
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l â i â
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{lllliez

111 . . .  
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III
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Table 3 continued

7 4 8 .8 f tiiii
M M

m i - M  
i l l  : « r
I I I : ! !
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1 8 ^ ^ 0 0  III: If!
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Ï S 3 I : S ? S  
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ill
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• 000
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i i
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ili|
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Table 3 con t inued

tâM i l : i  $:$
n m i i

i l l t r i  5||:|?9

| ! : | |

Illili Illili Millip i 111 f#
3 5 5 6 .8P£ 2*59.222 133.926
8315:$» S|lf:p5 ,18:51!

É . t f i  2246.3fe 175.917
I  :  »  3 : « $  : 5

«8:1» $331:1% 3!I:1H
il ;p$ p ill! m
1 4 9 7 .6C2 2246.402 265.662

| ï  111 |ll 
IS 111 illmm ;i!i mllil lliil llill!

936.065 2433.600 372.505
1123.260 2433.600 366.338
1310.405 2433.600 362.895
1497.600 2433.662 325.468mm mm $ ;i
3313:3;; 3333:8» 113:155
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Table 3 continued

X Y P

262t'.8?Éi!$
3556.#8fS

11
P : i 81684.

\ m n
2433 .6P0
P I : 8 S
2 995 .2Pti 

3 5 56 .6C& 

f . o P t
HI: Î 
1 5 6 : 8 »
936. 

1 1 2 3 .2P1)
» S : « S1 6 8 4 .8Pf 
1 872 .ü f j  
2é*59. 2?i*

i m
28P6.Ç Î2

3744 . fPY 
3 931 .2 f f

1 6 7 l2 fk  
3 7 4 .4Pi? 
5 6 1 .6fd 
7 4 8 . 6 ^

2433 .6fd 
2 433 .6? j  

433.63# 
13 •2433.620

1 1 : 86
14331623 

62&.8P# 
" 23

34
Jaleeaipill

!o2fc.80v 
!62&.800
620.824

2620.822 
2620.624
| 8 h : 8 1 626Îi3.tikî4

W&lll
2620.600ûéï.Miim-.m
28?8.£-02
2506.03?
i m - . m
28P8.023
2678.000 
2838.030 
2 d ? 8 .0 0 0
2 8 0 6 .0  00
2836.000 
2838.03»
2806.000 
2808.£00
m - M i

2 8 3 8 .0 0 0mm
ill

a
ill
1 1

I!mill in in 
-ill
- y r . î ï ï

H i : ! «
m i i i i
lllrlii
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Table 3 continued
X Y P

1 497 .6Pu 
1664 .6F.< 
1672. 
2259.2"?  
2246.42%

l im n
i i h »km
i & ‘ë
ïïllï 'ï
936.aP3 

1123 .2?û
iU<:lFi
1 6 8 4 .8 °J 
1872 .É>P* 
2f59.2P2 
zz4b.4P:) 
2433.6^x3 
262*.622 
2 8 ^ 9 .araii:P!
3556.8?*
393 Ï l2?a  

a . 0 2 a

I I
i üllil
28?6.2Pif
2995.222
3182.4"?
3369.622
3556.822
l l î t ih
i8%:%%

2995

III!
3182

.49*

.422

33K3

I
. 6 * *
• 62*
.622

. « 2 2

Ü I 8
11:511

r p i l
- *3 t - .d67

-34 .268

379.569m i
IPÆ
41:1$

- i â î : 6 8 7

zm m
- 4 94 : m
: ï | î : 3 } J
~ Æ m

2̂ :lU

m 
i
•415:11?i i
ïl?:i5i17?.1
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Table 3 continued
X Y P

3 7 4 .4Pk 
5 6 1 . 6 ^
748.

S l l i

llllifsi 
2808. (0 **■£

i l ; 8

m i
e .*p dm

7 4 8 .8Pi.'

24613*3
J433.6P2
262e.BPf
m-Ait
i i i p
3 9 3 l ! 2 p f

i d i S ï !mmi
J46.4PP 

1433.6 f f
i26.6Pt-

m m

3 556 .ae^ 
3556.66f
P:!!S
3556.824
. j | : | P
355618?:

I :  K  
n i t r S S S
3556 .8P4
im ®
3556.864
3556.866
l i s e lee?
3744.668
i i & U S
3744.623 

744.662
936 .6 "^  3744.664
123.266

3 7 4 4 . eea
3744.1)80
3744.920

3744.626
3744.022
3744.620
3 7 4 4 .0 0 6
3744.060
3744.000

53ÎS*
i l 2 § 3

03

3 9 3 ^ 2 8 6llil!
? m : B 5
3931.260
3931.206

215.454
262.958|-1È

E l k ;

IS284.996|1
mk 
111

173:425ihp
37.482

-50 .543a
:i;fp

-4 1 .4 7 9
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Table 4: Pressure D i s t r i b u t i o n  ( P i l o t  2) Stage 2 

X Y P

0. 37f 0 376. 090
167. 20 1 J 0 7 i 433. 17 *
37*1. 4^^ 0 0 04 44b. 937
5t>l. 60? 0 000 4?5. 7 23
746. 801 0 00 3 352. 65 8
936. 0-'5k5 0 000 322. 461

1123. 200 0 000 3 1 3 . 542
13V--.. 403 0 0 " / 297. 323
1497. bfc* 0 t- V 2 vi . 965
16u4. 877 « 7, 3*8 . 455
Ib 72 . Vlü V £ 00 0 330. 6' ‘ 4
2H59. 200 0 000 343. 495
2246. 400 0 0*0 354. 2 7 3
2433. 60S 0 22? 358. 394
2620. 80? 0 363. 166
2838. 000 0 020 363. 673
2995. 200 0 00-1 39? • 1C3
m i :

4?J
600

0
Ü it Z V lit: M l

3556. 602 0 200 490. 6b 3
3744. 000 0 0*0 454. 537
3931. 2Pf 0 020 380. 132

?. 000 187 220 461. 575
167. 220 187 ?2? 664. 126
374. 4.?2 187 2^0 626. 774
561. 600 187 20; 519. 761
748. d > 137 20? 430. 1/6
936. 010 137 2",' 377. 1 OS

11*3. 2»?0 187 200 349. 101
n w .

403
602 i t ? I K l U : m

1634. 167 220 392. 421
1872. 187 2^0 434. 6 07
2?<9. 2'*i- 167 2 o •? 46 - . 765
2246. 137 Z t‘ JL-» 461. 269
2433. 600 167 2?0 439. J45
2623. 830 187 2 27- 422. 762
26^o. â v iû 167 21^ 42*4. t94
2995. 201 187 200 451. 642
i l l ? :

42?
60? ï§77 2o-3 M : 2 ^

355b. 30 u 187 23*; 72b. B3o
3744. 2 00 157 2"'? 6*7 . fc4d
3931. 220 167 20? 454. 769

1 • 323 374 4:08 526. 829
137. 2 0 if 374 40J 7d3. 028
374. 420 374 4*3 1054. v89
561. 600 374 4*2 630. /  66
74d. 800 374 400 432. 763
936. 000 374 4n: 477. 363

1123. 200 374 4 2 370. o77
1313. 430 374 40; 373. 297
1497. 600 374 408 417. 029
1664. 00? 374 4 ,̂1 435. 494
1872. 300 374 4 ^ 592. 148
2059. 20v 374 40,' 665. 893
224b. 400 374 421 592. 393
f f l h

60 j
500 m 4?:

510.
466.

0 38
7 x-1-

2375. 0*0 374 42? 463. 744
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Table 4 continued
X Y

2?95.2P331 b ̂  k * :
33t9.60z?
355 t .8e?
3744.
3931.202

1 ^ 1 2 ^  
37**. 42i'
7 4 3 l8 f?  
936. t0k?

Î3 Ï? .#4??
1497.

