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ABSTRACT 

The second phase ( ~ a n n a  IVB) of a coal gas i f ica t ion  experiment near Hanna, Wyoming, was completed 
in Septenber 1979. The experiment attempted t o  l i n k  and gasify coal  between process wells spaced 34.3 
meters apart. Intemediate wells were positioned between the  process wells so tha t  t he  l i n k  could be 

P fron bfarch 1973 through February 1974, was run  
- 

t o  assess the  f eas ib i l i t y  of UCG process on n- - 5 1  . 
- $2' subbitminous coal. The Hanna I1 e~perimen'-~& 
-- was conducted i n  three  phases during 1975 a d  - - 

8 - 
- . 1976 and deal t  with t h e  ef fec ts  of d i r e c t i o n a l ,  

I - , r  - i' - . perneabil i ty,  pnematic linking, and an a t t e c p t t ; s  
~ J J  . - . - 

*U I T L  

, .. 
ed l i n e  drive reverse conbustion. The Hanna I ..a , -2 ,@. ' =? . ' ) k  4 .  
111 experiment, conducted i n  1977, was designec i *lL 

., , 
t o  provide information on t h e  potential  impacts 

. - , :  
!-- 24%- 4s h 

of UCG on ground water. m n 150 n I >.L 4 
3 - 

The Hanna XV experiment was the  most am- 
b i t ious  UCG experiment f ielded i n  the  United 

wells 1 and 3 as  well as  unusuzlly good a i r  
comunicntion between these wells, indicating 
tha t  cormmication between these w e l l s  was 
through Lhe overlyinq aquifer ~ n r l  not. t h e  coal 
seam.' This also cont r?butd  t o  poor corm- uni- 
cation between wells 1 and 2. The poor we1 

Figure 1. - Modified Hanna I V  Well Pattern 

'2,. 
completions and possibly poor alignnent of  . . 
wells with respect  t o  the  d i rec t ional  pemeabil; 
i t y  of t he  coal  seam l e d  t o  a lack of direc- fb 
t i o n a l  control  f o r  l i nks  tha t  were i n i t i a t e d  " , 

a t  o r  below l i t h o s t a t i c  pressure. The linkit@- 
and gas i f ica t ion  between wells 1 and 2 (Hanna '. 
IVA) and t h e  d i f f i c u l t i e s  encountered have 
been previously a s  well a s  t h e  
resul t ing  override gas i f ica t ion  and t h e  
attempts t o  remedy the  override condition. 

The modifications of the  Hanna I V  s i t e  i n  
order t o  gas i fy  the  remaining 2-3 (Hanna41VB) 
s ide  of t h e  pa t tern  have been discussed. The 
content of i th is  paper deals with the l inking 
and gas i f ica t ion  from wells 3 t o  7, which has 
been refer red  t o  as  t h e  Hanna IVB experiment. 
The description of t h e  events which took place 
during t h i s  experiment as  well a s  interpretntion 
of t he  r e su l t s  as a function of the geologic 
features of t h e  Hanna I V  s i t e  a r e  presented. 

2:  3 , .  

respect t o  the  liannn I site, which is 100 oeeers 
t o  the  eas t ,  m e  given in  Fig. 2. The Hwna IYB 

. . . . 7 -. 
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orientation of fracture systems 

Figure  2. - Hanna Well P a t t e r n  

g a s i f i c a t i o n  experiment u t i l i z e d  t h e  Hanna I 
c o a l  seam, which is  1 0  n e t e r s  t h i c k  and a t  t h i s  
l o c a t i o n  l i e s  a t  an average dep th  o f  98 mete r s ,  
dippinf:  tan t . h ~  nn?-t,hee~t.. I n i t i a l l y ,  t h c  
Hanna I c o a l  seam was cons ide red  t o  be a  sub- 
bituminous c o a l ;  however, has  r e c e n t l y  been 
r e c l a s s i f i e d  a s  a  b i tuminous ,  high v o l a t i l e  
c o a l .  

Well Cornnletion and Sur face  P ip ing  

Af te r  t h e  d i f f i c u l t i e s  encountered i n  
Ifanna I V A , ~ - *  we l l  2 was abandoned because o f  
c a s i n g  d .una~c and t h e  consumption o f  c o a l  around' 
t h e  wollborc.  E ieh t  new we l l s  were d r i l l e d  
p r i o r  t o  i n i t i a t i n g  Hanna I'm: Well 7 was 
d e s i r p a t e d  t h e  main product ion we l l  whi le  we l l  
8 -<as . to  be used a s  an i n J c c t i o n  w e l l  f o r  r e -  
layinl :  t h e  l i n k  from 7 t o  3 .  Figure  1 g i v e s  
t h e  l o c a t i o n  o f  t h e s e  two w c l l s  i n  a d d i t i o n  t o  
t h e  f i v e  ncw i n s t r u ~ e n t  we l l s  ( R R ,  3s. T=, PP, 
find rip1 ). Also, a new subsidence w e l l ,  ZZ, was 
d r i l l e d  and ins t rumented.  Because t h e  comple- 
t i o n  o f  we l l  3 was suspec t  with p o s s i b l e  d i r e c t  

