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ABSTRACT ' 

Th i s  r e p o r t  p rov ides  a  rev iew o f  t e c h n i c a l  p u b l i c a t i o n s  and pa ten t s  i n  

t h e  f i e l d  o f  n i t r o g e n  and f l u e  gas f l o o d i n g  i n  Enhanced O i l  Recovery (EOR). 

The phys i ca l  and chemical c h a r a c t e r i s t i c s  o f  n i t r o g e n  and f l u e  gas a r e  

p rov ided  w i t h  some comparisons w i t h  C02 r e l a t e d  t o  EOR ope ra t i ons .  Exper i -  

mental  research  and f i e l d  based a c t i v i t i e s  us ing  n l t r o g e n  and f l u e  gas a r e  

b r i e f l y  sumniarized. Cost da ta  f o r  gene ra t i on  o f  n i t r o g e n  and f l u e  gases 

a r e  prov ided.  N i t r ogen  and f l u e  gas c o s t s - a r e  approx imate ly  one t h i r d  t o  

one h a l f  t h a t  o f  Cop. The low c o s t  o f  p r o d u c t i o n  and i t s  non-cor ros ive  

n a t u r e  a r e  advantages, o f  us i ng  n i t r ogen ,  whereas t h e  h i ghe r  m i s c i b i l  . . i ty 

pressure  requi rement  i s  a  disadvantage. N i t r o g e n  f l o o d i n g  does n o t  work 

we1 1  w i t h  low A P I  g r a v i t y  crudes. ~ i s c i  b l  e  d i  spiacement w i t h  n i t r o g e n  

seems promis' ing f o r  o i l s  c o n t a i n i n g  ' s o l u t i o n  :gas. F l u e  gas f l o o d i n g  can be 

a p p l i e d  t o  low API g r a v i t y  crude r e s e r v o i r s .  However, f l u e  gas f l o o d i n g  

c rea tes  ope ra t i ng  problems due t o  i t s  c o r r o s i v e  na tu re .  The r e p o r t  p rov ides  

a  d i s c u s s i o n  on process and r e s e r v o i r  parameters t h a t  a f f e c t  n i t r o g e n  and/or 

f l u e  gas f l o o d i n g  : i n  EOR. A  b ib l ' i og raphy  o f  r e l a t e d  1  i t e r a t u r e  i s  p rov ided  

i n  t h e  appendices. 
. .  . 



I .  The o b j e c t i v e  o f  - t h i s  s t a t e - o f - t h e - a r t  r e v i e w  o f  n i t r o g e n  and f l u e  gas 

I f l o o d i  ng as used i n  enhanced o i l  r e c o v e r y  i s :  

t o  assemble a l l  t h e  a v a i l a b l e  l i t e r a t u r e  on t h i s  s u b j e c t  and p repare  a  
b i  b l  i ography,  and 

e t o  r e v i e w  t h e  l i t e r a t u r e  and p r e s e n t :  

- The p h y s i c a l  arid chemica l  c h a r a c t e r i s t i c s  , 
- A summary o f  a p p l i e d  r e s e a r c h  a'nd f i e l d  a c t i v i ' t i e s ,  

- Source lsupp l  y l c o s t  d a t a ,  
. . 

- Process and r e s e r v o i r  parameters ,  and . 

I - A cnmpari son of N2 and f l  i ~ e  gas f l o n d i  rlg w i t h  C(I2 f l o o d i n g .  
. . 

L i t e r a t u r e  was searched u s i n g  a  two pronged approach. Abst'ract's as' w e l l  

as p e r i o d i c a l s  ' were . rev iewed s o '  t h a t  i f  r e l e v a n t  m a t e r i a l  were missed i n  

a b s t r a c t  form, i t  would be no ted  i n  p e r i o d i c a l s ,  and v i c e  versa.  The 

l i t e r a t u r e  r e v i e w  was r e s t r i c t e d  . t o  t h e  p u b l i c a t i o n  p e r i o d  o f  '1960 t h r o u g h  t h e  

present .  Ho~vever, c r o s s  r e f e r e n c e s  i n  t h i s  1  i t e r a t u r e  were sought ,  even i f  

p u b l ~ s h e d  p r i o r  t o  1960. The j o u r n a l s  and p e r i o d i c a l s  t h a t  were searched 

i n c l  uded: Pe t ro leum A b s t r a c t s ,  Energy Research A b s t r a c t s  ( b y  DOE) ,  P e t r o l  euti~ 

Eng ineer ,  J o u r n a l  o f  Pe t ro leum Techno logy (JPT) , AIME P e t r o l  eum T r a n s a c t i o n s ,  

P e t r o l  euni Times, SPE J o u r n a l  s, SPE EOR F i e l d  Repor ts ,  O i l  and Gas J o u r n a l  , and 

World O i  1  . 
I n  a u d i t i o n ,  a  computer a s s i s t e d  l i t e r a t u r e  search was conducted u s i n g  

Morgantown Energy Techno1 ogy C e n t e r ' s  f i 1  es on t h e  P e t r o l e u m  Energy Data  

Bases. Va r ious  comb ina t ions  o f  key words such as gas i n j e c t i o n ,  n i t r o g e n ,  

f l u e  gas, s t a c k  gas, secondary recove ry ,  and enhanced r e c o v e r y  were used. A  

p a t e n t  s e a r c h  was a1 s o  made i n  o r d e r  t o  o b t a i n  p e r t i n e n t  i n f o r m a t i o n  

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

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

t h e  use o f  n i t r o g e n  and f l u e  gas a r e  p resen ted  i n  Appendices A, B y  and C. I n  

a d d i t i o n ,  r e f e r e n c e s  a r e  p r o v i d e d  a t  t h e  end o f  each Sec t ion .  Appendix A 

p r e s e n t s  a  b i  b l  i ography o f  a r t i c l e s  r e 1  a t e d  t o  n i t r o g e n  f 1  o o d i  ng. Appendix €3 

p r e s e n t s  a  b i b l i o g r a p h y  o f  a r t i c l e s  r e l a t e d  t o  f l u e  gas f l o o d i n g .  Appendix C 

p resen ts  a  l i s t  o f  p a t e n t s  r e l a t e d  t o  n i t r o g e n  and f l u e  gas f l o o d i n g .  

1 



Subsect ions w i t h i n  t h e  appendices i n c l u d e  se t s  o f  a r t i c l e s  t h a t  a re  r e l a t e d  t o  : 

s p e c i f i c  t o p i c s  such as phys i ca l  /chemical  c h a r a c t e r i s t i c s ,  source/supply  cos t  . 

da ta ,  e tc .  However, an a r t i c l e  o r  a  pa ten t  may f a l l  i n t o  more than  one 

subsect ion.  

G1.l l i t e r a t u r e  thus  c o l l e c t e d  was reviewed and t h e  ' r e s u l t s  'a re  presented 

i n  . sec t i ons  2  th rough  7. 

Sec t i on  2 p resen ts  t h e  phys i ca l  and chemical p r o p e r t i e s  o f  n i t r o g e n  . and  

f l u e  gas and t h e i r  s i g n i f i c a n c e  f o r  use i n  enhanced o i l '  recovery  (EOR). 

N i t r o g e n  i s  l e s s  c o r r o s i v e  than  C02 and f l u e  gas. F lue  gas i s  more c o r r o s i v e  

than  Cop because o f  assoc ia ted  impur i t i es .  Pure n i t r o g e n  has a  h i ghe r  

m i s c i b i l i t y  and dew p o i n t  pressure than  COa o r  f l u e .  gas. N i t r ogen  i s  l e s s  

s o l u b l e  i n  water o r  b r i n e  than CU2. , The s o l u b i l i t y  o f  f l u e  gas f a l l s  i n  

between n i t r o g e n  and Cop,  and depends upon i t s  composi t ion.  

I n j e c t i o n  gas p r o p e r t i e s  such as co r ros iveness ,  m i  s c i  b i  1  i t y  pressure and 

so l  ub i  1  i t y  are ve ry  impor tan t  i n  Enhanced O i  1  Recovery opera t ions  because : 

o  I f  the  gases, are, co r ros i vq ,  ' t hey  w i l l  have adverse e f f e c t s  on t h e  
i n j e c t i o n  and p roduc t i on  w e l l s  and on su r f ace  equipment. 

o   here i s  a  d i r e c t  r e l a t i o n s h i p  between t h e  m i s c i b i l i t y  pressure and. 
i n j e c t i o n  cost .  H igh m isc i  b i l  i t y  pressure requirements.  w i l l  p revent  
t h e  process f rom be ing  a p p l i e d  i n  sha l low r e s e r v o i r s .  

o  The s o l u b i l i t y  o f  gas i n  o i l  a f f e c t s  t h e  v i s c o s i t y  r e d u c t i o n  o f  o i l .  
Th i s  i s  impor tan t  i n  m i s c i b l e  d i s p l  acen~ent opera t ions .  The so l  u b i l  i t y  
o f .  i n j e c t i o n  gas - i n  cont;a.te water  i s  impor tan t  f o r  p r e s s u r i z i n g  t h e  
reserv0i . r .  

These and o t h e r  phys i ca l  p r o p e r t i e s  o f  n i t r o g e n  and f l u e  gas and t h e i . r  

s i g n i f i c a n c e  i n  EOR a.re f u r t h e r . ' a i  scussed i n  Sec t i on  2. 

Sec t i on  3 p resen ts  a d i  scuss i  on on conceptual ,  process devel  opment ' and 

1  abora ' to ry  e x p e r i m e n t a l '  t e s t s  p e r f o r m e d :  on m i s c i b l e  d i s p l a c e m e n t  u s i n g  

n i t r o g e n ;  . t h e  use o f  n i t r o g e n  i n j e c t i o n  f o r  p r e s s u r e  mai n t a i  nance and 

r e t r o g r a d e  condensat ion;  and f l  ue gas f l  oodi  n g  and. o t h e r  gases (exc l  ud i  ng C02 

and hydrocarbon gases). The r e s u l t s  i n d i c a t e  t h a t  n i t r o g e n  requi , res  h i  yher 

' . mi s c i  b i  1  i t y  p ressu res  than  C 0 2  M i s c i b l e  displacement u s i  ng n i t r o g e n  i s  

< 
p romis ing  when t h e  o i  1. con ta i ns  so l  u t i o n  gas. . However, t h e  techn ique  does no t  

work w e l l  w i t h  dead o i l s  (con ta in ' i ng  e s s e n t i a l l y ,  nd s o l u t i o n  gas). Thus; . i t  

appears t h a t  NZ f l o o d i n g  would be s u i t a b l e  f o r  r e s e r v o i r s  . . 
w i t h  c rude  o i l  s  of 

more t h a n  35 degrees API, and would r e q u i r e  . h i ghe r  pressures than  t h a t  . 

necessary . . f o r  CO2 f 1  ood-i ng. C O Z  s l  ugs f o l  1  owed b y  n i  t r o Q e n  i n j  e c t  i on appear  



t o  be a  very  p romis ing  process f o r  use i n  lower  A P I  g r a v i t y  ( l e s s  t han  35' 
'. A P I )  crudes where N2 a lone can no t  be used. Th i s  w i l l  reduce ' ~ 0 ~  consumption 

cons iderab ly .  Th i s  techn ique  does no t  r e q u i r e  ve ry  h i g h  pressures.  The use 

o f  n i  t roger i  f o r  pressure rnai n t a i  nance and r e t r o g r a d e  condensat ion i s  very  

promis ing.  F lue  gas f l o o d i n g  i s  s u i t a b l e  f o r  heavy o i l  r e s e r v o i r s .  t lere, t h e  

C02 component <of  t h e  f l u e  gas d i s s o l v e s  i n  o i l  and reduces t h e  o i l ' s  

' v i s c o s i t y .  N i t r ogen  p rov ides  t h e  energy f o r  p ressure  b u i l d - u p  and  "chases 

o u t "  t h c  o i l .  Ilowever, . f l ue  yds f l ood ln 'g  c rea tes  o p e r a t i n g  probiems due t o  

i t s  . co r ros i ve  nature.  

' Sec t i on  4 p rov ides  a  summary o f  f i e l d  based p r o j e c t s  us i ng  n i t r o g e n ,  f l u e  

gas and a i r  i n j e c t i o n  i n  EOR. Promis ing r e s u l t s  have been ob ta ined  f rom some 

f i e l d  t e s t s  (e .  g., Fo rdoche  F i e l d  u s i n g  n i t r o g e n  f l o o d i n g  f o r  p r e s s u r e  

m a i n t a i n a n c e ,  and - B l o c k  31  F i e l d  ' u s i n g  f l u e  gas f l o o d i n g  f o r  m i s c i b l e  

d isp lacement) .  The f i e l d  p r o j e c t  d i s cuss ion  i n c l  udes a v a i  1  a b l e  i n f o r m a t i o n  on  

1  o c a t i o n  and general  , h i  s t o r y ,  geol o y i c  and pe t rophys i ca l  data ,  and r e s e r v o i r  

perfornia.nce. 

Sec t ion  5  p rov ides  source', supply,  and cos t  da ta  f o r  t h e  use o f  n i t r o g e n  

and f l u e  gas i n  EOR operat ions.  N i t r ogen  i s  r e a d i l y  a v a i l a b l e  s i nce  it can be 

manufactured o n - s i t e  from t.he a i r .  COZ i s  no t  r e a d i l y  ava t l ab l e .  I n  past  

f i e l d  opera t ions ,  f l u e  gas was ob ta ined  f rom , e i t h e r  'engine exhaust o r  t h e  

i n c i  ne ra t . i  on o f  l ean  gas produced f rom a  r e s e r v o i  r: With t h e  n e a r - f u t u r e  

techno1 og i  c a l  development o f  syn fue l  s, tremendous amounts o f  f l  ue gas w i  11 be 

produced. These cou ld  serve as a  source o f  supp ly  f o r  f l u e  gas o r  LO2., 

The repo r t ed  cos t s  of n i t r ogen ,  C02, and f l  ue gas i n  EOR are  presented i n  

t h e  Table below. A d i s c u s s i o n  on v'arious cos t  components and processes f o r  

n i t r o g e n  and . f l  ue gas genera t ion  i s  prov ided i n  Sec t i on  5. . . 

~ e p o r t e d  Costs 

SIMCF* . cents/mJ Reference 

~ i ' t r o g e n  0.40 t o  0.51 1.4 t o  1.8 5-2 

5-5 

C02 1.00 t o  1.25 3.53 t o  4.41. 5-5 

F l ue  Lases 0.55 t o  0.82 , 1.94 t o  2.90 . 5-2 
. . 

5-5 

MCF = l o 3  cub i c  f o o t  



Section 6 provides a discussion on reservoir and  process parameters for 

nitrogen arid flue gas. A candidate reservoir usirlg nitrogen would be a 1 i g h t  

oi 1 reservoir with cruae. oi 1 of over 35 degrees API , contai ni n y  sol ution gas. 

The reservoir . . should be deep enough to \~i thstand nli sci b i  1 i ty pressures in 

excess of 4001) psi. Flue gas flooding can be used in a shbl low, heavy oil 

reservoir with an A P I  gravity of '10 to  25 degrees. 

Section 7 provides a cooiparison of nitrogen and flue gas floocing wit;) C02 

flooding. I t  also presents conclusions based on t h i s  study. I t  i s  suggested 

that nitrogen f l  oodi rig i s  technically feasible. Ni troyen appears to  be better 

than natural gas for use as an injection material in pressure maintainance and 

retrograde condensation. CG2 slugs followed by nitrogen flooding appears t o  

be the best approach for ri~iscible displacelrient 'in E O R ,  and should be studied 

further.  Flue gas flooding has beer1 applied in the past with some success; 

however, i t s  corrosi ve nature requires speci a1 treatment to remove corrosi ve 

components ( s p e c i f i c a l l y  s u l f u r  compounds and moisture)  and/or special  

equiprnent for handling the flue gas and petroleum products. However, new 

large-size f ~ s s i l  fuel plants will be constructed in the next decade, and 

thus, large amounts of f l  ue gas will be .available at  n~ininial cost. I t  appears 

that  i f  f lue gas i s  t o  be used, i t  should be used without much conditioning .or 

treatment, except for the rernoval of moisture (since sulfur con~pounds are not 

corrosive in the absence of i~loisture). ~ u l f i r  co~npounds ( S G 2  and HtS) have 

posi t i  ve ' e f f e c t s  on enhan'ced, o i l  recovery, s p e c i f i c a l l y  i r ~  carbonate 

reservoirs where they should not create any problerns a t  production wells and 

in separation fa'cil i t i e s .  I n  addition to  i t s  'corrosive nature, another 

,di  sadvantage of f l  ue gas includes the necessity of constructing nitrogen 

' rejection f a c i l i t i e s  a t  the product separator f a c i l i t i e s .  



2. PtiYSICAL AIID CHEMICAL CtiAUACTERISTl CS OF NITROGEN AND .FLUE GAS 

2 .. 1 I1 I T'KOGEN 

1 he p h y s i c a l  and chemical  p r o p e r t i e s  o f  n i  trogiet i  a r e  p resen ted  be1 ow. The 

s i  y n i f i c a n c o  o f  these  p r o p e r t i e s  wi t t l  r e s p e c t  t o  EOK i s  d iscussed.  

Parameter Corlventi  ona l  S I  m e t r i c  . Remark Re f  ' 

Un+ts l j n i  t s  

P I O ~  e c u l  a r  Wei g h t  28.013 28.013 2- 1 

I B o i l  i n y  P o i n t ,  (B.P.) - 3 2 0 . 4 ~ ~  - 1 9 5 . 7 8 ~ ~ .  . . . 2-2 

- 2 ~ 9 . 8 9 ~ ~  . M e l t i n g  P o i n t  (M.P.) -345 ..tlO~ 2-1 ' .  

C r i  t i c b l  Tenlperature (Tc )  - 2 3 2 ' ~  ' -1 4 4 . 6 7 ' ~  

C r i t i c a l  Pressure (PC) 492.8 p s i  3.398 MPa 

C r i t i c a l  Vol ume (Vc)  39.96 f t 3 / l b  d9.05 cm31gm .. . . 2 -1  
niol e  mol e  

S p e c i f i c  ' G r a v i t y  l .02b a t '  1.026 B t  . . 2-3, 
-422.5 F. -252.5 C 2-19 

U.808 t 0 . 8 0 8  a t  ' .  

-320.4OF -195.8 C 

1-her r~~a l  Conduct i v i  t y  . '0.145 . B $ u / i r .  6 x 1 0 ' ~  C 2 l  /aec 2-3 
( i t  ) (  F l f t )  Acm ) (  C/cm) 

a t  G8 F a t  20 C 

Compressib i  1  i ty  
F a c t o r  ( Z c )  .291 .291, 2 . .  ' 2-1, 

2-2, 
2-4 

Remarks . . 

1. A p l o t  o f  t h e  d e n s i t y  o f  n i t r o g e n ,  C02, and f l u e  g a s  vs. tempera tu re  'and 
p ressure  i s  shown i n  E x h i b i t  .2-1. The d e n s i t i e s  o f .  f l u e ,  gas were 

:cal c u l  a t e d  u s i  ng 8 7  p e r c f  n t  N2 and 13 p e r c e n t  C02. 



S I  M e t r i c  Conversion Fac to rs  
. . 

p s i  x.6.894757 - 03 = MPa . 

(OF - 32) 5/9 .= O C  
. . 

'. 1 b / f t 3  x 1.602 E - 02 = g/cc . . 

E x h i b i t  2-1 Dens i t y  o f  CO , N2, and F l u e  Gas (87% N2, 13% C02) , , 

w i t h  Vary ing ~ F e s s u r e s  and Temperatures 

Source: S A I  In-house. Data . . 



2. ~ i t r o g e n  has a  con lp ress ib i l  i t y  f a c t o r  t h a t  i s  t h r e e  t imes  t h a t  o f  Cop. 
The c o m p r e s . s i b i l i t y  f a c t o r s  f o r  f l u e  gas were c a l c u l a t e d  us i ng  a  m i x t u r e  
o f  87 percent .  N and 13 percen t .  C0 A p l o t  o f  t h e  c o m p r e s s i b i l i t y  f a c t o r  
f o r  N2, C02, an% f l u e  gas vs. prks%re and temperature i s  shown i n  E x h i b i t  
2-2. N i t r ogen  i s  shown t o  have a  u n i f o r m l y  h i ghe r  c o m p r e s s i b i l i t y  than  
t h a t  o f  C% and f l  ue gas. 

N i t r u y e r ~  i s  r e l a t i v e l y '  i n s o l u b l e  i n  water and b r i ne .  Pressure and 

s a l i n i t y  p l a y  a  major  r o l e  here whi le ' . temperature,  a l though  a  fa 'c tor ,  i s  n o t  

as important ' .  Carbon d i o x i d e  and n a t u r a l  yas a re  more s o l u b l e  i n  water  t han  

i s  n i t r o g e n  (see Ref. 2-2, 2-5). Th i s  p rope r t y  i s  impor tan t  f o r  pressure 

mai n t a i  nance opera t ions .  

N i t r ogen  , i s  more so l  ub l e  i n  h i g h - g r a v i t y  than  l o w - g r a v i t y  o i l  s. The 

s o l u b i l i t y  o f  n i t r o g e n  i n  o i l  depends on t h e  composi t ion o f  t h e  o i l .  E x h i b i t  

2-3 shows t h e  so l  u b i l  i t y  o f  n i t r o g e n  i n  20-40' API o i l s  w i t h  a  temperature 

range , o f  10U t o  3 0 0 ' ~  (38 t o  1 '13°~) and a  pressure range f rom 300U t o  8000 

p s i g  (20.7 t o  55.2 MPa) (see Ref. 2-2). 

The n i t r o g e n  gas f o rma t i on  volume f a c t o r  stiows t h a t  n i t r o g e n  has a  

u n i f o r m l y  i n c r e a s i n g  ' p o s i t i v e  d e v i a t i o n  f rom i d e a l  gas behav io r  as pressure 

inc reases  (Ref. 2-2). The gas f o rma t i on  volume f a c t o r s  f o r  n i t r ogen ,  C02 and 

f l u e  gas (87 percent  N2 a n d  13 percent  C02) vs. pressure and temperature a r e  

shown i n  E x h i b i t  2-4. 

The v i s c o s i t i e s  o f  n i t r o g e n  and methane a re  o f  t h e  same o rde r  o f  magnitude 

up t o  a  pressure o f  approx imate ly  6006 p s i  (41.4 MPa). Th i s  p rope r t y  i s  an 

asset  i n  t h e  g r a v i t y  e f f e c t  ( d e n s i t y )  i n  gas cap replacement. Pure n i t r o g e n  

i s  a1 so i n e r t ,  noncombust ib le,  comp le te ly  d ry ,  non-exp los ive,  and non- tox ic .  

N i t r o g e n  has no c o r r o s i o n  problems assoc ia ted  w i t h  i t  w h i l e  w i t h  carbon 

d i ox i de ,  f l u e  gas and a c i d  gas f lood ing ,  t h e r e  a r e  some c o r r o s i o n  problems. 

(see Ref. 2-2, 2-6, 2-7, 2-8, 2-9, 2:lU). 

When n i  t r o y e n  i s  ,commingled w i t h  most ' o t h e r  f 1  u i ds ,  i t remains i n  bubble 

form. . T h i s '  pr 'oper ty  i s  impor tan t  f o r .  f l u i d  1  i f t i n g ,  and where n i t r o g e n  i s  

be ing  :proposed as a  d r i v e  gas a f t e r  s u r f a c t a n t  f l o o d i n g  ( s e e  Ref. 2-9, 2-11). 

N i t r ogen  i s  . . a  c o l o r l e s s ,  odor less  gas, whereas f l  ue gas i s  not. When f l  ue 

gas con ta i  n i  ng s u l f u r  compounds i s  d i  sso l  vqd i n  o i  1  , t h e  produced o i  1  has a  

dark  y e l l o w  c o l o r  and t h e  f l u i d '  c o n t a i n i n g  H2S has a  bad odor assoc ia ted  w i t h  

i t  (see Ref. 2-9).  

~ i t r o ~ e ' n  l i q u i d  weight i s  6 .74  l b / g a l  (0.808 k g / l )  a t  STP. One g a l l o n  
3 

(3.7854 1 )  o f  l i q u i d  n i t r o g e n  expands t'o 93.11 SCF (2.637 rn ) of gas a t  STP. 



. . 
SI Metric Conversion  actors 

. . . . 

psi x 6.894757 E - 0 3  = MPa 

Exhibit 2-2 " ~ o m ~ r e s s i b i l i t ~  of N 2 ,  C O Z Y  and Flue Gas (87% N 2 ,  13% C02) 
with Varying Pressures and' Temperatures 

source: SAI In-house Data 
. . .  



S I  Me t r i c .  Conversion Fac to rs  

p s i  x  6.894757 E - 03 = MPa 
3 3 SCFjSTB x  1.781 E - 01 = m /m 

E x h i b i t  2-3 N i t r ogen  S o l u b i l i t y  a s ' a  Func t i on  of Pressure 

Source: ~ e f . '  2-2 



PRESSURE. PSlA 

S I  M e t r i c  Conversion Fac to r s  

p s i  x 6,894757 E - 03 = ,MPa , 

(OF - 32) 519 = OC 
. 3  3 Res. bbl/MSCF x 5.61 5 E - 03 = m /m 

E x h i b i t  2-4 Gas Format ion Volume Fac to r s  f o r  Cop,  N2 and 
F l u e  Gas (78% N2, 13% C02) w i t h  Vary ing  Pressures and Temperatures 

~ o u r . c e : ,  SAI in-house Data 

10, 



N i t r o g e n  i s  o n l y  m i s c i b l e  w i t h  o i l  a t  p ressures  above 5000 p s i  (34.47 

MPa). The m i s c i b i l i t y  o f  n i t r o g e n  w i t h  o i l  i s  dependent on t h e  API g r a v i t y  o f  

t h e  o i l  : t h e  lower  t h e  API g r a v i t y ,  t h e  l o w e r  t h e  m i s c i b i l i t y  p ressure  (see 

Ref. 2-7, 2-12). ' 

The v i s c o s i t y  f a c t o r  o f  n i t r o g e n  i s  f a v o r a b l e  s i n c e  i t  i s  o f  t h e  same 

o r d e r  o f  ~ n a g n i t u d e  as t h a t  n f  gas cap gas (see Ref. 2-6) .  
3  1000 c u b i c  f e e t  (28.317 m  .) o f  n i t r o g e n  a t  3000 p s i .  (20.7 MPa) w i l l  occupy 

'3 
abuut t h e  same r e s e r v o l r  space as one barrel (. 1553 in: .) o f  o i l .  

' 

2.2 FLUE GAS 

-1 

The p r o p e r t i e s  o f  f l  ue gas . a r e  dependent on t h e  composi t i  on o f  i t s  

components. 

The compos i t i on  of fl'ue gas (exhaust  gas' o r  i n e r t  gas) depends on i t s  
3 source. . Fo r  example, 1000 c u b i c  f e e t  (28.32 m  ) o f  f l u e  gas o r  i n e r t  gas 

3 produced f rom n a t u r a l  gas c o n t a i n s  883 c u b i c '  f e e t  (.25 'm ) o f  n i t r o g e n  and 117 
3  3  c u b i c  f e e t  (3.26 m  ) o f  carbon d i o x i d e ;  whereas 1OOO c u b i c  f e e t  (28.32 m  ) o f  

7 

f l u e  gas o r  i n e r t  gas produced f rom propane c o n t a i n s  863 c u b i c  f e e t  (24.48. m3) 
3  o f  n i t r o g e n  and 137 c u b i c  f e e t  (3.88. m  ) o f  carbon d i o x i d e  (see  Ref. 2-14, 

2-15, 2-16) 

The average c o m p o s i t i o n  o f  f l u e  gas ,used i n  B l o c k  31 F i e l d  i n  Texas was 87 

mol pe rcen t  n i t r o g e n ,  12 mol . p e r c e n t  carbon d i o x i d e  and 1 mol p e r c e n t  carbon 

monoxide. A t  B lock  .31 F i e l d ,  f l u e  gas i s  produced f r o m  r e s i d u e  gas. One 
> 

c u b i c  f o o t  (.O28 m") o f  r e s i d u e  gas w i l l  make 9 t o .  11. c u b i c  f e e t  (.25 t o  .31 
3 3 ni ) o f  f l u e  gas. The combust ion o f  1 1 4  c u b i c  f e e t  (-3.23 m  ) o f  nat.ura1 gas o r  - 

45 c u b i c  f e e t  ( 1.27 m') o f  propane w i l l .  produce 1000 f e e t  (28.32 m') o f  i n e r t  

gas (see Ref. 2-14', 2-15, 2-16). 

F l u e  gas has a h i g h e r  f o r m a t i o n  volume f a c t o r  t h a n  n a t u r a l  gas o r  carbon 

d i o x i d e .  F l  ue gas,  occup ies  about 1.2 t imes: .  t h e  r e s e r v o i ' r  v o l  un~e t h a t  .would be 

occup ied by  n a t u r a l  gas (methane) a t  p ressures  o f  2500 t o  4000 p s i  (17.23 t o  

27.58 MPa) and a  tempera tu re  o f  1 5 0 ' ~  ( 6 5 . 6 O ~ ) .  T h i s  r a t i o  w i l l  depend on t h e  

c o m p o s i t i o n  o f  t h e  f l u e  gas (see Ref. 2-17).  

F l u e  g,as i s  m i s c i b l e  w i t h  c rude o i l  a t  r e l a t i v e l y  h i g h e r  p ressures  t h a n  

n a t u r a l  'gas o r  carbon d i o x i d e .  The m i s c i b i l i t y  o f  f l u e  gas i n  o i l  depends on 

t h e  c o m p o s i t i o n  o f  b o t h  . t h e  f l  ue gas '  and' t h e  o i l .  V i s c o s i t y  r e d u c t i o n s  a r e  

g r e a t e s t  w i t h  heavy crude o i  1,s. 



Ttie p r o p e r t i e s  o f  f l u e  gas 1 i e  between t h e  p r o p e r t i e s  o f  Np and C02 

depending on i t s  composi t ion.  Many o f  these p r o p e r t i e s  can be c a l c u l a t e d  (see 

E x h i b i t s  2-1, 2-2, and 2-4) us i ng  e m p i r i c a l  equat ions and t h e  p r o p e r t i e s  of 

I . i t s  components (see Ref. 2-19). 
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3. APPLIED RESEARCH ACTIVITIES 

Th i s  s e c t i o n  covers  a  s t a t e - o f - t h e - a r t  rev iew o f  l i t e r a t u r e  r e l a t e d  t o  

conceptual  process devel  opn~ent and 1  abo ra to r y  exper imenta l  work perform$d by 

researchers  i n  EOR u s i  ng n i t r ogen ,  . f l  ue gas, and o t h e r  gases (exc l  u d i  ng carbon 

d i o x i d e  and hydrocar'bon gases) i n c l  ud i  ng : 

. e Ni t r ogen  i n J e c t i o n  ( i nc l udes  pure n i t r o g e n  and i n  combinat ions w i t h  
o the r  gases o r  techn iques)  . 

e F lue  gas (exhaust gas, a c i d  gas, i n e r t  gas) which g e n e r a l l y  c o n s i s t s  o f  ' 

C O Z Y  n i t r ogen ,  and o t h e r  ill1pur.i t i es. 

e Other gases which i n c l u d e  a i r  and SO2 i n j e c t i o n .  

