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FIELD EXPERIMENT OF REVERSE COMBUSTION 
OIL RECOVERY FROM A UTAH TAR SAND 

by 

C. S. Land, l /  C. Q.  Cupps,2/ L. C. Marchant,3/ - and F. M. Carbon?/ 

ABSTRACT 

A f i e l d  experiment t o  recover  o i l  from tar  sand by reverse combustion 

w a s  conducted a t  Northwest Asphalt  Ridge, near  Vernal ,  Utah. This  test 

w a s  i n  a 10-foot i n t e r v a l  of t h e  R i m  Rock sandstone member of t h e  Mesa 

Verde Formation a t  a depth of approximately 300 f e e t .  

I g n i t i o n  w a s  accomplished November 25, 1975 , and ' t h e  reverse combus- 

Resu l t s  of t i o n  f r o n t  w a s  propagated s u c c e s s f u l l y  through t h e  formation.  

t h e  f i e l d  experiment d i f f e r e d  s i g n i f i c a n t l y  from t h e  r e s u l t s  of l abora to ry  

t es t s  t h a t  w e r e  used i n  t h e  design of t h e  f i e l d  test .  This  d i f f e r e n c e  is  

a t t r i b u t e d  p r imar i ly  t o  t h e  extreme he te rogene i ty  of t h e  tar  sand forma- 

t i o n .  

Observed temperatures  i n  the burned area w e r e  lower than expected,  

b u t  a l a r g e  p o r t i o n  of t h e  t a r  sand w i t h i n  t h e  p a t t e r n  boundaries  w a s  

hea ted  t o  t h e  e x t e n t  t h a t  t h e  bitumen became mobile enough t o  be produced. 

Af t e r  3% weeks of ope ra t ion ,  t h e  p r o j e c t  w a s  terminated because of t h e  

i n a b i l i t y  of t h e  s u r f a c e  product ion equipment t o  accommodate t h e  heavy 

hydrocarbons be ing  produced. 

- l /Pe t ro leum engineer  (now wi th  U. S. Naval Petroleum and O i l  Shale  

- 2/Research supe rv i so r  (now r e t i r e d ) .  
- 3/Pro j  ect manager. 
- 4/Petroleum engineer  (now wi th  U. S. Naval Petroleum and O i l  Shale  

Reserves, Casper , WY) 

Reserves, Casper , WY) 
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Although t h e  formation of t h e  cracked products  of reverse combustion 

w a s  less than  expected,  t h i s  recovery process  may be  used s u c c e s s f u l l y  t o  

h e a t  t h e  t a r  sand r e s e r v o i r  t o  a temperature  high enough t h a t  t h e  bitumen 

becomes mobile enough t o  be  produced. 

INTRODUCTION 

The recovery of o i l  from tar sands i n  t h e  United S t a t e s  h a s  rece ived  

only  l i m i t e d  i n t e r e s t  i n  t h e  p a s t .  Recently,  o i l  p r i c e  inc reases  and t h e  

d e c l i n e  of domestic o i l  reserves have made t h i s  source of energy more 

a t t r a c t i v e .  Deposi ts  of tar  sand are widely d i s t r i b u t e d  throughout t h e  

U. S . ,  bu t  t h e  most s i g n i f i c a n t  t a r  sand d e p o s i t s  are i n  t h e  S t a t e  of 

Utah.  An e f f i c i en t  m e a n s  of recover ing  o i l  f r o m  t a r  sands could i n c r e a s e  

t h e  hydrocarbon reserves of t h i s  country by b i l l i o n s  of b a r r e l s .  

One area of r e sea rch  w i t h i n  t h e  L a r a m i e  Energy Research Center of 

ERDA i s  devoted t o  development of methods f o r  recover ing  o i l  from ta r  

sands.  

p o r t i o n  of t h e  t a r  sand resource  is thought t o  be  minable,  and because 

of environmental  concern.  A f t e r  a l a b o r a t o r y  s tudy  us ing  Utah tar 

sands (1),5/ - -  t h e  reverse combustion o i l  recovery process  w a s  s e l e c t e d  

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

I n  s i t u  methods are of primary cons ide ra t ion  s i n c e  only a s m a l l  