' 
comunicn t ion  v i t h  t h e  o v e r l y i n g  a q u i f e r .  t h e  
wel l  was redone with a  15.2 c a  I D  c a s i n g  placed 

0 I lt 
Scale 

i n  t h e  o r i g i n a l  30.5 cm I D  cas ing .  The e n t i r e  
d i a g n o s t i c  a n a l y s i s  and r e p a i r  w e l l  3 has  
been f u l l y  d e s c r i b e d  e lsewhere .  e 

The e l a b o r a t e  s u r f a c e  p i p i n g  system d u r i n g  
Hanna I V A  was r ep laced  wi th  a  s impler  one f o r  
t h e  Hanna IVB t e s t .  The o r i g i n a l  p i p i n g  showed 
s i g n s  o f  f a t i g u e  and was c o n t i n u a l l y  i n  need o f  
r e p a i r .  For t h i s  r eason ,  a  new p ip ing  system 
was f a b r i c a t e d  and i n s t a l l e d .  The new system 
c o n s i s t e d  o f  two p roduc t ion  l i n e s ,  a main pro- 
duc t ion  l i n e ,  and an emergency bypass l i n e ,  
running from w e l l  7. The l i n e s  were s t r a i ~ h t  
p i p e s  wi th  f l a r e s  a t  t h e  end o f  each l i n e .  
The p i p i n g  sys tems and t h e  f l a r e s  were not 
arichorcd t o  t h e  ground, except  a t  w e l l  7 ,  and 
were p l aced  on r o l l c r s  t o  a l low f o r  thermal  
expansion. The thermal  expansion o f  t h e  we l l  
c a s i n c  was accomoda ted  by t h e  use  o f  expansion 
bel lows i n s t a l l e d  v e r t i c a l l y  a t  t h e  vel lheod.  

Ins t rumcn to t ion  and.Datn Acqu i s i t i un  

Thi: i n n t , r ~ ~ n ~ n t . n t . i  n f l n l l l s d  by Sandia  -. 
National  Labora to r i e s  .'. ;as d e s i ~ n e d  t o  o b t a i n  
d i a g n o s t i c  in fo rma t ion  about  t h e  UCC process  



and t o  de tec t  and monitor t h e  s i z e ,  loca'tion, 
and progression of  t h e  reac t ion  zone. The 
thermocouple wells were located such t h a t  only 
a . f e v  would survive t h e  experimezt, and there-  
by define g a s i f i c a t i o n  zone boundaries a t  t h e  
widest point of a r e a l  sweep. Remote monitor- 
ing o f  t h e  react ion zone was at tenpted using 
passive acoust ic  a rd  e l e c t r i c a l  r e s i s t i v i t y  
ins t runenta t  ion. 

The Hanna I V  d a t a  acquis i t ion  system vas 
an HP 21;G minicomputer not only co l lec t -  
ed da ta ,  but a l s o  provided r e a l  t i n e  ana lys i s  
and a u t o ~ a t e d  a i r  i n j e c t i o n  cont ro l .  Thermo- 
couple readings and f l o v  da ta  vere co l lec ted  
a t  5-z~inute i n t e r v a l s ,  while gas analyses of 
t h e  process s t r e v l  vere read approximately 
every half  hour. Because of  t h e  d i f f i c u l t i e s  
i n  de tec t ing  a  t h i n  l ayer  o f  coal  t e r  on v a t e r ,  
t h e  t a r /wate r  co l lec t ion  sys ten  was not oper- 
a ted  by the cozputer a s  had been a t tezp ted  f o r  
Hrnna I V A .  The data  vere taken by an operator  
and manually entered i n t o  t h e  coxputer. A l l  
gas volune ca lcu la t ions  vere based on a  tem- 
perature of 15O C and 101 Kpa. 