3.1 NITROGEN INJECTION 

N i t r - ogen  has been proposed and used f o r  pressure maintenance, t o  p reven t  

r e t r o g r a d e  condensat ion,  and as a  m i  s c i  b l e  d i  sp l  acernent agent i n  enhanced o i  1  

and gas recovery.  

3.1.1 MISCIBLE DISPLACEMENT USING NITROGEN 

There have been severa l  l a b o r a t o r y  sca le  exper iments w i t h  t h e  purpose of 

r e c o v e r i n g  o i l  us i ng  n i t r o g e n  as a  m i s c i b l e  gas. The d e t a i l s  o f  these ' 

exper iments a re  d iscussed i n  References 3-1 th rough  3-4, and r e s u l t s  a re  

summarized be1 ow. 

Labora to ry  t e s t s  have shown t h a t  n i t r o g e n  i n j e c t i o n  a t  h i ghe r  pressures 

have m i s c i b l y  d i sp l aced  1  i g h t  crudes r e s u l t i n g  i n  o i l  r ecove r i es  o f  90 percent  

i n  a  40 f o o t  (12.2 m) sand pack (Ref. 3-1, 3-2). . Th i s  compares f a v o r a b l y  w i t h  

1  abo ra to r y  t e s t  r ecove r i es  by r r ~ i  s c i  b l e  d isp lacement  w i t h  h igh-p ressure  n a t u r a l  

gas. O i l  r e cove r i es  us i ng  n i t r o g e n  a re  be1 ieved  t o  be due t o  t h e  e x t r a c t i o n  

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

i n j e c t i o n ,  pure,  h i g h  pressure n i t r o g e n  w i  11 become s u f f i c i e n t l y  enr i ched  w i t h  

1  i gh t -  and i ntermedi  ate-hydrocarbons f o r  mi s c i  b i  1  i t y  t o  occur. Thus, 1  i ght  

ends and . i n te rmed i  a tes  a re  ve ry  impor tan t  f o r  m i s c i b l e  displacement us i ng  

n i t r ogen .  Labora to ry  t e s t s  show t h a t  'heavy crudes a re  no t  good candidates f o r  

, m i s c i b l e  displacement us i ng  n i t r ogen .  Crude o i l s  o f  35' Ap1 g r a v i t y  and 

h i ghe r  are prospects  f o r  m i  s c i  b l e  displacement by h i  yh-pressure n i t r o g e n  

i n j e c t i o n .  ~ a b o r a t o r ~  t e s t s  us i ng  a  54.4' A ~ I  g rav i t y  o i l  w i t h  a  gas o i l  



3  .3  .. r a t i o .  (GOR) o f  7C0 SCF/bbl ( ~ 1 2 5  nl /III ) . ~n . a  40 f o o t  (12.2 n ~ )  sand pac'k showed 

. t h a t  o i l  r e c o v e r y  i nc reases  w i t h  i n c r e a s e d  i n j e c t i o n  pressure.  A t  2500 p s i  

(17.24 NPa) and 2 5 0 ' ~  (121°c), r e c o v e r y  was 61 pe rcen t .  A t  3000 p s i  (20.68 

MPa), r e c o v e r y  was 70 pe rcen t  f o r  tempera tu res  o f  72 t o  250OF ' (22.2 t o  121°c). 

A t  4000 p s i  (27.58 MPa), r e c o v e r y  was 78 p e r c e n t  a t  7 2 ' ~  (22.2 '~)  a n d  was 85 

pe rcen t  a t  2 5 0 ' ~  (12 l0c ) .  A t  5000 p s i  (34.47 MPa) , r e c o v e r i e s  ranged f r o m  8 5  

t o  72 pe rcen t  as t e m p e i a t u f e s  ranged, f rom 7 2  t o  , 2 5 0 ~ ~  ( ~ 2 . 2 ~ ~  t o  1 2 l 0 c ) .  

E x h i b i t  3 -1  shows t h e  e f f e c t  of p ressure  on o i l  rec0ver.y u s i n g  h i g h  p r e s s u r e  

n i t r o g e n  a t  v a r i o u s  t e m p e r a t u r e s  and' E x h i b i t  3 - 2  shows t h e  e f f e c t  o f .  

t empera tu re  on o i l  r e c o v e r y  u s i  ny h i g h  p ressure  n i t r o g e n  a t  va . r ious pressures.  

~ h e s e  p l o t s  show t h a t  t h e  o i l  r e c o v e r y  percentage inc reases  w i t h  an i n c r e a s e  
. . 

i n  pressure.  E x h i b i t  3-2 shows t h a t  r e c o v e r y  i s  independent o f  tempera tu re  up 

t o  3000 p s i  (20.68 MPa), b u t  i nc reases  w i t h  tempera tu re  a t  .4000 and 5000 p s i  

(27.58' MPa and 34.47 MPa). 

Another  s e t  o f  l a b o r a t o r y  exper iments  u s i n g  o i l  i n  a  s l i m  t u b e  f ron i  

P a i n t e r  R e s e r v o i r  F i e l d  showed t h a t  a  n i t r o g e n  i n j e c t i o n  system has a  g r e a t e r  

t h a n  90 pe rcen t  r e c o v e r y  p o t e n t i  a1 , i n  a d d i t i o n  t o  an economic advantage'  o v e r  

CU2 (Ref. 3-3). The' r e s u l t s  suggested t h a t  a  n i  t rogen-based r e c o v e r y  program 

o f f e r s  a  dens i  t y - g r a v i t y  advantage t h a t  would a c c e l e r a t e  t h e  s imu l taneous  

. . p r o d u c t i o n  o f  P a i n t e r  R e s e r v o i r  o i l '  and i t s  gas-cap.. I n f o r m a t i o n  on r e s e r v o i r  

c h a r a c t e r i  s t i  cs  o f  t h e  P a i n t e r  R e s e r v o i r  and p lanned - f i e l d  a c t i  v i  t i 'es a r e  

d e s c r i b e d  i n  S e c t i o n  4. 

S l i m  tube  exper iments  were per formed u s i n g  P a i n t e r  R e s e r v o i r  O i l  t o  

determine.  mi s c i  b i  1  i ty  p ressures  w i t h  t h e  n ~ u l  t i p l  e  c o n t a c t  o f  r e s e r v o i r  f l  u i d s  

and i n j e c t i o n  gases ( n i t r o g e n  and Cop). The '  r e s u l t s  o f  these  exper iments  a r e  - d e p i c t e d  i n  ~ x h i b i t s  3-3, 3-4, and 3-5. 
1- 

The f i r s t .  s e t  o f  experiment's used condensate f l u i d  w i t h  n i t r o g e n  as t h e  

d i s p l a c i n g  medium a t  4180 p s i  (28.82 W a ) .  F l u i d  recovery  was 99 percent .  

The second system used P a i n t e r .  R e s e r v o i r  o i  1  w i t h  n i t r o g e n  as t h e  d i s p l a c i n g  

:medium a t  4280 p s i  (29.51 MPa). Recovery was 91 percent .  T h i s  i n d i c a t e s  t h a t  

N2 m i s c i b i l i t y  i n  o i l  i s  dependent on o i l  compos i t ion .  The m i s c i b i l i t y  

p resssure  i s  l ower  and o i l  recovery  i s  h i g h e r  f o r  o i l  c o n t a i n i n g  a h i g h e r  

percentage o f .  l i g h ' t  crude.  E x h i b i t  3-5 suggests t h a t  4280 p s i  (29.51 MPa) i s  

about t h e  rninin~um r e s e r v o i r  p ressure  a t  which m i s c i b i  1  i ty  o f  P a i n t e r  ~ e s e ' r v o i r  

o i l  w i t h  n i t r o g e n  c o u l d  be generated.  I n  t h e  t h i r d  system u s i n g  P a i n t e r  

R e s e r v o i r  o i l ,  C02 was i n j e c t e d  a t  4300 p s i  (29.65 HPa) and r e c o v e r y  was 100 

percent .  
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S I  M e t r i c  Conversion Fac to rs  

p s i  x 6.894757 E - .03 = MPa 
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E x h i b i t .  3 -1  ~ f f e c t  o f  Pressure.  on ,Oi. l  Recovery 

Using High-Pressure N i t r ogen  ~ n j e c t i o n  
. . 
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Source: Ref. 3-1 
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E x h i b i t  3-2 E f f e c t  o f  Temperature on O i l  Recovery Using 
High-Pressure N i t rogen  I n j e c t i o n  

Source: Ref. 3-1 



Exper i  ~ n e n t  F l u i d s  Used Pressure Percent  Recovery 
Number p s i a  MPa, ' o f  00IP a t  1.2 Pore 

Volume I n j e c t i o n  

Condensate 4180 28.82 
F l  u i  d - n i  t r o g e n  

2 B lack o i l  4280 29.51 . 91  - 
N i t r o g e n  

3. Black  o i l  4300 29.65 100 
. CO2 

~ o n d e n ~ a t e  ~l u i g  Composi t i  bn . P a i n t e r  R e s e r v o i r  8 i l  ( E l a c k  O i l  ) 
a t  .164 F (73.33 C) and .Composi t ion a t  164 F (73.33 C) and 
4000 p s i  J (2.76 MPa) 3990 p s i a  (2.75 MPa) 

Component Mole F r a c t i o n  

N2 u.ci170 

C02 0.0050 . 

C 0.6970 

C2 0.'1092 

3 . 0.0604 

0.0327 4 

Component 

N2 

Mole F r a c t i o n  
0.0102 

0.0040 . 

0.5462 

0.1147 

T o t a l  1.'0000 ' T o t a l  1. 000ti 

E x h i b i t  3-3 S l i m  Tube Exper iments on P a i n t e r  R e s e r v o i r  O i l  Us i  ny 
. N i t r o g e n  and Carbon D i o x i d e  

Source: Ref. 3-3 



. C ~ n t j s n s a t s r v  hy N, 
4180 psi @ 164 deg F 

Nitrogen injected-HC pore volumes 

S I  M e t r i c  Convers ion F a c t o r s  

p s i  x 6.894.757 E '- 03 = MPa 

~ x h i b i t  3-4 Condensate S l i m  Tube Recovery by N 2  . . . 

Source: Ref.  3-3 



SI Conversion F a c t o r s  

p s i  x 6.P94757 E - 03 , ;  MPa 

3 3 SCF/bbl. x 1 .,781 E - 01 = m / m  

E x h i b i t  3-5  Slim Tube ~ x ~ e r i m e n t s ,  wi th  N2  Using P a i n t e r  
Reservo i r  Black Oi 1 

Source:  Ref. 3-3 



These l a b o r a t o r y  data stiow t h a t  Cop i s  a  b e t t e r  d i s p l a c i n g  medium than.  

n i t rogen .  However, N., i s  cheaper t o  generate and t r a n s p o r t  t h a n  COT The use 
L 

o f  C02 a l s o  necess i t a t es  c o r r o s i o n  c o n t r o l  (see Sec t ions  5 and 6 ) .  

I n  another  se t  o f  exper in ients (Ref. 3-4)  n i t r o g e n  and C02 were i n j e c t e d  a t  

105Of (40.55'~) us i ng  Leveland crude o i l  i n  a  40 Toot (12.2 m) unconso l ida ted  

sand pack. There was no s o l u t i o n  gas i n  t h e  crude o i l .  The r e s u l t s  a re  shown 

i n  E x h i b i t  3-0.  A t  n i t r o g e n  pressures o f  1,200 p s i  (8.27 MPa) and 1,850 p s i  

(12.75 MPa), recovery  was near 62 percent  o f  t h e  s tock - tank  o i l  o r i g i n a l l y  i n  

place. When CC2 was used  a t  lZOU p s i  (18.27 MPa), o i l  recovery  was 86 

percent.  A t  1,350 . ps i  (9.30  PI?^), t h e  recovery  was g r e a t e r  t han  90 percent .  

Th is  shows t h a t  a t  low pressure r anges  n i t r o g e n  i s  no t  m i s c i b l e  whereas CU2 i s  

r ~ i i s c i b l e  and suggests t h a t  l i g h t  ends and i n t e rmed ia tes  i n  crude o i l  a re  ve ry  

impor tan t  f o r  NZ m isc i  b i l  i t y .  Th is  i s  no t  t r u e  f o r  CU2. 

When us i ng  n i t r ogen ,  s tock - tank  o i l  must be recombined w i t h  t h c  wet, 

. . separa to r  gas t o  determine t h e  m i s c i  b i l  i t y  pressure. Ni.trogen d r i v e s  may 

recover  l e s s  . t han  70 . p e r c e n t  o f  t h e  dead s tock- tank crude . . o i l  (no gas i n  

so l  u t  i on).  However, . n i t r o g e n  d r i  ves may recover  over 95 percen t  f o r  1  i ght  

crude o i l s  a t  h i g h  temperatures when .wet gas i s  added t o  t h e  s tock  tank  o i l .  

N i t r ogen  d r i v e s  w i l l  p i c k  up in te rmed ia tes ; '  t h i s  induces in i sc i  b i  1  i t y .  Thus, 

t h e  r n i s c i b i l  i t y  ob ta ined  u s i n g  ' ' N ~  i s  g e n e r a l l y  m u l t i p l e - c o n t a c t  m i s c i b i l  ity 

and i s  due t o  t h e  vapor e x t r a c t i o n  o f  l i g h t  and i n t e r m e d i a t e  ends o f  crude' 
i 

o i l .  Th i s  suggests t h a t  n i t r o g e n  w i l l  be more s u i t e d  t o  t h e  recovery  o f  l i g h t  

o i l s .  

I n  another  se t  'o f  t e s t s  (see'  Ref. 3-4) ,  , o i  1  recovery  ' was th rough  t h e  

i n j e c t i o n  o f  Cop s lugs  o f  v a r i o u s ,  hydrocarbon pore-volume s i z e s  pushed by 

n i t r ogen .  Exhi :b i t  3-2 shows a  p l o t  o f  percent  o i l  recovery  vs C02 s l u g  s i z e  

pushed by n i t r o g e n  f o r  t h e  Wasson Crude O i l  which.  con ta ined  no s o l u t i o n  gas. 

The r e s u l t s  showed t h a t  when us i ng  5 t o  10 percent  (hydrocarbon 'pore-volume) 

s lugs o f  C 0 2  f o l l owed  by N2, recovery  was 90 t o  96 percent  o f  t h e  o i l  

o r i g i n a l l y  i n  place. A f t e r  i n j e c t i o n  o f  s l ugs  o f  %(I2 equal t o  approx imate ly  
. . 

24 percent  o f  t h e  hydrocarbon pore volume, t i l e  o i l ,  recovery  was approx imate ly  

98 percent.  
I 

Using COZ s l ugs  r a t h e r  than  pure CO2 i n  a t e r t i a r y  recovery  r un  cou ld  

permi t  a  s t r e t c h i n g  of, s u p p l i e s  and a  r e d u c t i o n  i n  cost .  Because n i t r o g e n  

cos t s  about one-hal f  t h a t  of C02 per  MCF, and because t h e  c o m p r e s s i b i l i t y  



SI Metr'ic Conversion Factors 

psi x 6.894757 E - 03 = MPa 

Comparison of oil recovery by injection 
of carbon dioxide & nltrogen 
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~ x h i b i t . 3 - 6  A Comparison of Oil Recovery by Inject ion of 
- Carbon Dioxide and Nitrogen Using Crude Containing No Solution Gas. 
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Source: . Ref. 3-4 . . 
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pushed by nitrogen 

1-1-11 

Wasson crude-34 deg API gravity 
Constant injection press. -1250 psig 
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f a c t o r  o f  n i t r o g e n  i s  t h r e e  t imes t h a t  o f  C02 under West Texas r e s e r v o i r  

c o n d i t i o n s ,  t h e  c o s t  o f  n i t r o g e n  per b a r r e l  o f  r e s e r v o i r  pore-space may be 

o n l y  15 percent  t h a t , o f  CUT 

Concl us ions 

The m i s c i b l e  d isp lacement '  o f  o i l  by n i t r o y e n  i s  p r i m a r i l y  due t o  t h e  

e x t r a c t i o n  v a p o r i z a t i o n  process; t h a t  by CU2 i s  due t o  bo th  e x t r a c t i o n  

v a p o r i z a t i o n  and condensat ion processes. The pressures r e q u i r e d  f o r  t h e  

m i s c i b i l i t y  o f  n i t r o g e n  a re  over  4000 p s i  (27.58 MPa) and a re  dependent o n . t h e  I 
I 

hydrocarbon co i~~ponen ts  .o f  t h e  o i  1. L i  ght  o i  1  r e s e r v o i  r s  hav i  ng some so l  u t  i on 1 

gas would be good candidates f o r  N2 f l ood ing .  . M i s c i b l e  displacement u s i n g  1 
n i t r o g e n  alone i s  no t  f e a s i b l e  f o r  o i  1  . hav ing 1  i t t l e  o r  no so l  u t i o n  gas 

present.  However, n i t r o g e n  f l o o d i n g  a f t e r  an i n j e c t i o n  o f  a  predetermined 

s i z e  o f  C02 s l u g  appears t o  be a  good process f o r  r e s e r v o i r s  hav ing  low 

amounts of so l  u t i o n  gas. However, f u r t h e r  exper imentat . ion arid eva l  u a t i o n s  a re  

needed t o  c o n f i r m  t h i s  theory.  The source o f  n i t r o g e n  ( a i r )  i s  i n e x h a u s t i b l e ,  

and H2 i s  cheaper ($/MCF) than  C02. Therefore,  t h e  l ow  p roduc t i on  cos t  and 

i t s  noncor ros ive  na tu re  w i  11 f a v o r -  i t s  u t i  1  i z a t i o n  f o r  EOR. 

3.1.2 N. INJECTION FOR PRESSURE MAINTENANCE AND TO PREVENT RETKOGRAOE 
C ~ ~ E N S A T I O N  (Ref. 3-5, 3-6, 3-7)  

Pressure maintenance i s  general  l y  kequi r e d  f o r  gas condensate r e s e r v o i  r s  

i n  o rae r  t o  prevent  o r  m in im ize  re t r og rade  l i q u i d  loss .  I t i s  a l so '  needed f o r  

v o l a t i l e  o i l  and i n  b l ack  o i l  r e s e r v o i r s  i .n  o rde r  ,to.- impr0v.e recovery.  Lean 

n a t u r a l  gas has been s u c c e s s f u l l y  used f o r  many years  as an i n j e c t i o n  f l u i d  i n  

condensate r e s e r v o i r  c y c l  i ng, bu t  i t s  1  i m i t e d  ava i  1  a b i l  i ty  and i n c r e a s i n g '  cos t  

have made i t  economica l l y  u n a t t r a c t i v e .  . . . 

N i t r ogen  has been cons idered f o r  p ressure  maintenance ope ra t i ons  because 

i t  can be produced by  a i r  separat i0.n p l a n t s  more.  cheaply  than  n a t u r a l  gas. 

The p o s s i b i l i t y  t h a t  s i g n i f j c a n t  changes i n  phase e q u i l i b r i a  cou ld  occur i n  I 
1 

r e s e r v o i r  f l u i d s  upon t h e  i n j e c t i o n  of n i t r o g e n  had h indered  i t s  acceptance 
l 

and f o r  as an i n j e c t i o n  gas. However, r ecen t  p romis ing  f i e l d - t e s t  r e s u l t s  

have he lped i t  t o  become accepted as a  be . t t e r  a l t e r n a t i v e  ,(see Sec t i on  4, Use 

o f  N i t r ogen  ~ n j e c t i o n  i n  ~ b r d o c h e  and o t h e r  f i e l d s ) .  

Exper imental  l a b o r a t o r y  t e s t s  were conducted by Amoco Produc t ion  Co. w i t h  

severa l  d i f f e r e n t  r e s e r v o i r  f l u i d s  t o  determine t h e  e f f e c t s  o f  con tac t  by 

v a r y i n g  amounts o f  n i t r o g e n  (Ref. 3-6). Three gas condensate f l u i d s  and one 

2  4 



b lack  a i  1 were . tes ted ,, and t h c i  r p r o p e r t i e s  a re  g i  ve i l  i r ~  E x h i b i t  3-8. The gas 

'I i q u i d  r a t i o s  f o r  these f l u i d s  ranged f rom about 1.77 MSCF/bbl ( 3 1 5  "s tandard"  
3 3 3 3 

1.i1 /rn j f o r  t h e  r e s e r v o i r  o i l  t o  28 NSCF/bbl (about 4470 "s tandard"  m /m ) f o r  

t h e  l eanes t  gas condensate. 

I t was concluded f rom these exper i inents t h a t  t h e  i n j e c t i o n  o f  n i t r o g e n  

i n t o  a gas -condensa te ,  r e s e r v o i r  f l  u i d  w i  11 s i g n i f i c a n t l y  i n c r e a s e  t h e  

dew- po i  n t  pressure and may cause r e t r o g r a d e  1  i q u i d  condensat i on where - t h e  

n i t ' rogen  mixes w i t h  r e s e r v o i r  gas. A d d i t i o n a l  con tac t  by n i t r o g e n  w i l l  
r e vapo r i ze  a  s i g n i f i c a n t  amount o f  t h e  condensed r e t r o g r a d e  l i q u i d .  

It was a1 so concluded t h a t  c o n t a c t i n g  a  b l ack  o i l  w i t h  n i t r o g e n  w i l l  s t r i p  

t h e  o i l  o f  i ' ts l i g h t  and. i n t e rmed ia te  components. The e f f e c t  i s  t o  decrease 

t h e  o i l  f o rma t i on  volume f a c t o r  and t o  inc rease  t h e  o i l  v i s c o s i t y  and dens i t y ,  

bu t  no t  t o  extreme 1 i n ~ i t s .  E x h i b i t  3-9 p rov ides  exper imenta l  evidence t h a t  

con tac t  by extreme amounts o f  n i t r o g e n  changes t h e  o i l  p r o p e r t i e s  t o  a  

reasonably  expected degree j by s t r i  pp i  nrj) , bu t  a  heav: t a r -  1  i ke m a t e r i a l  does 

no t  r e s u l t .  

The Red1 ich-Kwong e q u a t i o n - o f - s t a t e  can be used t o  p r e d i c t  re1  i a b l y  t h e  

e f f e c t s  o f  n i t r o g e n  on phase e q u i l i b r i a  and phys i ca l  p r o p e r t i e s  o f  r e s e r v o i r  

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

o v e r a l l  e f f e c t s  o f  n i t r o g e n  i n j e c t i o n  on r e s e r v o i r  performance. A  comparison 

of e x p e r i m e n t a l  r e s u l t s  and t h o s e  c a l c u l a t e d  u s i n g  t h e  Red1 i ch -Kwong 

e q u a t i o n - o f - s t a t e  i s  presented i n  E x h i b i t  3-10. . . 

Another se t  o f  exper iments conducted e a r l i e r  by  Core Labo ra to r i es  and A i r  

P r0duc t .s  and C h e m i c a l s  (Re f .  ' 3 - 5 )  p r o v i d e d  s i m i l a r  r e s u l t s .  Computer  

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  m i x i n g  lean ,  n a t u r a l  gas w i t h  condensate r e s e r v o i r  

f l u i d  r a i s e d  t h e  dew p o i n t  somewhat and caused some r e t r o g r a d e  condensation. 

A  much more s i g n i f i c a n t  e f f e c t  was observed when n i t r o g e n  was mixed w i t h  . t h e  

condensate. A re t rograde-condensate r e s e r v o i r  f l u i d  was chosen f o r  l a b o r a t o r y  

exper iments and i t s  p r o p e r t i e s  a re  shown i n  E x h i b i t  3-11. 

The s tud ies  i n d i c a t e d  t h a t  nornial pressure d e p l e t i o n  would r e s u l t  i n  

recovery  o f  22.3 percen t  o f  t h e  s tock - tank  l i q u i d  and 81.5 p e r c e n t .  o f  t h e  

p r imary  and second stage separa to r  gases a t  an abandonment p,ressure o f  700 

p s i g  (4.93 MPa). Ret rograde l o s s  would reach a  maximum o f  20 percen t  o f  t h e  

hydrocarbon pore volume a t  ,2300 p s i g  (15.96 MPa) as shown i n  E x h i b i t  3-12. 

Experiments were conducted comparing t h e  dew p o i n t  and r e t r o g r a d e  behav io r  

of a  l ean  gas (composi t ion as shown i n  E x h i b i t  3-11) versus pure n i t rogen .  A 



Component Gas 1 

N i t r o g e n  0.20 

Ne t  hane 67.50 

Carbon D i o x i d e  . 2.01 

Ethane 9.31 . 

Hydrogen s u l f i d e  . ' 0.00 

Proparle , 5.41 

i -Butane 1.32 

n-Butane 2.21 

Hexanes ,1.51 

Heptanes P l u s  (C7+) .9.05 

T o t a l  100.00 

P r o p e r t i e s  o f  C7+: 

Mol a r  Mass, 1 b lmol  e /  357 / 
. (kc j lmole) ( 162 

D e n s i t 3  a t  60:~(288.7 K) 44.671 
1 b s l f t  1 (kg lm , (795.7) 

Composi t ion (mol % )  

Gas 2 Gas 3 Gas 4 

0.23 2.20 0.65 

73.15 74.17 45.02 

2.12 0.06 0.02 

Noniinal Prod. Sep. GOR 
MSCF/bbl/ 3 4.731 8.981 28 / 1.771 
( "Standard"  m /m ) (843)  (1600) (4970) (315) 

Rgservo i  r Temp. 
F/ 2261 2261 1401 1401 

(K) (381  (381 (333) . , ( 333 )  

Dew p o i  n t  
P s i  / 44531 52071 30021 
(MPa) . (30.7) (35.9) . (20.7) . . 

Bubble P o i n t  
P s i  / 30021 
(MPa (30.7 ) 

Exhi b i t  3-8 ~ o m p o s i  t i ons and P r o p e r t i e s  o f  Reservoi  r F l  u i  ds  
: I I 

Source: Ref. 3-6 . . 



Test  Temp Be fo re  Contact  A f t e r  Contact  by 20 Pore Voluble 
w i th '  Added N2 N2 a t  3000 p s i  (20.7 MPa) & 333 K 

. . 

D e n s i t y  a t  1 atm (0.10 PiPa) . 

OF ' K 1 b / f t 3  k g/m3 1 b / f  L~ k c3/m3 

V i  scos i ' t y  ( c p )  a t  1 .atrn. (0.10 MPa) 

OF K C P MPa. S C P MPa ..S 
. . 80 . 299.8 1.6 1.6 2.6 - 2.6' 

Exh i  b i t  3-9 E f f e c t  o f  N i t r o g e n  Contact  on o i l  P r o p e r t i e s  

Source: Ref. 3-6 



Component 

N i t r ogen  

Methane 

Carbon D iox i de  

Ethane 

Propane 

i -5u tane 

n-Butane 

i - ~ e n t a n e .  

n-l'entane 

Hexanes 

Heptanes P lus  (C7+) 

TOTAL : 

Cumulat ive Pore volumes' (PV) o f  N i t r ogen  Contacted a t  3000 p s i  (20.7 MPa) 8 1 4 0 ' ~  (333 K )  

NO N2 0.14 PV N2 0 . 5 0 P V N 2  . 1 . 0 P v  1.5 FV N2 

O i l  1 Calcd . Exp t l  Calcd E x p t l  . Calcd Calcd Exp t l  

0.65 6.60 5.40 13.70 13.31 18.06 19.86 21.05 

45.02 33.10 35:97 17.42 15.68 7.04 2.58 2.60 

0.02 0.02 0.00 0.02 0.00 0.01 0.01 0.00 

12.45 11.44 11.81 9.22 9.81 . 6.41 4.17 2.50 

8.93 9.20 9.12 . 9.20 9.52 8.34 7.19 3.87 

2; 62 2..81 2.79 3.04 3.20 3.05 2.88 1.59 

3.41 3.76 3.71 4.23 4.47 4.44 4.30 2.42 

1.63 1.85 1.83 2.19 2.41 2.43 2.51 1.50 

E x h i b i t  3-10 E f f e c t  o f  N i t rogen  Contact on O i l  Composit ion (Mol %) 

Source: ' Ref. 3-6. 



Keservo i  u. F l u  i d  Corriposi t i  on 

C;oriiponent -. 

t iydruyen. Su1 f i d c  

. . Carbon D i  oxi.de 

Methane 
. . 

Ethane 

Propane 

normal -Butane 

Hexanes 

Heptanes .p l  us 

Mole  Percen t  

141 I 

1.21 

1.94 

65.99 

8.69, 

5.91 - 

Dew p o i n t  3418 p s i g  (23.64 MPa) 

Keservo i  r ' temperature  2 0 0 ' ~  (93 .3 '~ )  

Stock  t a n k  1 i q u i d  g r a v i t y  6 1 . 6 ~ ~ ~ 1  

Gas/ l  i q u i  d r a t i o  4812 SCFISeparator  B a r r e l  

(857 m3/rn3) 

E x h i b i t  3-11 R e s e r v o i r  F l u i d  Compos i t i on  .- 

Source:  Ref. 3-5 



PRESSURE : psig 

S I  Metric Conversion Factors  

psi x 6.894757 E - 03 = MPa 

Exhibi t  3-12 Retrograde Condensation During bepl  e t i o n  a t  200 '~  (93 . ~ O C )  

Source: Ref. 3-5 



t o t a l  of 2467 SCF o f  l ean  gas per  b a r r e l  o f  o r i g i n a l  r e s e r v o i r  f l u i d  (440 m 3  

of l e a n  gas per m3 o f  r e s e r v o i r  f l u i d )  was added, i n c r e a s i n g  t h e  dew p o i n t  

f r om  3428 t o  4880 p s i g  (23.73 NPa t o  33.74 MPa). A t o t a l  o f  940 cub i c  f e e t  o f  

n i t r o g e n  was i n j e c t e d  per b a r r e l  (167.4 m3 n i t r o g e n  per m3 o f  o i l  ) , . i nc reas ing  

t h e  dew p o i n t .  t o  7100 p s i g  (49.04 MPa). The r e s u l t s  a re  dep i c t ed  i n  E x h i b i t  

3-13. The dew p o i n t  pressure e l e v a t i o n  w i t h  n i t r o g e n  m i x t u r e s  .was much 

' g r e a t e r  t han  w i t h  l ean  gas mix tu res .  