The reverse combustion process  w a s  designed t o  recover  o i l  from 

formations conta in ing  very v i scous  o r  semi-solid hydrocarbons (2). 
This  method d i f f e r s  from forward combustion i n  t h a t  t h e  combustion f r o n t  

travels i n  t h e  d i r e c t i o n  oppos i t e  t o  t h e  d i r e c t i o n  of a i r  flow. An 

advantage of t h e  reverse combustion method is  t h a t  t h e  hydrocarbons f low 

wi th  +he combustion gases  through t h e  ho t  reg ion  of t h e  r e s e r v o i r .  I n  

- 5/Underlined numbers i n  parentheses  r e f e r  t o  i t e m s  i n  t h e  l i s t  of 
r e fe rences  a t  t h e  end of t h i s  r e p o r t .  
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forward combustion, h o t  mobile o i l  can flow i n t o  t h e  coo le r  reg ion  ahead 

of t h e  f r o n t  where i t  can congeal,  plugging t h e  formation t o  f u r t h e r  flow. 

Another a t t ract ive f e a t u r e  of reverse combustion i s  t h a t  t h e  o r i g i n a l  

bitumen i s  cracked i n t o  a l i g h t e r  o i l  as t h e  combustion f r o n t  passes  

through t h e  formation.  This  o i l  remains i n  t h e  vapor s ta te  while pass ing  

through t h e  h o t ,  p rev ious ly  burned zone. 

The use of proper ty  owned by Sohio O i l  Company a t  Northwest Asphalt  

Ridge, w e s t  of Vernal,  Utah w a s  ob ta ined  f o r  t h e  f i e l d  experiment.  A 

corehole  w a s  d r i l l e d  on t h i s  proper ty ,  and based on core  a n a l y s i s ,  an 

i n t e r v a l  of tar sand appropr i a t e  f o r  t h e  f i e l d  test  w a s  s e l e c t e d .  

TAR SAND PROPERTIES 

The t a r  sand zone s e l e c t e d  f o r . t h e  test i s  i n  t h e  R i m  Rock sandstone 

m e m b e r  of t h e  Mesa Verde Formation, and is  approximately 10 f e e t  t h i c k  a t  

a depth of 300 f e e t .  The s e l e c t i o n  of t h e  test zone w a s  based on t a r  sand 

r i chness ,  e f f e c t i v e  permeabi l i ty  t o  a i r  and t h e  apparent  i s o l a t i o n  of t h e  

zone by impermeable l a y e r s  above and below t h e  zone. Af t e r  s e l e c t i n g  t h e  

test zone, a l i n e  d r i v e  p a t t e r n  and f i v e  temperature  monitor w e l l s  were 

d r i l l e d .  The f i r s t  corehole  served as an a d d i t i o n a l  monitor w e l l .  

The p a t t e r n  c o n s i s t s  of two rows of a i r  i n j e c t i o n  w e l l s  spaced 60 

f e e t  on e i t h e r  s i d e  of a row of product ion we l l s .  Each row con ta ins  t h r e e  

w e l l s  spaced 20 f e e t  a p a r t .  These w e l l s  w e r e  cased wi th  7-inch cas ing  set 

and cemented a t  t h e  top  of t h e  t es t  i n t e r v a l  w i th  open h o l e  through t h e  

test i n t e r v a l .  The product ion w e l l s  w e r e  completed wi th  a s t r i n g  of 

2-inch tub ing  and a s t r i n g  of 1- inch .b lack  p ipe .  The s i x  temperature  

monitor w e l l s  were cased wi th  l&-inch p ipe .  F igure  1 shows t h e  w e l l  
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conf igu ra t ion  and bottom-hole l o c a t i o n s  of a l l  15  w e l l s  as determined by 

dev ia t ion  surveys.  

The test  zone w a s  cored i n  14 of t h e  15 w e l l s .  The i n t e r v a l  varies 

i n  th i ckness  from 8 t o  1 3  feet ,  wi th  an average th i ckness  of 10.4 f e e t .  

The top  of t h e  zone w a s  picked a t  t h e  contac t  of t h e  t a r  sand wi th  an 

over ly ing  s h a l e  bed t h a t  ranged i n  th i ckness  from less than  1 f o o t  t o  

8 f e e t  over t h e  p a t t e r n  area. Severa l  t a r  sand s t r i n g e r s  interbedded wi th  

s h a l e  l i e  above t h e  s h a l e  marker. The bottom of t h e  t a r  sand zone i s  i n  

essence sea l ed  by a l imestone l a y e r ,  approximately l - foo t  t h i c k ,  extending 

over t h e  p a t t e r n  area except  a t  t h e  southwest c o m e r .  

h ighly-sa tura ted  tar  sand wi th  very s m a l l  e f f e c t i v e  gas  permeabi l i ty  

u n d e r l i e s  t h e  l imestone.  