OPSWTIO:! AND RESULTS 

A i r  Flov Tests  

I n i t i a l  a i r  flow t e s t s  from v e l l  3  t o  
well 7  indicated t h a t  a  d i r e c t  34.3 meter l i n k  
betveen these  two wells  would be d i f f i c l l l t .  
In jec t ion  i n t o  v e l l  3  a t  t h e  planned l ink ing  
in jec t ion  pressure o f  2400 Kpa produced only 
0.2 m3/cin of  f1o.d a t  well 7. The general  
consensus was t h a t  t h i s  flow would not sus ta in  
reverse conbustion. A scheme t o  sequent ia l ly  
re lay  t h e  l i n k  i n  11.4-oeter s tages f ron  well 
7  t o  wells 4 ,  8, and 3 was considered. A 
s e r i e s  of  flow t e s t s  were performed t o  ee te r -  
nine t h e  f e a s i b i l i t y  of  t h i s  l ink ing  scheme 
and Table I sunrmarizes the  r e s u l t s  of these  
t e s t s .  It should-be noted t h a t  l a r g e  a i r  
losses  were experienced i n  a l l  of t h e  t e s t s  
except. b~t.rrem wp1.l~ 8 and 3 3~ ~ h o w n  i n  t h e  
l a s t  c o l u m  of  Table I. 

Based on these  t e s t  r e s u l t s ,  well 4 was 
bypassed a s  a  re lay  point between wells  7  and 
8, because it did not have s u f f i c i e n t  comuni- 
ca t ion  with both 'dell 7 and y e l l  8. Low pro- 
duction flows were observed bet-deen well 4 and 

v e l l s  7  (0.26 m3/min) and 8 (0.17 m3/min). 
Direct  communication between wells  8 and 7 ,  
however, produced a  flow a t  wel l  7  of  0.74 
m3/min, t h r e e  times t h e  f lov  produced between 
wel'l 4 and wel l s  7  and 8. A new l inkingscheme 
was planned which would be t o  f i r s t  l i n k  t h e  
22.8 meters using well  8 a s  an i n j e c t i o n  v e l l ,  
then l i n k  t h e  remaining 1 1 . 4  meters using 
well  3  f o r  i n j e c t i o n .  

Monitoring t h e  Hanna I f i e l d  s i t e  revealed 
a  s u b s t a n t i a l  pressure buildup i n  v e l l  13  
(1035  pa) which appeared t o  i n d i c a t e  t h e  a i r  
l o s s e s  vere moving i n  t h e  southeast  d i r e c t i o n  
from Hanna I V  t o  Hanna I. The ceuse of t h e  
a i r  movement out  of  t h e  t e s t  s i t e  i s  belie-xed 
t o  be a  f a u l t  zone between wells  4 and 8, which 
w i l l  be discussed l a t e r .  

Ign i t ion  and Linking 

Ign i t ion  was acconplished on April.  20, 
1979 ( ~ u l i a n  d a t e  1 1 0 ) ,  a t  a p a r c x k s t e l y  1 1 : O O  
a.m., using an e l e c t r i c a l  i g n i t i o n  systen.  
The bot ton of  t h e  i g n i t i o n  v e l l  ( v e l l  7 )  was 
prepared by f l o a t i n g  down a 1-meter coa l  pack. 
The water ~01~111 i n  t h e  well was then pneuzatic- 
a l l y  renoved and warm a i r  allorred t o  c i r c u l a t e  
through t h e  coa l  pack f o r  2L hours. A 1500- 
watt  calrod h e a t e r  placed i n  a  small c l o t h  5ag 
packed with charcoal  was then lowered t o  t h e  
coa l  pack. The ca l rod  hea te r  survived f o r  
only 10 minutes, but i g n i t i o n  was confimed by 
thermal responses i n  t h e  wellbore. 'P;o t h e r -  
mocouples, one a t  t h e  1 meter l e v e l  and t h e  ' 

other  a t  t h e  4 meter l e v e l  f ron  t h e  bot ton of  
t h e  coa l  Sean monitored t h e  v e r t i c a l  pos i t ion  
of  t h e  f i r e  zone. 

A high tenpera ture  a t  4 meters would 
t r i g g e r  cool ing water add i t ion  through a 1 . 9  
cm sparge tube t o  cool t h e  casing i n  t h e  u p e r  
sec t ion  of  t h e  coa l  seam. It ;as bel ieved t h a t  
maintaining t h e  hot zone a t  t h e  coal  Sean base 
would enhance t h e  probabi l i ty  of s t a r t i n g  a  
low l i r ~ k .  N s o ,  111 Llie case O f '  a bad well con- 
p l e t i o n ,  it was bel ieved t h a t  t h i s  rys ten  would 
r e t a r d  v e r t i c a l  movement of  t h e  f i r e  zone up 
t h e  ou ts ide  of  t h e  casing.  