E q u i l i b r i u m  m ix j ng  t e s t s ,  o f  t h e  d i s p l a c i n g  phase w i t h  t h e  r e s e r v o i r  f l u i d  

a t  t h e  d i s p l a c i n g  f r o n t ,  i n d i c a t e  t h a t  t h e  dew p o i n t  o f  t h e  . m i x t u r e  w i l l  

i nc rease  and t h a t  r e t r og rade  l o s s  w i l l  occur i f  t h e  r e ~ e r ~ o i r  p ressure  i s  near 

t h e  o r i g i n a l  . dew p o i n t  pressure. I f  t h e  i n j e c t i o n  gas i s  n i ' t rogen,  t h e  

r e t r o g r a d e  1  oss w i  11 be much g rea te r .  

Labora to ry  sand-tube exper iments c l e a r l y  demonstrated t h a t  1 i t t l e . m i x i n g  

occurs  d u r i  ng gas lgas-d i  sp l  acement. Ret rograde drop-out  w i l l  o n l y  r e s u l t  i n  

l i q u i d  l o s s  i f  i t  occcurs as a  r e s u l t  o f  m i x i ng  i n  t h e  r e s e r v o i r .  A l though 

m i x i n g  i n  t h e  p roduc t i on  w e l l s  may cause condensat ion,  t h e  l i q u i d  w i l l  be 

recovered. The r e s u l t s  a l s o  suggest t h a t  m i x i ng  w i t h i n  t h e  r e s e r v o i r  can be 

a f f e c t e d  .by t h e  f o l l o w i n g  f a c t o r s :  m o b i l i t y  r a t i o ,  mo lecu la r  d i f f u s i o n  and 

i n t e r g r a n u l  a r  d i spe rs i ons ,  pore s i z e  d i s t r i b u t i o n ,  changes i n  f l o w  p a t t e r n ,  

and changes i n  r e s e r v o i r  pressure. 

An economic e v a l u a t i o n  o f  c y c l i c  gas -condensa te  w i t h  n i t r o g e n  was 

conducted by Donohoe, e t  a l . ,  (Ref. 3-7). The e f f e c t s  o f  d i f f e r e n t  r e s e r v o i r  

fl u i d  composi t ions and t h e  degrees o f  r e s e r v o i  r he te rogen i  t y  upon t h e  economic 

p o t e n t i a l  o f  t h i s  d e p l e t i o n  mechanism were considered. The performance 

p r o j e c t i o n s  were made f o r  a  h y p o t h e t i c a l  r e s e r v o i r .  The p r o p e r t i e s  o f  t h e  

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

dep i c t ed  i n  E x h i b i t  3-14. 

F l u i d  "A "  was se lec ted  because o f  i t s  h i g h  l i q u i d  y i e l d  and r e t r o g r a d e  

l o s s  c h a r a c t e r i s t i c s .  F l u i d s  "B"  and " C "  a re  t h e  composi t ions o f  t h e  

e q u i l i b r i u m  gas ob ta ined  d u r i n g  t h e  d e p l e t i o n  o f  F l u i d  " A "  a t  4015 p s i a  (27.68 

MPa) and 3415 p s i a  (23.85 MPa), r e s p e c t i v e l y .  The t h r e e  f l u i d s  e x h i b i t e d  

s tock - tank  l i q u i d  con ten ts  o f  220.7, 138.6, and 76.1 bbl/MMCF (1.24, .778 and 
3  3  .428 m I M m  ) a t  t h e i r  r e s p e c t i v e  dew p o i n t s  and pressures. E x h i b i t  3-15 shows 

t h e  re t r og rade  behav io r  and s tock - tank  l i q u i d  con ten t  o f  t h e  t h r e e  f l u i d s  

i n v e s t i g a t e d  as a  f u n c t i o n  o f  r e s e r v o i r  pressure. 



SI ~ . e t ~ i c . . ~ o n v e r s i o n  F a c t o r s  

p s i  x  6-.894757 E - 03 = MPa 

3.. 3  . . 
SCF/ bb l  x., 1.781 E -' 01 = m /m . . .  . 

- .  

E x h i b i t  3 - 1 3  Dew P o i n t  E l e v a t i o n  w i t h  N i t r o g e n  and Lean Gas 

Source: Ref .  3-5 



BASIC RESERVOIR PROPERTIES 
. . 

Average Depth, f t  (rn) 10 , O U U  (3048) 

l n i  t i a l  R e s e r v o i r  Pressure,  p s i a  ( M P ~ ) '  4,475 (30.85) 

Keservo i  r Temperature, OF (OC) 
. . 

194 (90)  

6 2 T o t a l  F i e l d  Area, acres (10 rn ) 

Average Thickness,  ft (mj 

Average P o r o s i t y  , percen t  

Average Water S a t u r a t i o n ,  .pe rcen t  

6 3 Hydrocarbon Pore Vol unle, MM b b l  ('10 rn ) 144.0 (22.89) 

O r i g i n a l  Vol umes i n  P l  ac.e. 

"A" 

FLUID 

"B"  . . 

Gas, B i l l i o r ~  cu. ft. 200.506 208.307 212.300 
3 ( B i l l i o n  III ) (5.G777) (5.8986) (6.0117) 

Condensate, M i  1 1 i o n  b b l  44.252 28.87 1 16.150 
3 ( M i l l i o n  m ) (7.0355) (4.5901) (2.5676) 

E x h i b i t  3-14 P r o p e r t i e s  o f  H y p o t h e t i c a l  R e s e r v o i r  and Three 

R e s e r v o i r  F l  u i d s  

Source: Ref. .3-7 



RESERVOIR PRESSURE : ps ig  . 

S I  M e t r i c  Convers ion F a c t o r s .  

p s i  x 6.894757 E - 03 = MPa 

3 3 bbl/MMSCF x 5.614 E - 06 = m /m 

E x h i b i t  3-15 S tock - tank  L i q u i d  Content  and .  Ret rograde '  L i q u i d  S a t u r a t i o n  

Source: .Ref. 3-7 

. . 



Performance p r o j e c t i o n s  were made f o r  each o f  t h e  t h r e e  r e s e r v o i r  f l u i d  

systems p r e v i o u s l y  descr ibed,  assuming t h r e e  d i f f e r e n t  d e p l e t i o n  methods: I )  

pressu . re  d e p l e t i o n  - no i n j e c t i o n ,  2 )  p r e s s u r e  m a i n t e n a n c e  - n i t r o g e n  

i n j e c t i o n ,  and 3 )  pressure maintenance - res i due  and makeup gas i n j e c t i o n .  It 
3  was assumed t h a t  a  33.0 MMCFD (934.56 Ms /day) p rocess ing  p l a n t  would be used. 

I n j e c t i o n .  r a t e s  were l i m i t e d  by t h i s  capac i t y .  Observat ions i n d i c a t e d  t h a t  

c y c l  i ng becomes l e s s  a t t r a c t i v e  economical l y  as t h e  r e s e r v o i r  f l  u i d s  become 

1  earlrr., a r~d  as the r e s e r v o i r  becorr~es more heterogeneous. 

An econon-tic e v a l u a t i o n  showed t h a t  t h e  c o s t  o f  n i t r o g e n  i s  dependent upon 

energy cos ts ,  c a p i t a l  and ope ra t i ng  cos t s  v a r y i n g  w i t h  l o c a t i o n ,  and t h e  

n i t r o g e n  r e j e c t i o n  f a c i l i t y  r e q u i r e d  t o  remove n i t r o g e n  f r o m  p r o d u c t s .  

~ i t r o ~ e n  p roduc t i on  economics a re  d iscussed i n  Sec t ton  5 o f  t h i s  report..  

Concl u s i  ons 

N i t r o g e n  i n j e c t i o n  i s  an econom ica l  l y  a t t r a c t i v e  a n d  e f f e c t i v e  gas 

d i  sp l  acement techn ique  f o r  gas condensate r e s e r v o i r s .  The dew p o i n t  pressure 

i s  h i ghe r  f o r  n i t r o g e n  than  f o r  n a t u r a l  gas., An ex t reme ly  un favorab le  

m o b i l i t y  r a t i o  o r  pore s i z e  ' d i s t r i b u t i o n  cou ld  1  ead t o  s i g n i f i c a n t  m i x i n g  

w i t h i n  t h e  r e s e r v o i r .  T h e r e f o r e ,  f l u i d  and r o c k  p r o p e r t i e s  s h o u l d  be 

eva luated t o  determine i f  m i x i n g  caused ,by these phenomena , i s  1  i k e l y  t o  bc 
-, 

unacceptab ly  high. It may be d e s i r a b l e  t o  p l a n  and c o n t r o l  i n j e c t i o n '  and '  

p roduc t i on  r a t e s  i n  o rde r  t o  min imize t h e  occurrence o f  f l o w  p a t t e r n  changes. 

D i f f u s i o n  and d i s p e r s i o n  w i  11 no t ,  by thems,el ves, be ' se r i ous  problems. Severe 

r e t r o g r a d e  l o s s  w i l l  occur where t h e  n i t r o g e n  , and condensate mix. Packed 

c o l  umn displacement s t ud ies  i n d i c a t e  t h a t .  ve ry  1  i t t l e  m i x i ng  w i l l  a c t u a l l y  

occur,  and t h a t  f o r  a l l  p r a c t i c a l  purposes, n i t r o g e n  i s ,  as e f f e c t i v e  as l e a n  

n a t u r a l  gas i n  d i  s p l  ac i  ng condensate f rom porous media. 

3.2 FLUE GAS .INJECTION (Ref. 3-8 through 3-12) 

F lue  gas ( i n e r t .  gas, exhaust g a s )  i s  a  l o o s e l y  u,sed i n d u s t r y  term f o r  a  

gas cons is t ing  ma in ly  of 'co2 and n i t r o g e n  w i t h  some i m p u r i t i e s .  Sometimes 

n i t r o g e n  i s  a l so  r e f e r r e d  t o  as an i n e r t  gas. The t e rm ino logy  i s  based 

u s u a l l y  . on t h e  source o f  t h e .  gas. When t h e  gas i s  produced by t h e  . 

i n c i n e r a t i o n  o r  bu rn i ng  of. f u e l  such as n a t u r a l  gas ( o r  o the r '  f o s s i ' l  f u e l s ) ,  

t h e  e f f l u e n t  i s  r e f e r r e d  t o  as f l u e  gas. When t h e  gas i s  produced f rom t h e  

exhaust o f  i n t e r n a l  combustion engines. ( t h a t  a re  r e q u i r e d  f o r  compression o f '  



t t i e  i n j e c t i o n  gas),  i t  i s  r e f e r r e d  t o  as exhaust gas (see Ref. 3-8 f o r  a  

d i f f e r e n t i a t i o n  between f l u e  gas and e x h a u s t  gas ) .  I n  g e n e r a l ,  t h e  

con ipos i t i on  o f  f l u e  gas ranges f rom:  C02--10 t o  15 percen t ;  n i t r ogen - -80  t o  85 

percent ;  and t h e  r e s t  snial l  arnounts o f  i n p u r i t i e s .  

F lue  gas has been used (see Sec t i on  4 -2 )  as an i n j e c t i o n  gas i n  EOK. The 

e f f e c t i v e n e s s  o f  f l  ue gas f a l l s  i n  between CO, and n i t r o g e n ,  depending on. i t s  
L 

compos i t i on  and severa l  speci  f i c  r e s e r v o i r  and process parameters (see ~ e c t i  on 

I 6 . ) .  F lue  gas i s  p r e f e r r e d  f o r  heavy o i l  r e s e r v o i r s  ( ove r  n i t r o g e n ) .  The 

method i s  founded on t h e  v i s c o s i t y  reduc ing  e f f e c t  o f  CU2 (which i s  a  

component o f  f l u e  gas) d i s s o l v e d  i n  heavy ( low '  API g r a v i t y )  c rude o i l  (Ref. 

3-9).  E x h i b i t  3-16 shows t h e  r e s u l t s  o f  l a b o r a t o r y  t e s t s  o f  va r i ous  g r a v i t y  
I ~ c rude o i l s  when sub jec ted  t o  C02 a t  va r ious  pressures. These curves show t h a t  

~ d r a s t i c  r educ t i ons  i n  v i s c o s i t y  a re  ob ta ined  w i t h  smal l  amounts o f  C02 

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

r e d u c t i o n  i s  cons ide rab l y  g r e a t e r  w i t h  Cup in.  so'l u t i o n  than  th rough  thermal 

e f f e c t s .  

F l ue  gas has a l s o  been proposed as a  chase gas. I n  t h i s  a p p l i c a t i o n ,  t h e  

f l u e  gas i s  used e i t h e r  t o  push a  s l u g  o f  hydrocarbon gas i n  a  h igh-pressure,  

g a s - i n j e c t i o n  ope ra t i on ,  o r  t o  push a  propane s l u g  i n  a  m i s c i  b l e - s l  ug process. 

1  ab,oratory exper iments were conducted us i ng  n i  t r o y e n  i ns tead  o f  f l  ue gas i n  

o r d e r  t o  show t h e  e f f e c t i v e n e s s  o f  t h i s  process. As t h e  C02 f rom f l u e  gas 

d i s s o l v e s  i n  o i l ,  f o r  p r a c t i c a l  purposes N2 i s  used t o  s tudy t h e  e f f e c t i v e n e s s  

o f  t h e  process. The r e s e r v o i r  f l u i d  ( p r o p e r t i e s  a re  shown i n  ~ x h i b . i  t 3-17), 

was d i s p l a c e d  by  n i t r o g e n  and l e a n  gas t h r o u g h  a  1 2 3 .  f o o t  (37.5 n ~ )  

unconso l ida ted  sand-packed column a t  va r i ous  pressures.  The f l u e  gas f r o n t  

was cons idered t o  be 100 percen t  n i t r o g e n  s ince  Cop was s t r i p p e d  f rom t h e  gas 

s t ream by s o l u t i o n  i n  t h e  i n t e r s t i t i a l  water. The m i s c i b i l i t y  pressure f o r  

n i t r o g e n  was 3870 p s i  (26.68 MPa), which was o n l y  370 p s i  (2.55 MPa) g r e a t e r  

t h a n  t h e  m i s c i b i l i t y  p ressure  f o r  l e a n  gas. Resu l t s  w i t h  o t h e r  gases 

i n d i c a t e d  t h a t  a  d i l u t i o n  o f  t h e  n i t r o g e n  w i t h  r e l a t i v e l y  smal l  arnounts o f  

hydrocarbon gas can be h e l p f u l  i n  reduc ing  t h e  m i s c i b i l i t y  pressure (Ref. 

3-10). 

F lue  gas has a' vo l  urnetr ic advantage over hydrocarbon gas. A g i ven  vo l  urne 

o f  l ean  hydrocarbon gas uses t e n  . t imes  t h e  volume o f  a i r  f o r  combustion. The 

r e s u l t i n g  f l u e  gas, a f t e r  removal o f  water vapor, s t i l l  has n i n e  t imes t h e  

o r i g i n a l  volume o f  l e a n  gas. F lue  gas a1 so has a  g r e a t e r  compress ib i l  i t y  



CARBONATION PRESSURE, PSlG 

SI Metric Conversion Factors 

psi x 6.894757 E - 03 = MPa 

CP x 1 = MPa.S. 

Exhibit 3-16 Reduction in Heavy Crude Viscosity Can Be Obtained from 
Small Amount of COS2 in Solution . . 

Source: Ref. 3-9 
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Reservoi  r F l  u i  d Desi gnat  i on 

Composi t ion 

N2 

1 

C4 

C5 g 
C6 

C7+ 

Bubble . p t  . 
Ps! g/ 2,7601 9051 . . 1,2401 : 3.7801 

( M'Pa) (19.03) (6.24) (8.55) (26.06) 

Temperature 

OF/ 1401 1761 1761 2371 
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. . 

GAS COMPOSITION 

Component 

N2 

1 

C3 
. C02 

F l u e  Gas Lean Gas 

. . 88.0 1.0' 

88.0 

E x h i b i t  3 4 7  p r o p e r t i e s  o f  R e s e r v o i r  F l  u i  ds  and Gas Composit ion' 

Source: Ref. 3-10 
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f a c t o r .  A  u r ~ i  L vo l  UI'I'I~ o f  f l u e  gas o c c u p i e s  about 1.2 t imes  t h e  r e s e r v o i r  

volume o f  t h a t  occupied by  methane a t  pressures i n  t h e  3500 t o  4000 p s i  (24.13 
. . t o  27.58 MPa) range and a t  a  temperature of 1 ~ 5 ' ~  (87.2 '~).  A n  a l t e r n a t i v e  

approach i n  t h e  ' app1, icat ion o f  exhaust gas t o  a  'heavy o i l  r e s e r v o i r  i s  

d iscussed i n  Ref. 3-9 and 3-13. I n  t h i s  approach, cond i t i oned  .exhaust gas' o r  

f l u e  gas i s  i n j e c t e d  i n  t h e  i n j e c t i o n .  we l l .  Th i s  gas c o n s i s t s  o f  about 87 

percen t  n i t r ogen ,  and ' 11 t o  13 percen t  CU2 and i n e r t  gases. The C02 i s  

r e a d i l y  absorbed i n t o  t h e  r e s e r v o i r  o i l  su r round ing  t h e  wel lbore.  ' I n e r t  

n i t r o g e n  i s  n o t .  absorbed, bu t  f i  11 s avai  1  ab l  e  pore. space f u r t h e r  back i n t o  t h e  

r e s e r v o i r .  The C02 no t  o n l y  reduces t h e  r e s e r v o i r  o i l  v i s c o s i t y  around t h e  

we l l bo re ,  bu t  a l s o  induces .a  s w e l l i n g  o f  t h e  o i l .  The i n j e c t i o n  process i s  

then  reversed, and t h e  i n j e c t i o n  w e l l  i s  conver ted i n t o  a  produc ing we l l .  

Reservo i r  pressure i s  a r t i f i c a l l y  induced by t h e  l a r g e r  volumes o f  n i t r o g e n  

which p rov ide  t h e  necessary energy t o  e a s i l y  push t h e  t h i nned -ou t  o i l  around 

t h e  we1 1. When carbonated o i  1  p roduc t i on  reaches a  low l e v e l ,  t h e  process i s  

reversed again, and t h e  produc ing w e l l  becomes an i n j e c t i o n  we l l .  - The 

produced 'carbonated o i l  around t h e  we l l bo re  i s  rep laced  by t h e  heav ie r  

r e s e r v o i r  o i l  which m ig ra tes  i n t o  . t h e  pressure s i nk  caused by product ion.  

Movement o f  r e s e r v o i r  o i l  toward t h e  we1 1  bore  i s  a  r e s u l t  o f  t h e  n a t u r a l  

r e s e r v o i r  energy, suppl.emented by t h e  energy supp l i ed  by t h e  compressed 

n i t r ogen .  

As exhaust 'gas en te r s .  t h e  o i  1  r e s e r v o i r ,  a  re1  a t i  ve permeabi 1  i ty  i s  formed . 

immedi.ateiy around t h e  we1 1  bore i n  t h e  r e s e r v o i r  rock. ~i t h  heavy' o i  1, 
. . s a t u r a t i n g  t h e  rock  pore-space, t h e  gas s a t u r a t i o n  r e m a i n s  q u i t e  low. As. t h e  

gas con t inues  t o  move ou t  i n t o  t h e  r e s e r v o i r ,  t h e  o i l  s w e l l s  w i t h  t h e  s o l u t i o n  
' 

of LO2, and t h e  gas s a t u r a t i o n  remains ve ry  low w i t h  o i l  s a t u r a t i o n  high. A t  

t h e  t ime  o f  r eve rsa l  of t h e  f low o f  carbonated o i l  back i n t o  t h e  same w e l l ,  

t h e  s w e l l i n g  e f f ec t s  o f  t h e  o i l  have l e f t  t h e  r e s e r v o i r  rock  w i t h  a  h i gh  

r e l a t ' i v e  p e r m e a b i l i t y  t o  o i l  and ' the re fo re ,  a  1-ow gas -o i l  r a t i o .  Th.is means 

t h a t  t h e  n i t r o g e n  i s  r e t a i n e d  i n  t h e  r e s e r v o i r  away f rom t h e  produc ing we1 1  , 
u n t i l  a  cons iderab le  amount o f  t r e a t e d  oi'l ' i s  back-f lowed th rough  t h e  w e l l  and 

re.covered . 
Fl'ue gas f l o o d i n g  i n  EOR has been a p p l i e d  i n  t h e  f + e l d  w i t h  mixed success. 

. . 

F i e l d  a p p l i c a t i o n s  o f  f l u e  gas f l o o d i n g  a re  d iscussed i n  Sec t i bn  4.2. 



Other gases such as a i r ,  SO2, and a c i d  gas ( c o n t a i n i n g  H2Sj have been 

proposed and used a s . i n j e c t i o n  gases i n  LOR (see Sec t i on  . 4.3). . 

. ' 
3.3.1 AIR INJE-CTION (Ref. 3-14) 

A i r  i s  approx imate ly  79 percen t  n i t r o g e n  and 21 percent  oxygen. - .When a i r  

i s  i n j e c t e d  i n t o  warm r e s e r v o i r s  over a  peri.od o f  t ime,  spontaneous i g n i t i o n  

occurs.  Th i s  conver ts  oxygen i n t o  CQ2. As t h i s  gas. moves, th rough  t h e  

r e s e r v o i r ,  C02 i s  d i s s o l v e d  by r e s i d u a l  o i l  and connate water,  l e a v i n g  

- n i t r o g e n  as t h e  .pi e r c i  ny gas. 

The ' p o s s i b i l i t y  o f  o b t a i n i n g  a  m i s c i b l e  d r i v e  w i t h  a i r  can. be seen frorn 

convergence pressure o r  m i  s c i  b l  e  ' c h a r t  f o r  methane and pet ro leum f r a c t i o n s  

(see E x h i b i t  3-18) assuming n i t r o g e n  i n  a i r  can a l s o  ach ieve m i s c i b i l i t y  w i t h  

p e t r o l  eum f r a c t i o n s .  The convergence pressures a re  f a i  r l y  high. However, i t  

i s  p o s s i b l e  t o  ach ieve m i s c i b i l i t y  a t  a  lower  p ressure  i n  a .  r e s e r v o i r  because 

o f  t h e  cont inuous enr ichment process o f  t h e  p i e r c i n g  gas. 

O i l  r e cove r i es  i n  excess o f  90 percent  have been ob ta ined  f rom a 43' API 

g r a v i t y  crude o i l  us i ng  a  40 f o o t  (12.2 m) sand pack i n  t h e  l a b o r a t o r y .  

I n i t i a l  t e s t s  were made a t  pressures up t o  8000 p s i  (55.16 ..MPa), bu t  i t  i s  

b e l i e v e d  t h a t  s u b s t a n t i a l l y  t h e  same recovery  cou ld  be achieved a t  l ower  

p r e s s u r e s ,  pe.rhaps as l o w  as 4000 p s i  (27 .58 MPa), d e p e n d i n g  on t h e  

c h a r a c t e r i s t i c s  o f  t h e  crude o i l  and t h e  r e s e r v o i r  temperature.  

F . ie ld  a p p l i c a t i o n s  o f  a i r  i n j e c t i o n  i n  EOR a re  discussed. i n . ,Sec t i on  4-3. 

3.3.2 SULFUR DIOXIDE FLOODING FOR EOR (Ref. 3-15) 

The concept o f  t h i s  process i s  t o  i n j e c t  a s l u g  o f  SO2 i n  l i q u i d  o r  

gaseous f o rn~  i n  t h e  r e s e r v o i r ,  g e n e r a l l y  fol1ow.ed by a  water  o r  a  . gas d r i v e  

(Cup, N2 o r  n a t u r a l  gas :can be 'used)  t h a t  pushes t h e  b u l k  o f  SO2 t h rough  t h e  

format ion.  Propane , o r  butane can . be used as a  1  i ght  hydrocarbon, 1  i q u i d  

s o l v e n t  v e h i c l e ,  p r e f e r a b l y  c a r r y i n g  a  major  wei.yht p r o p o r t i o n  o f  t h e  SO2. 

Pure d r y  SO2 gas o r  l i q u i d  i s  noncorros ive,  and may be s a f e l y  handled i n  

copper l i n e s  w i t h  copper o r  brass f i t t i n g s .  However, ve ry  smal l  amounts of . 

water  vapor i n  gas o r  ve ry  smal l  amounts of SO2 d i s s o l v e d  i n  water  a re  

h i g h l y  c o r r o s i v e  m i x tu res  and must be handled i n  speci  a1 l y  designed systems o r  

i n  m a t e r i a l s  f a b r i c a t e d  w i t h  spec.ia1 a l l o y s  o r  l i n i n g s .  For  example, pu re  d r y  



TEMPERATURE O F  

S I  M e t r i c  Conversi 'on F a c t o r s  
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E x h i b i t  3-18 Convergence Pressure  o f  Methane and P e t r o l  eum F r a c t i o n s  
. . 

Source: Ref.  3-14 



1  i q u i d  o r  gaseous SO2 can be i n j e c t e d  by s tna l l  d iameter  t u b i n g  d i r e c t l y  i n t o  a  

w e l l  bot tom and w i l l  comniingle and d i s s o l v e  any so l ven t  v e h i c l e  (when sucll' 

v e h i c l e  i s  pumped down by another, t u b i n g ) .  I n  o rder  t o  avo id  c o r r o s i o n  o f  t h e  

cas ing  .above t h e  tub ing ,  a  packer may be employed near  t h e  t h e  w e l l  bot tom t o  

c l o s e  of f  t h e  area o f  t h e  w e l l  above t h e  packer. Th i s  should  be done wherever 

t h e r e  i s  a  p o s s i b i l i t y  o f  SO2 co r ros ion .  P ip ing ,  f i t t i n g s ,  va l ve  seats  and 

. p lugs,  gauges, and c o n t r o l  elements may' be f a b r i c a t e d  o f ,  o r  1  i ned w i  t h y  lead,  

p l a s t i c ,  o r  . w i t h  an a1 l o y  such as "Haste l  l o y " ,  " S t e l  1  i ' t e "  o r  Monel metal .  

These a re  r e s i s $ a n t  t o  c o r r o s i v e  a c t i o n  by SO2. 

I n  carbonate r e s e r v o i r s ,  carbon d i o x i d e  would be generated i n  s i t u  th rough  

r e a c t i o n s  o f  weak ac i ds  (generated by  SO2) w i t h  carbonate rocks.  Thus, C02 

w i l l  h e l p  t o  s u s t a i n  f o rma t i on  pressure and lower  o i l  v i s c o s i t y  as i t  i s  

d i s s o l v e d  i n  o i  1. SO2 d i s s o l v e d  i n .  water  produces su l  f u r u s  a c i d  (H2S03), 

w h i c h  r e a c t s  w i t h  t h e  1  i m e s t o n e  o r  d o l o m i t e  p r o d u c i n g  b i s u l f i  t e s ,  and 

l i b e r a t e s  C02 as shown i n  t h e  f o l l o w i n g  reac t i ons .  
4 3H2SO3 + 2CaC03 + 2H20 + 2C02 + Ca(HS03)2 

C02 + ~ ~ 0 . e  H2C03 

4Hp0 + 4CO2 

The products  a re  C O Z Y  ca l c i um  b i s u l f i t e ,  and magnesium b i s u l f i t e ,  a l l  o f  

which a re  r e a d i l y  so l  ub l e  i n  water. A t  r e s e r v o i r  c o n d i t i o n s ,  t h e  e q u i l  i b r i u m  

of t h e  above- r e a c t i o n s  i s  h i g h l y  s t a b l e ,  and p r e c i p i t a t i o n  (and p l ugg ing  o f  

channels)  i s  t he re fo re ,  a  r e1  a t i  v e l y  i n s i g n i f i c a n t  poss i  b i  1  i t y .  Permeabi 1  i t y  

o f  t h e  rock  i s  increased due t o  r e a c t i o n s  o f  t h e  weak ac i ds  w i t h  rocks.  Any 

generated COP a s s i s t s  i n  reduc ing  t h e  v i s c o s i t y  o f  t h e  crude o i l  i n  which i t  

d i sso l ves .  I n  a d d i t i o n ,  because t h e  SO2 i s  used up i n  t h e  above r e a c t i o n s ,  i t  

i s  no t  p a r t  o f  t h e  produced o i l .  Thus, t h e r e  i s  no p o s s i b i l i t y  o f  c o r r o s i o n  

problems a t  t h e  p roduc t i on  w e l l . o r  i n  su r f ace  equipment. 

The process has been ' success fu l l y  t e s t e d  in .  t h e  l a b o r a t o r y  us i ng  cores 

f rom var ious  r e s e r v o i  r rocks  and crude o i  1  s. These 1  abo ra to r y  s t u d i e s  showed 

t h a t  SO2 added t o  f l o o d  water  i n  a  p r o p o r t i o n  as low as one p a r t  per thousand 

by  vo l  ume r e s u l t s  i n  an improved recovery ,  amounting , t o  as much as 50 percent  

o f  t o t a l  r e c o v e r y  compared w i t h  a  .pu re  w a t e r  f l o o d .  The l a b o r a t o r y  

exper in ients and t h e  r e s u l t s  a re  f u r t h e r  descr ibed  j n  Ref. 3-15. The r e s u l t s  

suggest t h a t  t h e  process may be p romis ing  f o r  use i n  EOR., 
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4.0 FIELD BASED ACTIVITIES 
. . 

Gas i n j e c t i o n  has l ong  been used i n  o i l  . recovery .  The r e i n j e c t i o n  o f  

n a t u r a l  -gas t o  n ~ a i  n t a i n  pressure" and extend t h e  1  i f e  o f  so l ' u t i on  gas d r i v e  

p roduc t i on  has 1  ong been a  conmerci a1 p rac t i ce .  C02 i n j e c t i o n  i n  gas' m i s c i b l e  

displacement i s  a  more recen t  p r a c t i c e  and p r e s e n t l y  i s  be ing  used a t  p i l o t -  

and demons t ra t i  on- sca l  es, p r i m a r i  l y  because i t  i s .  cheaper t han  n a t u r a l  gas. 