20 degrees  i n  a genera l  south-by-southwest d i r e c t i o n .  

A t h i c k  s e c t i o n  of 

The top  of t h e  s e l e c t e d  zone d i p s  approximately 

Cores from 14 w e l l s  were analyzed f o r  e f f e c t i v e  permeabi l i ty  t o  a i r ,  

abso lu t e  permeabi l i ty ,  po ros i ty ,  and o i l  and water s a t u r a t i o n s .  Average 

va lues  of t h e s e  p r o p e r t i e s  are given i n  t a b l e  1. E f f e c t i v e  gas  per- 

meab i l i t y  d a t a  exh ib i t ed  a l a r g e  v a r i a t i o n .  Permeabi l i ty  s t r e a k s  could 

no t  be c o r r e l a t e d  between w e l l s ,  a l though t h e  d i s t a n c e s  are re la t ive ly  

s h o r t  ( a  minimum of 6 f e e t  between t h e  bottoms of two w e l l s ) .  A p l o t  

of t h e  e f f e c t i v e  gas  permeabi l i ty  da t a  shows a reasonable  approximation 

t o  a log-normal permeabi l i ty  d i s t r i b u t i o n ,  wi th  t h e  c o e f f i c i e n t  of  

permeabi l i ty  v a r i a t i o n  of 0.90 . 
meab i l i t y  i s  1 9  md, considerably less than t h e  182 md a r i t h m e t i c  mean of 

of t h e  f i r s t  core  used t o  s e l e c t  t h e  zone. I n  s e l e c t i n g  t h e  test zone, 

3 The geometric mean e f f e c t i v e  gas  per- 

an e f f e c t i v e  gas  permeabi l i ty  of a t  least  100 md w a s  considered t o  be essen- 

t i a l  t o  maintain t h e  des i r ed  a i r  f l u x  a t  reasonable  i n j e c t i o n  pressure .  
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TABLE 1. - Average p r o p e r t i e s  from core  a n a l y s i s  

E f f e c t i v e  gas  Absolute O i l  Water 
Poros i ty ,  permeabi l i ty ,  permeabi l i ty ,  s a t u r a t i o n ,  s a t u r a t i o n ,  

percent  md . md . percent  p e r  cent  - 

26.1 132 651 62.0 7.9 

The average o i l  s a t u r a t i o n  of 0.62 and p o r o s i t y  of 0.261 correspond 

t o  8.6 percent  bitumen by weight.  V i scos i ty  of t h e  bitumen a t  t h e  reser- 

v o i r  temperature  of 52' F i s  i n  excess  of one m i l l i o n  cen t ipo i se .  Bitumen 

e x t r a c t e d  from t h e  core  from t h e  f i r s t  w e l l  has  an API g r a v i t y  of 1 4 . 4 ,  

con ta ins  0.59 percent  s u l f u r  and 1.02 percent  n i t rogen .  This  bitumen 

con ta ins  31 percent  wax, which has  h igh  concent ra t ion  of c y c l i c  p a r a f f i n s  

wi th  about,,30 carbon atoms. Light-colored t h i n  s t r e a k s  were observed i n  

most of t h e  cores .  Analysis  of t h e  material from one of t h e  s t r e a k s  

proved t h e  material t o  be 87.2 wax similar t o  t h a t  i n  t h e  darker  bitumen 

bu t  t h e  l i g h t e r  material a l s o  contained normal p a r a f f i n s  i n  t h e  C43-C59 

range. 

A I R  I N J E C T I O N  TESTS 

P r i o r  t o  i g n i t i o n ,  a i r  i n j e c t i o n  tests w e r e  conducted t o  determine 

i f  t h e  des i r ed  a i r  f l u x  could be maintained. It soon became apparent  

t h a t  t h e  test zone would no t  t a k e  t h e  des i r ed  rate of a i r  i n j e c t i o n  a t  

p re s su res  less than  300 ps ig .  P res su res  i n  t h e  i n j e c t i o n  w e l l s  were 

increased  u n t i l  pneumatic f r a c t u r i n g  occurred a t  p re s su res  ranging from 