I g n i t i o n  wel l  temperature during s t a r t u p  
a r e  p lo t ted  i n  Fig. 3. The cool ing system 
maintained t h e  upper coa l  seam casing temperature 

TABLE I. - Pre ian i t ion  a i r  acceptance t e s t  f o r  Hanna IVB ~ a s i f i c a t i o n  experiment 

In jec t ion  Production In jec t ion  Production Recovery 
v e l l ( s )  well flow m3/min flow rn3/min percent 

4 7  6.911 0.26 4 
8 7 14.74 0.74 5 

3 , 4 3  7 13.88 1.05 8 
8 4 10.63 0.17 2 

3,3 4 10.34 0.21 2 .  
3 8 2.83 0.50 17.5 

In jec t ion  pressure maintained a t  2k10 iipa 
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Figure 3. - Ign i t ion  well t enpera tures  

below t h e  predeternined temperature o f  250° C 
f o r  12 hours when a  hign t e n s e r a t w e  excursion 
a t  t h e  h-neter l e v e l  occurred. Attenpts t o -  
lower t h i s  temperature fail.arl and cool ing water 
addi t ion began t o  cool t h e  1-meter l e v e l  f a s t e r  
t h v l  t h e  h-neter l eve l .  Subsequent them.al 
ana lys i s  of t h e  h-meter l e v e l  predicted t h a t  
t h e  heat conducted from t h e  wel l  casing i n t o  
t h e  coa l  i n  t h i s  v i c i n i t y  was not high enough 
t o  cause ign i t ion .  The ca lcu la ted  coa l  fece 
tecpera tures  f o r  t h i s  l e v e l  i s  shown i n  Fig. 3  
and ind ica tes  t h a t  au to ign i t ion  caused by a  hot 
v e l l  casing probably did not t a k e  place.  The 
temperature excursion was probably from a f i r e  
f ron t  moving up t h e  ou ts ide  o f  t h e  v e l l  casing. 

In  order  t o  l i n k  between wells  8 and 7 ,  
a i r  vns i n i t i a l l y  in jec ted  ilil;u wells 3, 4 ,  and 
8, then switched s o l e l y  t o  well 8. Linking t o  
well 8 was conpleted i n  1 0  days (JD 120).  Ther- 
c a l  responses durinf t h i s  l ink ing  phase were 
observed i n  only two v e l l s ,  BB and SS. I n  v e l l  
BE two d i s t i n c t  thermnl rpspnnses wero noted, 
one a t  2.7 meters and t h e  o ther  a t  7  meters 
from t h e  bottom of t h e  coa l  seam. The responses 
observed i n  v e l l  SS vere i n  t h e  upper h a l f  of 
t h e  coal  sea... Production flows during t h e  
l ink ing  phase between wells  7  and 8 vere main- 
ta ined a t  2.83 m3/min, while t h e  i n j e c t i o n  
pressure 143s kept below l i t h o s t a t i c  pressure.  

After one day of  forward conbustion. i n -  
ject ion was switched t o  well 3  t o  begin t h e  

second phase o f  l ink ing .  Problems i n  na in ta in-  
ing gas q u a l i t y  and production f lov  were 
imrcediately encountered, and t h e  i n j e c t i o n  
pressures  had t o  be r a i s e d  above l i t h o s t a t i c  
t o  produce a  s i g n i f i c a n t  production flow. The 
l i n k  o f  only 1 1 . 4  meters betveen wells  8 and 3 
was completed a f t e r  73 days ( J D  193) .  

Thermal responses during t h e  second l i n k -  
ing phase were mainly confined t o  an a rea  nor th  
of  t h e  inject ion/product ion v e l l  l i n e .  I n s t r u -  
ment wells  R R ,  CC, and FF recorded temperature 
excursions i n  t h e  upper h a l f  o f  t h e  coa l  seam. 
Wells DD and ?IN which a r e  j u s t  north and e a s t  
of  wel l  8 r e s p e c t i v e l y  indicated t h e r n a l  re-  
sponses only a f t e r  t h e  experiffient -as well i n t o  
t h e  second l i n k i n g  phase ( J D  130) .  Temperature 
responses i n  well  EE, 3  meters west o f  v e l l  3 ,  
vere f i r s t  recorded on JD 178, however, t h e  
l i n k  was not completed f o r  another 15 days. 
Table I1 s m a r i z e s  t h e  l i n k i z g  condit ions 2nd 
r e s u l t s  obtained during t h e  two l i n k i n g  phases. 

Gas i f ica t ion  

The coa l  between wells  3  and 7 was g a s i f i e d  
i n  two s tages ,  v e l l  3  t o  v e l l  7  and wel l  8  t o  
we11 7. The r e s u l t s  o f  these  g a s i f i c a t i o n s  a r e  
presented i n  Table 111. The durat ion o f  t h e  3-7 
burn was 6 days (JD 209-216) and was terminsted 
when a  gas l eak  developed i n  t h e  production 
system. Thermal responses were observed i n  
wells  ZE, X R ,  CC, and EB between 6.1 and 7.6 
meters from t h e  bottom of  t h e  coa l  seam. The 
rap id  movement of  t h e  t h e m a 1  f r o n t  t o  well 33 
and t h e  v e r t i c a l  l o c a t i o n  i n  t h e  coa l  Sean a r e  
in te rpre ted  t o  i n d i c a t e  t h a t  an over r ide  con- 
d i t i o n  ex is ted .  