I n  t h e  l a s t  severa l  years ,  a t t e n t i o n  has focused on o t h e r  .gases such as 

n i t r o g e n  and f l u e  gas as poss ib l e  i n j e c t i i n  gases. T h e i r  advantage i s  t h a t  

t hey  a re  even cheaper than  LO2. T h e i r  use has inc reased  f rom o n l y  one p r o j e c t  

i n  1974 t o  e i g h t  p r o j e c t s  i n  1980, as shown i n  E x h i b i t  4-1. - T h i s  E x h i b i t  

stlows. t h e  downward t r e n d  i n  t h e  use o f  hydrocarbon m i s c i b l e  gas and t h e  

upward t i e n d  i n  t h e  u t i l i z i t i o r l  o f  C02. Th i s  s e c t i o n  deals' w i t h  t h e  use o f  
' ,  

gases o t h e r  than  C02 and hydrocarbon g a s  f o r '  EOR i n  t h e  f i e l d .  

EOR METHODS NUMBER OF ACTIVE PROJECTS . . 

1971 1974 1976 1978 1980 

Thermal Flethods 
5 3 64 85 9 9 133 Steam 

Combustion i n  s i t u  38 19 2  1 16 .17 ' . . 

.. . 
. Chernical Methods 

Mice1 1 a r -po l  ymer 5 
Pol.ymer 14 
Caus t i c  0  

' '  Gas Methods 
. . i.Xg m i s c i b l e  1 - 6 9 ' 14 17 

. . rocarbon m i s c i b l e  , 21 12 1 5  . 15 9 
Other gases 0 1 1 6 8 

. , E x h i b i t  4-1 A c t i v e  Enhanced O i l  R e c o v e r y P r o j e c t s  i n  t h e  . '  

- Un i t ed  S ta tes  by EOR Method 

Source: Ref. 4-1 . . 



4.1 NITROGEN INJECTION ~ :. 

I.  

N i t r ogen  can be used as a  m i s c i b l e  agent i n  EOR i f  r e s e r v o i r  pressures a re  

kep t  h i g h  enough (above 5000 p s i a  o r  34.47 MPa). However, most c u r r e n t  f i e l d  

p r o j e c t s  .use n i t r o g e n  f o r  pressure maintenance, o r  t o  prevent  r e t r o g r a d e  

condensat ion i n  t h e  a d d i t i o n a l  recovery  o f  o i l  f rom a  r e s e r v o i r .  The 

l o c a t i o n ,  general  h i  s t o r y ,  geo log ic  and pe t rophys i ca l  c h a r a c t e r i s t i c s ,  and 

r e s e r v o i r  performance f o r  t h e  f o l l o w i n g  s p e c i f i c  p r o j e c t s  a re  summarized below: 

o  N i t r ogen  f l o o d i n g  i n  Fordoche F i e l d ,  Lou is iana  

o  N i t r ogen  f l o o d i n g  i n  Ryckman Creek, U i n t a  County, Wyoming 

o  P o t e n t i a l '  use o f  n i t r o g e n  i n j e c t i o n  i n  P a i n t e r  Reservo i r ,  South Wyoming 

o  P o t e n t i a l  use o f  n i t r o g e n  WAG i n j e c t i o n  i n  Jay/LEC F i e l d  

o  P o t e n t i a l  use o f  n i t r o g e n  i n j e c t i o n  i n  S t o n e b l u f f  F i e l d ,  Oklahoma 

4.1.1 NITROGEN FLOODING I N  FORDOCHE FIELD, LOUISIANA (Ref. 4-1,4-2,b-3) 

L o c a t i o n  and General H i  s t o r y  

The Fordoche F i e l d  was ,d iscovered i n  1965 i n  southwestern P o i n t e  Coupee 

. .  . 
Pa r i sh ,  ~ o u i s i a n a  ( E x h i b i t  4-2). It i s  be ing  operated by Sun O i l  Company. 

For ty-seven o i  1  and seven gas complet ions were r e g i s t e r e d  f o r  t h e  f i e l ' d  . w i t h  a  
2  160 ac re  (.6475 km ) spacing. O i l  p roduc t i on  f rom t h e  W-8 and W-12 r e s e r v o i r s  

. . 
peaked a t  about 9000 b a r r e l s  o f  o i l  pe r  day (BOPD) (1431 m3/d) i n  1969. By 
1972 i t  had d e c l i n e d  t o  500 BOPD (79.5 m3/d). Na tu ra l  gas i n j e c t i o n  began i n  

1971, b u t  n a t u r a l  gas supp l i es  and p r i c e s  f o r c e d  Sun O i l  Company t o  l o o k  i n t o  

n i t r o g e n  i n j e c t i o n  as an a l t e r n a t i v e  t o  n a t u r a l  gas i n j e c t i o n .  There a re  19 

p roduc ing  and 3  i n j e c t i o n  w e l l s  i n  t h e  f i e l d .  

Geolog ic  and Pe t rophys i ca l  Data 

The W-8 and W-12 sandstone r e s e r v o i r s  a re  Wi lcox sand o f  d e l t a i c  o r i g i n .  

They vary  f rom s l i g h t l y  sha ley and f i n e - g r a i n e d  t o  s i l t y  sandstone, and t hey  

c o n t a i n  va r y i ng  amounts o'f c lay .  They a re  general  l y  p e r s i s t e n t  throughout  t h e  

f i e l d  and are h o r i z o n t a l l y  cont inuous. P e r m e a b i l i t i e s  range f rom 6  t o  10 md 
2 (5.92 x  t o  9.89 x  um ) and t h e  average p o r o s i t y  i s  16 percen t .  The 

depth o f  t he  f o rma t i on  i s  a t  13,250 f e e t  (4039 m); t h e  f o rma t i on  temperature 

i s  270' F (132' c ) .  The 44OAPI  o i l  has a  v i s c o s i t y ' o f  .13 cp (1 .3  x ' 1 0 ' ~  
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Pa.S). The r e s i d u a l  o i l  s a t u r a t i o n  a t  t h e  s t a r t  o f  n a t u r a l  gas i n j e c t i o n  was 

53 percent  and was 28 percent  when gas. i n j e c t i o n  was completed. 

Rese rvo i r  Performance 

Sun O i l  Cornpany i n i t i a t e d  a  n i t r o g e n  i n j e c t i o n  program i n  two r e s e r v o i r s  

i n  Fordoche F i e l d  on January 31, 1977. Sun O i l  expects t h e  t o  add 
3 18 t o  20 m i l l i o n  bb l  (2.86 t o  3.18 n ~ i l l i o n  m )  t o  t h e  f i e l d ' s  u l t i m d t e  

p roduc t ion ,  and a n t i c i p i t e s  s u b s t a n t i a l  sav i  ncjs f rom t h e  s u b s t i t u t i o n  o f  

- . n i t r o g e n  f o r  n a t u r a l  gas. There i s  one n i t r o g e n  p l a n t  p r e s e n t l y  p roduc ing  i n  

the f i e l d  w i t h  p lans  f o r  a  second. Sun O i l  i s  i n j e c t i n g  n i t r o g e n  a t  a t  r a t e  
3  o f  6.1 m i l l  i o n  cub i c  f e e t  per day (MMCFD) (.17 MMm / d )  and i s  r e c o v e r i n g  f i e l d  

3  produced gas a t  15 MMCFD (.425 MMm I d ) .  The n i t r o g e n  i n j e c t i o n  r a t e  w i l l ,  
3  i n c rease  t o  10 MMCFD (2.83 MMrn I d )  upon comple t ion  o f  t h e  second p l a n t .  The 

bot tom-hole  pressure i s  be ing  ma in ta ined  a t  7000 p s i g  (48.26 MPa) i n  t h e  two 

r e s e r v o i  r s .  
3 O i l  p r oduc t i on  was 1,100 BOPD (175 m / d )  i n  1977, and was expected t o  r i s e  

3 t o  3000 BOPD (477 m / d )  upon comple t ion  o f  t h e  second p l an t .  1979. EOR 
3  p roduc t i on  was 2,027 BOPD (322 m I d ) .  N i t r o g e n  i n j e c t i o n  was i n  progress as 

o f  March 31, 1980. The p r o j e c t  has been p r o f i t a b l e ,  and i s  cons idered 

success fu l .  

The i n j e c t i o n  program i s  expected t o  keep .the f i e l d  produci.ng a t  l e a s t  f o r  

another  20 years.  .If t h e  p r o j e c t  were shut  down now, ' t h e  f i e l d  would be 

unable t o  produce i n  about 1 112 years .  

Sun O i l  chose n i t r o g e n  over  n a t u r a l  gas because i t  o f f e r s  a  f a s t  and 

economical .means o f  b o o s t i  ng t h e  low r e s e r v o i r  pressures t h a t  were c u t t i  ng o i  1  

p roduc t  i on. 

4.1.2 NITROGEN FLOODING I N  RYCKMN CREEK, UINTA COUNTY, WYOMING (Ref. 4-4)  

L o c a t i o n  and General H i  s t o r y  

The Ryckman Creek F i e l d  i s  l o c a t e d  i n  U i n t a  County, Wyoming on a  complex 

o v e r t h r u s t  be1 t ( E x h i b i t  4-3). The d i  scovery we1 1  was cornpl e t ed  i n  September 

1976. The w e l l  t e s t  showed gas a t  r a t e s  above 3000 MCFD (84.95 from an 
3 

o v e r l y i n g  gas'-cap, and o i l  a t  500 BOPD (79.5 m I d )  and gas. a t  700 MCFD (19.82 
3 2 Mm I d )  f rom t h e  o i l  zone. Development was begun on an . 8 0  ac re  (.324 km ) 

spacing. The o r i g i n a l  o i l  i n  p lace  i s  es t imated  t o  be -78 m i l l i o n  s tock  tank  

b a r r e l s  (STB) (12.4 M M ~ ~ )  w i t h  110 b i l l  i o n  cub i c  fee t  (BCF) (3.12 b i l l  i o n  m3) 
3  

' s o l u t i o n  gas and 90 BCF (2.55 b i l l i o n  m ) gas-cap gas. . H igh p u r i t y  n i t r o g e n  
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3 w i l l  .be manufactured.  a t  12 MMCFD ( .34  MMm / d )  and w i l l  , be i n j e c t e d  i n t o  t h e  

t o p  of t h e  gas cap. The gas cap w i l l  t hen  be s.imultaneously produced w i t h  t h e  

o i l  column. P r e d i c t i o n s  i n d i c a t e  t h a t  a  27 yea r  improvement w i l l  be made i n  
. 3  t h e  t i m i n g  o f  gas-cap gas sa les  and a  minimum o f  15 BCF (.415 b i l l  i o n  m ) gas 

rese rve  increase should  be seen over  t h e  blow-down per iod .  

Geol o g i c  and. Pe t rophys i ca l  Data 

The Ryckman Creek F i e l d  i s  an asymmetr ical  a n t i c 1  i n e  c o n t a i n i n g  a  t h i c k  

.gas cap, an o i l  zone, and a  water  zone ' (see E x h i b i t  4-4). The a n t i c l i n e  i s  

approx imate ly  t h r e e  m i l e s  l o n g  (4828 m) and one and one-ha l f  m i l e s  (805 m) 

wide. The o v e r a l l  sand t h i ckness  i s  81.5 f e e t  (248.4 m). The maximum gas cap 

t h i ckness  i s  approx imate ly  400 f e e t  (122 m) and t h e  o i l  column i s  about 200 

f e e t  ( 6 1  m). t h i c k .  The f i e l d  i s  comp le te ly  u n d e r l a i n  by water,  and a  s t r o n g  

water  d r i v e  i s  expected. The average p o r o s i t y  i s  14.7 percent  and t h e  average 
2  p e r m e a b i l i t y .  i s  90.2 md ( .089,u m ). The i n i t i a l  r e s e r v o i r  pressure was 2900 

p s i  (20 M P ~ ) ' ;  t h e  r e s e r v o i r  temperature i s  1 4 0 ' ~  ( 6 0 ' ~ ) .  

Rock and F l  u id '  P r o p e r t i e s  

The Ryckman Creek F i e l d  produces a  sweet crude o i  1  w i t h  an API g r a v i t y  o f  
3 3  47'. , The s o l u t i o n  gas -o i l  r a t i o  (GOR) i s  1420 SCF/bbl (752.9 m /m ) and t h e  

o i l  f o rma t i on  volume f a c t o r  i s  1.705. The connate water s a t u r a t i o n  i n  t h e  

f i e l d  i s  20.6 p e r c e n t .  The p r o d u c i n g  sand i s  v e r y  c l e a n ,  c o n t a i n i n g  

p r a c t i c a l l y  no c l  ays o r  o t h e r  impur i  t i e s .  A1 though t h e  sand i s  cross-bedded, 

it i s  shown t o  be cont inuous by  t h e  a lmos t .  complete l a c k ' o f  shale, breaks i n  

w e l l  l o g s .    he c o r e s  t h a t  were t a k e n  showed c o n s i s t e n t  p o r o s ' i t y  and 

pe rmeab i l i t y ,  and a  h i g h  water  d i s p l  acement e f f i c i e n c y .  

Rese rvo i r  Performance 

The o i l  zone i s  be ing  produced by a  water  d r i v e  as shown i n  a  computer 

study. Th is  s tudy a l s o  i n d i c a t e d  t h a t  t h e r e  would be a  severe l o s s  i n  o i l  

r e s e r v e s  i f  t h e  g.as-cap were b lown-down ' w i t h i n  t h e  f i r s t  27 y e a r s  o f  

dep le t i on .  Tests  i n d i c a t e d  t h a t  t h e r e  would be a  ve ry  h i g h  r e s i d u a l  gas 

sa tu ra t ' i on  o f  55 percen t  i f  t h e  gas were d i sp l aced  by water. Th i s  w o u l d  r e s u l t  

i n  gas recovery  of '  37 112 percent  i n  areas con tac ted  by water. An eva l  u a t i o n  

program was undertaken t o  f i n d  a s a t i s f a c t o r y  replacement gas which ,would 

a l l o w  t h e  gas-cap t o  be immediate ly  p laced on product ion.  

N i t r ogen  was chosen as t h e  rep1 acement gas f o r  t h e  f o l  1  owing ' reasons : 

Favorab le  phys i ca l  p r o p e r t i e s  - dens i t y , '  v'i scos i  t y ,  and vo l  ume. 

r Re1 a t  i ve l  y ;he, and t h e r e f b r e ,  c o r r o s i o n  free. 
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e Readi 1  y and dependably avai  1  able. 

e Non-po l lu t ing .  

a No adverse phase behav io r  e f f e c t s .  

e Ease o f  gas process ing and cleanup. 

Pr ice. ,  

N i t r o g e n  I n j e c t i o n  P r o j e c t  Resu l t s  

Est imates f o r  gas p roduc t i on  r a t e s  w i t hou t  n i t r o g e n  i n j e c t i o n  i n d i c a t e  

t h a t  t he  gas-cap blow-down w i l l  no t  commence u n t i l  t h e  yea r  2006, when o i l  
3  p roduc t i on  w i  11 have decreased t o  500 BCPD (79.5 m I d ) .  Blow-down w i  11 occur 

3  f rom n ine  w e l l s  a t  3000 MCFD (84.95 lvlrri I d ) ,  and w i l l  be complete by t h e  yea r  
3  2013. U l t i m a t e  recovery  w i l l  reach 105 BCF (2.973 b i l l i o n  m ) w i t h  a  l a r g e  

percentage .obta ined i n  t h e  l a s t  few years o f  t he  gas cap blow-down. With 
3  n i t r o g e n  i n j e c t i o n  o f  12 MMCFD (.34 MFlm I d )  s t a r t i n g  January 1, 1980, an 

3 incrementa l  16 NMCFD (.453 MMm i d )  o f  hydrocarbon gas can be produced f rom t h e  
3  gas cap, and u l t i m a t e  recove ry  would then  reach 120 'BCF (3.398 b i l l  i o n  m ) i n  

3 1995. Thus, by January 1, 1990 an incrementa l  15 BCF (.425 b i l l i o n  m ) w i l l  

have been recovered w i t h  t h e  use o f  n i t rogen .  When t h e  f i e l d  i s  blown-down, 

much o f  t h e  gas t rapped by t h e  water d r i v e  w i l l  be inexpensive n i t r o g e n  r a t h e r  

than  hydrocarbon gas. 

.. 
Concl us i on  

The n i t r o g e n  i n j e c t i o n  p r o j e c t  a t  Ryckman Creek w i l l  s i g n i f i c a n t l y  

inc rease  gas reserves and w i l l  p rov ide  gas t o  t he  p u b l i c  more than  27 years  

e a r l i e r  than would be t h e  case us ing  h i s t o r i c a l  d e p l e t i o n  techniques. Gas 
3  reserves w i l l  i nc rease  by a t  l e a s t  15 BCF (.425 b i l l  i o n  m ). Th i s  process 

should be app.1 i c a b l  e  a t  o the r  s o l u t i o n  gas gas-cap d r i v e  f i e l d s  l o c a t e d  a long 

t h e  Over th rus t  B e l t  as we l l  i n  o t h e r  areas o f  t h e  U n i t e d  States. H igher  

n a t u r a l  gas p r i c e s  ,shou ld  a1 low t h e  economic . p roduc t i on  o f .  much o f  t h e  

hydrocarbon gas now be ing  r e t a i n e d  f o r  pressure maintenance. 

4.1.3 POTENTIAL OF NITROGEN FLOODING I N  PAINTER RESERVOIR, SOUTHWEST WYOMING 
(Ref. 4-1, 4-2) 

L o c a t i o n  and General H i s t o r y  

The p roduc t ion  zone in ,  t h e  P a i n t e r  Reservo i r  . F i e l d  i s  ' t h e  ~ u r a s s i c -  

T r i a s s i c  Nugget sand. The r e s e r v o i r  i s  l o c a t e d  near Ryckman Creek F i e l d  i n  



South bjyomling ( E x h i b i t  4-3).  I n  one p a r t i c u l a r  w e l l ,  sand a t  t h e  t o p  o f  t h e  

f o r n ~ a t i o n  was a t  t h e  depth o f  9728 f ee t '  (2965 m). - 

Geolog ic  and Pe t rophys i  c a l  Data 

The Nugget  sands tone '  i s  t y p i  ca.1 l y  . a  mass i  ve,  c ross -bedded ,  c r o s s -  

laminated,  u r ~ i f o r r n l y  porous sandstone. The sand g r a i n s  a re  ve ry  f i n e  t o  ' 

medium, subrounded, and w e l l  sor ted.  I t  i s  about 90 t o  95 percen t  q u a r t z  and 

. about 5 t o  10 percent  fe ldsp 'ar  w i t h  minor  amounts . o f  c a l c i t i c ,  d o l o m i t i c ,  and 

ill i t i c  c l  ay. Cores i n d i c a t e  .an average po ros i ' t y  o f  13 percent  and an average 

Rock and F l u i d  P r o p e r t i e s  

The P,ai n t e r  Reservo i r  d i  scovery  we1 1  was o f f  i c i  a1 l y  repo r t ed  t o  produce 
3  3  410 BOPD (65.18 m3/d). The i n i t i  a1 s o l u t i o n  GOR was 2100 SCF/STB (374 m /m . 

3  3 .  The i n i t i a l  f o r m a t i o n  volume f a c t o r  .was 2.13 bbl/STB (2.13 m /m ). There i s  

no H2S i n  e i t h e r  t h e  o i l  o r  t h e  gas. . . . .  

Rese rvo i r  Performance 

Labora to ry  s t ud ies  conducted by Chevron u s i n g  P a i n t e r  Reservo i r  c rude o i l  

showed t h a t  C02 wou ld  be cons idered .  as a  good d isp lacement  medium and N2 as 

p o s s i b l y  a  b e t t e r  one. Again, t h e  cos ts  o f  p rocess ing  and t r a n s p o r t i n g  C O Z Y  

and t h e  .probable  cos ts  o f  c o r r o s i o n  c o n t r o l ,  a re  w e l l  above t h e  cos t s  o f  

p roduc t i on  and use assoc ia ted 'w i t h  N2 i n j e c t i o n .  The P a i n t e r  Reservo i r  F i e l d  

was b e i n g  developed on ari 80 acre (.324km2) spac ing a t  t h e  end o f  1978. A t  

t h a t  t ime ,  core analyses and o t h e r  mechanical s t ud ies  were underway t o  

determine t h e  optimum method o f  opera t ion .  It appeared t h a t  N2 had a  h i g h  

p o t e n t i a l  f o r  u t i l i z a t i o n  i n  EOR. 

A new major  p r o j e c t  i s  be ing  s tud ied  f o r  i n i t i a t i o n  i n  1981. Th i s  w i l l  be 

t h e  l a r g e s t  Np i n j e c t i o n  program ever  proposed. The i n i t i a l  phase o f  t h e  N2 

i n j e c t i o n  w i l l  be a t  a  r a t e  o f  44 MMCFD (1.246 MM m3/d). The proposal  i s  t o  

i n j e c t  N2 i n t o  t h e  gas-cap and t o  phase ou t  n a t u r a l  gas i n j e c t i o n .  The 
3  p r o j e c t  w i l l  a l l o w  f o r  t h e  s a l e  o f  approx imate ly  100 MMCFD (2.832 MM m I d )  o f  

n a t u r a l  gas. A  l a r g e ,  a i r  sepa ra t i on  p l a n t  w i l l  have t o  be cons t ruc ted .  

I n j e c t i o n  pressure w i l l  be a t  4800 p s i g  (33.1 MPa), compared t o  4200 p s i g  

(28.96 MPa) f o r  n a t u r a l  gas. 



4.1.4 POTENTIAL OF NITROGEN WAG (WATER ALTERNATING GAS) FLOODING I N  JAYILEC 
FIELD (Ref. 4-6) . 

Loca t i on  and General H i s t o r y  

The Jay/LEC f i e l d ,  l o c a t e d  i n  F l o r i d a  and Alabama, i s  produc ing o i  1  under 

u n i t i z e d  water f l o o d  operat ions.  Ttie f i e l d  t e s t  was undertaken as p a r t  o f  an 

eng ineer ing  e v a l u a t i o n  o f  i n j e c t i n g  n i t r o g e n  and water a l t e r n a t e l y  i n t o  t h e  

JayILEC F i e l d  Smackover Reservo i r  t o  determine t h e  e f f e c t  on a  t e r t i a r y  

mi s c i  b l  e  gas process. 

Geol og' ic and Petrophys i  c a l  Data 

The i n i t i a l  r e s e r v o i r  temperature was 1 8 5 ' ~  (85 '~ ) .  Reservo i r  p ressu re .  i,s 

7100 ps i  (48.95 MPa) and t he  average p o r o s i t y  i s  14 percent.  The average core  

p e r m e a b i l i t y  i s  95.5 md, and t h e  ne t  t h i ckness  o f  t h e  f o rma t i on  i s  12 f e e t  

(3.66 m). 

P r e d i c t e d  Reservo i r  Performance. 

Water i n j e c t i v l t y  decreased s i g n i f i c a n t l y  i n  two m i s c i b l e  WAG p r o j e c t s  

a f t e r  gas i n j e c t i o n ,  and opera to rs  speculated t h a t  t h e  p r e c i p i t a t i o n  o f  

asphaltenes, t he  t rapped r e s i d u a l  gas s a t u r a t i o n ,  o r  t h e  movement o f  f i n e  

granul  es o f  r e s e r v o i r  rock caused these dec l  i nes. These p r o j e c t s  were unabl e  

t o  achieve t h e  fo recas ted  o i l  p roduc t ion  r a t e s  because o f  t h e  a d d i t i o n a l  t ime  

r e q u i r e d  t o  i n j e c t  t h e  'p lanned water vol  umes., 
. . 

I f  a  reduc t i on  i n  water i n j e c t i  v i t y  occurs due t o  t rapped C02 s a t u r a t i o n ,  

t h e  h i g h  s o l u b i l i t y  o f  C02 i n  water should a l l o w  water i n j e c t i v i t y  t o  inc rease  

r a p i d l y  du r i ng  t he  succeedirig water i n j e c t i o n  cycle.. I n  a d d i t i o n ,  i n j e c t i o n  

w e l l s  may exper ience a  s l . i gh t  pe rmeab i l i t y  and p o r o s i t y  increase due t o  t h e  

s o l u t i o n  o f  C02 i n  water fo rming  a  weak ac id .  I n  a  n i t r o g e n  WAG p r o j e c t ,  t h e  

low s o l u b i l i t y  o f  n i t r o g e n  i n  water w i l l  prevent  t h e  t rapped gas sa tu r 'a t ion  

f rom changing s i g n i f i c a n t l y  d u r i n g  t he  water i n j e c t i o n  phase. WAG p r o j e c t s  

us ing  low water so lub le  gases have shown s i g n i f i c a n t  r educ t i ons  i n  water  

i n j e c t i v i t y ,  w h i l e  r educ t i ons  'were no t  documented when us ing  h i g h  water 

so l  ub l  e  gases. 

The r e s u l t s  o f  l a b o r a t o r y  experiments performed w i t h  cores f rom.  t h e  

Jay/LEC F i e l d  t o  determine i f  water i n j e c t i v i t y  cou ld  b e  reduced i f  n i t r o g e n  

and w a t e r  were i n j e c t e d  a l t e r n a t e l y  were i n c o n s i s t e n t ,  p o s s i b l y  due. t o  

changing'  rock w e t t a b i l  i t y  and t h e  movement o f  f o rma t i on  f i nes .  Since these 

l a b o r a t o r y  t e s t s  were i n c o n s i s t e n t ,  a  f i e l d  t e s t  was in' i  t i a t e d  i n  August 1978: 

R e s e r v o i r  i n j e c t i v i  t i e s  and w a t e r  and n i t r o g e n  t r a n s m i s s i  b . i l  i t i e s  were 

observed d u r i  ng t h r e e  cyc l  es. o f '  n i t r o g e n  f o l  1  owed - by  water i n j e c t i o n .  A  



H o r n e r  a n a l y s i s  d i d  n o t  p r o v i d e  d e f i n i t i v e  answers.  The p l o t t i n g  o f  

t r a n s m i s s i b i l i t y  v e r s u s  t h e  squa re  r o o t  o f  s h u t - i n  t i m e  was u s e f u l  i n  

observ ing  . f l u i d  banks i n  t h e  r e s e r v o i r ,  and i n  e v a l u a t i n g  changes i n  water and 

gas i n j e c t i v i t i e s .  

Concl u s i  ons 

A  s u b s t a n t i a l  decl  i ne (40 percen t )  i n  we1 1  water i n j e c t i  v i t y  i n d i c e s  would 

occur a f t e r  r ~ i  t rogen  i n j e c t i o n  i n  t he  JayILEC F i e l d .  Fo l  l ow ing  n i t r o g e n  

i n j e c t i o n ,  water i n j e c t i v i t y  indexes would d e c l i n e  as t h e  less mob i le  water. 

moves ou t  f rom t h e  w e l l s ,  d i s p l a c i n g  t h e  h i g h l y  mob i le  n i t rogen .  The water  

i n j e c t i v i t y  i n d i c e s  would inc rease  as a  r e s u l t  o f  t h e  disappearance o f  t rapped 

n i t r o g e n  due t o  i t s  s o l u t i o n  i n  t h e  i n j e c t e d  water. However, a  t y p i c a l  WAG 

c y c l e  i s  no t  l ong  enough t o  o f f s e t  t h e  i n i t i a l  dec l ine .  The percentage o f  

l o s s  i n  JaylLEC F i e l d  i n j e c t i v i t y  cou ld  be l a r g e l y  o f f s e t  by i n s t a l l i n g  l a r g e r  

t u b i n g  i n  a  l i m i t e d  number o f  i n j e c t i o n  we l l s .  A  ~ a t e r ~ f l o o d  f o l l o w i n g  t h e  

n i t r o g e n  WAG p r o j e c t  would inc rease  t he  water i n j e c t i v i t i e s  i n  t h e  Jay/LEC 

F i e l d  t o  a t  l e a s t  p r e - ~ ~ ~  l e v e l s .  

The JayILEC da ta  do no t  support  a t t r i b u t i n g  t h e  water i n j e c t i v i t y  decrease 

t o  asphaltenes d e p o s i t i o n  o r  t h e  movement o f  f o rma t i on  f ines .  

4.2 FLUE GAS INJECTION 

, The idea o f  u t i l i z i n g  f l u e  gas (i.e., exhaust gas, i n e r t  gas, a c i d  gas) t o  

recover  o i l  f rom a  r e s e r v o i r  i s  no t  .new. The idea has been t r i e d  i n  va r i ous  

r e s e r v o i r s  s ince  t h e  1960s bu t  w i t h  mixed r e s u l t s .  With t h e  r i s e  i n  t h e  

.syn the t i c  f u e l s  industry. ,  1  arge q u a n t i t i e s  o f  f l  ue gases. w i  11 be produced. 

These gases w i l l  have' t o  be expe l l ed  i n t o  t h e  atmosphere which w i l l  po l1  u t e  

t he  a i r .  These gases are p o t e n t i a l  i n j e c t i o n  gases i n  EOR (which would reduce 

t h e  a i r  p o l l u t i o n ) .  The 'use of these gases i n  EOR processes i s  d iscussed i n  

S e c t i o n s  3 ,  6 a n d  7. The  l o c a t i o n ,  g e n e r a l  h i s t o r y ,  g e o l o g i c  and 

pe t rophys i ca l  c h a r a c t e r i s t i c s ,  and r e s e r v o i r  performance f o r  t h e  f o l  1  owing 

s p e c i f i c  p r o j e c t s  ,are summarized be1 ow: 

F lue  gas f l o o d i n g  a t  B lock 31 F i e l d ,  Crane county, Texas. 

i, F l  ue gas f l o o d i n g  a t .  Neale F i e l d ,  Beauregard Par ish,  ~ o u i s i a n a .  

o I n e r t  gas f l ood ing  i n  E l k  Bas in F i e l d ,  Park County, Wyoming and Carbon 
County, Montana. 

. . 



@ Ac id  gas f l o o d i n g  and K 2  Chase Gas I n j e c t i o n  i n  S laugh te r  F i e l d ,  
Hock1 ey County, Texas. 

e F lue  gas f l oo ' d i ng  i n  West h e i d e l  be rg  F ie , ld ,  Jasper County, b l i s s i s s i p p i .  

B I n e r t  gas f l o o d i n g  i n  I b e r i a  F i e l d ,  I b e r i a  P a r i s h  County, Lou is iana .  

r F lue  gas f l o o d i n g  a t  East B inger  F i e l d ,  Oklahoma. 

e F lue  gas f l o o d i n g  a t  Hawkins F i e l d ,  Texas. 

r I n e r t  g a s ' f l o o d i n g  i n  t h e  Bayou Des G l a i s e  F i e l d ,  I b e r v i l l e  Par i sh ,  
Lou i  s i  ana. 

r F lue  gas f l o o d i n g  a t  West Heide l  be rg  F i e l d ,  M i s s i s s i p p i  . 
e Exhaust gas i n j e c t i o n  i n  Weir Sand o f  Mingo County, West V i r g i n i a .  

