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VERTICAL BOREHOLE DESIGN AND COMPLETION PRACTICES USED 
TO REMOVE METHANE GAS FROM MINEABLE COALBEDS 

1 
Stephen W. Lambert , Michael A.  revi its^, and Pe t e r  F. s t e i d l l  

1 

Coalbed gas  d ra inage  from t h e  s u r f a c e  i n  advance of mining has  long 
been t h e  g o a l  of r e s e a r c h e r s  i n  mine s a f e t y .  Bureau of Mines e f f o r t s  t o  
ach ieve  t h i s  goa l  s t a r t e d  about  1965 wi th  t h e  i n i t i a t i o n  of an app l i ed  
r e sea rch  program designed t o  test d r i l l i n g ,  completion, and product ion 
techniques f o r  v e r t i c a l  boreholes .  Under t h i s .  program, ovcr 100 
boreholes  were completed i n  16 d i f f e r e n t  coalbeds.  The f i e l d  methods 
der ived  from t h e s e  tests, t oge the r  w i th  a b a s i c  understanding of t h e  
coalbed r e s e r v o i r ,  r e p r e s e n t  an  a v a i l a b l e  technology a p p l i c a b l e  t o  
any gas  d ra inage  program whether designed p r imar i l y  f o r  mine s a f e t y  
o r  f o r  ga s  recovery,  o r  both.  

Much of t h e  s u b j e c t  ma t t e r  contained i n  t h i s  r e p o r t  is der ived  
from p a s t  work sponsored by t h e  Bureau of Mines. The most r e c e n t  work 
presen ted  was l a t e r  completed under t h e  Department of Energy, which, 
af ter October, 1977, assumed r e s p o n s i b i l i t y  f o r  many of t h e  v e r t i c a l  
borehole  programs,prev ious ly  i n i t i a t e d  by t h e  Bureau of Mines. 

11 Geologis t ,  Carbondale Mining Technology Center ,  Carbondale, I l l i n o i s  - 

21 Geologis t ,  P i t t sburgh 'Mining  and Safe ty  Research Center,  Bureau - 
of Mines, P i t t sbu rgh ,  Pennsylvania 



SUMMARY 

Borehole  S p e c i f i c a t i o n s  

1. The minimum c a s i n g  s i z e  t h a t  accommodates most s t a n d a r d  down-hole 

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

2 .  D e g a s i f i c a t i o n  b o r e h o l e s ,  a f t e r  mine-through, c a n  b e  used f o r  mine 
development by p r o v i d i n g  conven ien t  avenues  t o  t h e  s u r f a c e .  The 

d i a m e t e r  and complet ion of t h e s e  w e l l s  shou ld  b e  s p e c i f i e d  d u r i n g  

p l a n n i n g  phases  t o  meet t h e  i n t e n d e d  usage .  

Some . P r i n c i p l e s  of Coalbed G a s  S t o r a g e ,  
Release and K i g r a t i o n  

1. For p r a c t i c a l  a p p l i c a t i o n ,  t h e  maximum amount of g a s  s t o r e d  i n  
c o a l b e d s  is  g e n e r a l l y  assumed t o  be t h e  amount a t  e q u i l i b r i u m  w i t h  
t h e  measured p r e s s u r e / t e m p e r a t u r e  c o n d i t i o n s  of t h e  coa lbed .  Th is  

i s  b e s t  i l l u s t r a t e d  by a n  e q u i l i b r i u m  s o r p t i o n  i s o t h e r m  c u r v e  f o r  
methane gas .  

2 .  Coalbed g a s  t r a v e l s  by d i f f u s i o n  t o  n a t u r a l  f r a c t u r e s  and t h e n  
by Darcy f low t o  a p o i n t  of lowes t  p r e s s u r e .  ~ y . l o w e r i n g  coa lbed  
w a t e r  s a t u r a t i o n ,  t h e  c o a l b e d ' s  p e r m e a b i l i t y  t o  g a s  i n c r e a s e s ,  enhancing 
f l o w  rate. 