2259 .2%y
2246.477
5 8 ^ :  8=5

3369 .60 /  
3556.67"» 
37^4. f  % 
3931.277

157 .27 :
374.472

936. 
1 123 .2«'0
H i5 :J S S
1684.87:
%'59l2?0
2246.4i?,)
2433.6 V
2b2,i. e?Z
2cft).i)D.)
2995.270
3182.4^3
3369.6 r L 
3556.6?:  
3744. 
3Q31.2'»

f .K fP  
187.27*. 
374.4?3 
561.6:, ;  
748.67 6 
93b. i • »î? 

1 1 * 3 . 2 iL
1317.477 
1 4 9 7 .6 : :  
1694 .5 /7

H k t l ; ’374.473
374.4?:-
374 .42 :374.47?
m - M
5 6 1 . 6 (:
I s i l b r i :
tttitn
5 6 1 . 6 :2
5 6 1 .6 73  
5 6 1 . 60? 
5 6 1 .6 " :
881:88;: 
181:8!-:'
5 6 1 .6 7 7  
561 .6 /0
561.673561.67:  
561 .67:  
5 6 1 .5 » '  
563.67? 
7 4 n .5?/ 
743 .87 /  
746. 67.? 
746 .9 : ' /  
743 .67 /  
7 4 d . t i : /  
746 .87 f
?4i: ir -r?
743.

7 4 o • 01 • .1 
743 .67 /  
743 .97 :
7 4 3 . 8 / /
1 8 8 :8 - ;  
74b .3 iu
748.677 
7 4 8 .0 / /  
7 4 9 .R"/  
9 36 . r r ?  
y 3 6 • /• ?■ ,■ 
9 3 6 . / ? /  
9JÔ.17k 
936 .2?/  
9 3 6 .?:v 
9 3 6 .k.?.. 
936.?"? 
936.1? / 
? 3 6 • /  ? ?

7 7 j l l 4 b
1743ld92

524.-57
72:1497 
c v 4 . 1,6 5
8 ? S : 2 5 1
421.261 
4 7 5 . 1 o 9 
568.961 
771.441 

1333 . ',2a 
731.186
4 9o I736
8 8 8 : 8 1 3
6%7.,92 
7 /9 . " 7 9
T1 Ï . H 2

m an
5 4 4 . 6 / 7
618.726

46-5.194 
45',.644 
461.269 
43R.29Ü 
57 9.862
613:542
667 .o^d

312.436 
534.361 
5 3 2 . ’ 34

566.579
47^:4?%

11 ?. /  5 6 
495.543 
487.514 
454.71/  
4 9 2. 3 ? 6 
51i,. 361 
55 / .933
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Table 4 continued

X Y P

1872 .■fPO 936 0*7 621.7 *9
2P59.2fV 936 %c*o 641.098
2246.47t 936 ? ' b n . 3:6
2433.6('Z 93o 559.695

531.970202%.WHf 936 fcf’%
26?8.<4f0 936 520.333
2995.2%% 936 f) Y''tl 524.156
3182.4%? 936 00/ 556.689
3369.60% 93c O/ j 583.369
3 5 56 .8 ’ % 936 00/ 536.984
j 7 4 . % *. 93o V?/ 5 6 3 • d 91
3931 .2P& 936 g'/O 497.242

1123 20rJ 465.49 3 
5 1 6 .9P0167.2%% 1123 20/

374.4%% 1123 2f 2! 529.753
561.6%?

l l i l
20J 512.357

7 4 8. 8 % i/ 2& J 5 /3 .613
936.k.r0 1123 20/ 502.300

1123.2 :0 1123 2 "i) 5 ’  3 • 4 6 4
1313 • 4 % % 11Î3 2 v o 511.624
1497.6?? 1123 2*2 524.386
l o 3 4 . t v i 1123 2/? 536.611
1872.11% 1123 2/o 531.415
2%59.2!:/

m
201 577.726

2246.4'.'»' 2ri ' 544.562
2433.6-? 1122 2 < : 530.723
202%. o t1 1122 2 0? 516.658
280 8 .? "? 1123 2^0 512.455
2995.2v? 1123 523.016
3192.4?% 1123 543.053
3369.6/? 1123 530.179
3556.83 / 1123 0 '1 .681
3744.3/0 1123 574.746
3931 .2 /4 1123 2 /  v Dv 2.741

C.6/% 131/ 40 o 477.118
127.2?? 131% 4"? 542.-49
374.4 V % 131l 4 /  o 562.345
561.600
748 .80 /

1310 4«7l. 554.127
131V 40? 52,'.674

936.2«? 131/ 4 " / 513.046
1123.2? / 131/ 40 0- 513."59
1312.4? / 1310 4"0 524.966
1407.6/% 131 v 40? 543.520
1634.60% 1310 4f v 376 .3 /1
1872 .CO/ 1310 4 0? 593.956
2059 .2 t 2

i m
4?0 567.512

^ 2 4 o . / 4/ 2 53b .195
2433.6"? 131 ’ 400 50 3.040
262% • b r • L- 131 v 4 u V 4%3.996
2 9 " e . j f ' / 131? 40/ 4*6.355
2^98.21, 131l 4 ' v 615.169
3162.40? 1310 40 0 550. i* r* 4
3369.600 1311 4 1 ? 622.059
3356.80% 1310 4 L / 683.415
3744.200 1310 402 632.464
3931.20 / 131% 40: 524.203Ü.vOO 1497 60/ 513.267

167*4.%% 1497 6C/ 629.441
374.40% 1497 6 / 6 5 v .455
5 6 1 .6 / / 1497 60 2 644.477
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Table 4 continued

ttktn
1 1 2 3 . 2 ? ?  
I S l r  
1497. 
1 684 .8?2 
1872.02* 
2259 .2 f f  
224o.42t
2433.60, 
262^.80%
iS§|:5?8
m u u
3556.8*0
3744.461
3931.200

187:223
n t tu
748.6?? 
936.^£6 

1123.2??

1684.3wf
1872.
2.459.23?
2246. 4£'£
2433.6??
262, . dCj
2 8 ? 3 . i)( ?
2995.2??
3182.49?
3363.63?
3556.806
mt%î\

0.020
W:m
561. évk,1
748.800

i l l ï ' A î s
131?.463 
1497.609 
1654.8?? 
1672.???
m u t t
2433.60? 
262?.83?

3162.40?
3369.63?
3556.8??

H 0 : H ?
I 4 0 7 . 61V
1497:60?
1497.63?
1497.63?
1497.60?
» s Ï : 8 ; e

1497.60*.
u m n
1497.620 
1 497 .6 f f  
1 684 .8C* 
1694.9*2
1684.800 
1664.80C 
1684.8*0 
1684. 80%; 
1 6 6 4 .8 T  
1684. 6V-*"■ 
1 6 8 4 .RC-j 
1684.6»:^ 
1 o 6 4 • 6 v 0 
1 6 8 4 .B.^C
l8?3:Sfï
1684.600 
16  6  4  •  6  if1 J
1684.820
1684.820
1684.6 C */
1684.820 
1684 .6*C 
1694.92?
1672.000
iS??:>fS
1872:0*0 
1672 . f 02 
1872 .00d 
1872.0*0 
1672.0*0 
1872.0*0 
1872.0*0
1672.000
1872.000 
1672.00» 
1872.02?

1H5:SÎÎ
1872.02?