4.2.1 FLUE GAS FLOODING XI' BLOCK. 31 FIELD, CRANE COUNTY, TEXAS (Ref. 4-1, 
4-3, 4-7 th rough  4-11) 

L o c a t i o n  and General H i s t o r y  

The Block 31 F i e l d ,  n i ne  n i i l es  (14.48 km) nor thwest  o f  .Crane, was 

d iscovered  i n  1945. P a r t i a l - p r e s s u r e  maintenance was begun . i n  1949 by 

r e i n j e c t i n g  p roduced  gas. Ttle f i e l d  was u n i t i z e d  f o r  f u ' l l  - p r e s s u r e  

maintenance i n  1952. 

Beginn ing i n  1955, a  h i g h  pressure,  gas d r i  ve process - was used i n  t h e  

r e s e r v o i r .  Ex tens i  ve r e i e a r c h  showed t h a t  EOR, which would i nc rease  u l  t i m a t e  

r ecove ry  t o  an es t imated  60 percent  o f  t h e  OOIP, cou ld  be achieved by 

i n j e c t i n g  l e a n  h y d r o c a r b o n  gas i n t o  t h e  r e s e r v o i r .  T h i s  i nd i . ca ted  t h a t  

pressures above 3500 p s i  (24.13 MPa) were needed t o  maximize t h e  recovery  

e f f i c i e n c y  o f  t h i s  process. These exper iments a1 so i n d i c a t e d  t h a t  f l u e  gas 

was almost as good as l ean  gas f o r  use i n  t h i s  process. 

A  f l u e  gas genera t ion  p l a n t  was i n s t a l l e d  i n  1966 t h a t  manufactured f l u e  

gas c o n s i s t i n g  o f  88 'mole percent  n i t r o g e n  and 12 mole percent  Cop. 

The u n i t  began an i n f i l l  d r i l l i n g  p rogram i n  1973 w h i c h  i n c r e a s e d  
3  ' p r o d u c t i o n  f rom 12,000 t o  16,000 BOPD (1908 t o  2544 m I d ) .  The i n j e c t i o n  

3 p a t t e r n  was a  320-acre (1.295 km ) n i n e  spot. There were 125 p roduc ing  and 36 

gas i n j . e c t i o n  w e l l s  as of March 31, 1980. 

Reservo i r  pres'sure dec l  i n e d  f rom 1946 t o  1949, and i t  con t inued  t o  d e c l i n e  

f r o m  1950 t o  1955 because r e i n j e c t i o n  was n o t  s u f f i c i e n t  t o  r e p l a c e  

p roduc t  ion.  However, a f t e r  1955 t h e  i n j e c t  i o n  program s t e a d i l y  increased 

f i e l d  pressure. 



Geologic and Pet rop t i ys ica l  Data 

The Block '31  u n i t  i s  a r e s e r v o i r  o f  M idd le  Devonian age. The s t r u c t u r e  on 

t o p  o f  t h e  Devonian s t r a t a  i s  a nor theast -southwest  t r e n d i n g  a n t i c 1  i n e  bounded 

on t h e  south and southeast .by normal f a u l t s  ( E x h i b i t  4-5).  The u n i t  has t h r e e  

r e s e r v o i r s :  upper, midd le,  and lower. The major  r e s e r v o i r  ( t h e  m idd le )  ' i s  a t  

a depth o f  8500 f e e t  (2591 m) w i t h  a nb t  pay zone averaging 170 f e e t  (51.8 mj. 

Th is  pay' 7nne cons i s t s  o f  65 percent  t r i p o l i t i c  c h e r t  and 20 percent  f i n e  

c r y s t a l  1 i ne ,  sucros ic  1 imestone. The remainder o f  t he  rock  i s  v a r i a b l e  

amounts o f  l ime  mud, s k e l e t a l  m a t e r i a l ,  p e l l e t s ,  and qua r t z  s i l t .  . The 

p o r o s i t y  i s  i n t e r c r y s t a l l i n e  and averages 15 percent ,  and t h e  p e r m e a b i l i t y  

averages 1 md. Connate water s a t u r a t i o n  i s  35 percent.  The o i l  v i s c o s i t y  a t  

i n i t i a l  pressure o f  4105 ps i  (28.3 MPa) was;0.25 cp (250 x Pa.S) and t h e  

o i l  g r a v i t y  was 48' API. The r e s e r v o i r  temperature i s  1 4 0 ' ~  (60 '~ ) .  

Reservo i r  Performance Data 

lv l isc ib le  .d isp lace~nent  was s t a r t e d  i n  B lock 3 1  many years  ago, and i s  

con t i nu ing  us ing  f l u e  gas i ns tead  o f  purchased hydrocarbon gas. Th is  has 

increased o i l  recovery and has conserved hydrocarbon gas. I n  t h e  h i g h  

pressure gas i n j e c t i o n  process, mi s c i  bi.1 i t y  i s  r e1  a t i  v e l y  independent o f  t h e  

c o m p o s i t i o n  o f  t h e  i n j e c t e d  gas. . The gas ' a c q u i r e s  t h e  i n t e r m e d i a t e  . " 

hydrocarbons needed f o r  m i  s c i  b i  1 i t y  through an exchange o f  components w i t h  t h e  

r e s e r v o i r  o i l .  Thus, t h e  i n j e c t e d  gas need no t  be a hydrocarb0.n gas. An i n e r t  

gas such as f l u e  gas i s  e q u a l l y  e f f e c t i v e  i n  d i s p l a c i n g  c e r t a i n  r e s e r v o i r  o i l s .  
. . 

The change t o  f l u e  .gas i n j e c t i o n  i n  B lock 31 r e s u l t s  i n  a s l u g  ope ra t i on ,  

s ince  t h e  hydrocarbon gas a l ready  i n j e c t e d  . i s  about '30 percent  o f  t h e  pore 

volume. This  hydrocarbon gas b u f f e r  i s  an added fea.ture o f  t h i s  opera t ion .  

Concl us ions 

t i i g h  u l t i m a t e  rec ' ove ry  f r o m  t h i s  r e s e r . v o i r  has been a c h i e v e d  by  

rnai n t a i  n i  ng res .e rvo i r  pressure. .The p ro jec ted  u l  t i m a t e  recovery i s  g r e a t e r  

than  65 percent  o f  t h e  OOIP. Natu ra l  gas l i q u i d s  'are. recovered a t  B lock 31 

and pu t  through a gas p l a n t  t h a t  i s  produc ing a product  a t  about o n e - t h i r d  t h e  

r a t e  o f  o i l  product ion.  To date,  about two. - th i rds o f  t h e  u l t i m a t e  o i l  

recovery has been produced, whereas o n l y  about one-ha l f  o f  t h e  u l t i m a t e  gas 
. . 

p l a n t  product  has been recovered. ' 
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4.2.2 FLUE GAS FLOODING AT NEALE FIELD (Ref. 4-12) 

Loca t i on  and General H i s t o r y  

Neale F i e l d  i s  l o c a t e d  i n  Beauregard Par ish,  Lou is iana  ( E x h i b i t  4-6). The 

f i e l d  was d iscovered i n  1940 and reached a peak o i l  .product ion o f  about 7500 

BOPD (1192 m3/d) i n  1944. However, 1 a t e r  p r o d u c t i v i t y  became so l o w  i n '  

i n d i v i d u a l  zones t h a t  i t  was not' economical t o  bperate [nost m idd le  W i l  cox 

cumplet ior is on a s i n g l e  zone bas is .  A f t e r  u n i t i z a t i o n  i n  1953, common 

completions were made i n  t h e  midd le  zones o f  t h e  Wilcox basin,  and p lans  f o r  

secondary recovery  were i n i t i a t e d .  

A h i g h  pressure m i s c i b l e  gas i n j e c t i o n  program was begun i n  t h e  sand a t  a 

depth o f  10,400 f e e t  (3170 m) i n  1956. I n  1962, a p i l o t  m i s c i b l e  s l u g  

recovery  program was s t a r t e d  i.n t h e  L i  1 1 i edol 1 Sand u s i  n g  propane enr iched  

hydrocarbon gas. Th is  was successfu l  , and i n  1964 p l  ans were made t o  expand 

1 t h e  process t o ,  t h e  whole r e s e r v o i r .  I t was' decided t h a t  f l u e  gas would 
rep lace  t h e  more expensive hydrocarbon gas as t.he d i s p l a c i n g  medium. A f l u e  

gas 'p lant  was i n s t a l  l e d  i n  'January 1966. The gas has been used: ( 1 )  t o  

d i sp lace  hydrocarbon gas d u r i n g  blow-down o f  t h e  sand a t  10,400 f e e t  (3170 ,m); 

( 2 )  f o r  t h e  d i s p l a c i n g  phase behind t h e  L i l l i e d o l l  Sand, r i c h  gas s lugs;  and 

( 3 )  f o r  a h igh.  pressure, m i s c i b l e ,  f l u e  gas p i l o t - t e s t  i n  t h e  Upper Sp ie rs  o i l  . . 

r e s e r v o i r .  Slugs o f  water were' a l t e r n a t e d  w i t h  s lugs  o f  f l u e  gas i n  o rde r  t o  . 

c o n t r o l  mobi 1 i ty. 

~ e o l  o g i c  Data 

Neale F i e l d  i s  on 'an east-west t r e n d i n g  a n t i c 1  i n e  and i s  about f i v e  m i l e s  

(8.045 km) long. There ,  a re  14 p r o d ~ c t i v e  sands i n  t h e  format ion.  The ' ~ h i t m e r  

. . and Lower Whitmer. r e s e r v o i r s  near a depth o f  8400 f e e t  (2560 m) a re  i n  t h e  

Upper W i l  cox Format ion and are cha rac te r i zed  by good water d r i ves ,  ' h i g h  

product  i v i  t y  , and good recovery.  The ~i 11 i e d o l  1 sand a t  a d e p t h  o f  10,100 

f e e t  (3078 m )  and t h e  Frazar  sand a t  a depth o f  11,600 f e e t  (3536 m) a re  i n  

t h e  Middle Wilcox Formation. These sands have low p'erm.eabi1 i ty,. weak water 

d r i ves ,  and low recovery.  

Reservo i r  Performance Data 
3 F lue  gases were i n j e c t e d  a t  a r a t e  o f  4 MMCFD (113.27 mm /d )  and a 

pressure o f  4500 p s i  (31, MPa) t o  d i sp lace  hydrocarbon gas i n  t h e  Neale F i e l d .  

Cor ros ion  problems were encountered i n  t h e  i n j e c t i o n  we l l s .  A dual  s t r i n g  

i n j e c t i o n  we l l  se r v i ng  t h e  L i l l i e d o l l  and t h e  upper Sp ie rs  Sands was p u l l e d  

ou t  t w i c e  i n  a two year  pe r i od  (1'966-67) because o f  t u b i n g  f a i l u r e .  The 
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E x h i b i t  4-6 Well Loca t ions  i n  Neale F i e l d  

Source: Ref.  4-12 



p i  p i n g s  were i r r ler .na1 l y  c o a t c d  and s m a l l  q u a n t i t i e s  o f  i n h i b i t o r s  were  

i n j e c t e d  t o  m in im ize  t h e  c o r r o s i o n  t h r e a t .  

Conc lus ions 

The i n t r o d u c t i o n  o f  f l u e  gas t o  an o i l  f i e l d  i n j e c t i o n  program can r e s u l t  

i n  p e r p l e x i n g  drid c o s t l y  problems i n  t h e  gene ra t i ng  and . compression . system, i n  

a d d i t i o n  t o  problems i n  t h e  f i e l d .  The b r i e f  exper ience a t  Neale F i e l d  has 

shown t h a t  g iven  a  good .bas ic  des i  yn, and g i ven  a t t e n t ' i o n  t o  .system c o n t r o l  , 
i t  i s  p o s s i b l e  t o  opera te  and m a i n t a i n  a r e l a t i v e l y  t r oub le - ' f r ee  f l u e  gas 

p l  ant. 

4.2.3 INERT GAS FLOODING I N  ELK BASIN FIELD, PARK COUNTY, WYOMING.AND 
CARBON COUNTY, MONTANA (Ref. 4-13, 4-14) 

L o c a t i o n  and General H i  s t o r y  

The E l k  Bas in  F i e l d  i s  i n  t h e  n o r t h  c e n t r a l  p o r t i o n  o f  t h e  B i g  Horn Bas in  

i n  Carbon County ,  Montana and Pa rk  coun t y ,  Wyoming. The f i e l d  i s  

a p p r o x i n ~ a t e l y  50 m i l e s  (80 km) east  o f  Ye1 lowstone park '  and 200 m i l e s  (320 km) 

n o r t h  o f  C.asper, Wyoming. I n  1915 ' t h e  d i scove ry  wel.1 was completed i n  t h e '  

F r o n t i e r  Sand. Gas. reserves  were d iscovered  i n  t h e  Dakota Sand i n  1922, t h e  

Enibar-Tensleep o i l  r ese rve  was d i  scovered i n  1942, and t h e  Madi son 1  irnestone 

o i , l  reserve  was d iscovered  i n  1946. 

Geolog ic  and ~ e s e ' r v o i r  F l  u i d  ~ a t a  

The ~l k B a s i n .  F i e l d  l i e s  on .an e longated asymmetr ica l .  a n t i c 1  i n e  w i t h  t h e  
. . .  

major  . ax is '  . t r e n d i n g  nor thwest -southeast  ( E x h i b i t s  4-7 and 4-8). 

The two sands i n  i h e  F r o n t i e r  Format ion range i n  depth f rom 1100 t o  1700 

' f e e t  (335 t o  518 rn) and produce 43' API o i l .  The. Second F r o n t i e r  has produced 

90 percent  o f  t h e  F r o n t i e r  o i l  t o  .date. The average t h i ckness  o f  t h i s  sand i s  
2  50 f e e t  (15.24 m) and i t  has a  p roduc t i ve  area o f  over  400 acres (1.6 km ). 

The Dakota Format ion i s  approx imate ly  45 f e e t  (13 .72  m):: t h i c k  and l i e s  a t  

an average  depth of 2500 f e e t  (760 m). I t  has a  proven p r o d u c t i v e  area o f  
2  1080 ac res  (4.37 km ) and, s i n c e  i t  i s  n e a r l y  dep le ted ,  i t  i s  now be ing  used 

a  s to rage  f a c i l i t y .  . . 

The Ernbar-Tensleep o i l  r ese rve  1  i e s  a t  an average depth o f  4900 f e e t  (1494 
2  and has a  proven p roduc t i ve  area i n  excess o f  6000 acres (24.28 km ). The 

subsurface s t r u c t u r e  i nc l udes  more t han  2000 f e e t  .(610m) o f  o i l  f i l l e d  

c losures ,  w i t h  s t r a t a  d i p p i n g  a t  an average o f  21 degrees on t h e  west f l a n k  

and 45 degrees on t h e  east.  The 30' API crude o i l  has a  h i g h  s u l f u r  con ten t  

and was undersa tu ra ted  w i t h  gas a t  t h e  o r i g i n a l  pressure. A t  pres,ent, an 



E x h i b i t  4-7 Geologic cross Sec t ion  o f  E l k  Basin F i e l d  

Source: Ref. 4-14 
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Source: Ref, 4-13 



i n e r t  gas i s  generated from the produced gas and i s  i n j ec ted  i n t o  the cres t  o f  

the structure. 

The Mississ ippian age Madison Limestone i s  920 f ee t  (280 m) th i ck ,  has a 
2 productive area i n  excess o f  5000 (20.23 km ) acres, and l i e s  a t  an average 

depth o f  5150 fee t  (1510 m). , The 28' API .crude o i l  has a h igh s u l f u r  content, 

and was undersaturated a t  the t ime o f  recovery. An ac t i ve  water d r i ve  i s  the  

produci ng mechani srn i n  the reservoir .  

Reservoir Performance Data 

The Embar-Tensleep producing and pressure maintenance program i s  one o f  

the f i r s t  p ro jec ts  t o  use i n e r t  gas successful ly f o r  mainta in ing reservo i r  

pressure. P r i o r  t o  the un i t i za t i on ,  reservo i r  pressure was f a l l i n g  rap id l y ,  
3 even though the o i l  production r a t e  was only 10,000 BOPD (1590 m /d). With 

se lec t  i ve production f o l  1 owing u n i t  i zat i on, the r a t e  o f  pressure decl i ne was 

reduced, even though the producing r a t e  was increased by 50 percent. The 

l e v e l i n g  o f  the pressure decl ine from the years 1946 through 1949 was 

a t t r i b u t e d  t o  shut t ing  i n  high gas-oi l  r a t i o  wel ls, and se l ec t i ve l y  producing 

low gas-oi l  we1 1 s which were producing o i l  down d i p  o f  the reservoir .  

Since the commencement o f  i n e r t  gas i n j ec t i on ,  bottom hole pressure had 

increased approximately 100 ps i  , even though o i  1 production ra tes  were stepped 

up t o  19000 BOPD (3020 m3/d). GORS remained near the so lu t ion  GOR t ha t  would 

be obtained i f  natural  gas were used. The gas-cap expanded un i formly  w i t h  no 

channel i ng o f  i njected gas. 

I n  such processes the dominant producing mechani sm i s  g rav i t y  segregation 

which should r e s u l t  i n  h igh recovery e f f ic iency.  The i n j e c t i o n  program 

r e s u l t s  i n  a h igh producing r a t e  from the ex i s t i ng  wel ls, and al lows the o i l  

drained by g rav i t y  t o  be recovered w i th  fewer producing i n s t a l  1 ations. 

4.2.4 ACID GAS FLOODING AND N p  CHASE GAS INJECTION I N  SLAUGHTER FIELD, TEXAS* 

(Ref. 4-1, 4-2, 4-15) 

Locat ion and General H is to ry  

Slaughter F ie ld ,  located on the North Basin Plat form i n  Cochran, Hockley, 

and Terry Counties, Texas, i s  one. o f  the la rgest  f i e l d s  i n  west Texas; having 
2 2858 we1 1 s i n  a productive area o f  87,150 acres (352.7 km ). Production i s  

*This pro jec t  i s  reported as a CO f lood pro jec t  since acid gas in jec ted  i n  
the  f i e l d  consisted of 70. percent t o 2 .  



f rom t h e  San Andres Dolomi te  a t  a  depth'  of ' 495~ )  fee t  (1510 m). D iscovered in  

1937, i t  had produced 642,687,400 bb l  (102.18 ~ ~ n ? ) o f  o i l  th rough  1975. Water 

f l o o d  ope ra t i ons  were' i n i t i a t e d  i n  t h e  S laugh te r  E s t a t e  U n i t  - i n  1963. 'I'he 

Cen t ra l  M a l l e t  U n i t  was formed i n  1964, and a  p i l o t  p r o j e c t  u s i n g e n r i c h e d  gas 

i n j e c t  i on i s underway. Amoco i s  t h e  ope ra to r  o f  bo th  u n i t s .  Prev ious 

p roduc t i on  was f rom a  water f l o o d  t h a t  s t a r t e d  w i t h  53 percent  r e s i d u a l  o i l .  

s a t u r a t i o n ,  and ended w i t h  33 percent .  . 

Geolog ic  and Pc t rophys i ca l  d a t a  

The San kndres ' format ion i s  i n  t h e  . l owe r  Guadal upe s e r i e s  o f  : the  m idd le  

P.ermian system, i s  p roduc t i ve  over  a  l a r g e  area o f  West Texas, p r i m a r i l y  on 

t h e  Cent ra l  Bas in  P la t f o rm ,  t h e  .Northwest s h e l f ,  and t h e  Nor t t i  Bas in  P la t fo rm.  

It i s  es t imated  t h a t  one-ha l f  o f  t h e  o i l  p roduc t i on  i n  t h e  Permian Gasin i s .  

f rom Guadal upe-age rese rvo i  r s .  

s l a u g h t e r  F i e l d  i s  separated f rom Leve l l and  F i e l d  by a  narrow r e g i o n  , o f  

nonporous carbonates. It i s  s l i g h t l y  downdip o f  Leve l l and  F i e l d .  P roduc t i on  

i s  f rom porous i n t e r v a l s  700 t o  800 f e e t  (213 t o  244 m) below t h e  t o p  o f  t h e  

San Andres format ion.  One o r  two o f  t h e  f o u r  zones 'of  p o r o s i t y  development 

u s u a l l y  c o n s t i t u t e  t h e  dominant pay. 

Core da ta  i n d i c a t e  t h a t  t h e  produc i  ng i n t e r v a l  i s  anhydr i  t i e do1 omi te.  w i t h '  

no f r a c t u r i  ng 'o r  permeabi l  i ty .  o r i e n t a t i o n .  The gross pay averages a  t h i c k n e s s  

o f  149 f-eet (45.4 m) wh i l e ,  t h e  ne t  pay i s  09 f e e t  (27.13 m), w i t h  an average 
2 .  p o r o s i t y  and permeabi l  i ty o f  1 0  percent  and 8.1 md ' (7.99 x  em ) , 

respec t  i ve l  y. 

Rese rvo i r  F l u i d  Data . . 
S laugh te r  F i e l d  produces e s s e n t i a l  l y  th rough  'sol  u t i o n  gas dr ' i  ve. The 

o r i g i n a l  bot tom h o l e  pressure was 1710 p s i  (11.8 MPa) ; fo rma t i on  temperature 

i s  1 0 4 ' ~  ( 6 0 ' ~ ) .  The o i l  .has a  32' API gkav i t y ,  v i s c o s i t y  o f  1.'382 cp 

(1.382 i lo- '  Pa.S), and a  f o rma t i on  volume f a c t o r  b f  1.228. 

A c i d  F lood  P r o j e c t  . ~ a t a  

Amoco i n i t i a t e d  t h e  p i l o t - t e s t .  i n  t h e  S laugh te r  E s t a t e  U n i t  i n  'November 
2 1972 compr is ing . two 6.6-acre (26.7 Mm ) f i v e - s p o t  pa t te rns .  ' Water was 

i n j e c t e d  i n t o  s i x  i n j e c t o r s  u n t i l  August 1976 i n  o rde r  t o  ensure t h a t  t h e  area 

had been comple te ly  watered out.  Between August 76 and September 79, a c i d  gas. 

(30 percent H 2 ~  and 70 percen t  ~ 0 ~ )  a n d  water  were i n j e c t e d  s i m u l t a n e o u s l y ~  

' i n t o  d i f f e r e n t  w e l l s  (i.e., water  i s  i n j e c t e d  i n  t h r e e  w e l l s ,  gas i n  t h r e e  

w e l l s ,  and t h e  i n j e c t i o n  i s  a l t e r n a t e d ) .  The a c i d  gas was i n j e c t e d  a t  a  . r a t e  



3  of 27 ~ M C F D  (765 Mrim I d ) ,  which was ob ta ined  f rom Amoco's S laugh te r  gas01 . i n e  . 

p l an t .  The a c i d  gas i n j e c t i o n  phase was completed on September 13, 1979; t h e  

N2 chase  gas i n j e c t i o n  phase was i n i t i a t e d  on O c t o b e r  5, 1979. The 

performance p l o t s  o f  t h e  two p i l o t  produc ing w e l l s  and s i x  p i l o t  i n j e c t i o n  

wel.1 s  a re  shown i n  E x h i b i t  4-9. 

Concl u s i  ons: 

As o f  January 1, 1980, EOR from t h e  p i l o t  t e s t  was 75 STB/acre ft. (9.67 x  
10-3 3  3 m /m ). It i s  a n t i c i p a t e d  t h a t  u l t i m a t e  o i l  recovery  due t o  t h i s  EOR 

3 p r o j e c t  w i l l  be about 116 STB/acre ft. (14.95 x  m3 o i l / m  r e s e r v o i r  r ock ) .  

4.2.5 INERT.GAS FLOODING AT IBERIA FIELD, LOUISIANA (Ref. 4-16) 

Texaco, Inc.  i s  t r y i n g  t o  produce o i l  t rapped  i n  t h e  a t t i c s  ( upd ip )  o f  

two s t e e p l y  d i p p i n g  r e s e r v o i r s  i n  I b e r i a  F i e l d ,  I b e r i a  Par i sh ,  i o u i  s i  ana. The 

t a r g e t  o f .  t h e  p r o j e c t  i s  o i l  t h a t  i s  upd ip  f rom t h e  h i ghe r  produc ing w e l l s  i n  

t h e  Gra l  i no "A" Sandstone and t h e  Bul  lock-Burke Sandstone. (Exhi  b i t  4-10). 

General H i  s t o r y  

The two r e s e r v o i r s  scheduled f o r  t h e  a t t i c  recovery  p r o j e c t  were o p e r a t i n g  

under a  s t r ong  n a t u r a l  water d r i v e ,  making i t  imposs ib l e  . t o  produce o i l  , 

w i t h o u t  fo rm ing  an a r t . i f i c i a 1  gas-cap. The downdip we1 1  s  i n  t h e  Gra l  i n o  "A"  

Sandstone were produc ing water  w i t h  o i l ,  w h i l e  t h e  upd ip  w e l l s  were s t i l l  

p roduc ing  c l ean  o i l  .. Exper ience shows t h a t  t h a t  was t h e  bes t  t ime  t o  i n j e c t  

gas f o r  updip  o i l  recovery  (i.e., be fo re  t h e  upd ip  w e l l s  s t a r t e d  t o  produce 

wate r ) .  Th is  de fe rs ,  and perhaps min imizes,  t h e  h i g h  1  i f t i n g  cos t s  assoc ia ted  

w i t h  h i g h  water cuts .  

P r e d i c t e d  Reservoi  r Performance 1 
By i n j e c t i n g  gas u p d i p ,  o i l  w i l l  be d i s p l a c e d  f o r  r e c o v e r y  f r o m  

s t r u c t u r a l l y  lower  we1 1  s. Texaco i s  conserv i  ng natura.1 gas by d i  sp l  a c i  ng t h e  

o i l  w i t h  an i n e r t  gas m ix tu re .  The i n e r t  gas genera to r  w i l l  prbduce about 

1.33 MMCFD (.377 MMm3/d). Recovery i s  expected t o  inc rease  by about 10 

percent .  

4.2.6 . FLUE GAS FLOOD AT EAST BINGER FIELD, OKLAHOMA (Ref. 4-1, 4-17) 

The East B inge r  F i e l d ,  l o c a t e d  i n  Caddo County, Oklahon~a, was s t a r t e d  i n  

1977 by P h i l  1  i p s  Petroleum. The 12960 acre (42.55 km2) f i e l d  has 6-1 p roduc ing  

w e l l s ,  17 i n j e c t i o n  w e l l s ,  and produces, f rom a  27 f o o t  (8.23 m). t h i c k  
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. . sandstone. !t has a p o r o s i t y  o f  . 7.5 percen t  and . a permeabi 1 i t y  o f  0.2 md 
2 (1.947 x a ). The pay zone i s  a t  a depth o f  l0,OOO f e e t  (3048 m). The 

, - o i l  has a A P I  g r a v i t y  o f  38O, w i t h  a v i s c o s i t y  o f  0.3 cp ( 3  x 10-4 Pa.S). The 

r e s e r v o i r  tem,perature i s  1 9 0 ' ~  (87.8'~). 

The i n i t i a l  i n j e c t i o n  r a t e  i n t o  t h e  Marthand Sand, was 6 MCICFD (17 MM 
3 m I d ) .  With t he  a d d i t i o n  o f  f o u r  o t h e r  i n j e c t i o n  u n i t s ,  t h i s  r a t e  wi.11 jump 

. , 

t o  3U MMCED , (85 ~#rn'/d). P h i l l  i p s  expects p roduc t i on  from t h e  f i e l d  t o  

t r i p l e ,  boos t i ng  u l t i m a t e  recovery f rom 16 n l i l l i o n  t o  44 m i l l i o n  b b l  (2.54 t o  
3 

, . .6.99 MMm ). The. B inger  f l o o d  has exper ienced e a r l y  breakthrough o f  t h e  f l u e  

gas and expected p roduc t ion  inc rease  w i l l  no t  be obtained. P h i l l  i p s  w i l l  use 

, ... . one- th i  r d  o f  .(the-.gas,: pr.oduct i o n  t o  f u e l  t h e  compressors. 

. . . . . . . . , . . 

4.2.7 FLUE GAS FLOOD AT HAWKINS FIELD, WOOD COUNTY, TEXAS (Ref. 4-1, 4-23) 

The Hawki ns F i e l d  i s  l o c a t e d  20 m i l e s  '(32 km) n o r t h  o f  T y l e r  Texas. There 
2 a re  351. p roduc t ion  w e l l s  and 38 i n j e c t i o n  w e l l s  i n .  t h e  10,590,acre (42.86 km ) 

f i e l d .  The producing f o rma t i on  i s ,  t h e  'Woodbine Sandstone whic'h i s  a t  a depth 

o f  4530 f e e t  (1381 m). The p o r o s i t y  and p e r m e a b i l i t y  a re  27.9 percent  and 
2 3400 md (3.36 , m ) , respec t i ve l y .  . T h e  r e s e r v o i r  temperature i s  1 6 8 ' ~  

(75 .5O~) ,  and the  24' API o i l  has a v i s c o s i t y  o f  3.7 c p  (.0037 Pa.S). 

E x t e n s i v e  . r e s e r v o i r  s t u d i e s  p r i o r  t o  t h e  Hawki ns F i e l d  u n i t i z a t i o n  

ind . i ca ted  a need . t o .  use a gas dr i .ve r a t h e r  than  a n a t u r a l  .water  d r i v e  t o  

maxirnize f i e l d  recovery and t o  m i n i m i z e  and then  prevent  r e s i d u a l  , o i l  l o s s  as 

a r e s u l t  o f  o i l  movement i n t o  t h e  gas cap, .because o f  t h e  gradual d e c l i n e  i n  

t h e  gas cap pressure. Because o f  t he  c o s t .  and .ava i  1 ab i  1 i t y  o f  n a t u r a l  gas, i t  

was decided t o  use steam b o i l e r  exhaust gas, f o r  pressure maintenance' i n j e c t i o n  

, 'needs. The. Hawkins I n e r t  Gas P l a n t  was designed..and cons t ruc ted  t o  i n j e c t  an 
3 average. d a i l y  volume o f  100 MMSCFD (approx. 3.40 MMm./d) o f  b o i l e r  ' f l u e  gas. 

. The Hawkins F i e l d  p r o j e c t  was i n i t i a t e d  i n  A p r i l  1977. by .Exxon O i l  Co. Some 

. s t a r t  .up and ope ra t i ng  problems were i n i t i a l l y  encountered i n : . t h e  ope ra t i on  o f  

. .. - t h e  i n e r t  gas p l  ant. However, t h e  p r o j e c t  appears t o  be..prom.isi n,g. 
' ,  . . . , .  