300 t o  450 ps ig .  The product ion w e l l s  were not  f r a c t u r e d .  Tracer s t u d i e s  

i n d i c a t e d  t h a t  t h e  ma jo r i ty  of t h e  a i r  flow w a s  i n  t h e  d i r e c t i o n  approxi- 

mately p a r a l l e l  t o  t h e  s t r i k e  wi th  very  l i t t l e  flow along t h e  d i p  of t h e  

formation (4) .  - The nor theas t  and southwest i n j e c t i o n  wel ls  d id  no t  
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communicate wi th  t h e  l i n e  of product ion w e l l s ,  and w e r e  no t  used dur ing  

t h e  f i e l d  experiment.  A f t e r  t h e  pneumatic f r a c t u r i n g ,  i n j e c t i o n  w e l l s  

were capable  of a i r  i n j e c t i o n  a t  a r a t e  of 16,000 s c f / h r  p e r  w e l l .  

about 25 percent  of t h e  i n j e c t e d  a i r  w a s  produced from t h e  row of produc- 

t i o n  w e l l s ,  and t h e  rest  w a s  l o s t  t o  t he  low-pressure reg ion  surrounding 

t h e  p a t t e r n .  

Only 

With i n j e c t i o n  i n t o  t h e  two end product ion w e l l s ,  a i r  f low from t h e  

c e n t e r  product ion w e l l  w a s  s u f f i c i e n t  t o  i n i t i a t e  combustion and propa- 

g a t e  t h e  burning f r o n t  from t h e  cen te r  w e l l  several f e e t  i n t o  t h e  forma- 

t i o n .  A dec i s ion  w a s  made t o  i g n i t e  only t h e  c e n t e r  w e l l  whi le  i n j e c t i n g  

i n t o  t h e  end product ion w e l l s .  Permeabi l i ty  w a s  expected t o  i n c r e a s e  

i n  t h e  burned reg ion  s o  t h a t  t h e  f low r a t e  could be  increased  t o  maintain 

t h e  necessary  a i r  f l u x  as t h e  f r o n t  burned away from t h e  producing w e l l .  

According t o  t h e  p l an ,  when t h e  combustion f r o n t  reached t h e  two produc- 

t i o n  w e l l s  used as i n j e c t o r s ,  t h e s e  two w e l l s  were t o  be put  on product ion 

and i n j e c t i o n  w a s  t o  be  s t a r t e d  i n  t h e  i n j e c t i o n  w e l l s .  

w a s  planned t o  provide a burned reg ion  along t h e  l i n e  of producers  f o r  

t h e  d u a l  purpose of inc reas ing  t h e  p e r m e a b i l i t y  i n  t h e  v i c i n i t y  of the 

product ion w e l l s  and t o  o b t a i n  a more even advance of t h e  combustion f r o n t  

toward t h e  two rows of i n j e c t i o n  w e l l s .  

This  procedure 

INSTRUMENTATION \ 

A Hewlett-Packard 2100 computer wi th  a disc-based real-time system 

w a s  used f o r  monitor ing and c o n t r o l  dur ing  t h e  f i e l d  experiment.  

computer w a s  programmed t o  read p e r i o d i c a l l y  thermocouple and p res su re  

t ransducer  ou tpu t s ,  s t o r e  t h e  d a t a  on t h e  d i s c ,  perform da ta  r educ t ion ,  

and p r i n t  out  va r ious  summary r e p o r t s .  

The 
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A thermocouple w a s  i n s t a l l e d  i n  each temperature  monitor w e l l  wi th  

an arrangement f o r  r a i s i n g  and lowering t h e  thermocouple through the  

tar  sand zone. 

temperature  as a func t ion  of depth w a s  obtained wi th  t h e  opt ion  of  

p l o t t i n g  t h e  da ta .  Three thermocouples were i n s t a l l e d  i n  each produc- 

t i o n  w e l l ;  two w e r e  s t rapped  t o  t h e  2-inch product ion tub ing  a t  p o s i t i o n s  

1 5  f e e t  and 75 f e e t  above t h e  top  of t h e  zone, and t h e  o t h e r  w a s  i n s t a l l e d  

i n  t h e  wellhead. Other thermocouples were placed i n  s t r a t e g i c  p o s i t i o n s  

i n  t h e  product ion equipment and f low l i n e s .  