565.617 
S i d . 420 
50 3 .?28 
529.123 
591.452

1»:58 
«3:1*3

I I
7 3 ? :4 3 |

Miïtf
D i i i

H  : I I
l ir.m8 4 6. i? 3 6 
944.171 
739.9*3

m
486:141
511:115 

‘ S l s . l l l
531.692
530.566

n tn i
î i i - Æ
588.516
684.516 
886.57;

1342.368

m n
462:958
449.454
491 .1 /9
553.347
631.015
691.588
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Table 4 continued
X Y P

3744.2«£' 
39^1. 2 , ' f  

/ .Zk'ü 
137.20% 
374.400 
561.6?? 
7 4 8. 8 ? 0
936.000 

1123.2?0 
1 3 1 * . 4 * 2  
149 7.6?û 
lt>64.8?e 
1672.20?
2059.200
2246.400 
2433.6?? 
2 620 . tiOv 
2dCd.?2? 
2995.20?
3182.400 
3369.602 
3 556 .dO? 
3744.009
3931.202 

,2 .000
m - . m
561. 60k:
748.000illrAti

131?.. 4?? 
1497.60? 
1684.8?? 
lb72.BP& 
2059.20?
2246.400
2433.690 
2b2?.80? 
2938.0?? 
2995.2?? 
3192.4??
3369.60,"
3556.800
3744.000
3931.203 

0 . ? 0 ?
187.2?? 
>3 7 4 • 4 ? 0 
561.60k-
7 4 9 .d?? 
936.???

1123.202 
1312.4?? 
1497.6*2
1684.902 
1672.
2359.200 
2246.4*? 
243a .6 i2

1872.2?? 
1 672 .1 "J 
2 : 5 9 . 2 ? f 
2 t 59.220 
2059.2*?
225913"?
2059.200 
2359.20? 
2059.2*0 
2j 59.2C,:
2059.200 
2?59.20? 
2*59.200 
2359.20?
m m
i i - l t l v ;
2259.2»)
2P59.2?)

2059.2? /  
2 246.4:?? 
2246.40? 
2246.4"? 
üz46*4v'J 
2246.4?:  
2246.4"? 
2240.4?:  
2246.4??
2246.403 
2240.4? ;  
2246.4*0 
224o .4?% 
2246 .4?J 
2246.4"?
2246.400 
2246.4"? 
2 246 .4o'r 
2246.4?? 2 2 4 6 .4 : :

m m2246.403 
2433.6;?  
2 43 3 .6 * :
2433.600 
2433 .OC7 
2433.60?
5 S ? 3 : 8 Km-.tn
2433.66:
2433.63:
2433 .6 " :
2433.03:
2433.63 :

617.032
4d9 .1 ,o
563.78:
OÔ5.789
736.977
7 3 3 . 5 9 4
02?!524 
609."63 
621.723
o 5o .0 16

506.731 
48 5 . dof
4 8 0 .9?C

569.387

453.533

632.419
5 §6 l2 /2  
541.541 
510.956 
0 16. 90b 
5 * 5 . 4 '5  
o%9./9b 
526.278
551.365 
545.467

635lda9

638.184

i ; : m
621 .4 :4
6 '»: .174 
58 7.072



Table 4 continued
X Y P

262P.6f%
299b ,2rv  
31o2.4Pk" 
3369.6a? 
3b56,Bvv 
3744 .9P2 
3931.20k*

1 9 7 .2ki  
3 7 4 .4F& 
561. 
7 4 d .Ô0&936.20?

| H 3 : l ü î
Î497 .ec?  
1664.8*? 
1872 .g? /  
2gb? .2 te
i?3S:8Sf
262ü.60i’
j e j e . c n ?
2995.210 
3182.4*2 
3369.606 
3556.683 
3744.29* 
3931.261 

e .e *?  
197.23? 
374.413 
5 o l . 6f .  
748.6?/- 
9 3 6 .g/: '

i s i e l i h -% 3:1%
1672.268
2/59 .22?
2246.42 :
2433.622
2628.602
S58:5J;
3162.466
3364.62*
3556.66'?
3744.6??
3931.22*

0.82?
187.22?
374.4*2
5Si:8S?
936.6?« 

1123.28? 
131 / .402

2433.66k
8 1 1 : 1 $ $m m
2 433 .6Pf 
262J.6"» 
2b^ i'.6 : v- 
262i i.Bf 
2623.8^0 
2 6 2 2 .8?3
2622.690

.  P.al-

»62?.b*C 
5 6 2 ? . 8F3
2 6 2 2 . 8 2 4  
2 6 23 . 80 ?
2 6 2 2 . 9 0 3  
zôzf.BPü 
2 62 2 . 80 ?
2 6 2 0 l | o i
26Zti.60d

2 o 2 L . 6 ; V
28?6. ( '0?
2 808 .
2 6 * o . l J g
2838.202 
2806. 
2 8 9 6 . 2 * 3
2828.203 
2 8 0 6 . Foc 
2 6 / 8 . 0 - 2  
2 9 ? 9 . 2 * 7
2 8 0 0 . 2 2 2  2806.00- ,  
2 a C 6 . o / r
2 8 7 8 . 0 0 2  
2 8 2 8 . 0 3 3  
2 836 .FOC
2 9 0 8 . 0 0 3  
2 5 2 8 . *üi.  
2 8 2 5 . 9 * 2  
2 6 2 8 . 0 ( 2  
2 9 2 6 . 2 * 2

w m
2 9 9 5 . * " '9g;:»
8 1 ? :  s i !

?£ 
7 k* 

C

b i ô . i n  
o o o l163 
5791671m:ûi
477.568
571.219
666.681
746.365
778.735

lÜ-IIIm639 .76S 
b  o o •  o 6 1  
592.545 
49 9.968 
392.711 
562.62? 
794.456 

l t 18.759
lïh lttIllilll
m
8 8 5 : i? i
514.897 
4 9 0 .oe3 
516.113 
606.1*23 
679.591 
699.470n m
369.771
7441972
W S : i î §
=261643
î l l l l ï
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Table 4 con t inued

i 4 9 7 . o ^  
16 o 4 • c '/ ? 
1 6 7 2 . , '
2 24 6 .4P»? 
2433 .6 *"? 
2 62» .dü& 
2 6 r8 . f? 2  
29%b.2,'L
3 1 2 2 . 4 : '
j  d  b  9 .  o  l* »
3556.800 
3744 .JrY 
3931.27,*

p .e ra  
167.200 
3 7 4 . 4 0 7
561.600 
748.8^1

u S : 5 w
i S M i ;
1664.800
1672.000 
2359.202 
2246.402 
2433.007 
2620.6(0 
28"8 .7^7
2 9 9 5 .2k »3162.400
3 3 6 9 .6 " /
3056.600 3744.00?
3931.200

g .0 2 f

55i:n?
936.(iPi.

1123.270
1310.400 
14 9 7 .6C0 
l o 6 4 .8 2 f  
1872.0^7 
2059.26 0 
2246.47;
‘  3 . 6 0 ;*

31R2.4P0 
3 3 o 9 .6 t 0 
3556 .00 /
3744.00 1 
3931 .2 ;»

1671287

62»

2996.2:12995.
2995.2 '* :
2996.2
2995.200
2995.
2995.2 ;»
2 9 9 5 .2 r :
2995.20 :
2905.2° 1
2995.20,'5
2 9 9 5 .2 " :
3162.4?:.

3 182 .4 i ' i  
3182.4?? 
3182.4?? 
3182 .4? :  
3182 .4? ,
U S f t l S l
3182.4."; 

2162.4%*

3162.4. ' ,

3369.6% 
3369 .6 :0
3369.677 
3369 .67 :  
33o9.6:- : 
3369.67* 
3 3 69 .OOy 
3369 .63 :  
3369 .67 /  
3369.6°2 
d3o9.67y3369.60. 
336%.6 »% 
3 3 6 9 .6 :  
3 3 6 9 .6 * :  
3 36 9.00 :■ 
3 3 6 9 .6 " .  
3 36 9 .6 0 ;
3369.60, 
3 j 6 9 . 6 ° j  
3 3 6 9 .6 : ;  
3 6 5 6 .8 " :  
3 5 5 6 .6 / ;

i ’ s3:9 / ; .  
64 7. 
5 3o .

i l l :
5 7 3 :
769.
b 6  * i .
596.
3 27 :

I#:
5bb .
5»5.
46b.
465.1?S:
663.
62-j .
40».
422.
417.«i: IÎ?:
4 6 0 .

i !
ifl:
426.
414.
404.

i ;
51,3:
41 J .
3 6 : .  
3 6 ; .  
36». 
37% 
367.