4.2.8 ,INERT GAS FLOODING. I N  THE BAYOU DES GLAIS~  FIELD, 1BERVI:LLE PARISH, 
LOUISIANA (Ref. 4-18) 

. . . .. . . 

Loca t i on  and General H i s t o r y  

The Bayou des G la i se  ~ i e l d  i s  l o c a t e d  about 40 m i l e s  (64 km) west o f  Baton 

Rouge, Louisiana. The ' f i e l d  l i e s .  on t h e  f l a n k s  o f  a piercement s a l t  dome. 



Steeply  d ipp ing  o i l  and gas producing sands are found a t  depths between 8000 

and 12,000 f e e t  (2438 and 3658 m). I n d i v i d u a l  sands are d i v i d e d  i n t o  separate 

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

I n  r e s e r v o i r s  o f  ' t h i s  t y p e  wh ich  have s t r o n g  w a t e r - d r i v e  p r o d u c i n g  

mechanisms, it i s  common t h a t  updip o i l  remains a f t e r  t he  w e l l s  water-out. 

Th is  o i l  i s  uneconomical t o  recover through a d d i t i o n a l  d r i l l i n g .  

To recover a t t i c  o i  1  a t  Bayou des Gla i  se, a  secondary recovery program was 

i n i t i a t e d .  ' Th i s  inc luded i n j e c t i n g  i n e r t  gas i n t o  e x i s t i n g  wel ls .  

Reservoi r  Performance 

I n e r t  gas i n j e c t i o n  was begun i n  . A p r i l  1960 and c o n t i n u e d  t h r o u g h  
3  September 1964, w i t h  a  t o t a l  i n j e c t i o n  o f  350 MMCF (9.91 MMm ). Al though t h i s  

was not  a  1  arge vol  ume, i t  was 1  arge enough t o  determine i f  c o r r o s i o n .  problems 

e x i  sted. Most problems were mechani ca l  and concerned e i t h e r  cool i ng water o r  

e l e c t r i c i t y .  

Concl usions 

Humble (now Exxon) concluded t h a t  i n e r t  gas i s  p r a c t i c a l  f o r  h igh  pressure 

gas i n j e c t i o n .  I n  t h e  1960's i n e r t  gas. use requ i red  a  l a r g e r  investment .  and 

h igher  opera t ing  expenses than na tu ra l  gas. ~ e c h u s e  o f  these f a c t o r s ,  t he  use 

o f  i n e r t  gas was r e s t r i c t e d  t o  f i e l d s  where' t he  na tura l  gas supply was 

l i m i t e d .  However, w i t h  t he  increase i n  na tu ra l  gas p r i ces  i n  recent  years,  

. i n e r t  gas should be economical. A l a r g e  gas engine t h a t  d r i v e s  both t h e  gas 

compressor and an e l e c t r i c  generator would .provide s u f f i c i e n t  exhaust gas f o r  

i n j e c t i o n ,  and i t would supply . t he  u n i t ' s  own e l e c t r i c i t y .  The use o f  a i r  

c o o l i n g  could reduce the  water c i r c u l a t i o n  r a t e  by 90 percent and would 

p r a c t i c a l l y  .e l iminate any water problems. 

4.2.9 FLUE GAS FLOOD 'AT WEST HEIDELBERG FIELD, MISSISSIPPI (Ref. 4-19) 

The Cotton Va l l ey  U n i t  o f  w e s t  Heidelberg F i e l d  i s  being ope ra t i d  by Gu l f  

O i l  Company. The west Heidel berg F i e l d  was u n i t i z e d  i n  ~ p r i l  1970. This  EOR 

p r o j e c t  was , o r i g i n a l l y  s t a r t e d  as an i n  ' s i t u  combustion pro jec t .  ' Compressed 

a i r  was i n jec ted ,  beginning i n  December 1971. I n  May. 1977 f l u e  gas was added 

t o ' t h e  a i r  i n j e c t i o n  i n  Cotton Va l l ey  No. 5  Sand.' Flue gas i n j e c t i o n  was 

s t a r t e d  i n  t h e  Cotton Va l l ey  No.' 4  sand i n  June 1978. The performance p l o t  o f  

t he  Cot ton ~ a i l e y  No. 4 sand f l u e  gas p r o j e c t  i s  shown i n  E x h i b i t  4-11. ', 
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E x h i b i t  4-11 Performance.Curve o f  West Heidelberg Cot ton Va l l ey  U n i t  

source: Ref. 4-19 



4.2.10 EXHAUST GAS INJECTION 1.N WEIR SAND OF MINGO COUNTY, WEST VIRGINIA 
(Ref. 4-22) 
Exhaust gas gene'rated f rom an engine was i n j e c t e d  i n  t h e  Weir Sand o f  

FIingo County, West V i r g i n i a  by Wieser O i l  Company i n  1969. The f o rma t i on  had 

a  p o r o s i t y  and a  permeab.il i t y  o f  14 t o  16; percent  .and l e s s  than 1 md (.001 
2  m  ), r espec t i ve l y .  The r e s i d u a l  o i l  . s a t u r a t i o n  was 35 t o  40 percent.  The 

exhaust gas was i n j e c t e d  f o r  s i x  months. It was no t  economical, and t h e  

p r o j e c t  was aborted. 

4.3 AIR 1NJ.ECTION 

When a i r  i s  i n j e c t e d  i n  a  warm r e s e r v o i r ,  t h e  oxygen con ten t  o f  t h e  a i r  

w i l l  r e a c t  w i t h  t h e  o i l  i f  spontaneous combustion occurs. Th is  w i l l  produce 

C02 which w i l l  d i s s o l v e  i n  t h e  o i l .  N2 w i l l  a c t  as a  p i e r c i n g  gas and thus,  

a d d i t i o n a l  o i l  may be recovered. A i r  i s  much cheaper t o  use than  any o t h e r  

gas as o n l y  compression and i n j e c t i o n  cos ts  a re  . invo lved .  

The use of a i r  i n j e c t i o n  i n  EOR has been attempted a t  Wi l low Draw F i e l d  by 

O i l  Serv ices Company, w i t h  sponsorship f rom t h e  U. S. Department o f  Energy. 

. 4.3.1 ATTIC AIR INJECTION, WILLOW DRAW FIELD, WYOMING (Ref. 4-1, 4-2, 4-21) 
Rese rvo i r  Data . . 

W i l l ow  Draw F i e l d  i s  l o c a t e d  i n  Park County, Wyoming. It l i e s  on 400 
2  acres (1.62 k r n ) ,  and has t e n  produc ing and two i n j e c t i o n  we l l s .  The pay 

zones a r e  t h e '  Dinwoody, P h o s p h o r i a ,  and Tens leep  F o r m a t i o n s  w h i c h  a r e  

p r i m a r i l y  l imestone a t  a  depth o f  4400 f e e t  (1341 m) ( E x h i b i t .  4-12). The 
2  average p o r o s i t y  and permeabi 1  i t y  are 10.6 percent  and 20 md (.02 v rn ) , 

respec t i ve l y .  The r e s e r v o i r  o i l  i s  16' API and has a  v i s c o s i t y  o f  37 cp (.U37 

Pa.S). The r e s e r v o i r  temperature i s  1 4 6 ' ~  (63.3'~).  

P r e d i c t e d  Reservo i r  Performance 

Th is  p r o j e c t  w i l l  demonstrate t h e  t e c h n i c a l  and economic f e a s i b i l i t y  o f  

o i l  recovery f rom a  low p r o d u c t i v i t y  r e s e r v o i r  us i ng ,  t h e  a t t i c  a i r  i n j e c t i o n  

process. The p r o j e c t  i s  expected t o  inc rease  t h e  u l t i m a t e  recovery  f rom one 

t o  f o u r  percent of t h e  OOIP.  A i r  i s  i n j e c t e d  i n t o  t h e  upper p o r t i o n  o f  the, 

o i  1  r e s e r v o i r  i n  o rder  t o  d i s p l a c e  t h e  a t t i c  o r  updip o i l  downward, t o  r ep lace  

t h e  produced o i l  and mai n ta i n '  r e s e r v o i r  pressure, thereby  p reven t i ng  water  

i n f l u x  f rom below t h e  o i l  zone. P l o t s  o f ,  t h e  o i l  and water p roduc t i on  are 

shown i n  E x h i b i t  4-13. 
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Exhibit 4-13 Oil and Water Production, Willow Draw Field,  Wyoming 

Source: Ref. 4-20 



A i r  i n j e c t i o n  was' s t a r t e d  on December 14, 1976. ~ d v e r s e  w e a t h e r  

c o n d i t i o n s  'and mechanical f a i l  ures caused some delays. A i r .  i s  i n j e c t e d  a t  183 
3 MCFD (5.18 Mm ) ,  o r  2.6 t imes  t h e  c u r r e n t  o i l  w i thdrawal  ra te .  Cumulat ive a i r  

i n j e c t i o n  i s  2 0  percent  o f  t,he cumula t i ve  o i l  product ion.  A i r  breakthrough 

occurred i n  ~ c t o b e r  1977. Nine wel ls .  were recompleted, and a i r  i n j e c t i o n  was 

r e s t a r t e d  i n  December 1977. I n  January 1978, t h e  a i r  compressdi- was dest royed 

due t o  f i r e .  I n j e c t i o n  was h a l t e d  u n t i l  August 1978 when t h e  new compressor 

arr lved.  By December 1978, a l l  pr lmary o i l  had been produced. Henceforth,  

a1 1 o i l  p roduc t ion  i f  any w i l l  be through EOR. methods, and approx imate ly  3.5 
-4 3 3 STB of o i l l a c r e  ft. o f  r e s e r v o i r  rock  (4 .51 x  10 . m /m ) i s  expected t o  be 

produced i f  t h e  p r o j e c t  cont inues. 
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5.0 SOURCE, SUPPLY AND COST DATA FOR UTILIZING NITROGEN , 

AND FLUE GAS IN  EOK OPERATIONS 

I n  o rder  t o  promote t h e  commercial acceptance and widespread use o f  

n i t r o g e n  and f l u e  gas i n  EOR, t h e i r  a v a i l a b i l i t y  and cos t s  o f  p roduc t i on  and 

use must be evaluated. A  thorough cos t  a n a l y s i s ,  i s  beyond t h e  scope o f  t h i s  

Task. However, ava i  1  ab le  i n f o r m a t i o n  suggests t h a t  successfu l  r ecove r i es  may 

be achieved w i t h  lower  cos t s  us i ng  n i t r o g e n  o r  f l u e  gas i n j e c t i o n  t han  us i ng  

C02 o r  hydrocarbon gas i n j  e c t  i on. 

A l though inadequate i n f o r m a t i o n  i s  ava i  1  ab le  on .the r e1  a t i  ve economics o f  

n i t r o g e n  and f l  ue gas ' i n j e c t i o n  EOR opera t ions ,  a  gener i c  comparison o f  c o s t  

components i n  d i f f e r e n t  p roduc t i on  scenar ios  i s  presented, based on da ta  

ob ta i ned  f rom se lec ted  l i t e r a t u r e .  

Cos t  r anges  f o r  f o u r  b a s i c  r e c o v e r y  a l t e r n a t i v e s  a r e  p r e s e n t e d  and 

compared i 

1. On s i t e . p r o d u c t i o n  and u t i l i z a t i o n  o f  N  f o r . u s e  i n  n i t r o g e n  i n j e c t i o n  
opera t ions  assumi ng n i t r o g e n  p roduc t i o$  and r e j e c t i o n  f a c i  1  i t i e s  a re  
owned by t h e  f i e l d  ope ra to r  o r  s e r v i c e  c o n t r a c t o r  (see Sec t i on  5.1). 

2. On s i t e  p roduc t i on  and u t i l i z a t i o n  o f  f l u e  gas f o r  use i n  i n j e c t i o n  
opera t ions  assuming t h e  f l u e '  gas i 's  .generated i n  an o n - s i t e  p l a n t  
( b o i l e r  f l u e  gas) owned by t h e  f i e l d  ope ra to r  (see Sec t i on  5.2). 

3. P roduc t ion  and u t i l i z a t i o n  o f  f l u e  gas produced as exhaust (engine 
exhaust gas) f rom d i e s e l  o r  o t h e r  on s i t e  engines (see Sec t i on  5.2). 

4. U t i l  i z a t i o n  o f  f l u e  gas r e c o v e r e d  i n  an e l e c t r i c  u t i 1 , i t y  and 
t r a n s p o r t e d  t o  t h e .  r e s e r v o i r  by  p i p e l i n e  f o r  .use  i n  i n j e c t i o n  
opera t ions  (see Sec t i on  5.2). 

A l l  cos t  es t imates  a re  p r e l i m i n a r y  i n  na tu re  and a re  drawn p r i m a r i l y  f rom 

t h e  l i t e r a t u r e .  When poss ib l e ,  da ta  were c o l l e c t e d  and/or v e r i f i e d  th rough  

communi cat i .on w i t h  i n d u s t r y  sources. 

. . 

5.1 AVAILABILITY AND COST OF NITROGEN 

I 
The p roduc t i on  of n i  t r o g e n  th rough  c ryogen ic  separat  i on o f  a i  r components 

has been i n  use s ince  t h e  e a r l y  p a r t  o f  t h i s  cen tu r y  and c o n s t i t u t e s  a  

f 1  e x i  b l  e  and, econom ica l  method f o r  p r o d u c i  ng  1 a r g e  q u a n t i t i e s  o f  p u r e  

n i t rogen .  N i t r ogen  can be produced by o t h e r  methods such as the '  bu rn i ng  o f  



t h e  oxygen f rom a i r  u s i n g .  a  c a r b o n  sou rce ,  and ' t hen  r e m o v i n g  C o p  b y  

absorpt ion.  Such a  gas w i l l  no t  be as pure as t h e  n i t r o g e n  f rom t h e  cryogenic  

sepa ra t i on  . o f  a i r .  ' Cryogenic n i t r o g e n  p l a n t s  f o r  n i t r o g e n  p rov ide  a  f l e x i b l e  

source because t h e  genera t ion  process depends on a  r e a d i l y  ,ava i  1  ab le  source 
. . 

( a i r )  whose supply  i s  un l  im i ted .  

T h e  fundamental concept i n  n i t r o g e n  genera t ion  i s  t o  cool  a i r  t o  i t s  

l i q u e f a c t i o n  temperature and then  d i s t i l l  it. To p rov ide  low temperatures, a  

r e f r i g e r a t i o n  c y c l e  i s  used, t y p i c a l  l y  consi  s, t i  ng o f  t h e  f o l l  owing; a i r  

compressor, , heat exchangers, and an expansion t u rb i ne .  The d i s t i l l a t i o n  

column makes up t h e  f o u r t h  major component o f  t h e  cyc le .  C e n t r i f u g a l  o r  

r e c i  p r o c a t i  ng compressors are used t o  compress t h e  n i t r o g e n  t o  i n j e c i i o n  

pressure. Cryogenic n i t r o g e n  p l a n t s  a re  t y p i c a l  l y  powered by e l e c t r i c i t y ,  

n a t u r a l ,  gas o r  d i ese l  f u e l .  A schematic r ep resen ta t i on  o f  t h e  cryogenic  

n i t r o g e n  process i s  presented i n  Exhi  b i t  5-1. 

The cos ts  o f  n i t r o g e n  genera t ion  e x h i b i t  a  wide range because o f  t h e  

sensi  t i  v i  t y  o f  process. economics t o  t h e  .foil owing parameters : 

0 P l a n t  capac i t y  

Energy cos ts  p e r  u n i t .  o f  ou tpu t  

0 P r o j e c t  d u r a t i o n  

I n j e c t i o n  pressure 

0 P.1 an t  1  oca t  i on. 

e Reservo i r  c h a r a c t e r i s t i c s  

m P l a n t  complex i t y  

0 Process r e l i a b i l i t y  

Technical  r i s k  o r  t h e  c u r r e n t  expense o f  venture c a p i t a l  i nc rease  i s  a l s o  

. a  f a c t o r  i n  t h e  "unce r ta i n "  economics o f  product ion.  

The cos ts  o f  n i t r o g e n  as used . i n  EOR processes a re  a p t l y  discussed i n  an 

a r t i c l e  by K e i t h  W i  1  son (Ref. 5-2). The. f i x e d  cos t  (1978 do1 1  a r s )  component 

o f  a  cryogenic  n i t rogen* '  genera t ion  process based on a  10. yea r  p r o j e c t  l i f e  

*The. term cryogenic  n i t r o g e n  used i n  t h i s  r e p o r t  on l y  i n d i c a t e s  t h a t  t h e  

n i t r o g e n  i s  produced by t h e  cryogenic  separa t ion  o f  a i r .  
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E x h i b i t  5 -1  Schema.tic Diagram o f  Cryogenic Process 
f o r  N i  tr-ogen P roduc t i on  

Source: Ref .  5 -2  



and a  de l  i v e r y  pressure o f  3000 p s i g  (20.7 hPa) i s  shown i n  E x h i b i t  5-2. It 

i s  assutned t h a t  t h e  n i t r o g e n  f a c i l i t y  i s  e l e c t r i c a l l y  d r i ven .  Cryogenic 
3 

n i t r o g e n  p l a n t  s i zes  t y p i c a l l y  range f rom 1 .MMSCFD (.283 m i l l  i o n  . m  I d )  t o  more 
3  

than  1UO MMSCFD (28.31 m i l l i o n  m I d )  The f i x e d  cos t s  per u n i t  o f  p r o d u c t i o n  

. . c'apaci t y  a re  h i  gher i n  smal l  e r  p l a n t s  bu t  s t e a d i l y  decrease i n  an exponen t ia l  
3  

manner i n  p l a n t  s i zes  g r e a t e r  than  60' MMSCFD (1.7 m i  11 i o n  m . I d ) .  . 

3   he c a p i t a l  cos t s  f o r  a  25 MMCFD (.7 m i l l  i o n  m I d )  N2 g e n e r a t i o n  p l a n t  

b u i l t  on t h e  G u l f  Coast would probably  e x h i b i t  a  c o s t  range o f  $10 t o  15 

m i l  1  ion.  Investment cos t s  would t y p i c a l l y  be broker1 down as f o l l o w s  (Ref. 

A i r  compressor 
2,500 p s i g  (17.24 MPa) N2 Compressor,) 
Warm Process Equipment 
Cold Equi prr~ent 
O f f  S i t e s  ( u t i l i t i e s )  
B u i l d i n g s  
M i  s c e l l  aneous 

Sub to ta l  

Engi n e e r i  ny 
Cons t ruc t i on  
'S ta r t - up  (and spares)  

Sub to ta l  

Percentage 

10 
16 

5  
2  0 

5  
2 
4 

, The cos ts  o f  t h e  energy necessary t o  produce and compress t h e  n i t r o g e n  

w i l l  f r e q u e n t l y  exceed f i x e d  costs .   h he l a r g e  n i t r o g e n  genera to rs  u s u a l l y  
3  used f o r  i n j e c t i o n  appl  i c a t ' i o n  requ i ' re  abou t '  14.5 HP-HR/MCF '(1.375 MJ/m ) t o  

produce 3000 p s i g  a (20.7 MPa) n i t r ogen .  Using a  gas eniine convers ion  r a t e  o f  
3  

8,000 BtuIHP-HR (3145 WIKW) t h i s  cbrresponds t o  116,000 Btu/MCF (4.322 MJ/m ). 

I f  e l e c t r i c  "moto rs  a re  used, about 11.2 kwh/MCF w i l l  be needed. ~ s s u l n i n g  a  

'gas f i r e d  u t i l i t y  w i t h  an energy convers ion  r a t e  o f  10,000 Btu lkwh and 

moderate t r ansm iss i on  losses ,  energy consumption w i l l '  equal 117,900 BtuIMCF 

, (4.393 M J / ~ ~ . ) .  Energy cos ts ,  as a  f u n c t i o n  o f  t h e  u n i t  p r i c e  o f  e l e c t r i c i t y  

a re  shown i n  E x h i b i t  5-3. 

The summation o f  t h e  f i x e d  cos t s  ( E x h i b i t  5-2) and energy cos t s  ( E x h i b i t  

5-3) r ough l y  approximate t h e  t o t a l  costs/MCF o f  d i  f f e r e n t  s i  zed n i t r o g e n  

i n j e c t i o n  ope ra t i ons  sub jec t  t o  t h e  process and p r o j e c t  parameters descr ibed  



-. 

Ni t rogen f a c i l  i t y  capac i ty ,  MMscfd . 

S I  M e t r i c  Conversion Factors . . 

p s i  x  6.894757 E - 03 = MPa 

E x h i b i t  5-2 F ixed Cost - .  N i t rogen.  Generat ion 

Source: Ref. 5-2 



S I  M e t r i c  Convers. ion F a c t o r s  

c u .  f t .  x 2.831685 E - 02 = rn 3 

p s i  x 6.894757 E - 03. = MPa 

~ x h i b i t  5-3 Energy Cost  - N i t r o g e n  Genera t ion  

Source:  Ref .  5-2 



3  
above. For example, t o t a l  cos t s  (1978 d o l l a r s )  f o r  a  40 MMCFD (1.133 MM m ID) 
n i t r o g e n  i n j e c t i o n  ope ra t i on  o f  10 years  d u r a t i o n  u t  i 1  i z i  ng an i n j e c t i o n  

p ressure  o f  3000 p s i g  (20.7 MPa) and e l e c t r i c i t y  valued a t  2 cents lkwh i s  
3  3  

shown t o  range f rom 48 cents/MCF' (1.7 cents/m ) t o  51 cents/MCF (1.8 cen ts lm ). 

Indeed, i n d u s t r y  r e p o r t s  N2 i n j e c t i o n  cos ts  p r e c i s e l y ,  i n  t h i s  range. 
9 

Costs o f  50 cents/MCF (1.765 cen ts  mS) are repo r ted  (Ref. 5-8) f o r :  
3 

Chevron's 44 MMCFD (1.25 MM m I d )  e l e c t r i c a l l y  d r i v e n  N2 i n j e c t i o n  . 

f a c i l i t y  i n  P a i n t e r  Reservo i r ,  Wyoming. 

0 Sun O i l ' s  6  MMCFD (170 M mi/d) N p  i n j e c t i o n  f a c i l i t y  i n  Fordoche ~ i e l d ,  
Loui  s i  arm. 

Since t h e  cos t s  o f  n i t r o g e n  genera t ing  equi pment and suppo r t i ng  apparatus I 
a re  h igh,  i t i s  more economical i n  some' cases f o r  an ope ra to r  t o  purchase 

n i t r o g e n '  f rom a  s u p p l i e r  i n  o rde r  t o  avo id  t he  i n i t i a l  c a p i t a l  ou t lay .  

Char les Donohoe and Robert  Buchanan have eva lua ted  t h e  economics o f  l e a s i n g  

n i t r o g e n  i n j e c t i o n  o p e r a t i o n s  t o  m a i n t a i n  p r e s s u r e  i n  gas c o n d e n s a l e  

r e s e r v o i r s  exh i  b i  t i  ng 1  osses through re t rog rade  condensat ion (Ref. 5-1). The 

p o t e n t i a l  use o f  n i t r o g e n  i n  such ope ra t i ons  i s  impor tan t  because t h e  c u r r e n t  

va lue  o f  n a t u r a l  gas and i t s  r e l a t i v e  shor tage o f  supply has made i t s  use t o  

m a i n t a i n  pressure i n  a  gas condensate r e s e r v o i r  uneconomical. The economic 

a n a l y s i s  showed, t h a t  r e s e r v o i r s  w i t h  f l  u i d  systems w i t h  1  i q u i d  con ten t  between 
3 65 and 96 bbl/MMCF (365 and 540 m3 1  iquid/MM m gas) resppnded t o  n i t r o g e n  

i n j e c t i o n  e c o n o m i c a l l y  - g e n e r a t i n g  a  n e t  income g r e a t e r  t h a n  p r e s s u r e  

d e p l e t i o n  and/or r es i due  gas c y c l  i ng techniques. The economic analyses 

assumed cos ts  f o r  purchase o f  N2 i n  a  l e a s i n g  agreement cove r i ng  a  33 MMSCFD 
3  (0.934 MM m I d )  a l l  e l e c t r i c  p l an t .  E x h i b i t  5-4 shows t h e  cos t  breakdown ( i n  

1978 d o l l a r s )  by c o s t  component i n  t h i s  l e a s i n g  arrangement. As shown, t o t a l  
3  cos t s  o f  i n j e c t i o n  were est imated t o  be 49 cents/MCF (1.73 cents  /m ). I t Was 

assumed t h a t  t he  l eased  f a c i l i t y  r a n  a t  100 percent capac i t y  and produced 

99.99 percent  N2 w i t h  a l l  water vapor removed. The i n j e c t i o n  p ressure  was 

5000 p s i  g  (34.47 MPa.) . 
The a t t r a c t i v e n e s s  o f  purchas ing n i t r o g e n  f rom s u p p l i e r s  i s ,  o f  course, a  

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

d u r a t i o n  and p roduc t i on  l e v e l  o f  t h e  recovery  p r o j e c t ,  and c a p i t a l  costs.  

However, purchas ing n i t r o g e n .  f rom a  suppl i e r  i s  a  r e a l  i s t i c  a1 t e r n a t i  ve t h a t  1 
should be cons idered i n  t h e .  economic eval  u a t i o n  o f  any i n j e c t i o n  operat ion.,  

T h i s  i s  i n d i c a t e d  i n  t h e  f o l l o w i n g  q u o t a t i o n  (Ref. 5-5): 



S I  M e t r i c  Convers ion F a c t o r s  

cu.  f t .  x  2.831685 E  - 02 = m 3  

. . E x h i b i t '  5-4 T y p i c a l  Cost  Component o f  N i t r o g e n  

Source: Ref .  5 -1  



" p r i c e :  N i t rogen w i l l  be purchased on a  con t rac t  
bas is  a t  t h e  requ i red  2750 p s i  (19 MPa) i n j e c t i o n  
pressure from a  cryogenic  p l a n t  be ing b u i l t  i n  t h e  
f i e l d .  . Overa l l  cost ,  i n c l u d i n g  manufactur ing, 
compression and power c y t ,  w i  11 be. approxjmatel  y  
40 cents per MCF (28.3 m ) i y e c t e d .  This  amounts 
t o  29 cents per MCF (28.3 m ), o f  hydrocarbon gas 
produced, because o f  t h e  f a v o r a b l e  n i t r o g e n  
fo rmat ion  volume f a c t o r s  mentioned e a r l i e r .  

Est imated cos ts  f o r  o the r  gases y n s i d e r e d  were 55 
. cents per i n j e c t e d  MCF (28.3 m j  f o r  f l u e  gas, 

$1.00 - 1.25 per MCF (28.3 m )  3 f ~ r  CO and 
approximately $2.00 per MCF (28.3 m ) f o r  lhlakeup 

, hydrocarbon gas i f  i t  had been des i rab le  t o  on l y  
c y c l e  t h e  gas cap f o r  NGL* and condensate  
recovery".  

The value o f  l e a s i n g  f o r  small operators i s  apparent i n  t h e  f o l l o w i n g  cos t  
3  approximation f o r  a  1 MMCFD (283,100 m I d )  e l e c t r i c a l l y  d r i v e n  ,n i t r ogen  

i n j e c t i o n  f a c i l  i , t y  prov ided by A I R C O ,  a  n i t r o g e n  supply company. The main 

f a c i l i t i e s  inc luded i n  t h e  cos t  approximation were: 

c o l d  box (cryogenic  u n i t )  

Compressors (3500 p s i a  o r  24.13 MPa) 

Standby storage tanks (6000 ga l lons  o r  22.71 m3) 

The cos t i ng  assumed a  10 year  agreement where the  monthly f a c i l i t y  f ee  was 

$35,000. The power requirement o f  t h e  'p lan t  i nc l  ud i  ng compression was 

est imated t o  be approximately 2700 kwh. Assuming the  p r i c e  o f  e l e c t r i c i t y  t o ,  

be $.0414/kwh, t he  t o t a l  cos ts  o f  n i t r ogen  i n j e c t i o n  were ca lcuated t o  be 
3  8.38lMCF (1.342 cents lm ). 

Having approximated the  general cost  range o f  n i t r ogen  i n j e c t i o n ,  t h e  

cos ts  of ac tua l  recovery remain t o  be considered. Since c02 and water content  

i n  cryogenic n i t r o g e n  i s  v i r t u a l l y  non-ex is tent ,  t he re  are no cos ts  connected 

w i t h  o r  co r ros ion  con t ro l .  However, t he re  w i  11 f requen t l y  be cos ts  

f o r  a  n i t r ogen  r e j e c t i o n  .p lant  t o  recover gases such as methane and butane 

and, i n .  some cases, . t o  r e c y c l e  t he  n i t rogen.  The cos ts  o f  such a  r e j e c t i o n  

p l a n t  vary w ide ly  and are very hard t o  estimate. The cos t  o f  r e j e c t i o n  p l a n t  

*Natural  Gas L i q u i d s  . -  



as a  component o f  t o t a l  i n j e c t i o n .  and recovery  cos ts  i s  es t imated  t o  be 

between 5  and 40 cents/MCF (28.32 m3) . -  Th i s  l a r g e  v a r i a t i o n  i s  a  r e s u l t  o f  

t h e  f o l  1  owing f a c t o r s  : 
. 0 Feed composi t ion o f  gas - a  C02 component can g r e a t l y  inc rease  costs .  

.Feed gas pressure. 

R e j e c t i o n  f a c i l i t y  must u s u a l l y  be i n t e g r a t e d  w i t h '  o t h e r  gas p rocess ing  
f a c i l i t i e s .  

Energy cos t  t o  power t h e  r e j e c t i o n  f a c i l  i ty .  

0 Composit ion . o f  recovered gas f r e q u e n t l y  changes d u r i n g  t h e  1  i f e  o f  t h e  . 

p r o j e c t ,  thus, changing t h e  r e j e c t i o n  p l a n t s  requi rements and costs.  

I n  o rder  t o  p rov ide  a  rough. es t imate  o f  c a p i t a l  investment expense, . t h e  
3  cos t s  f o r  a  25 'MMSCFD (0.71 MM m I d )  n i t r o g e n  r e j e c t i o n  p l a n t  a re  approximated 

below. Costs a re  f o r  a  p l a n t  b u i l t  on t h e  G u l f  Coast t h a t  w i l l  accept a  feed  

o f  produced gas c o n t a i n i n g  5-50 percent  N2 and 1.5 percent  C02. The feed 

pressure o f  t h e  recovered gas i s  assumed t o  be 800 p s i g  (5.5 MPa) w h i l e  t h e  

product  pressure.  i s  cons idered t o  be 1000 p s i g  (6.9 MPa). To ta l  c a p i t a l  

investment f o r  t h e  p l a n t  i s  es t imated  t o  range f rom $12 t o  $20 m i l  1  i o n  (Ref. 