The maxinun production r a t e  and heat ing 
value during t h i s  g a s i f i c a t i o n  phase was 1190 
m3/min and 7.76 hlJ/m3. The heat ing value was 
a t  i t s  maximum a t  t h e  s t a r t  of g a s i f i c a t i o n  
and decl ined s t e a d i l y  t o  5.05 bl,~/n3 n t  t a r n i n a  
t i o n .  A maximum c n c r a  production r a t e  of  
2.11 x 109 joules/min occurred a t  J D  214. 

Generally, t h e  rap id  movement of  t h e  con- 
bust ion f r o n t  toward t h e  production v e l l  ( v e l l  
7 ) ,  ind ica t ing  an over r ide  g a s i f i c a t i o n ,  would 
have r e s u l t e d  i n  t h e  terminat ion of  t h e  experk- 
ntent. However, t h e  thermal responses i n  wel l s  
RR and CC i n d i c a t e  t h a t  t h e  g n s i f i c s t i o n  did 
not buPn toward wells  DD o r  a ,  but  t o  t h e  nor th  
of  t h e  3 t o  7 well  l i n c .  There was no evidence 

TAELE 11. - operat ing condit ions fo r  t h e  7-8 l i n k  and t h e  8-3 l i n k  

7-8 l i n k  8-3 l i n k  
Average hea t ing  value 4.53 M J / ~ ~  3.56 :.lJ/rnj 
Product ens flow 2.83 m3/min 1.20 m3/min 
1n.lection pressure 2.07-2.41 llpa 2.75-2.82 blpn 
Bnckprcssure 0.34 Flpa 0.01)~-0. 034 1.1pa 
Average i n j e c t i o n  flow 11.9 m3/min 6.18 rn3/min 
Coal consumed/ri:~y based on 1097.7 417.3kg 

50$ carbon recovery 
Nitrogen recovery 0.24 0.19 



TABLE 111. - Summary of  r e s u l t s  of  t h e  f i r s t  and second 
phases of  t h e  Hanna IVB g a s i f i c a t i o n  

Length of  burn 
Maximum i n j e c t  ion flow 
Average in jec t ion  flow 
Maximum product ion flow 
Average production f l o v  
Elaximun heat ing value 
Average heat ing value 
Total  coal  consumed 
Elaxinum d a i l y  coa l  consunption 
Average d a i l y  coal  consumption 
Total  energy produced 

Gasif icat ion 
6  days 

3.02 m3/sec 
1 - 7 9  m;/sec 
5.28 m3/sec 
4.25 m3/sec 
7.45 w/?13 
5.96 I , W / M ~  

6.89 x  105 kg 
9.07 x l o 4  kg 
7.26 x 10' kg 

6600 t4J 

Gasi f ica t ion  
1 5  davs 

o f  any change i n  t h e  thermal response o f  well 
DD, again ind ice t ing  t h a t  t h e  l i n k  from v e l l s  
8 t o  7  vas independent of  t h a t  from wells  3  
t o  7. For these  reasons it vas f e l t  t h a t  fur-  
t h e r  atternpts t o  gas i fy  from well 3  would be 
f r u i t l e s s  and a t  t h i s  t i n e  it was decided t o  
attempt a  g a s i f i c a t i o n  f ron  well 8 which appar- 
e n t l y  was unaffected by t h e  3  t o  7  g a s i f i c a t i o n .  

Fornard g a s i f i c a t i o n  was i n i t i a t e d  f r o n  
well 8 on J D  246 and terminated 16 days l a t e r  
on J D  262. I n j e c t i o n  flow %-as r a p e d  incre-  
mently t o  a  msxinua of  255 m3/min s t a r t i n g  a t  
85 n3/min and increasing i n  25 m3imin i n t e r v a l s .  
I.!axinm uroduction r a t e s  were 425 m3/nin and 
5.3 x 108 joules/min. The heating valile during 
t h e  f i r s t  1 0  days remained steady a t  near ly  
5.24 b ~ / n 3 .  It then began a  stea&y dec l ine ,  
and rapidly decreased on t h e  day before t e r -  
mination. Therral  respozses w2re note:', i n  
wells  DD, FRI, EE, CC, RR,  SS, BB, and 'IT a t  
t h e  upper h a l f  o f  t h e  coa l  Sean, i n d i c a t i v e  
t h a t  an over r ide  was evident ,  and t h e  experi- 
mcnt uas tcrminated. The rap id  decre?se in  
t h e  heat ing value a s  well a s  therna l  responses 
i n  wells CC and RR would ind ica te  t h a t  t h e  
gas i f icn t ion  f ron t  burned i n t o  t h e  wells  3  t o  
7  overr ide cav i ty .  