I
27.:.
287.

2??
22 Ï

?ii
991

458
SG2

172tilip
598

,1
o:  5 
330 
49-* 
417

I!
3f2
17:

n?
161

I
9:3



ER-2872 121

Table 4 continued
X Y R

3 7 4 . 41V 3556 8?, 3 2 b . , 72
bbl.bCV 3556 y?: 221.457
748. Sf'* 3556 bfY 326.954
0 3 6 .v V 3556 9 " : 323.016

1123.2?? 3356 b?/ 331.254
131% 4? i 3556 b*» 335.97*
1407.6-?;- 3556 337.332
1684 .80L 3556 SCs 32V.b93
lo ? : . ? ? ? 3556 of 1 321.21C

3556 9 : - 3"9.752
2 2 4b .4LJ 3d56 6 V V J • b 3 0
K l l r S F S m t

8?r
6 C*L i t t i f f l

2Pt8.C"t ' 3o56 8-'Y 293.932
2955.27? 3556 870 094.349
3162.47? 3556 800 2 9 4 .b ib
3369.63? 3556 e^v 397.753
3 5 5 6 . 6 0 k 355b ÔL 0 *76.511
3744 .0?n 3556 8:0 244.318
3 931 . ÏPY 3556 8 :J 2 :5 .227

238.1420 .  02^ 3744 0 ? k)
167.230 3744 0 7?

i i ; H
374 .4? : 3744 3??
561. bkV 
746.b70

374 i 0-00
3744 f r v 244.**86
2744 25 : .226
3744 (» n f« 252 .6 :3

1310.47? 3744 0^2 251.764
14^7. bk*fc 3744 c.v. 244.6^21694 .6 :7 3744 243.990
1872.002 3744 , :  I- 242 .5 :2
2 05 9 .2t0 3744
2246.47, 3744 ?.%:•
5 4 j  3 • 0 0 *. 374-, >:' :  0 2 2 2 . 5 5 :
262L.0: '  4 3744 225.927

m
:  » :  
t »’c 0l2l%35

310 2. 4 71 3744 K- : ? 221.749
3369.6:7? 3744 r V 2 2 4 . '3 7
3586. bir 3744 0 ? 7 2x2.174
3744.27? 3744 0 Ç »< 1 9 0 .1?2
3 9 3 1 .2 / / 3744 » * : 1 6 1 .5 4 '

t*. 0 ' ». 3931 2:2 155.313
137.20V374.47?

3931 2 L : 167.054
3931 2 : 0

561.6? 6 3931 2P2
746.602 3931 166.4^5
936 .0» : 3931 2 V 1 7 3 . ti6?

1123.2k.: 3931 2 ‘ ' 1 7 5 .9G9
1 3 1 : . 4 " : 3931 2: 172.^<2
1497.6:-'- 3931 2 A 3 173.652
lb b 4 .  6-»: 3931 i : ? 1 82 .o5b
1 9 7 2 . , : » 3931 2^L 181.539
2 ,5 9 .2 :1 3931 2ôv 169 .7 :1
2 2 4 6 .4 ! " 3931 2?:r 151.650
243j . 67/ 3931 2»7 152.837
^ b «. 1 .Of * 3931 2* •: 150.056
2 H * b • ? '12 3931 2^ » 145.*82
2995.2?? 3031 /?•? 151.666
3162.400 3931 2i-i 163.365

B i :  v :
374**. k / 3*31 2‘V 142 . :66
3931.200 3931 200 1 22 .b i t
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Figure 37: Pressure Distribution in Pilot No. 1
after Oil Breakthrough (Stage 2)
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Figure 38: Pressure Distribution and Streamlines
after Oil Breakthrough (Stage 2)
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Figure 39: Pressure Distribution in Pilot No. 2
after Oil Breakthrough (Stage 2)
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Figure 40: Pressure Distribution and Streamlines in Pilot No. 2
after Oil Breakthrough (Stage 2)
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Figure 41: Water Front Positions in Pilot No. 1
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Figure 42: Oil Front Positions in Pilot No. 1
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Figure 43: Water Front Positions in Pilot No. 2
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Figure 44: Oil Front Positions in Pilot No. 2
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Figure 48: Water Front Position in Pilot 1 (Stage 2)
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Figure 46: Oil Front Positions in P i lo t  1 (Stage 2)
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Figure 47: Water Front Positions in P i lo t  No. 2 (Stage 2)
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Figure 48: Oil Front Positions in P i lo t  No. 2 (Stage 2)
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Figure 49: Oil Front Positions in P i lo t  No. 2 (Stage 2)
Water Front at 200 Pseudo Time Level
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DISCUSSION

The r e s u l t s  o b ta ine d  from the wa te r  i n j e c t i o n  in  the 

two p i l o t s  u n t i l  the t ime o f  o i l  b re a k - th rou g h  are shown in  

Table 5 and 6. The area swept f o r  each i n j e c t i o n  w e l l  i n  

the two p i l o t s  and o i l  produced f o r  each p i l o t  u n t i l  the  

t im e  o f  w a te r  b re a k - th ro u g h  are shown in  Table 7 and 8.

These r e s u l t s  show:

1) The f i r s t  o i l  b re a k - th ro u g h  in  P i l o t  No. 1 (F ig u re  

42) occu rred  in  Well No. 1 and Well No. 22, when the wa te r  

f r o n t  was 123 f e e t  away from the i n j e c t i o n  w e l l s ;

2) The f i r s t  w a te r  b re a k - th ro u g h  i n  P i l o t  No. 1 

(F ig u re  45) occurred  i n  Well No. 1 and Well No. 22. At t h i s  

t im e ,  1.04 years  a f t e r  the  s t a r t  o f  wa te r  i n j e c t i o n .  The 

o i l  bank had reached Wel ls  No. 1,  22, 17, 11, 13- 20, 28,

14, 15, 31, 16, 3,  6,  9,  24, 12, 25, 19 and 26, r e s p e c t i v e l y  

in  t h i s  leng th  of t im e (F ig u re  46 ) .

The o n ly  w e l l s  which d id  not  have any responses from 

the  w a te r  i n j e c t i o n  were Wel ls  No. 27, 8 and 5 (F ig u re  46 ) .

3) At the t ime o f  wa te r  b r e a k - th ro u g h , 1.84 m i l l i o n  

square f e e t  or 13.25% o f  the  t o t a l  area was invaded by the 

1.1 m i l l i o n  b a r r e l s  o f  i n j e c t e d  w a te r ,  and 1 m i l l i o n  b a r r e l s  

o f  o i l  were d is p la c e d  i n t o  the o i l  bank o r  had been produced.