With t h i s  arrangement and wi th  t h e  a i d  of t h e  computer, 

A i r  l i n e s  t o  each i n j e c t i o n  w e l l  w e r e  equipped wi th  o r i f i c e  meter 

runs ,  wi th  p re s su re  t r ansduce r s  t o  measure s t a t i c  p re s su res  and p res su re  

drops a c r o s s  t h e  o r i f i c e s .  The computer used t h e  ou tpu t s  from t h e  t r ans -  

ducers  t o  c a l c u l a t e  f low rates t o  each i n j e c t o r  and c o n t r o l l e d  t h e  flow 

by o u t p u t t i n g  adjustments  t o  an e l e c t r i c a l l y  opera ted  c o n t r o l  valve on 

each i n j e c t i o n  l i n e .  O r i f i c e  runs  wi th  p re s su re  t ransducers  were used 

a l s o  on t h e  gas  product ion l i n e s  t o  supply t h e  computer wi th  t h e  d a t a  

necessary  t o  c a l c u l a t e  t h e  gas  product ion rates. 

Analysis  of t h e  produced gas  w e r e  ob ta ined  wi th  a gas  chromatograph. 

The gas  a n a l y s i s  equipment w a s  i n t e r f a c e d  wi th  t h e  computer, and t h e  com- 

p u t e r  w a s  programmed t o  sample t h e  product ion gas ,  read  t h e  d a t a ,  and 

c a l c u l a t e  percentages  of each gas  component. However, due t o  malfunct ions 

of t h e  chromatographic equipment, r e q u i r i n g  an unusual amount of manual 

adjustment ,  t h e  computer c o n t r o l  w a s  no t  used. 

The d a t a  a c q u i s i t i o n  and c o n t r o l  system w a s  e n t i r e l y  s a t i s f a c t o r y ,  

and t h e  computer opera ted  cont inuous ly  throughout t h e  f i e l d  experiment 

without  a f a i l u r e .  
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OPERATION OF THE FIELD TEST 

A t  t h e  t i m e  of completion of t h e  product ion w e l l s ,  charcoal  b r i q u e t s  

w e r e  placed i n  t h e  w e l l s  t o  f i l l  t h e  open h o l e  t o  t h e  cas ing  shoe. 

a t tempt ing  i g n i t i o n  i n  t h e  c e n t e r  product ion w e l l  ( P l ) ,  f ive  g a l l o n s  of 

d i e s e l  f u e l  were pumped i n  t h e  w e l l  t o  soak t h e  charcoa l .  I g n i t i o n  of  

t h e  charcoa l  by dropping l i g h t e d  f u s e s  w a s  unsuccessfu l .  

i g n i t i o n  w a s  accomplished a f t e r  lowering a 660-watt ca l rod  h e a t  on t h e  

bottom of t h e  1-inch tubing.  Af t e r  i g n i t i o n ,  t h e  e lec t r ica l  c a b l e  w a s  

pu l l ed  loose  from t h e  h e a t e r  and removed from the  w e l l .  

Before 

On November 25, 

During i g n i t i o n ,  t h e  gas  flow rate from t h e  c e n t e r  w e l l  w a s  100 s c f / h r .  

The product ion r a t e  w a s  increased  g radua l ly ,  and two hours  a f t e r  i g n i t i o n  

t h e  gas  product ion ra te  w a s  1,440 s c f / h r  and t h e  temperature  a t  t h e  lower 

thermocouple p o s i t i o n  w a s  428' F. 

percent  by volume propane w a s  mixed wi th  t h e  a i r  being i n j e c t e d ,  and pro- 

pane i n j e c t i o n  w a s  cont inued f o r  two days. Four days a f t e r  i g n i t i o n ,  t h e  

no r th  i n j e c t o r  (P2) w a s  shut  i n ,  as i t  w a s  thought t h a t  t h i s  w e l l  w a s  

con t r ibu t ing  t o  combustion i n  t h e  product ion w e l l  by flow of unreacted 

a i r  through a burned-out f r a c t u r e .  A i r  i n j e c t i o n  w a s  then s t a r t e d  i n  fou r  

i n j e c t i o n  wel ls  (11, 13,  14,  and 15)  i n  a d d i t i o n  t o  t h e  south product ion 

w e l l  (P3) s t i l l  i n  use as an i n j e c t o r .  

About two hours  a f t e r  i g n i t i o n ,  one 

The gas  product ion ra te  increased  t o  225 Mscf/day by December 4 .  

By December 8, t h e  gas  product ion ra te  had dropped t o  82 Mscf/day. This  

dec l ine  i n  flow r a t e  is  be l ieved  t o  be  t h e  r e s u l t  of p a r t i a l  plugging of 

t h e  product ion tubing.  The no r th  product ion w e l l  (P2) w a s  put on pro- 

duc t ion  i n  an at tempt  t o  inc rease  a i r  f l u x  i n  t h e  r e s e r v o i r  t o  main ta in  

combustion. A t  t h i s  t i m e ,  about 1 2  b a r r e l s  of t h e  cracked products  of 

9 
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combustion had been produced. 

w e l l  w a s  put  on product ion.  

day during most of t h e  test per iod  a t  an average p res su re  of 425 ps ig .  