5-9). The cos t  components a re :  

MEA U n i t  
Mo1 ecu l  a r  Sieve - U n i t  
Na tu ra l  Gas L i q u i d  (NGL) P lan t  
Cold Box 
Compression 

T0t.a 1  

Percentage 

15 
15 
25 . 

30 

I As p rev ious l y -  s ta ted ,  t o t a l  cos ts  may vary  s i g n i f i c a n t l y  f o r  p l a n t s ,  o f  

s i m i l a r  s ize.  For example, i f  t h e r e  were no C02 i n  t h e  gas, MEA would n o t  be 

needed and t h e  c o s t s o f  t h e  mo lecu la r  s i e v e  u n i t  would be much. lower. 1 f  t h e  

I feed and product  pressures .were d i f f e r e n t ,  compression cos t s  cou ld  change by a  

I f a c t o r  of two i n  e i t h e r  d i r e c t i o n .  S i m i l a r l y ,  cos t s  f o r  t h e  NGL f a c i l i t y  a re  

w i d e l y  v a r i a b l e  depending on t h e  s p e c i f i c a t i o n s  f o r  1 i q u i d  recovery  and t h e  1 .  I 
degree o f  separat ion.  F i n a l l y ,  d e t a i l s  o f  s i t e ' l o c a t i o n  can a f f e c t  a l l  o f  

these costs.  



A l t e r n a t e  sources o f  f l u e  gases f o r  use i n  EOR opera t ions .  are:  

0 Generat ion o f  f l u e  gas f rom combustion o r  i n c i n e r a t i o n  o f  l ean  gas o r  
o the r  f u e l ' i n  t he  b o i l e r  ( b o i l e r  gas) b u i l t  on t h e  s i t e  o f  t h e  recovery  
operat  i on. 

Generat ion o f  f l u e  gas (exhaust gas) frorn d i e s e l  and/or.  o t h e r  engines 
on s i t e  o f  t h e  recovery operat ion.  

Generat ion o f  f l u e  gas f rom an e l e c t r i c  u t i l i t y  ( o r  o the r  i n d u s t r i a l  
source) and p i  pe l  i n i  ng o f  t h a t  f l  ue gas t o  t h e  s i t e  o f ,  t he  recovery  
opera t ion .  

I Th i s  Sec t ion  at tempts t o  eva lua te  t h e  economics o f  t h e  these genera t ion  

processes t h a t  a re  p o t e n t i a l l y  use fu l  i n  EOR operat ions.  

An a r t i c l e  by K e i t h  Wilson (Ref. 5-2) i s  very  use fu l  i n  assessing t h e  

cos t s  o f  b o i l e r  and exhaust gas operations'. Exhaust gas and b o i l e r  gas 

systems (Exhi ,bi ts 5-5 and 5-6) are s i m i l a r  i n  des ign bu t  d i f f e r  i n  components 

and i n  s i z e  o f  operat ion.  The former u t i l i z e s  t h e  exhaust f rom d i e s e l  and/or 

~ o t h e r  o n - s i t e  engines a-s energy sources, w h i l e  t he  b o i l e r  gas system r e q u i r e s  

1 t h e  i n s t a l l a t i o n  o f  a combustion chamber t o  generate t h e  i n e r t  ga.s .used i n  
1 r ecovery  operat ions.  Both processes generate f l u e  gas th rough t h e  combustion 

o f  such products  as n a t u r a l  gas, coa l  , d i e s e l  f u e l ,  o r  gas01 ine. The sources 
I 

o f  such raw m a t e r i a l s  are,  o f  course, l e s s  re1  i a b l e  than  a i r  r e q u i r e d  f o r  t h e  

c ryogen ic  n i  t r o y e n  generat ion. However, sources o f  f u e l  gas a re  general  l y  

more s e n s i t i v e  t o  economic cons ide ra t i ons  than  t o  an a c t u a l l y  1 , imi ted supply. 

E x h i b i t  5-7 d i s p l a y s  ranges o f  f i x e d  cos t s  t h a t  opera to rs  o f  va r ious  s i zed  . 

f l u e  gas op.erations cou ld  expect t o  i ncu r .  Costs a re  i n  1978 ' d o l l a r s  and 

assume a d e l i v e r y  pressure o f  .3000 p s i g  (20.7 MPa) and a p r o j e c t  d u r a t i o n  o f  

t e n  years.  Because o f  t h e  d i f f e rences  i n  system des ign and expense, b o i l e r  gas 

i s  probably  i m p r a c t i c a l  i n  opera t ions  t h a t  u t i l i z e  l e s s  . t han  30 ,MMSCFD (.85 MM 
3 m / d ) ,  w h i l e  t h e  l a r g e s t  p r a c t i c a l  gas engine exhaust t r a i n  i s  e f f i c i e n t  f o r  . 

l e s s  than  10 MMSCFD (.2832 hM m3/d). Both systenls r e q u i r e  t h a t  t,he gas stream 

be dryed be fo re  i n j e c t i o n  i n t o  t h e  r e s e r v o i r  i n  o rde r  t o  c o n t r o l  t h e  c o r r o s i v e  

na tu re  o f  t h e  gas o'xide components. However, once t h e  gas i s  i n j e c t e d  i n t o  

t h e  r e s e r v o i r ,  i t  may come i n t o  c o n t a c t  w i t h  w a t e r ,  t h u s ,  p o t e n t i a l l y  

rev.i t a l  i z ing  i t s  c o r r o s i v e  components and s u b j e c t i n g  product  i o n  we1 1's t o  

p r o b l e m s  o f  Cop and NOx cor ros ion .  Corros ion problems may be g r e a t l y  
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E x h i b i t  5-6 Schematic Diagram o f  F lue  Gas ( ~ n g i n e  Exhaust Gas) 
Generat ion Process 
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B o i l e r  F l ue  Gas f a c i l i t y  capac i t y ,  MMscfd 

S I  M e t r i c  convers ion  Fac to rs  

p s i  x '6.894757 E - 03 = MPa 

SCF x 2.831 685 E - 02 = m3 

E x h i b i t  5-7 F ixed  Cost - B o i l e r  F lue 'Gas Generat ion 

Source: Ref. 5-2 



exacerbated i f  equipment ma1 f u n c t i o n s  a1 low the  presence o f  1  i q u i d  i n  t h e  

i n j e c t i o n  phase. I n  a d d i t i o n ,  t h e  use o f  some f u e l s  as an energy source may 

r e q u i  r e  environmental  c o n t r o l  systems i n  o rder  t o  s a t i  s f y  ambient a i  r qua1 i t y  

standards. 

The cos ts  o f  t h e  energy used t o  generate f l u e  gas w i l l  f r e q u e n t l y  exceed 

t h e  f i x e d  c o s t s  o f  t h e  f l u e  gas pr'ocess. E x h i b i t  5-8 e s t i m a t e s  t h e  

approximate energy cos t s  o f  f l u e  gas i n j e c t i o n  as a f u n c t i o n  o f  t h e  u n i t  p r i c e  

o f  n a t u r a l  gas burned. An i n j e c t i o n  pressure o f  3 0 0 0  p s i g  (20.7 MPa) i s  

assumed. The cos ts  o f  n a t u r a l  gas can serve as a rough a p p r o x i ~ ~ ~ a t i v n  o f  

energy cos ts  assuming t h e  use o f  a l t e r n a t i v e  f u e l s  such as d i e s e l  o r  gasol ine.  

Note t h a t  f l u e  gas p l a n t s  ( b o i l e r )  have i n e r t  gas t o  f u e l  r a t i o s  o f  5.5 o r  6 

t o  one (based on t h e  exper ience o f  ARCO's Block 31 and Exxon's Hawkins 

opera t ions) .  Compared to .  t he  8.5 t o  one r a t i o  common f o r  c ryogen ic  i n j e c t i o n  

opera t ions ,  t h e  b o i l e r  f l u e  gas process i s  a  very i n e f f i c i e n t  conve r te r  o f  

energy. The range o f  t o t a l  f l u e  gas i n j e c t i o n  cos t s  f o r  bo th  b o i l e r  and 

exhaust gas opera t ions  can be approximated by adding t h e  f i x e d  cos t s  ( E x h i b i t  

5-7) and energy cos ts  ( E x h i b i t  5-8) f o r  any s i z e  f a c i l i t y .  Assuming a n a t u r a l  

gas p r i c e  o f  $2 .50 /mi l l i on  B tu  t h e  t o t a l  i n j e c t i o n  cos t s  f o r  a  40 MMSCFD (1.13 
3 MM m I d )  b o i l e r  f l u e  gas f a c i l  i t y  w i l l  range f rom 75 t o  82 cents/MCF (2.649 t o  

3  3 2.896 cents/m ). The cos t s  f o r  a  80 MMSCFD (2.265 MMm I d )  i n j e c t i o n  f a c i l i t y  
3  decrease t o  a  range o f  66 t o  72 cents'/MCFD (2.33 t o  2.543 cents/m ). 

The l ack  o f  sca le  economics i n  exhaust gas processes probably  make a l l  b u t  

t h e  sma l les t  opera t ions  uneconomical. The t o t a l  i n j e c t i o n  cos t s  o f  a  10 

MMSCFD (.283? MM m3/d) f a c i l i t y  range f rom 61 t o  66 cents/MCFD (2.154 t o  2.33 
3 cents/m ). 

The i n j e c t i o n  cos t  ranges quoted above a re  very  rough approximat ions. The 

c o s t  o f  any one i n j e c t i o n  f a c i l i t y  w i l l  vary  as a f u n c t i o n  o f  a  hos t  o f  

f a c t o r s  i n c l  ud ing  l o c a t i o n  and r e s e r v o i r  c h a r a c t e r i s t i c s .  However, these 

approx imat ions do p rov ide  a b a s i s  f rom which'more d e t a i l e d  cos t  analyses cou ld  

be generated. 

I n  a d d i t i o n  t o  i n j e c t i o n  c9s ts ,  t h e r e  a r e  spec ia l  recovery.  cos t s  t h a t  can 

be reasonably  expected i n  f l u e  gas ( b o i l e r  and. exhaust)  operat ions.  Problems 

o f  c o r r o s i o n  and environmental  . c o n t r o l  cou ld  add substant ia.1 cos t s  t o  t h e  

operat ion.  I n  addi , t ion,  s ince  n i t r o g e n  w i  11 be t h e  dominant recovered i n e r t  

.gas, a  cryogenic  u n i t  f o r  n i t r o g e n  r e j e c t i o n  wi 11 be - r equ i  r e d  t o  mai n t a i  n  t h e  

h e a t i n g  va lue o f  t h e  sa les  gas. T h i s  w i l l  add cons iderab ly  t o  gas t r e a t i n g  

costs .  

92' 



F lue  Gas va iue,  $/blMGtu 

' S I  Metr ' ic  Conversion Fac to rs  

p s i  x 6.894757 E - 03 = MPa 

.SCF x 2.831 685 .E - 02. = m 3. . ,' 

E x h i b i t  5-8 ' Energy Cost - F lue  Gas Generat ion F a c i l  i . t i e s  
as a Func t i on  o f  Na tu ra l  Gas P r i c e  

. . 
Source: Ref .  5-2 and 5-9 



The u t i l i z a t i o n  o f  f l u e  gas recovered from. power p l a n t s  and p iped  t o  t h e  

f i e l d  has been suggested as a v i .ab le  p roduc t i on  a l t e r n a t i v e  i n  EOK 'operat ions. 

I t s  v i a b i l i t y ,  though, i s  g r e a t l y  r e s t r i c t e d  because rnost l a r g e  f l u e  gas 

sources are e l e c t r i c  genera t ing  f a c i  1 i t i e s  t h a t '  a re  l o c a t e d  near 1  arge c i t i e s ,  

n o t  crude o i l  produc ing areas. S tud ies  (.Ref. 5-7) have shown t h a t  p ipe1 i nes  

o f  d is tances  g rea te r  than  10 m i l e s  (16.0km) would probably  be p r o h i b i t i v e  i n  

any f l u e  gas i n j e c t i o n  EOR p r o j e c t .  However, f o r  those i s o l a t e d  cases where 

o n l y  small. d i s tances  separate . t h e  f i e l d  and t h e  u t i l i t y ,  t h e  p i p e l i n i n g  o f  

f l u e  gas from power p l a n t  t o  f i e l d  may be economical. 

A study by Lawrence-A1 1 i son and Assoc ia tes (Ref., 5-7) conducted i n  1979 

f o r  DOE analyzes t h e  use o f  power p l a n t  f l u e  gas t o  generate C02 f o r  EOR 

operat ions.  Some o f  t h e  processes used and cos ts  descr ibed  a re  d i r e c t l y  

a p p l  i cab1 e t o  a  d e t e r m i n a t i o n .  o f  f l  ue gas. g e n e r a t i o n ,  compress ion ,  a'nd 

u t i l i z a t i o n  costs.  

The composi t ion o f  t h e  power p l a n t  f l u e  gas used i n  t h e  'ana lys is  i s :  

N i  t rogen 
Percentage 

74.62 
3.30 Oxygen 

Carbon D iox ide  12.27 
Water 9.80 
S u l f u r  D iox ide  .01 

.) 

I n  o rder  t o  u t i l i z e  f l u e  gas as a f l o o d i n g  mechanism' i n  EOR opera t ions ,  

a1 1 water  must be removed. Other c o n d i t i o n i n g  i s  no t  necessary s i nce  s u l f u r  

compounds a re  no t  c o r r o s i v e  i n  t h e  absence o f  water. E x h i b i t  5-9 shows t h e  

process used t o  compress, dry,  and t r a n s p o r t  t h e  f l  ue gas. 

The c a p i t a l  cos t s  of compressing and d r y i n g  t h e  f l u e  gas i n  p repa ra t i on  

f o r  p i  pe l  i n e  t r ansm iss i  on i s  es t imated  t o  be approx imate ly  $8.5 m i l  1  ion.  The 

c a p i t a l  cos ts  o f  b u i l d i n g  a 9 m i l e  (14.5 km) l o n g  p i p e l i n e  t o  d e l i v e r  t h e  f l u e  

gas i s  es t imated  a t  $45/ foot  ($137.16/m) o r  more than  $2 m i l l  i o n  t o t a l .  It 

should be noted t h a t  t h e  cos ts  o f  p i p e l i n e  c o n s t r u c t i o n  a re  very  s e n s i t i v e  t o  

t e r r a i n  and cou ld  be more than  doubled. However, assuming t h e  bas i c  economic 

parameters o u t l i n e d  above and t h e  a m o r t i z a t i o n  of p i p e l i n e  equipment over a  10 

yea r  per iod ,  t he  t o t a l  cos t  o f  f l u e  gas i n j e c t i o n  from t h i s  process and 
3 

p i  pe l  i n e  s t r u c t u r e  i s  approxim-ately 71 cents/MCF (2.5 cents/m ). Th i s  c o s t  

f i g u r e  i m p l i e s  t h a t  f o r  i s o l a t e d  cases where t h e  opera to r  and power p l a n t  a re  

i n  c l ose  p rox im i t y ,  p i p e l i n i n g  u t i l i t y  generated f l u e  gas may be a v i a b l e  

economic a1 t e r n a t i  ve. 

9  4 



~xhibit 5-9 Schematic Diagram of Flue Gas Processing for EOR 

Source: Ref.. 5-7 



5.3 COST COMPARISON OF N2/FLUE GAS INJECTION FOR EOR 

E x h i b i t s  5-10 and 5-11, d i s p l a y  t h e  ranges o f  f i x e d  cos ts  and energy cos t s  

ope ra to r s  of cryogenic ,  exhaust f l u e  gas, and b o i l e r  f l u e  'gas i n j e c t i o n  

p ' ro jec ts  can expect t o  incur .  E x h i b i t  5-12,compares t h e  t o t a l  cos t s  f o r  these  

t h r e e  p rocesses  assuming a  p e r  u n i t  c o s t  o f  e n e r g y  ( n a t u r a l  gas)  o f  

$2.50/MMBtu (.237 cents/Mega Jou le ) .  Costs are adopted f rom Ref. 5-3 and Ref. 

5-9 and are presented f o r  d i f f e r e n t  s i zed  f a c i l i t i e s .  Costs a re  based on a  10 

yea r  p r o j e c t  1  i f e  and a  d e l i v e r y  pressure o f  3000 p s i g  (30.7 MPa). The cos t s  

o f  p ipe1 i n i n g  f l u e  gas recovered are no t  inc luded.  

The summation o f  f i x e d  cos ts  and energy cos ts  rough'ly approximates t h e  

t o t a l  cos ts  o f  i n j e c t i o n .  I n  terms o f  f i x e d  cos ts ,  o n l y  i n  t h e  2q t o  70 
3 MMSCFD (0.5 t o  2 MM rn I d )  r ange  does t h e r e  appear* t o  be s i g n i f i c a n t  

d i f fe rences  i n  t h e  cos t s  o f  t h e  ' th ree  processes. The c ryogen ic  process seems 

.' 1  i k e l y  t o  represent  t h e  lower; range o f  f i x e d  cos t s  f o r  a l l  b u t  t he  sma l l es t  

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

repre,sents t he  most competi t i  ve a1 t e r n a t i  ve. W i t h i n  a  framework where energy 

: . c o s t s , . v a r y  s i g n i f i c a n t l y  by' r e g i o n  and by t y p e .  o f  f u e l  used, t h e  f l e x i b i l i t y  

of t h e  Cryogenic process i n  terms o f  i t s  source and supply  parameters g r e a t l y  

i n c r e a s e s  i t s  economic v i a b i l i t y .  The t o t a l  cos t s  o f  ,any o f  t he  t h r e e  

processes are very compe t i t i ve  w i t h  C02 i n j e c t i o n  costs .  It i s  probable t h a t  

i n  many cases n i t r o g e n  o r  f l u e  gas would be l e s s  c o s t l y  than  C02. 
1. . . 

5.4 CONCLUSIONS . . 
. 0 . - - .  * 

a I n  vi'ew o f  t h e  above cons idera t ions ,  i t  seems probable t h a t  n i t r o g e n  
and f l u e  gas i n j e c t i o n  cos ts  compare very f avo rab l y  w i t h  CO i n j e c t i o n  
cos t s  - and i n  f a c t  , a r e  cheaper by 30 t o  60 percent.  $owever,  a  
d e t a i l e d  cos t  a n a l y s i s  should be c o ~ u c t e d  t o  determine t h e  cos t  o f  
n i t r ogen ,  f l u e  gas, and C o p  per  bb l  (m ) o f  a d d i t i o n a l  o i  1  recovered. 

. ". 

a N i t r o g e n i s  more r e a d i l y  a v a i l a b l e  than  

a Flue  gases would o n l y  b e .  economical i.n reg ions  c l ose  t o  i n d u s t r i a l  
p l an t s ,  o r  a t  i n  s i t u  combustion o i l  f j e l d  operat ions.  

It i s  'recommended t h a t  a  de ta i l ' ed  cos t  a n a l y s i s  be performed i n  o rde r  t o  

determine t h e  r e l a t i v e  cos t s  o f  n i t r o g e n  and f l u e  gases f o r  s p e c i f i c  cases. 

It i s  a l s o  recommended t h a t  an economic a n a l y s i s  o f  f l u e  gas ob ta ined  f rom t h e  

byproducts  o f  va r i ous  f o s s i l  f u e l  s  and chemical i n d u s t r i e s  be performed. 

9 6  



S I  M e t r i c .  convers ion  Fac to r s  

p s i  x  6.894757 E - 03 =. MPa 

SCF x 2.831685 E - 02 = m 3 

E x h i b i t  5-10 F i xed  Cost - N 2  and 
F lue  Gas P roduc t i on  F a c i l i t i e s  

Source: !:ef. 5-2 



Natural gas value, $/MMBTU OGJ 

SI Metric Conversion. Factors  
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Exhibi t  5-11 ~ n e r g ~  Costs. - Ni'trogen and 
Flue Gas P r o d u c t i o n ' F a c i l i t i e s .  . 

source:  ~ e f .  5-2, 5-9 '  . 
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6.  DISCUSSION ON P R ~ C E S S  AND RESERVOIR PAR'AKETERS 

6.1 PROCESS PARAMETERS 

L 

The parameters o f  i n t e r e s t  a re  dependent on t h e  t ype  o f  process t o  be 

used. N i t r ogen '  and f l  ue gas a re  appl  i c a b l e  i n  t h e  f o l l o w i n g  processes: 

r Gas Cycl i n g  

The p r o c e s s  and r e s e r v o i r  p a r a m e t e r s  . . c o n s i d e r e d  i n  t h i s  r e p o r t  a r e  

r e s t r i c t e d  t o  those d i r e c t l y  i n v p l  v i n g  gas' i n j e c t i o n  processes. In .  general  , 
these parameters a re  d e r i v e d  f rom t h e  phys i ca l  and chemical p r o p e r t i e s  o f  the '  

gas, t h e  r e s u l t s  o f  l a b o r a t o r y  exper iments,  and f i e l d  t e s t s .  

' p ressure  Mai nterlance \ 

A t t i c  O i ' l  Recovery 

e -  High Pressure M i  s c i  b l  e  D i  sp l  acement . 

e U r i v i n g  Gas f o r  CCJ2 S lugs 

0 Foam ~ r a c t u r i  ny 

. . 
8 Gas L i f t  

P rocess  p a r a m e t e r s  and t h e i r  s i g n i f i c a n c e  w i t h  r e s p e c t  t o  EOR' a r e  

d iscussed below: 

Process. Parameters '  S i g n i f i c a n c e  .References 

' V i s c o s i t y  o f  i n j e c t i o n  N i t r o g e n  has a  v i  scos i  t y  6.1 
gas ' fac to r  t h e  ' same o rde r  

o f  magnitude as t h a t  of : t h e  gas-cap ( n a t u r a l  gas) 
gas. 

Format ion vo l  ume . f a c t o r  
o f  an i n j e c t i o n '  gas. 
I n  general  , a 1  a rge r  
volume o f  n a t u r a l  gas 
w i  11 be ' d i  sp1,aced f rom 
a  r e s e r v o i r  t han  t h e  ' '. 

V O ~  ume o f  N2 o r  f l u e  
gas t h a t  i s  i n j e c t e d .  

NZ occup ied  38 pe rcen t  
more pore space per  u n i t  
vo l  unie than  i n - p l a c e  gas, 
and t h e  f l u e  gas d i sp l aces  
18 percent  more pore 
space than  i n - p l a c e  gas. 



F lue  gas can cause 
c o r r o s i o n  and f o u l  i ng 
problenis, dependi ng on 
t h e  composi t ion o f  
t h e  gas. 

F lue  gases must be d r i e d  6.4,6.5, 
t o a v o i d c o r r o . s i o n ;  i n t r o -  6.6,6.7 
d u c t i o n  o f  mo is tu re  a t  any 
p o i n t  promotes c o r r o s i o n  
o f  i n j e c t i o n  and p roduc t i on  
equi  pment . 
A su l fur - removal  p l a n t  f o r  
t rea tment  o f  r e s i d u a l  gas 
p r i o r  t o  combustion i n  t h e  
f l u e  gas generator  may be 

' 

r e q u i r e d  t o  avo id  t h i s  
problem. A  c a t a l y s t  o r  a ; ~ 
chemical compound such as 
NH OH may be used t o  n e u t r a l l z e  
ca?bonate and n i t r i c  acids.  
kmmoni urn. carbonate p l  uggi  ng 
may be a problem over 600 p s i  
(4.14 MPa) i n  coolers .  

High f lame temperature Flame temperatures may be ' 6.4 . 
i n  engines t o  produce , lowered by c y c l  i rig t h e  

exhaust gas. exhaust gas may p ro -  
duce n i t r o g e n  oxides, \.. - 
and f i n a l l y  n i t r i c  . . - 
a c i d s ' t h a t  cou ld  be 
c o r r o s i  ve. 

\ 

F l ue  gas f l o o d i n g  
has prov ided posi  t i ve 
r e s u l t s  f o r  10 t o  25 
degrees A P I  crudes 
hav ing  v i s c o s i t i e s .  , 

o f  over  100 c e n t i -  
po ise  (.01 Pa.s). 

Th i s  may be a i t r i b u t e d  t o  
t h e  s o l u t i o n  o f  C02 
components o f  f l  ue gas 
i n  o i l .  

F lue  Gas Components I n j e c t i o n  we1 1 p lugg ing  6.9 
can occur due t o  
coiilpressor 1  u b r i  can ts  
and FeS formed by t h e  

2 ' 
m i x i  ng o f  f 1  ue gas and 
sour crude i n  t h e  i n j e c -  
t i o n  we l l .  

Under some .condi - 
t i o n s ,  f l u e  gas i n -  
~ e c t i o n  may cause 
t i g h t  emulsion f o r -  
mation. 

N i t r ogen  a c t s  as a  
source o f  energy 
w i th . in  i n j e c t e d  
f l u i d s ;  N2 a l s o  
p ressu r i zes  rese rvo i r s .  

Th i s  cou ld  be due t o  
r e a c t i o n s  o f  gas com- 
,ponents o f  f l u e  gas w i t h  
f o rma t i on  rock  and/or 
pet ro leum cons t i t uen t s .  

An inc rease  i n  r e s e r v o i r  
pressure increases .the 
p roduc t i on  1  i f e  o f  a  
r e s e r v o i r .  



Ni t rogen  i s  m i s c i b l e  
w i t h  o i l  a t  h i g h  
pressures (genera l  l y  
over  ,4000 p s i  o r  27.58 
MPa) .. The m i  s c i  b i  1  i t y  
pressure.  i s  h i g h l y  
dependent .on t h e  
r e s e r v o i r  f l u i d s .  

The a h i l  i t . y  o f  h igh-  
pressure gas d r i v e  
processes t o  form a  
c o n d i t i o n a l  l y  m i s c i b l e  
zone i s  dependent on: 
- c rude ' s  i n te rmed ia te  

(C -C ) con ten t  
- prGcePs e f f i c i e n c y  

decreas ing w i t h  
decrease i n  pressure 

- i n s t a b i l i t i e s  i n  
t r a n s i t i o n  zones 

- r e s e r v o i r  f r a c t u r e s  
i n  va r i ous  s t r a t a .  

I n  genera l ,  pressure 
requ i  rements f o r  
m i sc i  b i l  i t y  o f  N a re  
h i ghe r  t han  f o r  i i s c i -  
b i l i t y  o f  CU2 i n  o i l .  

The f l u e  gas m i s c i b l e  
d r i v e  process works i n  a  
s i m i l a r  manner t o  t h a t  o f  
CO m i s c i b l e  d r i ve .  Th i s  
pr&ess w i l l  leave a  heavy 
r e s i d u a l  o i l  s t r i p p e d  o f  
i t s  l i g h t  coii~ponents. I n  
a  l a b o r a t o r y  t e s t  us i ng  N2 
as a t  i n j e c t i o n  gas i n  a  
54.4 API o i l  t h a t  had a  
gas o i l  r a t i o  (GOR) g f  
700 SCFIbbl (124.7 m /m ) ,  
had an inc rease  i n  recovered 
o i l  w i t h  an inc rease  i n  
i n j e c t i o n  pressure. 

N i t r ogen  i s  an ' e f f e c t i v e  . N i t r o g e n  can be e a s i l y  6.3, 6.17 
d i s p l a c i n g  gas f o r  removed f rom t h e  produced 
condensate r e s e r v o i r  gas t o  inc rease  i t s  B tu  
c y c l  i ng. content .  

N i t r ogen  has a  f avo rab le  Genera l l y  l i g h t e r  t han  t h e  . 6.1, 6.15 
d e n s i t y - g r a v i t y  f a c t o r .  gas-cap gas. 

Ni tro,gen - i s  more so lub le  Grea te r  than  35' API o i l .  6.1, 6.18 
i n  l i g h t  (h ' igher API 
g r a v i t y )  o i  1  s. 

Pressure and sa l  i n i  t y  N  i s  l e s s  so l  ub le  i n  water  6.2 
a re  impor tan t  i n  t h e  a6d b r i n e s  than  f l  ue 

. . s o l u b i l i t y  o f  N i n  gas and carbon d iox ide ,  
water and b r i  nez. 

Other process parameters t h a t  are impor tan t  t o  n i t r o g e n  o r  f l u e  gas 

i n j e c t i o n  i nc l ude :  

0 Blowdown e f f e c t s  and t im ing .  

0 Fuel o r  energy requirements f o r  t h e  p roduc t ion  o f  i n j e c t i o n  gas. 

Uddi t i  onaS absorbed capac i t y  r e q u i  rements. 

0 Ni t rogen .  removal f rom produced gas and t h e  c a p a c i t y  o f  c ryogen ic  p l a n t  
t o  remove n i t rogen .  



6.2 RESERVOIR PbRAMETERS 

Reservo i r  parameters a1 so p l a y  an impo r tan t  r o l e  i n  t h e  a p p l i c a b i l i t y  o f  a  

s p e c i f i c  process t o  a  s p e c i f i c  r e s e r v o i r .  Keservo i  r paran~eters  and t h e i r  

s i g n i f i c a n c e  w i t h  respec t  t o  s p e c i f i c  gas i n j e c t i o n  processes a re  d iscussed 

be1 ow. 

K e s e r v o i r  Parameters S i g n i f i c a n c e  References . 

Temperature 

P o r o s i t y  

P e r m e a b i l i t y  

Connate Water 

N i t r ogen  compress ib i l . i t y  i s  l e s s  6.2,. 6.7, 6.16 
temperature dependent - than CU2 o r  
methane. Lower temperatures r e q u i  r e  
tl'i gher gas i n j e c t i o n .  . . 

1 f . a v e r a g e  ne t  p o r o s i t y  i s  considered, 
n i t r o g e n  and f l u e  gas f l o o d i n g  
would be appl i c a b l e  i n  a  r e s e r v o i r  
t h a t  i s  s u i t a b l e  f o r  C02 f l ood ing .  , 

Heav i l y  f r a c t u r e d  r e s e r v o i  r s  a re  no t  
des i  r a b l  e. Reservoi  r s  w i t h  cons i  s t e n t  
p o r o s i t y  (homogeneity), a re  des i r ab le .  