4) The o i l  bank had moved beyond the  area o f  the 

p i l o t ,  as shown in  F igure  46.
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Table  No. 5

The Resu l ts  o f  Water I n j e c t i o n  in  
P i l o t  No. 1 (4 I n j e c t i o n  W e l ls )  Before 

O i l  Break-Through

Time o f  o i l  b rea k - th ro u g h  : 35 days

Water i n j e c t e d  f rom the  s t a r t  o f  wa te r  

i n j e c t i o n  u n t i l  the  t im e o f  o i l  b reak ­

th ro u g h :  114,400 b a r r e l s

Radius o f  w a te r  f r o n t  from the i n j e c t i o n

w e l l s  a t  the t im e o f  o i l  b re a k - th ro u g h  : 123 f e e t

Radius o f  o i l  bank from the i n j e c t i o n

w e l l s  a t  the t im e o f  o i l  b re a k - th ro u g h  : 459 f e e t

The w e l l s  which had been e f f e c t e d  by

the  o i l  bank : Well No. 1 and 22

New o i l  p r o d u c t io n  ra te

Well No. 1 new o i l  p ro d u c t io n  r a t e :  1190 b b ls /d a y

Well No. 22 new o i l  p ro d u c t io n  r a te  : 1209 b b ls /d a y
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Table No. 6

The Resu l ts  o f  Water I n j e c t i o n  
P i l o t  No. 2 (9 I n j e c t i o n  W e l ls )  

O i1 Break-Through

Time o f  o i l  b rea k - th ro u g h  :

Water i n j e c t e d  from the  s t a r t  o f  

wa te r  i n j e c t i o n  u n t i l  the t ime o f  

o i l  b re a k - th ro u g h  :

Radius o f  wa te r  f r o n t  from the 

i n j e c t i o n  w e l l s  a t  the t im e  o f  o i l  

b re a k - th ro u g h  :

Radius o f  o i l  bank f rom the  i n j e c t i o n  

w e l l s  a t  the t ime o f  o i l  b rea k - th ro u gh  :

The w e l l s  which had been e f f e c t e d  by 

the o i l  bank:

New o i l  p ro d u c t io n  r a t e s :

Well No. 9 new o i l  p ro d u c t io n  ra te  : 

Well No. 23 new o i l  p ro d u c t io n  r a te :

Well No. 19 new o i l  p ro d u c t io n  ra te  :

Well No. 28 new o i l  p ro d u c t io n  r a t e :

Well No. 13 new oil production rate :

i  n
Before

35 days

253,232 b a r r e l s

122 f e e t

456 f e e t

Wells  No. 9 ,  23, 
19, 28 and 13

1191 b b ls /d a y  

1190 b b ls /d a y  

1203 b b ls /d a y  

1205 b b ls /d a y  

1197 b b ls /d a y

*
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5) As t he t ime o f  wa te r  i n j e c t i o n  goes on,  more 

produc ing  w e l l s  have water  b r e a k - t h r o u g h , and the amount of  

o i l  d i s p la c e d  in c r e a se s .

6) The f i r s t  o i l  b r e a k - t h ro u g h  in  P i l o t  No. 2 (F ig u re  

44) occu r red  i n  Wel ls No. 23,  13, 28,  19, and 9 ,  when the 

wa ter  f r o n t  was a t  123 f e e t  away f rom the i n j e c t i o n  w e l l s ;

7) The f i r s t  wa te r  b r ea k - th ro u g h  in  P i l o t  No. 2 

(F ig u r e  47) occur red i n  Wel ls  No. 23,  13, and 28. At  t h i s  

t i m e ,  0 c77 years  a f t e r  the s t a r t  o f  wa te r  i n j e c t i o n ,  t he o i l  

bank had reached Well  Nos. 11, 29,  23,  13, 28,  5,  14, 18,

31, 19,  9,  and 12. The w e l l s  which d id  not  have any r e ­

sponses f rom the wa ter  i n j e c t i o n  were number 22,  2,  1, 27,

3, 21,  and 30.

8) At  the t ime o f  f i r s t  wa ter  b r e a k - th r o u g h ,  2.91 

m i l l i o n  square f e e t  o r  21% o f  the t o t a l  area was invaded 

by the 1.75 m i l l i o n  b a r r e l s  o f  i n j e c t e d  w a t e r ,  and 1.6 

m i l l i o n  b a r r e l s  o f  o i l  was d i s p la c e d  i n t o  the o i l  bank or 

had been produced .

9) The o i l  bank had moved beyond the area o f  the p i l o t  

as shown i n  F igure  48.

10) A f t e r  the f i r s t  o i l  b r ea k - th ro u g h  in  the two p i l o t s ,  

new o i l  p r o d u c t i o n  r a t e  was c a l c u l a t e d  f o r  t he p roduc ing  

w e l l s  which had the o i l  b r e a k - t h r o u g h . These o i l  p r o d u c t i o n  

r a t e  va lues  were very h ig h ,  because o f  the h igh r a t i o  o f  the
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e f f e c t i v e  p e r m e a b i l i t y  o f  o i l  t o  t he e f f e c t i v e  p e r m e a b i l i t y  

o f  wa te r  ( 3 0 / 4 . 4 )  which was re po r te d  i n  t h i s  r e p o r t  and was 

not  compared to  the s a t u r a t i o n  va lues used in  t h i s  r e p o r t .
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CONCLUSIONS

The f o l l o w i n g  c o n c lu s io n s  were made on the bas i s  o f  the 

r e s u l t s  rev iewed i n  the d i s c u s s i o n :

1) Fast  o i l  b r e a k - t h ro u g h  occu r red  i n  the two 

p i l o t s  (35 days a f t e r  t he s t a r t  o f  wa te r  i n j e c t i o n ) .

2) Ea r l y  wa ter  b rea k - th ro u g h  occur red i n  both p i l o t s .

3) At  the t ime o f  i n i t i a l  water  b r ea k - th ro u g h  a

g r e a t e r  volume o f  o i l  had been d i s p la ce d  i n  P i l o t  No. 2 

because o f  t he l a r g e r  volume o f  water  i n j e c t e d .

4) The e v a l u a t i o n  of  the P i l o t s  i n d i c a t e  t h a t  w a te r -

f l o o d i n g  appears f e a s i b l e  i n  the bot tom member o f  the o i l

p roduc ing  zone in  the a r e a .
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RECOMMENDATIONS

1) F i e l d  t e s t i n g  should be under taken to  determine the 

h y d r a u l i c  c o n t i n u i t y  w i t h i n  the area and i f  any d i r e c t i o n a l  

p e r m e a b i l i t y  e x i s t s .

2) Using a v a i l a b l e  c o r e s , a d d i t i o n a l  d i sp lacemen t  t e s t s  

should be done t o  r e f i n e  the r e s i d u a l  s a t u r a t i o n s  used in  

t h i s  r e p o r t .

3) A s tudy  should be under taken t o  determine the a v a i l ­

a b i l i t y  o f  a s u i t a b l e  source o f  wa te r .

4) Based on the a c q u i s i t i o n  o f  the recommended a d d i ­

t i o n a l  d a t a ,  a comprehensive s tudy should be per formed to  

de termine  the optimum design and o p e r a t i o n a l  procedure f o r  

a f u l l  sca le  w a t e r f l o o d .
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Appendix A

Summary o f  the Resu l t s  o f  the 

Secondary Recovery P r o j e c t s  

(Nes lage,  1966)



ER-2872 146

Summary o f  Wa te r f l oo d  P r o j e c t s
Note

Name o f  the Flooded Incrementa l  Sec. Success
P r o j e c t  A c r e - F t . Rec. b b l s / A c r e - F t . S ta tus

1. Badger 
C o o p é râ t ! ve - - F a i l u r e

2. Southwest  Pampa 32,500 5.3 P a r t i a l  *

3. Meers C Lease 4,800 7.6 P a r t i a l

4. Davidson Area 31,400 - P a r t i a l

5. Huber -Her r i ng  
Burch 1.760 - F a i l u r e

6. Huber -Sta te  
A & B 30,800 - P a r t i a l

'a. Kewanee-Chapman 17,700 - F a i l u r e

b. East  Morse 
Flood U n i t 40,200 25 Success*

c. Geth ing 14,400 36 Success

d. Johnson A - - F a i l u r e

e. KSAM U n i t 13,000 27 Success*

f . Morse Area 36,600 77 Success*

g. Kewanee Morse 36,600 77 Success

h. P h i l l i p s - - F a i l u r e

i . Shor t  and 
Shor t  A & B 8,400 29 Success

j . Webb and Husely 
ABC 19,000 26 Success

k. West Morse Group 17,400 45 Success

1. West Webb 19,000 26 Success

* Res u i t s  obta ined f rom the d e c l i n e curves



ER-2872 147

Name o f  the Flooded
P r o j e c t  A c r e - F t .