During t h e  same per iod ,  t h e  average d a i l y  gas  product ion w a s  0.24 MMscf, 

i n d i c a t i n g  t h a t  84 percent  of t h e  i n j e c t e d  a i r  w a s  f lowing out  of t h e  

p a t t e r n .  

290 p s i g  as t h e  plugging of t h e  tub ing  i n  t h i s  w e l l  became more severe. 

Product ion of bitumen began when t h e  second 

A i r  w a s  i n j e c t e d  a t  approximately 1.5 MMscf/ 

/ 

Casing p res su re  of t h e  c e n t e r  producer w a s  observed as high as 

On December 13,  t h e  burning f r o n t  reached t h e  south product ion w e l l  

(P3) s t i l l  i n  use  as an i n j e c t o r ;  t h i s  w e l l  w a s  pu t  on product ion.  Opera- 

t i o n  of t h e  p r o j e c t  w a s  becoming i n c r e a s i n g l y  more d i f f i c u l t  because of 

t h e  cont inued product ion of bitumen t h a t  had been only  s l i g h t l y  a l t e r e d  

by t h e  combustion process .  The s u r f a c e  product ion equipment w a s  designed 

f o r  t h e  product ion of t h e  cracked products  of r eve r se  combustion, a 22O 

API g r a v i t y  crude o i l .  The bitumen be ing  produced had a pour po in t  of 

175' F, and congealed i n  t h e  o i l  and gas  s e p a r a t o r  and product ion l i n e s .  

Operat ion of t h e  p r o j e c t  w a s  d i scont inued  on December 19,  a f t e r  23 days 

of opera t ion .  During t h e  ope ra t ion  of t h e  p r o j e c t ,  a t o t a l  of 30.2 MMscf 

of a i r  w a s  i n j e c t e d  wi th  t h e  cumulative gas  product ion of 4.7 MMscf. 

T o t a l  l i q u i d  hydrocarbon product ion w a s  65 b a r r e l s ,  and water  product ion 

w a s  167 b a r r e l s .  

RESULTS 

Af te r  i g n i t i o n ,  t h e  temperature  of t h e  cen te r  product ion w e l l  con- 

t inued  t o  inc rease  f o r  several days. F igure  2 i s  a p l o t  of t h e  tempera- 

t u r e s  sensed by t h e  t h r e e  thermocouples i n  t h i s  w e l l .  t h e  p e a k  

temperatures  of t h e  lower thermocouple are thought t o  i n d i c a t e  burning of 

product ion i n  t h e  w e l l .  F igure  3 shows t h e  temperatures  a t  t h e  p o s i t i o n  
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of t h e  lower thermocouple i n  t h e  t h r e e  producing w e l l s .  

t u r e s  are c o n s i s t e n t l y  h igher  than  t h e  temperatures  observed i n  t h e  monitor 

w e l l s .  A p l o t  of t h e  temperatures  a t  t h e  mid-point of t h e  zone i n  t h e  s i x  

monitor w e l l s  is  shown i n  f i g u r e  4 .  I n  t h i s  p l o t ,  t h e  maximum temperature  

observed i s  less than  300' F. 

These tempera- 

Typica l  temperature  p r o f i l e s  ob ta ined  by r a i s i n g  t h e  thermocouple 

through t h e  t a r  sand i n t e r v a l  of one of t h e  monitor w e l l s  are i l l u s t r a t e d  

i n  f i g u r e  5. 

nes s  of t h e  zone r o s e  f o r  a per iod  of t h r e e  days.  On t h e  t h i r d  day, t h e  

peak temperature  of 246' F w a s  reached. 

w a s  observed i n  another  monitor w e l l ;  t h i s  was  t h e  h ighes t  temperature  

observed i n  t h e  tar  sand zone dur ing  t h e  f i e l d  tes t .  The temperature  

rise apparent ly  r e s u l t e d  from t h e  passage of a reverse combustion f r o n t  

through a t h i n  high-permeabi l i ty  s t r e a k .  The peak temperature  then  

dropped, wh i l e  t h e  temperature  above and below t h e  t h i n  burned zone in-  

creased more g radua l ly  u n t i l  a temperature  of 210' F extended a c r o s s  a 

15-foot t h i ckness  of t a r  sand. The ver t ical  p o s i t i o n  of t h e  f i r s t  t e m -  

pera ture  rise i n  each monitor w e l l  coincided wi th  t h e  p o s i t i o n  of t h e  

maximum e f f e c t i v e  gas  permeabi l i ty  from core  a n a l y s i s .  However, a s i n g l e  

cont inuous high-permeabi l i ty  l a y e r  does n o t  e x i s t ,  as t h e  re la t ive  ver t i -  

ca l  p o s i t i o n  of t h e  maximum permeabi l i ty  is no t  t h e  same i n  each w e l l .  