DISCUSSION 

Three dinensional l i n k  propagation through 
a coal  seam i s  dependent on a i r  flow character-  
i s t i c s  through t h e  Sean which i n  t u r n  a r e  depen- 
dent on c e r t a i n  geological  fea tures .  A t  t h e  
Hanna s i t e  t h e r e  a r e  t h r e e  geoloeic f e a t u r e s  
vhich cont ro l  a i r  flow: c l e a t i n g ,  hor izon ta l  
permeable zones, and f i u l t i n g .  The i n t e r a c t i o n  
of  these fea tures  can account f o r  t h e  a i r  flows 
within the  coa l  seam. In t rus ions  i n t o  t h e  seam 
b> such a c t i v i t i e s  a s  d r i l l i n g ,  well comple- 
t i o n s ,  and h y d r o f r a c i n ~  a l s o  cause loca l ized  
d i s t o r t i o n s  i n  these  fea turcs  with correspond- 
ing d i s t o r t i o n s  i n  f lov  pa t te rns .  

I t  has been shown t h a t  t h e  an i so t rop ic  
pen-e?bi l i ty  in  coa l  i s  con t ro l led  by c l e u t -  

Four c l c a t  s e t s  have been i d e n t i f i e d  
i n  t h e  coa l  o r  t h e  Hmna ~ a s i n : 7  

S e t  A N70° - 6591 
Se t  B ~ 4 0 0  - 300W 
Set  C . ~ 2 3 ~  - 2 5 ' ~  
Se t  D ~ 6 0 0  - 7002 

Fracture o r i e n t a t i o n  s i n i l a r  t o  c l e a t  s e t s  A,  
C ,  and D were observed with an i n p r e s s i ~  i~r-ck- 
ing taken i n  wel l  3 o f  t h e  Hanna I s i t e . '  - A  
f r a c t u r e  o r ien ted  a t  ~160~:i  was found i n  t h i s  
well.  This f r a c t u r e  could not be i d e n t i f i e d  
with t h e  above c l e a t  s e t s .  Cleat  s e t s  C a?d D 
were a l s o  observed i n  well  1 o f  t h e  Hanna I1 
s i t e . 9  A i r  t r a n s n i s s i v i t y  t e s t s  a t  Hvlna I1 
indicated t h e  major flow t o  be along t h e  D c l e a t  . 
d i r e c t i o n .  A i r  recovery was appro:<ixztely 20 
percent i n  t h i s  d i r e c t i o n  compared t o  1 percent  
i n  t h e  A c l e a t  d i r e c t i o n .  A l l  subsequent f i e l d  
t e s t s  a t  iiaiina were or ien ted  along t h i s  d i rec -  
t i o n  o f  higher permeabil i ty .  

Examination of  cores  taken from t h e  Hanna 
s i t e .  i n d i c a t e  t h a t  t h e r e  are t h r e e  hor izon ta l  
perneable zones i n  t h e  coa l  seam. These zones 
cons i s t  of  broken coa l  interbedded with s t r i n  5- e r s  of  sha le ,  nud, scd sandstone, and a r e  depict- 
ed i n  Fig. 4 .  Spinner l o g s c o n f i r z  t h e  hor i -  
zontal  permeabil i ty  o f  these  zones v i t h  a  region 
of high p e r c e a b i l i t y  a t  96-98 meters from t h e  
sur face ,  which i s  near t h e  t o p  of  t h e  coa l  seam. 
Localized regions o f  a i r  S'lov occur f'roin 99.7  
meters t o  101.2 meters and a t  104.5 meters. 
These a r e  i l l u s t r a t e d  i n  Fig. 5. A i r  flow tends 
t o  occur i n  t h e  upper port ion o f  these  perneablc 
zoncs a t  t h e  i n t e r f a c e  with t h e  overlying inper-  
meable m ~ t e r i a l .  The Hanna IVi3 experiment con- 
firmed l i n k  movement along these  perneable zones. 
Figure 6 i l l u s t r a t e s  t h a t  thernctl responses a t  
t h e  various ins t runcnt  v e l l s  coincides v i t h  t h e  
flow path observed i n  t h e  spinner logs.  