The a v e r a g e ' h o r i z o n t a l  p e r m e a b i l i t y  6.19 
and t h e  re1  a t i  ve permeabi 1  i t y  behavi o r  
o f  a  r e s e r v o i r  a re  impor tan t  parameters 
i n  de te rmin ing  t h e  a p p l i c a b i l i t y  o f  a  
gas i n j . e c t i o n  process. Reservo i r  
he te rogen i t y  i s  ve ry  impo r tan t  as it 
a f f e c t s  t h e  conformance o r  v e r t i c a l  
sweep e f f i c i e n c y  o f  t h e  f l ood .  High 
p e r m e a b i l i t y  zones i n  a  r e s e r v o i r  c o u l d  
r e s u l t  i n  h i g h  m o b i l i t y ,  r e s u l t i n g  i n  
e a r l y  break th rough  and l ow  sweep. I n  
general  , gas i n j e c t i o n  processes can. 
be a p p l i e d  i n  lower  permeabi l   it^-^ . . 

r e s e r v o i r s  (cv lOmd o r  9.87 x 10 1-lrn ) 
t han  can c  emical  f l o o d i n g  (tu 50 md o r  
49.3 x lo-' And thermal r ecove ry  
( ~ 3 0 0  md o r  296.1 .x 10-3 prn2). :Frbccsses. 

S a l i n i t y  and t h e  compos i t i on  o f  connate 
water  a re  impo r tan t  i n  gas i n j e c t i o n  
processes. . These a re  more impo r tan t  
i n  f l u e  gas i n j e c t i o n  processes, 
because t h e  r e a c t i o n  o f  t h e  f 1  ue gas 
and connate water  cornponents can r e a c t  
t o  forin compounds t h a t  may p l u g  a 
r e s e r v o i  r. 



S a t u r a t i o n  Pressure 

Pressure 

Crude O i l  
Composit ion and 
P r o p e r t i e s  

Crude V i s c o s i t y  . . , 

and G r a v i t y  

s a t u r a t i o n  pressure i s  impor tan t  i n  6.16 
de te r r~ l i  n i  ng i n j e c t i o n  pressure, 
and whether t h e  yas dr i .ve w i l l  be 
lni s c i b l e  o r  non-mi s c i  b le .  

N i t r ogen  and methane v i s c o s i t i e s  
a re  o f  t h e  same o rde r  o f  magnitude, 
t o  6000 p s i g  (41.37 MPa). 

The s o l u b i l i t y  o f  n i t r o g e n  i n  water 6.2, 6.6, 
and b r i n e  i s  pressure s e n s i t i v e .  4.20, G.15, 

6.16, 6.17 

The N2 dew p o i n t  change i s  more 
pronounced than  t h a t  f o r  n a t u r a l  
gas, g iven  a  s i m i l a r  pressure 
d i f f e r e n t i a l .  

The m i s c i b i l  i t y  pressure o f  an i n j e c t e d  
yas i s  h i g h l y  dependent on t h e  
r e s e r v o i r  depth and pressure. 

7he slow 1  oss o f  bottomhol e  pressure 
i s  advantageous .as. i t  w i  11 no t  r e q u i r e  
a  l 'a rge volurne o f  i n j e c t i o n  gas f o r  t h e  
r e b u i l d - u p  o f  pressure due t o  process 
equipment f a i l u r e .  Thus, i t  w i l l  a l l o w  
f o r  down-time o f .  process equipment w i t hou t  
a  b i g  penal ty .  

' I f  r e s e r v o i r  pressure drops below 
t h e  bubble p o i n t  o f  t h e  i n j e c t i o n  
gas, phase sepa ra t i on  w i l 1 ,occu r .  

N2 o i l  n ~ i s c i b i l i t y  occurs i f  t h e  6.6, 6.16 
crude con ta ins  s u f f i c i e n t  i n t e r -  
medi a tes  (c2-C6). The mi s c i  b i  1  i t y  
i s  be l i eved  t o  be due t o  t h e  vapor 
e x t r a c t i o n  phenomena. 

Low v i s c o , s i t y  and h i g h  UP1 ' g rav i t y  o i l s  
a re  p r e f e r r e d  f o r  N2 i n j e c t i o n  
processes,. 

The v i 'scos i  t i e s  and A P I  g r a v i t i e s  6.1.9 
s u i t a b l e  f o r  COr m i s c i b l e  processes 
( l e s s  than 10 c$ (.001 Pa.S) and 
g rea te r  than  35 API) a re  a1 so' 
s u i t a b l e  f o r  n i t r o g e n  and f l  ue 
gas. f l  oudi  ng. 



Depth 

O i l  S a t u r a t i o n  

S t r a t i f i c a t i o n ' a n d  For  condensate r e s e r v o i r s  t h e  
F r a c t u r e  Hetero- un favorab le  i nc rease  i n  dew 
genei t y  p o i n t  due t o  n i t r o g e n . i n j e c t i o n  

i s  l i m i t e d  t o  those  areas where 
n i t r o g e n  con tac t s  o i  1. M i x i n g  
i s  i n f l u e n c e d  by:  
' - mobi 1  i t y  r a t i o s ,  

- 'mo lecu la r  d i f f u s i o n  and 
i r l t e r g r a n u l  a r  d i s p e r s i o n ,  

- pore s i z e  d i s t r i b u t i o n ,  
- changes i n  f l o w  p a t t e r n ,  and 
- change i n  r e s e r v o i r  pressure. 

A sha l l ow  r e s e r v o i r  w i l l  ,not t o l e r a t e  6.21, 6.19 
h i g h  pressures. The p r e f e r r e d  r e s e r v o i r  
depth f o r  C02 f l o o d i n g  i s  g r e a t e r  t han  
2500 f e e t  ( 760 m). F l  ue gas and 
n i t r o g e n  r e q u i r e  a  h i ghe r  pressure f o r  
m i  s c i  b l e  displacement.  T h i s  may r e q u i r e  
t h a t  t h e  r e s e r v o i r  be deeper , than  
3000 f e e t  ( 915 m). 

For  r e s e r v o i r s  hav ing  l e s s  t han  20 t o  
25 percent  o i l  s a t u r a t i o n  t h e  process 
may no t  be e f f ec t i ve .  Other r e s e r v o i r  
parameters t h a t  are impor tan t  f o r  N, .- 
and f l u e  gas i nc l ude :  

L i t h o l o g y  o f  t h e  reservo i r , ,  
Thickness o f  t h e  r e s e r v o i r ,  
Reservo i r  f l  u i d  p r o p e r t i e s  
(PVT r e l a t i o n s h i p ) ,  
Na tu ra l  water  d r i  ve, and 
Gas-cap. 

I n  genera l ,  t h e  most c r i t i c a l  r e s e r v o i r  parameters f o r  EOR gas recovery  

p r o c e s s e s  .when c o n s i d e k i  ng t h e  g a s / r e s e r v o i r  i n t e r a c t i o n  a r e  p r e s s u r e ,  

temperature,  permeabi 1  i t y ,  p o r o s i t y ,  and t h e  e f f e c t s  on pe t ro leu l r~  f l  u i d s  o f  

t h e  gas u t i l i z e d  a't va r i ous  pressures. 

Gas volumes r e q u i r e d  for i n j e c t i o n  w i l l  i nc rease  w i t h  lower  temperatures 

and pressures. When f l u e  gas i s  used, t h e  volume o f  LO2 absorbed by connate 

wa te r  i s  a. f a c t o r .  N i t r o g e n  co ,mpress ib i l i t y  i s  l e s s  temperature dependent 

t han  t h a t  for COZ. 

Both n i t r o g e n  and C02 can be used f o r  m i s c i  b l e  f l o o d i n g ,  a l though  n i t r o g e n  

r e q u i r e s  much h i ghe r  p ressures  f o r  m i s c i b i l  i t y .  I f  a  m i s c i b l e  d r i v e  i s  

i n d i c a t e d ,  c o n s i d e r a t i o n  should  be g i ven  t o  t h e  m i x i ng  o f  t h e  n i t r o g e n  w i t h  

r e s e r v o i r  f l u i d s .  M i x i n g  and t h e r e f o r e ,  mi s c i  b i l  i ty, w i l l  be enhanced by 



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

. l i q u i d - d r i v e n  phase. I f  r e s e r v o i r  pressures drop below t h e  bubble p o i n t  o f  

' t he  gas be ing  used, phase separa t ion  w i l l  occur. F l i s c i b i l  i t y  pressure i s  a1 so 

dependent on r e s e r v o i r  temperature. For  an o i l  o f  a g i ven  composit ion, 

m i s c i  b i  1 i t y  pressure increases . as systems 'temperature increases. 

Shal low r e s e r v o i r s  w i l l  no t  t o l e r a t e  h i gh  i n j e c t i o n  pressures, so t h a t  a 

m i s c i b l e  d r i v e  us ing  f l u e  gas (13% C02) i s  more advantageous than  t h a t  us i ng  

n i t rogen .  F lue  gas f l d o d i n g  con be, a p p l i c a b l e  i n  (25' API g r d v i t y  o i l s .  

Gas condensate r e s e r v o i r s  w i t h  1 i q u i d  con ten ts  g rea te r  than  100 bbl  /MMCF 
3 3 (560 m /MMm ) should . be cons idered f o r .  pressure maintenance by n i t r o g e n  

i n j e c t i o n .  S o l u t i o n  gas d r i v e  r e s e r v o i r s  w i t h  g rea te r  than  35' API g r a v i t y  

o i l  should be cons idered f o r  m i s c i b l e  displacement by N2 f l ood ing .  
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7 .  COMPARISON .AND CONCLUSIONS 

I n  comparing n i t r o g e n  and f l u e  gas f l o o d i n g  w i t h  r espec t  t o  ' ~ 0 ~  CUR',. 

emphasis i n  t h i s  r e p o r t  has been g i ven  , t o :  . . 

e Comparison o f  'source, supply,  and cos t ;  

a comparison o f  phys i ca l  a n d  chcmical  p r o p c r t i c s ;  and , . 

0 Comparison o f  process performance us i ng  n i t r o g e n ,  f l u e  gas, o r  C02 
. based on 1 abo ra to r y  and f i e l d  data. 

N i t r ogen  has been cons idered is' pure 'gas (99.995 percen t  p u r e )  -ob ta ined  by 

methods such as c ryogen ic  separat ion.  F l ue  gas can be obta ined '  f rom v a r i o u s ,  

sources and i t s  coniposi t ' i o n  v a r i e s  from. 10 t o  15 percen t  CO 80 t o  8 5  percen t  2  ' 
n i t r ogen ,  w i t h  t h e  reniai nder be i  ng o t h e r  gases o r  i m p u r i t i e s  (dependi  ng. on t h e  

4' ' 

source j . 
The major d i s t i n c t i o n  between t h e  phys i ca l  and chemical . p r o p e r t i e s  o f  

n i  t.rogen and C02 . a re  d i  scussed. ' The p r o p e r t i e s  o f  a  f l  ue gas l i e  between 

these  two, depending on i t s  cosposi  t i o n .  The major '  d i f f e rence ' s  be tween C02 

and N2 l i e  i n  t h e i r  vo l ume t r i c ,  m i s c i b i l i t y ,  v i s c o s i t y ,  and g r a v i t y  f a c t o r s .  
. . 

These .are d i  scussed be1 ow. 

a Ni t r ogen  has a c o m p r e s s i b i l i t y  f a c t o r  t h a t  i s  t h r e e  t i m e s  t h a t  o f  C02 
. a t  average r e s e r v o i r  temperatures and pressures.  . . . 

~ i t r o g e n  i s  r e l a t i v e l y  i n s o l u b l e  i n  most f l u i d s  w h i l e  C02 i s  s o l u b l e  i n  
r e s e r v o i r  f l  u ids.  

. . 

a CO i s  somewhat m i s c i b l e  w i t h  o i l  ( m i s c i b i l  i t y  i s  dependent on' o i l  
co6posi  t i o n  and r e s e r v o i r  p ressure )  as i s  n i t rogen .  However, n i t r o g e n  
re 'qu i res a  h i ghe r  m i s c i b i l  i t y  pressure than  CO , g iven  a s p e c i f i c ,  o i l .  
F i r s t  con tac t  m i  s c i  b i l  i ty occurs  w i t h  C02 3 n r e s e r v o i r  . condensate 

. f l u i d s  a t  pres.sures o f  >4000 p s i  (27.58 MPa); f i r s t  con tac t  m i s c i b i l  i t y  
'between' n i t r o g e n  and o i l  does no t  occur  below 6000 ,ps i  (41.37 MPa). 

a Lab . s t ud ies  have shown t h a t  'heavy crudes w i l l  no t  be good cand ida tes  
f o r  m i s c i b l e  displacement w i t h  n i t rogen .  Crudes of 35' API and h i g h e r  
make b e t t e r  p rospec ts  f o r  m i s c i b l e  d i  s ~ l  acement . w i t h  h i  gh pressure 
n i t r o g e n  i n j e c t i o n .  

. N2 i s  i n e r t  and non- tox ic ;  C02 i s  no t  i n e r t .  C02 i s  c o r r o s i  ve i n  t h e  
presence o f  an aqueous phase. F lue  gas i s  g e n e r a l l y  more c o r r o s i v e  

t h a n  CUZ. F l ue  gas p l a n t s  s u f f e r  c o r r o s i o n  problems a t  s t a r t - u p  due t o  
mo i s t  a i r .  



0 N2 i s  g e n e r a l l y  l e s s  dense than  t h e  gas-cap gas; Cop i s  more dense 
under i n j e c t i  on cond i t i ons .  

0 C02 increases t h e  o i l  volume th rough  s o l u b i l  i z a t i o n  by 10 t o  40 
percent ;  n i t r o g e n  e f f e c t s  on o i l  volume a re  n e g l i g i b l e .  ( 0  t o  2  percen t ) .  

a C02 reduces o i  1  v i s c o s i t y  much more than  does N. . CO. i s  a1 so r e p o r t e d  
t o  reduce t h e  v i s c o s i t y  o f  heavy o i l s  ( l e s s  t h a A  25' ~ $ 1 ) .  

N  and f l u e  gas a re  much more r e a d i l y  a v a i l a b l e  t han  C02. N  can be 
p?oduced f r i m  a i r  us i ng  c ryogen ic  p lan ts .  F l ue  gas can 'be made 
a v a i l a b l e  f rom var ious  f o s s i  1  f u e l  p l a n t s ,  and chemical i n d u s t r i e s .  
Cryogenic n i t r o g e n  processes a re  env i r onmen ta l l y  nondes t ruc t i ve .  

0 N2 i s  b e t t e r  f o r  ' p r e s s u r e  m a i n t a i n e n c e  and gas c o n d e n s a t e  d r i v e  
r e s e r v o i r s  than  C02 o r  f l  ue gas because i t  i s  l e s s  s o l u b l e  and r e q u i r e s  
l e s s  i n j e c t i o n  gas. The l a t t e r  two a re  s o l u b l e  bo th  i n  o i l  and connate 
water. \ 

\ . . 
More C02 i s  r e q u i r e d  t o  p ressu r i ze  a  r e s e r v o i r  than  t h a t  ' r e q u i r e d  by 

N2. F l ue  gas f a l l s  i n  between these two. 

The c o s j  o f  C0 i s  r epo r t ed  t o  be 91.00 t o  11.251MCF (3.53 t o  4.41 
cents/m3).   he gas ' c os t s  a re  $0.55 t o  $0.85/MCF (1 .94  t o .  3.0 
cents/mg), and those o f  N2 a re  $0.40 t o \  $O.~O/MCF (1.41 t o  2.12 
cents/m ) , depending on t h e  pressure and t o t a l  amount requ i red .  

'Cry0geni.c p l a n t s  have 97 t o  99 percent  on-stream t ime;  thus; t hey  a re  
more re1  i a b l e .  Opera t ing  cos t s  a re  low compared t o  those  f o r  f l u e  
gas p lan ts .  

F l u e  gas needs t r e a t m e n t  b e f o r e  i n j e c t i o n ,  t h e  s e v e r i t y  o f  t h e  
t rea tment  be ing  dependent on t h e  source o f  t h e  f l u e  gas ( i  .e., exhaust 
gas from an engine, power p l a n t  us i ng  coa l ,  o r  r e f i n e r i e s ) .  

0 K e l a t i  v e l y  more energy i s  r e q u i r e d  t o  compress n i t r o g e n  than  f o r  C02. o r  
f l u e  gas. 

A  l a b o r a t o r y  s tudy  showed t h a t  a t  r e l a t i v e l y  l o w  pressures (1200 t o  
1800 ps i  o r  8.27 t o  12.41 MPa), n i t r o g e n  d r i v e n ,  C02 s lugs  produced 
more o i l  than  n i t r o g e n  alone. Th i s  l a b o r a t o r y  s tudy  was conducted u s i n g  
31.4' A P I  c rude w h i c h  showed a  62 percent  recovery  u s i n g  N2 a t  1200 p s i  
(8.27 MPa) and 1850 p s i  (12.75 MPa); 86 percent  recovery  us i ng  N2 + CO 
a t  1200 p s i  (8.27 MPa); and over  90 percent  recovery  u s i n g  N2 + C02 af. 
1850 p s i  (12.75 MPa). 



7.2 CONCLUSIONS 

N i t r o g e n  f l o o d i n g  app'ears t o  have severa l  advantages over  f l  ue gas and C02 

f l ood ing .  The reduced' cos t  and noncor ros ive  na tu re  o f  n i t r o g e n  i s  i n  i t ' s  

f avo r ,  whi 1  e  t h e  h i g h  rnisci  b i  1  i t y  pressure requi rement  i s  a  disadvantage. 

However, t h i s  disadvantage may be .overcome by us i ng  n i t r o g e n  i n  combinat ion 

w i t h  smal l  amounts o f  C02 i n  a process where C02 s l ugs  a re  f o l l o w e d  o r  pushed 

by n i t r o g e n  i n j e c t i o n .  To o b t a i n  h i g h  e f f i c i e n c y  i n  a  gas d r i v e  process, i t  

i s  necessary f o r  t h e  i n j e c t e d  gas be m i s c i b l e  w i t h  o i l .  N2 by i t s e l f  r e q u i r e s  

h i g h e r  p r e s s u r e  f o r  m i s c i b i l i t y  t h a n  does C02. Because o f  t h i s ,  t h e  

compression c o s t  would be high. However, t h e  low cos t  o f  n i t r o g e n  i s  

advantageous, and may o f f s e t  t h e  cos t  o f  compression a'nd t h e  h i ghe r  volume 

requi rement  i n  s p e c i f i c  cases. I n  o rde r  t o  compare n i t r o g e n ,  f l  ue gas, and - ' 

CU2 f l o o d i n g  as used i n  EOR, one must know t h e  requ i r emen ts  o f  i n j e c t i o n  gas 

per  b a r r e l  o f ,  o i l  recovered and t h e  c o s t  o f  t h e  gas f o r  t h e  opera t ions .  The 

C02 requi rements  a re  r epo r t ed  t o  range f rom 5 t o  25 MCF/bbl; however, t h i s  i s  

s t i l l  a  debatab le  issue. There has no t  been enough exper ience us i ng  N2 as a  

m i s c i b l e  f l o o d i n g  agent, and no r e a l  i s t i c  comparison can be made w i t h o u t  such . 

. data.  

F lue  gas f l - ood ing  f a l l s  between NZ and CU2 f l o o d i n g  as f a r  as t h e  

e f f e c t i v e n e s s  o f  t h e  gas d r i v e  i s  concerned.   he c o s t  o f  f l  ue gas . i s  r e p o r t e d  

t o  be about one-ha l f  t h a t  o f  Cop. However, f l u e  gas may c r e a t e  more c o r r o s i o n  

problems, dependi,ng on t h e  amount o f  s u l f u r  compounds present.  Th i s  r e q u i r e s  

speci  a1 c o n s t r u c t  i o n  ma te r i  a1 and/or 1  i n i  ngs o f  noncor ros ive  .mate r i  a1 i n  p ipes  

and equipment. C1eanin.g t h e  f l u e  gas o f  s u l f u r  compounds and mo i s tu re  i s  an 

a1 t e r n a t i  ve.   ow ever , ttii s  cou ld  be c o s t l y .  Probably  t h e  bes t  approach would 
... 

be t o  use t h e  f l u 6  gas w i t h  i t s  s u l f u r  con~pounds b u t  t o  remove t h e  mois ture.  

Su1,fur compounds i n  t h e  absence o f  moi s t u r e  a re  noncor ros i  ve, a1 though spec ia l  

equipment s t  i 11 may be needed f o r  hand1 i ng su l  f u r  compounds, s p e c i f i c a l l y  SO2., 

The major disadvantage o f  f l u e  gas i s  t h a t  t h e  e f f e c t i v e n e s s  o f  t h e  d r i v e  .due 

t o  i t s  C02 components (mi s c i b i l  i t y )  , i s  r e d u c e d  because o f  t h e  presence o f  

1  arge q u a n t i t i e s  o f .  N q .  N2 needs t o  be removed f rom t h e  product  gases. . Th i s  

necess i t a t es  a  c ryogen ic  p l a n t  a t  t h e  product  recovery  area which c o u l d  be 
. . 

c o s t l y .  



Thus, i t  seems t h a t  f l u e  gas, a l though  a v a i l a b l e  a t  one-ha l f  t h e  cos t  o f  

C O Z Y  may no t  be a t t r a c t i v e  because o f  assoc ia ted  problems. However, f l u e  gas 

may be a  good a l t e r n a t i v e  f o r  sha l l ow  heavy o i l  r e s e r v o i r s .  

Again, t h e  s e l e c t i o n  o f  a  s p e c i f i c  t ype  o f  gas i n j e c t i o n  f o r  a  s p e c i f i c  

r e s e r v o i r  depends on severa l  c r i t e r i a ,  i n c l  ud i  ng t h e  ava i  1  ab i  1  i t y  and c o s t  o f  

t h e  gas ,. and i t s  e f f ec t i veness .  N i t r ogen  by i t s e l  f r e q u i r e s  h i ghe r  pressure,  

and thus,  may be a p p l i c a b l e  f o r  deep (deeper than  3000 f e e t  o r  /c, 9 1 5 ,  m) 

r e s e r v o i r s .  A C o p  s l u g  f o l l owed  by n i t r o g e n  seems t o .  be a  p romis ing  process 

based on l a b o r a t o r y  r e s u l t s .  F lue  gas i s  cheaper t han  Cop ,  bu t  has more 

i problems. ' More n i  t r ggen  and Cop i n j e c t i o n  schemes for' use i n  EOR processes 

a re  be ing  proposed and funded every . .year .  N i t r ogen  i s  s t i l l  new, bu t  i t s  use 

i.s expected t o  r i s e  because i t  i s  r e a d i l y  a v a i l a b l e  and i s  cos t  compe t i t i ve .  



T h i s  b i  b l  i ography  i n c l  udes a r t i c l e s  on p h y s i c a l  /chemi c a l  p r o p e r t i e s  of 

n i t r o g e n ,  source/supply /cost  data,  and 1  abo ra to r y  and f i e l d  work re1 a ted  t o  
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m i x t u r e  o f  CO and i n e r t  gas forms a  slug. The s l u g  i s  t h e n '  pushed by an 
inexpensive d k v i n g  f l u i d  such a s  a i r ,  N2, f l u e  gas, separa to r  gas, o r  
m i x tu res  thereo f .  

10. Chew, Tu-Nam, " A l t q r n a t e  Gas and Water Flood, Process f o r  Recover ing O i l  ," 
US Patent.  No.. 3,525,395, August 25., 1970. 
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use i n  EOR. 

F a r r e l l  , Howard H., and Robert  R. Matthews, " I n  S i t u  P repa ra t i on  o f  
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agents. Th i s  pa ten t  a l so  suggests t he  use o f  n i t r o g e n  as a d r i v i n g  f l u i d  
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A process i n  which n i t r o g e n  can be ' used as a chase gas t o  push t h e  
s u r f a c t a n t  s l ugs  i s  suggested. 

Glass, Eugene D., and Colonel  J. Russel, Jr., "Heavy O i l  ~ e c o v e r y , "  US 
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H i r t ,  John H., "Method o f  and Apparatus f o r  Producing . I n e r t  Gas," Canadian 
pa ten t  No. 869,925, May 4-, 1971. 
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and gaseous hydrocarbons. 

Lewis, Warren K., "Petroleum Recovery w i t h  I n e r t  Gases," US Patent  No. 
3,193,006, J u l y '  6, 1965. 

Descr ibes t h e  i n j e c t i o n  o f  n i t r o g e n  as a gas-cap d r i v e ,  concu r ren t l y  w i t h  
t h e  i n j e c t i . o n  .- o f  ca rbon .  d i o x i d e  i n t o . .  t h e  o i l  zone as a . m i s c i b l e  
d i  s p l  acement d r i  ve. 



20. Magnie, Robert L., "Enhanced Recover ies o f  Pet ro leum and Hydrogen f rom 
Underground Reservoi  r s  ," US Paten t  No. 4,183,405, January 15, 1980. 

Producer gas f l o o d i n g  i s  proposed. Descr ibes a process t h a t  wouqd use 
producer gas gene ra ted f rom coal  f o r  enhanced o i l  recovery.  

21. Mulder; F r i t h o  R. E r i c ,  " F o r m a t i o n  F l o o d i n g  b y  S u l f u r  D i o x i d e ,  f o r  
Recoverir ig O i l  and Gas," US Patent  No. 3,353,597, November 21, 1,967. 

Descr ibes a process which uses s u l f u r  d i o x i d e  f o r  m i s c i b l e  displacement o f  
o i l .  The use o r  I I  i 1r.uyer1 ar id lor  f l u e  gas t o  d r i v e  t h e  s l u g  o f  SO2 formed 
i n  t h e  r e s e r v o i r s  as SO2 i s  a l s o  suggested. 

22. New, Robert  V., "Apparatus f o r  Product i .on Amp1 i f i c a t i o n  by S t imu la ted  
Emission o f  Radiat ion, "  Canadian Patent  No. 861,887, January 26, 1971. 

~ e l . a t e s  t o  novel equipment t h a t  prov ides r a d i o  f requency e l e c t r i c a l  energy 
.and an admix o f  carbon d i o x i d e  and n i t r o g e n  ( o r  gases o f  d i f f e r e n t  energy 
l e v e l s )  f o r  i n t e r a c t i o n  i n  a t ransducer  t o  emit t h e  heat o f  i n f r a - r e d  

. r a d i a t i o n  i n  a f o rma t i on  t h a t  would reduce t h e  v i s c o s i t y  o f  heavy o i l s .  
The pa ten t  descr ibes  t h e  apparatus t h a t  produces exhaust gas' (CO + N 
m i x t u r e )  and t h e  e l e c t r i c a l  e n e r g y  ( f o r  v i s c o s i t y  , r e d u c t i o n )  f o r  t h $  
recovery o f  heavy o i  1 s. 

23. P a r r i s h ,  David R;, "Carbon, D iox ide  S lug  Dr ive , "  US Patent  No. 3,586,107, 
June 22, 1971. 

~ e s c r i b e s  a process'  i n  which' a CO s l u g  i s  f i r s t  i n j e c t e d ,  then  f l u e  gas 
o f  a i r  i s  i n j e c t e d ,  f o l l o w e d  by a a a t e r  d r i ve .  

24. Sharp, L o r l d  G., "Method o f  Recover ing O i l  by I n  S i t u  Produced Carbon 
Dioxide,"  US Patent  No. 3,174,543, March 12, 1965. 

Proposes use o f  f l u e  gas o r  a i r  t o  d r i v e  a m i s c i b l e  gaseous s l u g  .generated 
by i n  s i t u  combustion. 

25. Spe l l  e r ,    rank N. Jr., "Processes f o r  Secondar i l y  Recover ing O i  1 ," US 
Patent  No. 3,675,715, J u l y  11, 1972. 

Descr ibes a process t o  produce f l u e  gas by t h e  i n  s i t u  combustion method. 
The f l u e  gas produced i n  s i t u  i s  recovered and' mixed w i t h  a wet cas ing  
head gas a t  t h e  sur face,  and i s  then  r e i n j e c t e d  f o r  EOR. 

26. S p e l l e r ,  Frank N. Jr . ,  "Processes f o r  Secondar i ly  Recover ing O i l  ," US 
Patent  No. 3,964,545, June 22, 1976. 

Descr ibes a process us ing  a i r  i n j e c t i o n  t o  pres,sur ize t h e  f o rma t i on  and 
m a i n t a i n  t h e  m o b i l i t y  o f  o i l  by d i l u t i n g  t h e  o i l  w i t h  CO . CO i s  
produced i n  s i t u  as a byproduct o f  a i r  i n j e c t i o n ,  e i t h e r  by ado-ox ida$ ion  
o f  carbonaceous ma.tkria1 i n  t h e  r e s e r v o i r ,  o r  by i g n i t i o n  o f  o i l  i n  t h e  
r e s e r v o i r  i n  s i  t u  o x i d a t i o n  process. 

2.7. Squires,  F red r i ck ,  "Apparatus f o r  and Method o f  Recover ing O i l  and Gas," 
US Patent  No. 1,249,232, December 4, 1917.. 



D e s c r i b e s  an appa ra tus  f o r  g e n e r a t i  ng exhaus t  g a s  ( f r o m  i n t e r n a l  
combust ion  eng ines  used i n  o i l  f i e l d s )  s u i t a b l e  f o r  i n j e c t i o n  i n t o  
o i  1-be.aring s t r a t a ,  and a process o f ,  enhanced o i  1 recovery using' such a 
gas. 

Stone, Herbert  Lesson, "Method o f  Inc reas ing  O i l  'Recovery," US Patent No. 
2,996,373, August 1, 1961. 

Describes a process i n  which . 1 i ght hydrocarbon components are i n j e c t e d  
us ing  one i n j e c t i o n  well. and i n e r t  gases .are i n j e c t e d  us ing  another 
i n j e c t i o n  we l l .  N i t rogen and a i r  a.re . proposed . as i n e r t  gases. 

Theobald,. Alan, "Product ion o f  L i q u i d  Oxygen and/or L i q u i d  N i t rogen ," US 
Patent No. 4,152,130, May 1, 1979.- . 

Related t o  n i t r ogen  generat ion; descr ibes an improved process f o r  t he  
product ion o f  n i t r o g e n  t h a t  .can be used f o r  i n j e c t i n g  a formation. 

Vai rogs, J r i  s, "Recovery o f  O i l  by Low-Pressure M i s c i b l e  Gas I n j e c t i o n  ," 
US Patent No. 3,623,552, November 30, 1972. 

Descri'bes a method f o r  t h e  m i s c i b l e  displacement o f  o i l  us ing  carbon. 
d iox ide  o r  a m ix tu re  o f  CO and n. i t rogen gas.' It suggest5 t h e  use o f  an 
i n e r t .  f l u i d  t o  d r i v e  the  m i s c i b l e  slug. I n e r t  f l u i d s .  such as n i t r ogen ,  
f 1 ue gas and a i r  are proposed. 

Wagner, Robert J., . "Method f o r  Recovery o f '  P e t r o l  eum Deposits ,': US Patent 
No. 3,653,438, A p r i l  , 1972. 

Describes a method t h a t  uses i n e r t  gas i n j e c t i o n  f o r  improved o i l  recovery. 
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