The r i se  i n  temperature  w a s  observed i n  f o u r  of t h e  s i x  monitor 

I n  t h i s  w e l l ,  t h e  temperature  of a r e l a t i v e l y  t h i n  th ick-  

A peak temperature  of 350' F 

w e l l s .  Using t h e  arr ival  t i m e s  and the  d i s t a n c e  from t h e  c e n t e r  producer,  

t h e  average f r o n t  v e l o c i t i e s  were c a l c u l a t e d .  These d a t a  are shown i n  

t a b l e  2.  In gene ra l ,  t h e  c a l c u l a t e d  f r o n t  v e l o c i t i e s  show t h e  same d i r ec -  

t i o n a l  t r end  t h a t  w a s  observed i n  t h e  tracer s tudy.  The f r o n t  v e l o c i t y  
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i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  formation d i p  is  less than  t h e  v e l o c i t y  

a long t h e  s t r i k e .  

The observed peak temperatures  were lower than  expected f o r  t h e  

propagat ion of a reverse combustion f r o n t .  

experiments (1) - , temperatures  i n  t h e  range of 600-800' F were expected. 

The rate of t h e  ox ida t ion  r e a c t i o n  i s  known t o  inc rease  wi th  p re s su re ,  

r e s u l t i n g  i n  lower combustion temperatures  a t  h ighe r  p re s su res  (5) .  How- 

ever, such low temperatures  are d i f f i c u l t  t o  j u s t i f y  as being e n t i r e l y  

From t h e  r e s u l t s  of l abora to ry  

- 

W e l l  

M l . .  . . 
M2.... 
M4.. . . 
m.... 
P3. . . .  

T i m e  , Distance Average 
days from Ply f t  v e l o c i t y ,  f t / d a y  

9 6 0.67 
23 35 1.52 
16  16 1.00 
15  41  2.73 
18  24 1.33 

t 
i 

due t o  t h e  e f f e c t  of p re s su re  on r e a c t i o n  ra te .  A f t e r  t h e  e leva ted  t e m -  

p e r a t u r e s  w e r e  e s t a b l i s h e d  i n  a t h i n  zone, t h e  rise i n  temperature  over 

t h e  rest of t h e  i n t e r v a l  occurred as a r e s u l t  of ox ida t ion  a t  a s lower 

rate where t h e  a i r  f l u x  w a s  small. A s i m i l a r  temperature  h i s t o r y  w a s  

observed i n  a l l  fou r  monitor w e l l s  w i t h i n  t h e  burned reg ion .  

TABLE 2 .  - Average f r o n t  v e l o c i t i e s  

The average composition of t h e  produced gas  i s  given i n  t a b l e  3. 

From t h e  average gas composition dur ing  t h e  experiment, c a l c u l a t i o n s  

show t h a t  63.9 percent  of t h e  oxygen w a s  used i n  combustion, 17.3 percent  

w a s  unreacted,  and t h e  remaining 18.8 percent  w a s  assumed t o  be  f i x e d  t o  

t h e  hydrocarbon molecules as a r e s u l t  of p a r t i a l  ox ida t ion  of t h e  bitumen. 

The oxygen be ing  considered h e r e  is confined t o  t h a t  p o r t i o n  of t h e  i n j e c t e d  
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Component 

.... N2.. 

.... 

a i r  con tac t ing  t h e  p a t t e r n  area and c o n t r i b u t i n g  t o  t h e  combustion gas 

produced from t h e  product ion w e l l s .  

Percent  

79.9 
i I 

i 
! 

TABLE 3 .  - Average gas  a n a l y s i s  

From t h e  combustion products ,  c a l c u l a t i o n s  show t h a t  approximately 

Btu of h e a t  were generated i n  t h e  r e s e r v o i r .  8 3 x 10 This  q u a n t i t y  of 

h e a t  i s  s u f f i c i e n t  t o  hea t  47,000 cubic  f e e t  of t a r  sand t o  200° F. 