By c o n t r o l l i n g  t h e  combustion zone during 
i g n i t i o n  it was hoped t o  i s o l a t e  t h e  reverse 
l i n k  combustion f ron t  i n  the  lower p e n e a b l e  , 

zonc. The cornbustion f r o n t ,  once es tab l i shed  
i n  t h i s  zonc, should remain i n  t h e  zone except 
when a n a t u r a l  o r  mannadc d i s rup t ion  i n  hori-  
zontal  i s o l a t i o n  occllrs. In Hannn IVB, both 
mannnde and n a t u r a l  d i s rup t ions  vere encountered 
durinf: l ink ing .  
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F i t p r e  5. - Spinner Log of  t h e  Location o f  
Various A i r  Flow Paths Relat ive 
t o  Wellbore Posi t ion 

Thermal responses a t  and near t h e  i g n i t i o n  
well showed rapid v e r t i c a l  movement of  t h e  com- 
bustion front  t o  nearly t h e  t o p  of t h e  coa l  
seam. The t h c m a l  cxcursion a t  the  'I-meter 
l e v e l  or vel l ,BB which is  v i t h i n  3 meters of 
the  ign i t ion  -.re11 sI!oved e i t h e r  ( 1 )  rap id  ver- 
t i c a l  r.ovemcnt of t h e  combustion f ron t  o r  (2) 

coa l  face i g n i t i o n  a t  t h i t  l e v e l  of t h e  igni-  
t i o n  well  due t o  conductive heat  t r a n s f e r  up 
t h e  well casing.  Hovever, thermal ana lys i s  
o f  t h e  temperature excursion a t  t h e  b-meter 
l e v e l  i n  t h e  i g n i t i o n  well  indicated t h a t  t h e  
coa l  f a c e  would not  be heated high cnough by 
conductive heat t o  i g n i t e  ( F i g .  3 )  and, thcre-  
f o r e ,  t h e  excursion was probably due t o  a  
combustion f ron t  moving up t h e  ou ts ide  of  t h e  
casing.  This would a l s o  explain why t h e  1- 
meter l e v e l  wa's cool ing f a s t e r  than t h e  4- 
meter l e v e l  a f t e r  t h e  l a r g e  temperature excur- 
s ion  a t  t h i s  l e v e l .  

General ly ,  t h e  c l e a t  systems and zones o f  
hor izon ta l  permeabil i ty  regu la te  a i r  flow 
v i t h i n  a  s p e c i f i c  a r e a ;  however. when a  f a u l t  
b i s e c t s  t h i s  a r e a  t h e  f a u l t  then becomes t h e  
dominant fea ture .  Faul t ing w i l l  a l s o  d i s r u p t  
t h e  hor izon ta l  i s o l a t i o n  of pcrncable zones 
i n  the  coa l  srm. The t rend of  f a u l t s  i n  t h e  
Hanna Bnsln 13 i n  a  northwest-southeast d i rec -  
t i o n  which i s  diagonal ly across  t h e  Hanna IV 
p a t t c r n  a s  ind ica ted  i n  Fig. &. Subsurface 

2 



Relative Response 1 
Figure 6. - Thermal Response and Relat ive 

Logging Response 

e leva t ions  ana lys i s  a t  t h e  process wells  indi- 
c a t e  t h a t  there  is  a - f a u l t  d t h  a 1 .5  t o  3 meter 
v e r t i c a l  displacenent t h a t  i n t e r s e c t s  t h e  
Hanna I V  pa t te rn  a t  ap roximately a 45O angle 
between wells 4 and When t h e  l i n e  of  t h i s  
f a u l t  i s  extended t o  t h e  southeast ,  t h e  l i n e  
crosses  t h e  Hanna I pa t te rn  near well 13. In- 
j ec t ion  flow t e s t s  confirmed a i r  movement along 
t h i s  zone. Well 1 3  of  Hama I responded t o  a i r  
i n j e c t i o n  i n t o  well 3 of  Hanna I V  with a pressure 
buildup of  1035 spa while in jec t ion  pressv-re ~.ras 
held a t  2410 %pa. This pressure increase occur- 
red even though well 1 3  is  approximately 90 
meters t o  the  southCast of wel l  3. A i r  f l o v  
t e s t s  ind ica te  t h a t  t h e  a i r  l o s s  from Hanna I V  
occurred between -dells 4 and 8. This corres-  

- ponds with the  loca t ion  of t h e  f a u l t  zone and 
it is  believed t h a t  many operat ional  d i f f i c u l -  
t i e s  encountered with Hanns IVB were t h e  r e s u l t  
o f  t h i s  f a u l t  zone. 

The f a u l t i n g  between wells  8 and 4 probab- 
l y  influenced t h e  high ].ink hy rst.:lbl.j.shin~ a i r  
'lev i n  t h e  uppcr horizontal  permeable zones. 
Ver t ica l  co~municat ion between permcable zones 

'1 a t  t h e  ign i t ion  r.all vould not by i t s e l f  cause 
upward rr,ovement of  t.he cornbustion f ron t .  A i r  
Plov must already be es tab l i shed  hij:ner up i n  
t h e  coal  seam f o r  t h e  conbustion front  t o  prop- 
ngate there.  Since a i r  w 3 s  introduced only 
i n t o  the  bottom t h i r d  of the  coa l  scam a t  the  
inJec t ion  well,  hor izon ta l  f l o v  i s o l a t i o n  must 

have been breached by e i t h e r  poor i n j e c t i o n  
well completion o r  geologic d i s rup t ion  caused 
by f a u l t s .  