8. South Pampa
Area 32,500

9. S tan sber ry  24,000

10. L i t t l e  Seminole 87,000

11. R.E. Darsey 19,700

12. Mobi l  Fee 227 135,400

Incrementa l  Sec. 
Rec. b b l s / A c r e - F t .

5

4

27

14

14

13. Mobi l  Fee 224 31,000 -

14. Mobi1-Saunders 
"B" 18,500 13

15. Mobi l  -  SO & DC 16,000 -

16. Phi 11i p s - F i n l l y 14,400 12.
17. Phi 11i ps-Pampa 

U n i t 16,000 58
18. Phi 11i ps-Supreme 

Lease - -

19. Phi 11ips-West  
S t i n n e t t  U n i t  
and B re t  Q & R 11,800

ro o S i n c l a i r - E a s t
Pampa 14,400 16

21. S k e l l y - S c h a f e r
Ranch 108,000 19

CMCM Skel l y-Webb 
B a t t e r i e s  #1, 
#3, and #5 19,000 26

23. Sunray DX- 
Brown Dolomi te 
Uni t 6,400 47

*  Re su l t s  ob t a i ne d  f rom the d e c l i n e curves

Note
Success
Sta tus

P a r t i a l

P a r t i a l

Success*

Success

Success

F a i 1ure

Success

F a i l u r e

Success*

Success

Success*

F a i 1ure 

Success 

Success

Success

Success
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Note
Name o f  the Flooded Inc rementa l  Sec. Success

P r o j e c t  A c r e - F t .  Rec. b b l s / A c r e - F t . S tatus

24. Combs Lease 14,850 - F a i l u r e

25. Chapman 17,700 - F a i l u r e

26. Saunders 35,650 -  F a i l u r e

27. J . C. Shor t  -  - F a i l u r e
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WOC Gas, I n j e c t i o n  P r o je c t s

Name o f  t he  Flooded
P r o j e c t  A c r e - F t .

1. A lexander  5,600

2. C i t i e s  Serv ice  
D r i l l e x  4,480

3. Creslenn
a. Moore A & B 3,360

b . Moore C 5,600

c . Moore D 3,360

4. G u l f
a. C o c k r e l l  B 1,120

b. C o c k r e l l  C
NCT.B 7,840

c.  P i t c h e r  8,960

5. Kerr-McGee
a. C o c k r e l l  17,853

b. P i t t s  71,680

6. Kewanee
a. H a i l e  8,960

b. Ha i l e  A 6,720

c.  H a i l e  B 8,960

d. H a i l e  C 4,480

e. Ha i l e  D 8,960

f .  H a i l e  F 6,720

g. Watkins B 8,960

Note
Incrementa l  Sec. Success
Rec. b b l s / A c r e - F t . S ta tus

12.4 Success

16 Success

10.7 P a r t i a l

7.7 P a r t i a l

5 .8  P a r t i a l

7.7 P a r t i a l

7.3 P a r t i a l

5.0 P a r t i a l

6 P a r t i a l

5 .4 P a r t i a l

5 P a r t i a l

6.6 P a r t i a l

7.3 P a r t i a l

7.3 P a r t i a l

4 .3  P a r t i a l

7.3 P a r t i a l

6.6 P a r t i a l



ER-2872 150

Name o f  the Flooded
P r o j e c t  A c r e - F t .

7. Mar tex 7,840

8. P h i l l i p s
a. Black 1,120

b. C o ck r e l l  
Ranch 6.312

c.  E - C o ck re l l 1,680

d. W.B. Ha i l e 9,464

e. Harvey U n i t 40,320

f . D. Jordan 16,240

g. Kent A 2,800

h. Kent B 19,152

i . Lone Star 1,680

j . Te r r  & T e r r  B 3,920

k.  Timms 4,480

1. T u r n e r -  
Whi t t enburg 3,920

m. Wh i t t enburg  
Btg #1 10,752

S & M 8,960

S k e l l y
a. Watkins A 8,960

b. Watkins B 9,520

11. Dale Smith 2,800

12. S p r a d l i n g
Longsta r  1,680

Note
Inc rementa l  Sec. Success
Rec. b b l s / A c r e - F t .  S ta tus

6 P a r t i a l

9 .4  P a r t i a l

6 .5  P a r t i a l

5.6 P a r t i a l

6 .5 P a r t i a l

4 .7  P a r t i a l

5.0 P a r t i a l

5.0 P a r t i a l

4.3 P a r t i a l

9 .4  P a r t i a l

5.8 P a r t i a l

8 P a r t i a l

3 .8  P a r t i a l

12.4 Success

7.7 P a r t i a l

3.9 P a r t i a l

10 P a r t i a l

17.6 Success

16.3 Success
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Name o f  t he  Flooded
P r o j e c t  A c r e - F t .

13. Texaco
a. Garner A

NCT-Y 8,960

b. Lewis NCT-4 29,736

c.  EJ Moore
NCT-1 8,960

d. EJ Moore
NCT-2 8,960

e. J.W. Moore 8,960

f . Pond 34,720

14. Amoco
a. Ha i l e  A 9,184

b. Ha i l e  B 15,120

c.  EJ Moore 8,960

d. P i t c h e r  A 8,960

eo P i t c h e r  B 4,480

f . Te r r y  17,920

g. Ware A 8,960

h . Ware B 8,960

i .  Ware C 8,960

j . Watkins AR/AA 8,960

k. Watkins AR/AB 8,960

1. Watkins B 11,200

15. Chase 4,480

Note
Incrementa l  Sec. Success 
Rec. b b l s / A c r e - F t .  Sta tus

3 P a r t i a l

3.2 P a r t i a l

8 P a r t i a l

5.5 P a r t i a l

4 .3  P a r t i a l

6 .4  P a r t i a l

7 P a r t i a l

2 P a r t i a l

7 P a r t i a l

5 P a r t i a l

6.5 P a r t i a l

2 P a r t i a l

6 P a r t i a l

4 .5 P a r t i a l

3.5 P a r t i a l

7 P a r t i a l

4 P a r t i a l

5.5 P a r t i a l

4 Partial
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Name o f  the Flooded
P r o j e c t  Acre F t .

16. Det ra

a. McCarty 7,280

b. Pan! 2,240

17. Dunigen 4,480

18. Harman 6,720

19. Hawks 8,960

20. Panhandle Ha i l e  9,184

21. Hanover

a. Coleman 24,136

b. Watkins 9,520

22. S u p e r io r  4,480

Note
Incrementa l  Sec. Success 
Rec. b b l s / A c r e - F t .  S ta tus

3 P a r t i a l

5 P a r t i a l

6 P a r t i a l

22.5 Success

3 Success

5 P a r t i a l

2 .5 P a r t i a l

5.5 P a r t i a l

4.6 P a r t i a l



ER-2872 153

West Pampa Repres,sur ing A s s o c ia t i o n s

Name o f  the Flooded
P r o j e c t  Acre F t .