Based on t h i s  f i g u r e ,  t i m e s  of a r r iva l  of t h e  temperature  rise i n  t h e  

monitor w e l l s ,  and th i ckness  of t h e  hea ted  zone observed i n  t h e  monitor 

w e l l s ,  t h e  approximate ex ten t  of t h e  hea ted  area w a s  determined. The 

area of hea ted  t a r  sand i s  shown i n  f i g u r e  6. 

SUMMARY AND CONCLUSIONS 

The t a r  sand zone s e l e c t e d  f o r  t h e  f i e l d  t es t  w a s  extremely he te ro-  

geneous, and t h e  mean gas e f f e c t i v e  permeabi l i ty  w a s  less than  d e s i r e d  

t o  i n s u r e  t h e  optimum a i r  f l u x .  I n  a d d i t i o n ,  t h e  e f f e c t i v e  gas  per- 

meab i l i t y  exh ib i t ed  a d i r e c t i o n a l  t rend .  Because of t h e s e  and o t h e r  

e f f e c t s ,  84 percent  of t h e  i n j e c t e d  a i r  w a s  l o s t  from t h e  p a t t e r n .  

Under t h e s e  adverse  cond i t ions  i t  w a s  s t i l l  p o s s i b l e  t o  i g n i t e  t h e  t a r  

sand and propagate  a r eve r se  combustion f r o n t  through a t h i n  s e c t i o n  of 

t h e  r e s e r v o i r .  



A s  a r e s u l t  of a i r  i n j e c t i o n ,  a l a r g e  po r t ion  of t h e  tar sand reser- 

v o i r  w a s  heated t o  a temperature  h igh  enough t o  mobil ize  t h e  bitumen. 

Although t h e  l i m i t e d  product ion of t h e  cracked products  of reverse com- 

bus t ion  w a s  d i sappoin t ing ,  t h e  process  w a s  success fu l  i n  hea t ing  t h e  

t a r  sand t o  a temperature  a t  which t h e  bitumen could b e  produced. 

I f  t h e  product ion equipment had been s u i t a b l e  t o  accommodate t h e  

product ion of bitumen and i f  t h e  product ion tub ing  could have been kep t  

f r e e  from plugging, cont inued i n j e c t i o n  of a i r  would have r e s u l t e d  i n  a 

l a r g e  f r a c t i o n  of t h e  bitumen be ing  recovered by t h e  advance of a fo r -  

ward combustion f r o n t  echoing from t h e  i n j e c t i o n  w e l l s .  



1400 

1200 

LL 

O
. 

1000 
a, 
L
 

c
 
3
 

800 
Q

) 
P

 

600 
c
 

400 

200 

0
 L

o
w

er T/C
 (15' a

b
o

v
e

 zo
n

e
] 

U
p

p
e

r T/C
 (75' 

ab
o

ve zo
p

e) 
0
 W

e
llh

e
a

d
 

I 

0
 

N
o

v
 

N
o

v
 

D
ec 

D
ec 

D
ec 

D
ec 

25 
30 

3 
- 

10 
15 

20 

1400 

1200 

L
L

 

O
. 

1000 
L 3 
5 L 

800 
8
, 
n
 

600 

400 

200 

0
 

0
 P1 

e
 P2 

cl 
P3 

h 
I 

1 
1 

I 
I 

I 

c7 

w
 

d
 

3
 
0
 

H
 

iL
 

N
o

v
 

N
o

v
 

D
ec 

D
ec 

D
ec 

D
ec 

25 
30 

3 
10 

IS 
20 



16 

LL 
0
 a
 

2 3 0
 

4
) 

c
 

L
 

n
 

E
 

4
) 
c
 

c
 

L
c
 - 5
 

n
 

P
 

4
) 

250 

200 

150 

100 

50 

290 

295 

300 

305 

31 0 I
 

0
 M

1 
+ M

2 
M

3 
M

4 
0

 M
5 

* M
6 

0 
I 

N
o

v
 

D
ec 

D
ec 

D
ec 

D
ec 

.3 0 
5 

10 
15 

20 

o
w

 
u
 

O
U

'
d

 

0 
5

0
 

100 
150 

a00 
250 

T
e

m
p

e
ra

tu
re

, 
O

F
 



I 

FIGURE 6 - Estimated areal  e x t e n t  of hea ted  tar  sand 
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