The combustion f r o n t  during t h e  7 t o  8 
l i n k  appeared t o  s t o p  propagation near i n s t r u -  
ment well  DD and thus  d id  not proceed a l l  t h e  
way t o  well  8. This i n t e r p r e t a t i o n  i s  sn2ported 
by attempts t o  produce well  8 while i n j e c t i n g  
i n  well  3 a f t e r  t h e  communication between wel l s  
7 and 8 had been establ ished.  The production 
gas was e s s e n t i a l l y  a i r  with no coizbustion gases. 
It appears t h a t  t h e  combustion f ron t  burped 
through i n t o  t h e  f a u l t  and a t  t h a t  point  t h e  
reverse combustion becme unstable  and changed 
from reverse  t o  forward conbustion. A sudCen 
reversa l  s i m i l a r  t o  t h i s  was reported i n  t h e  
Hanna I1 experiment.'' Once t h e  conbustion 
f r o n t  had burned i n t o  t h e  f a u l t  system, it d i d  
not burn down t h e  f r a c t u r e  toward well  8, but 
remained a t  t h e  point  of  entrance t o  t h e  f a u l t  
system. T i i s  behavior is  s i n i l a r  t o  t h a t  seen 
i n  simulated labora tory  l ink ing  t e s t s  where a 
combustion f ron t  could not be drawn down an 
open channel u n t i l  t h e  orjgen content of  the  
i n j e c t i o n  a i r  had been increased t o  35 per- 
cent.12 For t h i s  reason, it appears t h z t  a i r  
i n j e c t e d  i n t o  well  3 a r r i v e d  a t  y e l l  8 and d id  
nothing more than slowly propagate cozbustion 
near well  DD with l i t t l e  move3ent of t h e  conbus- 
t i o n  f r o n t .  

The long time required f o r  t h e  l i n k  t o  
propagate from well  8 t o  w e l l  3 r i z h t  a l s o  be 
explained by t h e  discussion i n  t h e  previous 
paragraph. Because t h e  combustion f ron t  vzs 
not advancing from t h e  a rea  e r o u ~ d  well DD,  a 
new l i n k  or ig ina ted  from t h e  a r e a  around well 7 
and t h i s  l i n k  f i n a l l y  a r r ived  a t  well 3. The 
l a t t e r  l i n k  followed a d i f f e r e n t  92th than t h e  
f i r s t  l i c k  a s  ind ica ted  by t h e  therrnal responses 
observed i n  instrument wells  RR and CC. 

The r e s u l t i n g  l i n k s  of  t h e  Hanna IVB experi-  
ment were ur~doubtedly high i n  t h e  coa l  s e z !  a s  
ind ica ted  by t h e  thermal responses o b s e r ~ e d  
during t h e  l ink ing .  The g a s i f i c a t i o n  of  these  
l i n k s  r e s u l t e d  i n  t h e  expected over r ide  condi- 
t i o n s  t h a t  caused premature t e rn ina t ion  of  
Hanna IVB. I f  good g a s i f i c a t i o n  had occurred 
low in t h e  seam, a moi-e e f f e c t i v e  usage of  
resource arid a longer  g a s i f i c a t i o n  would have 
resu l ted .  

The Hanna IVB f i e l d  t e s t  provided much 
i n s i g h t  i n t o  inf luence t h a t  geologic Seatures 
have on i n  s i t u  coa l  combustion. The inf luence 
of  these  f a u l t s ,  permeable zones, and c l e a t s ,  
on t h e  a i r  flow p a t t e r n s  can d r a s t i c a l l y  change 
t h e  o v e r a l l  r e s u l t s  of  a g a s i f i c a t i o n  experiment 
and should be s tud ied  fur ther .  

The o v e r a l l  r e s u l t s  of  Hsnna I'm were d i s -  
couraging because of  t h c  rapid dec l ine  i n  t h e  
hca t ine  values for Lha production gas and the  



anount of  coa l  gas i f ied ;  With more complete 
geologic charac te r iza t ion  p r i o r  t o  experimenta- 
t i o n  and proper well  completions, it is  believed 
t h a t  most o f  t h e  subsurface opera t iona l  problems 
encountered during Hanna I V  could have been 
avoided. 

The authors wish t o  thank t h e  Rocky bloun- 
t a i n  E n e r a  Co~pany, a subsidiary of t h e  Union 
P a c i f i c  Railroad, f o r  use of  t h e i r  land a s  t h e  
f i e l d  s i t e  a t  Hanna, L'yoning. 
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