1. Amoco

a. Cobb 24,920

b. C u l l e r  4,480

c.  K inze r  8,960

d. Wagoner 8,960

2. A t l a n t i c
R i c h f i e l d  6,160

3. Bruce ( J ackson) 2,800

4. Chase 3,360

5. Chisam P h i l l i p s  A 8,400

6. C i t i e s  Serv i ce
a. A rche r  8,960

b . Bender 8,960

c.  C u l l e r  12,320

d. Noel 8,960

e . S a i l o r  U n i t  8,960

f .  Sh ie lds  12,208

g. Smith 8,960

7. C rab t ree  Haggard 8,960

8. Federer  Skidmore 5,600

9. G u l f

a. Hughey 4,480

Note
Incrementa l  Sec. Success 
Rec. b b l s / A c r e - F t .  S tatus

3 P a r t i a l

9.85 P a r t i a l

6 P a r t i a l

8 P a r t i a l

5.4 P a r t i a l

4 P a r t i a l

3 P a r t i a l

3.3 P a r t i a l

6 P a r t i a l

2.7 P a r t i a l

5.5 P a r t i a l

2.7 P a r t i a l

4 P a r t i a l

5.3 P a r t i a l

4 .8  P a r t i a l

6 .6  P a r t i a l

4.2 P a r t i a l

3.6 P a r t i a l
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Name o f  the Flooded
P r o j e c t  Acre F t .

9. b.  Smith 4,480

c.  Thompson 8,960

10. Kewanee

a. A rno ld  8,960

b. Cobb 2,800

c.  C u l l e r  4,480

d. Harrah 8,960

e. Morgan 8,960

f .  Rest 13,440

g. S. Pampa U n i t  22,400

11. Mobi l

a. M. S a i l o r  1,680

12. O i l  Wel l  Operator

a. Harrah 8,960

13. Pet ro luem I n t .

a. A rno ld  4,480

b . R.W. Harrah 2,240

c.  W.W. Harrah 6,720

d. Pope 8,960

e. Sacke t t  8,960

14. P h i l l i p s

a. C a s t l e b e r r y  B 4,480

b. Hughey 3,920

Note
Incrementa l  Sec. Success
Rec. b b l s / A c r e - F t .  Sta tus

3.6 P a r t i a l

4 .3 P a r t i a l

4 .3 P a r t i a l

3.2 P a r t i a l

9.2 P a r t i a l

6 .5  P a r t i a l

12 Success

8.6 P a r t i a l

2.5 P a r t i a l

5.4 P a r t i a l

6 P a r t i a l

13.5 Success

7.6 P a r t i a l

12.5 Success

4 P a r t i a l

5.6 P a r t i a l

7.7 P a r t i a l

3.4 P a r t i a l
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Name o f  t he  Flooded
P r o j e c t  Acre F t .

14. c.  Leopold 4,480

d. Leopold 2,800

e.  Pampa U n i t
Balance 109,592

f . S in -Har rah  4,480

g. Sin-Pope 4,480

15. P r i n g l e

a. Jackson 6,160

b. V o l l m e r t  8,960

16. Texaco

a. B a r r e t t  6,720

b. Harrah 8,960

17. Wefco

a. Ba i r d  4,480

b. Noel 4,480

c.  Vaughn 8,960

Note
Incrementa l  Sec. Success
Rec. b b l s / A c r e - F t .  Status

4.6 P a r t i a l

5.8 P a r t i a l

7 .8  P a r t i a l

12.4 Success

4.5 P a r t i a l

5 P a r t i a l

5.7 P a r t i a l

1 .4 P a r t i a l

5.8 P a r t i a l

5.7 P a r t i a l

6 .3 P a r t i a l

8 .9 P a r t i a l
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Appendix B 

Review o f  Two Water f l ood 

P r o j e c t s  Nearby the Area o f  I n t e r e s t

( W i l s o n ,  1982)
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Appendix B

Review o f  Two Wa te r f l oo d  P r o je c t s  Conducted 

Near t o  P i t t s  and Co ck re l l  Leases

1. Badger Coopera t ive  Water f l ood

The Badger Coopera t i ve  Wate r f l ood p r o j e c t  i s  l o c a te d  i n  

the south p o r t i o n  o f  the Watkins Opera tor  Committee a p p r o x i ­

ma te l y  3h m i l es  south o f  the area o f  i n t e r e s t  ( P i t t s  and 

C o c k r e l l  Leases) ,  and i n c l u d e  a sum o f  2,840 su r fac e  acres .  

The o i l  p r o d u c t i o n  data i s  p l o t t e d  s e p a r a t e l y  on the t h re e  

a t tach ed  per formance curves as the Sunray-Lewis l e a se ,  the 

Kewanee Badger Lease,  and the Texaco-Lewis NCT-1.

The o n l y  s i g n i f i c a n t  p ro d u c t i o n  k i c k  was on the Sunray-  

Lewi s i n  September 1963. Th i s  occur red s h o r t l y  a f t e r  the 

Stage I I  e x p a n s i o n , when 39 a d d i t i o n a l  water  i n j e c t i o n  w e l l s  

were co nv e r t ed .  Th i s  w a t e r f l o o d  a t tempt  was cons idered  to  

be p a r t i a l l y  suc ce ss fu l  (F ig u r e  50) .

2. The Huber S ta te  A & B Water f l ood P r o j e c t

Th is  p r o j e c t  i s  l o c a t e d  ap p ro x im a te l y  3 m i le s  n o r t h  o f  

t he  P i t t s  and C o c k r e l l  Leases,  Hutchinson County.  Water 

i n j e c t i o n  began February 1962 i n t o  f o u r  w e l l s  w i t h  a f i f t h  

we l l  be ing conve r ted  i n  January 1963.

App ro x im a te l y  5MM bb ls  o f  water  was i n j e c t e d  i n t o  these 

w e l l s  th rough  1966. Dur ing t h i s  t ime the o i l  p r o d u c t i o n  

data i n d i c a t e d  a l e v e l i n g  out  s h o r t l y  a f t e r  the s t a r t  o f
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i n j e c t i o n  (F ig u r e  51) and a subsequent  d e c l i n e  r o u g h l y  p a r ­

a l l e l  t o  the  p r i o r  d e c l i n e  t r e n d .

The in c reme n ta l  o i l  a t t r i b u t e d  to  secondary re cove ry  was 

es t ima t ed  by the o p e r a t o r  a t  110,000 b b l s . In February  1966, 

an expans ion o f  t he i n j e c t i o n  o p e r a t i o n  commenced w i t h  the 

con ve rs i on  o f  3 WIN. In J u l y  1966, two o f  the o r i g i n a l  i n p u t  

w e l l s  were put  on p r o d u c t i o n  and 10 a d d i t i o n a l  w e l l s  were 

conve r ted  to  i n p u t  s t a t u s .  Th i s  p r o j e c t  was cons idered  t o  

be a p a r t i a l  success a t  t he t im e .
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Appendix C 

Procedure o f  E v a lu a t i n g  the 

Wa te r f l ood  P r o je c t s
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Appendix C

Procedure o f  E v a lu a t i n g  the Two Wat e r f l oo d  P i l o t s

1. The p i l o t  area had been d i v i d e d  i n t o  484 g r i d  p o i n t s  

(22 x 22) .

2. Re se rv o i r  p ressu res  were c a l c u l a t e d  a t  each p o i n t  by 

us ing these equa t ions  (Table 1) :

P = O.§07ÔÔ koh ln  rw + Po

and :

P = 0 .007081Kwih l n  rw + Pl 

where :

P * r e s e r v o i r  p ressure a t  each g r i d  p o i n t  i n  psi

Q o = o i l  p r o d u c t i o n  r a te  i n  bb l s  per  day

uo = o i l  v i s c o s i t y  i n  c e n t i p o i ses

Ko = o i l  e f f e c t i v e  p e r m e a b i l i t y  i n  mi 11i d a r c i e s

h = e f f e c t i v e  pay th i c k n e s s  i n  f e e t

r  = d i s t a n c e  f rom the g r i d  p o i n t  t o  the i n j e c t i o n
or  p roduc ing  w e l l  i n  f e e t

r wf  = w e l l  bore r a d i us  i n  f e e t  

P0 = p roduc ing  bot tom hole pressure  i n  ps i  

Qj = wa te r  i n j e c t i o n  r a t e  i n  bb ls  per  day
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y i  = wa ter  v i s c o s i t y ,  c e n t i p o i ses 

Kwi = wa te r  e f f e c t i v e  p e r m e a b i l i t y ,  mi 11i d a r c y  

P.. = i n j e c t i o n  bot tom hole p re ss u r e ,  ps i

3. E q u i p o t e n t i a l  l i n e s  f o r  each p i l o t  were p l o t t e d  (F i gu res  

18 and 19) .

4. Stream l i n e s  f o r  each p i l o t  were drawn p e r p e n d i c u l a r l y  

t o  the equi  p o t e n t i a l  l i n e s  f rom the i n j e c t i o n  w e l l s  to  

the produc ing w e l l s  (F i g u re s  35 and 36) ,

5. Water f r o n t  p o s i t i o n s  f o r  each p i l o t  were determined 

(F ig u r es  41 and 4 3 ) .  The method used to  determine the 

p o s i t i o n s  o f  the w a t e r f r o n t  i s  d iscussed in  Appendix D.

6. The o i l  f r o n t  p o s i t i o n s  were drawn (F i gu re  42 and 44) .  

The method used to  de termine  the p o s i t i o n s  o f  the o i l  

f r o n t  i s  exp la in e d  i n  Appendix D.

7. New o i l  p r o d u c t i o n  r a t e s  were c a l c u l a t e d  f o r  the p roduc ­

ing w e l l s  which have the f i r s t  o i l  b r e a k - t h r o u g h . The 

new o i l  p r o d u c t i o n  r a t e  was c a l c u l a t e d  us ing the f o l l o w ­

ing  equ a t ion  :

Q = 0 • 00.708 Koh ( P1 _ Po)
In  £5.

where :
Q0 = the new o i l  p r o d u c t i o n  r a t e ,  bbl  per  day 

Kq = the o i l  e f f e c t i v e  p e r m e a b i l i t y ,  mi 11 i d a r c y
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h = the e f f e c t i v e  pay t h i c k n e s s , f e e t

P.. = the i n j e c t i o n  bot tom hole p r ess u r e ,  ps i

PQ = the p roduc ing  bot tom hole p re ss u re ,  psi

r .  = equal  t o  2re where re i s  the e f f e c t i v e  we l l  r a d i u s ,
d f e e t

r w = the w e l l  bore r a d i u s ,  f e e t

8. At  t he t ime  o f  o i l  b r ea k - th rou gh  in  some w e l l s ,  new 

p ressu re  d i s t r i b u t i o n s  were s im u la ted  f o r  each P i l o t  

(Table 3 and 4) and new st ream l i n e s  were p l o t t e d  f o r  

each P i l o t  f o l l o w i n g  Step No. 4.

9. New wa te r  f r o n t  p o s i t i o n s  and o i l  f r o n t  p o s i t i o n s  were 

p l o t t e d  ( F i g u re s  45,  46,  47,  48 and 49 ) .  The procedure 

f o l l o w e d  i s  d iscussed i n  Appendix D.
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Appendix D

D e te rm in a t i o n  o f  Water F ront  and Oi l  F ront
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Appendix D

Procedure o f  De t e rm ina t i o n  o f

Water F ro n t  and Oi l  F ront

(Bass,  1982)

A l l  t h a t  needs to  be noted i s  t h a t  the f r o n t  i s  d e t e r ­

mined by a l i n e  o f  co n s t a n t  t im e .  The f l u i d s  move a long the 

st ream l i n e s ,  and the locus o f  the p o in t s  g i v i n g  the d i s ­

tance o f  advance on each st ream l i n e  f o r  a g iven  t ime form 

a c u r v e . Th i s  curve i s  a curve o f  a c o n s ta n t  t im e .  The 

f a m i l y  o f  a l l  the c o n s ta n t  t ime curves g i ves a l l  p o s s ib le  

p o s i t i o n s  o f  t he f r o n t s .

An exp res s io n  f o r  the co ns ta n t  t ime curves w i l l  now be 

d e r i v e d .  Let  L re p r e s e n t  the d i s ta n c e  along any st ream l i n e .

The v e l o c i t y  o f  movement of  the f l u i d  a long the st ream 

l i n e s  i s  then g iven by:

( 1 )

and :

( 2 )

Thus :

4 r  = - -  #d t  y dL (3)

or  :
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d t  = '  F dTTïïï (4)

The t ime o f  t r a v e l  a long any st ream l i n e  i s  then :

t  = - ÎT '  A  (5)
( ir >

The i n t e g r a l  i s  the l i n e  i n t e g r a l  a long the st ream l i n e .  To 

f i n d  ( t ) as a f u n c t i o n  o f  x and y i s  the next  s te p .

Now the ve c t o rs  g iven  by Vp are p e r p e n d i c u l a r  t o  the 

l i n e s  o f  co n s t a n t  P, hence :

gp  = I vP I (G)

and :

dL = /  A  + &  = ^  1 + ( ^ )  dx (7)

^  being the s lope o f  the st ream l i n e .  However,

Thus : ,

i/i + (|^)2
t  -  -  t  /  ------------- i * —  dx (9)

K I VP I

A n a l y t i c a l l y  e v a l u a t i n g  the i n t e g r a l  would g i ve  the l i n e s  o f  

c o n s t a n t  t .
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A s imple  numer ica l  procedure can be used ; however,  t o  

f i n d  the l i n e s  o f  c o n s ta n t  ( t ) ,  us ing Equat ion ( 4 ) :

d t  x ( d D 2
dP

or  i n  terms o f  f i n i t e  d i f f e r e n c e s  : 

2
At

AL i s  the d i s t a n c e  on any p a r t i c u l a r  st ream l i n e  between two 

success ive  equi  p ressu re  l i n e s .  AP i s  the p ressu re  d i f f e r e n c e  

between the two success ive  equ ip res su re  l i n e s ,  and At  i s  the 

t ime  consumed as the f l u i d  moves a long the st ream l i n e  f rom 

the  h i g h e r  equi  p o t e n t i a l  l i n e  to  the l ower  one.

Thus, i f  the st ream l i n e  and cons ta n t  p ressure l i n e s  are 

p l o t t e d ,  i t  i s  p o s s i b l e  to  c a l c u l a t e  n u m e r i c a l l y  (AL) /AP, 

which i s  p r o p o r t i o n a l  t o  t , and on each st ream l i n e  to  mark 

o f f  numbers a t  t he  g i ven d i s t a n ce s  r e p r e s e n t i n g  .

Ac tua l  t imes are not  computed s ince  these depend on K 

and y .  The r e l a t i v e  t imes g i ven up by ^ p )  de termine the 

f r o n t ,  j u s t  as w e l l  as a c t u a l  t imes .

These compu ta t i ons were c a r r i e d  out  t o  de termine the 

shapes o f  t he  wa te r  f r o n t  i n  the f i r s t  and the second stage 

as shown in  F igures  41,  43,  45,  47.

For each t ime l e v e l ,  the area encountered by the wa te r  

f r o n t  was measured by p l a n i m e t e r  and assumed t o  be l i k e  a
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c i r c u l e ;  then which i s  the r a d i u s  o f  the wa te r  f r o n t

f rom the i n j e c t i o n  we l l  was c a l c u l a t e d  by us ing t h i s  f o rm u l a :

a  -  IT r w f 2 

where :

A i s  the area i n  square f e e t  

r wf  15 the  r a d i us  i n  f e e t

The r a d i us  to  the o i l  f r o n t  then was c a l c u l a t e d  by us ing t h i s  

e qu a t i o n  :

- ob2 ■ <ls<"  • v l '

where :

r oB 1 s

Soi i  s

Sor i  s

sgi
i  s

Sgr i s

The o i l  bank f r o n t  was p l o t t e d  ahead o f  the wa te r  f r o n t  a long 

the  same st ream l i n e s .  For the f i r s t  o i l  b r e a k - t h r o u g h , t h e  

area countered by wa te r  f r o n t  i s  taken as a zero l e v e l  t o  

s t a r t  c a l c u l a t i n g  the new wa te r  and o i l  f r o n t s  f o r  the 

second s tage .