E f f e c t i v e  W e l l  Placement 

1. S i n g l e  w e l l s  p l a c e d  a l o n e  i n  v e r y  l a r g e  coa lbed  a r e a s  do n o t  produce 
h i g h  s u s t a i n e d  g a s  f l o w s  because  t h e y  do n o t  e f f e c t i v e l y  lower 
coa lbed  h y d r o s t a t i c  p r e s s u r e  o r  w a t e r  s a t u r a t i o n .  - 

2 .  An e f f i c i e n t  method f o r  reduc ing  p r e s s u r e  and d e c r e a s i n g  coa lbed  w a t e r  
s a t u r a t i o n  w i t h i n  a p r a c t i c a l  t i m e  i n t e r v a l  ( e s s e n t i a l  t o  h i g h  g a s  
f low r a t e )  i s  t o  p l a c e  w e l l s  i n  c l o s e l y  spaced p a t t e r n s  o r  p o s i t i o n  
w e l l s  c l o s e  t o  mine workings .  

D r i l l i n g  

1. P o r t a b l e  d r i l 1 , i n g  r i g s ,  c a p a b l e  of d r i l l i n g  d e g a s i f i c a t i o n  b o r e h o l e s  
t o  d e p t h s  of 2,500 f e e t ,  a r e  a v a i l a b l e  i n  t h e  water w e l l  and pe t ro leum 
d r i l l i n g  i n d u s t r i e s .  



2. I n  gene ra l ,  d r i l l i n g  muds should be. avoided s i n c e  they almost  c e r t a i n l y  
cause coalbed permeabi l i ty  damage. . 

3 .  Percussion type  d r i l l  b i t s  enab le  boreholes  t o  be  d r i l l e d  qu ick ly .  
Tri-cone type  b i t s ,  however, cause less coalbed permeabi l i ty  damage. 

Logging 

Geophysical l ogs  which measure rock  d e n s i t y  provide  an e x c e l l e n t  . 

means of i d e n t i f y i n g  coalbed s t r a t i g r a p h i c  hor izons  i n  an open- 
ho le .  Ca l iper  l o g s  o f f  e r  t h e  p r e c i s e  q u a n t i t a t i v e  information r e -  
qu i red  t o  s e l e c t  ca s ing  equipment and cementing parameters .  Neutron 

type  l o g s  a r e  reasonably good i n d i c a t o r s  of c o a l  a f t e r  t h e  borehole  
is  cased.  

Completion 

Coalbed gas  dra inage  has  been most s u c c e s s f u l  when "openhole" . type 
complet ions a r e  used f o r  d e g a s i f i c a t i o n  boreholes .  Product ion from 
pe r fo ra t ed  w e l l s  ha s  been s i g n i f i c a n t l y  lower. Abrasive- je t  s l o t t e d  
completions have been most e f f e c t i v e  through cas ing .  . . 

. . . . 
Method of Removing and ~ e a s u r i n g  ' Wat er 

. . . . 

1,. A proven method of removing water  from d e g a s i f i c a t i o n  boreholes  i s  
by means of a  sucker-rod. pump. This .  method i s  e f f e c t i v e  when pro- 
duc t ion  i s  less than 200 bpd but  r e q u i r e s  r o u t i n e  maintenance. 

2. Posi t ive-displacement  meters a r e  used t o  measure .wat-e.r .but  t h i s  
method u s u a l l y  r e q u i r e s  an i napp rop r i a t e  amount of r o u t i n e  main- 
t enance . . . 

, . 

3 .  The -timing .mechanisms i n s c a l l e d  'wi thin t h e  e l e c t r i c .  power c i r c u i t  
t o  borehole  pump motors au toma t i ca l l y  control..pu,mping i n t e r v a l s  bu t  
r e q u i r e  cons t an t  a t t e n t i o n  i n  order  t o  main ta in  a  "dry hole"  
cond i t i on .  .. 

, .  

Problems of Monitoring Water Product ion 
. . 

1. S o l i d s  and gas  i n  w a t e r l i n e s  cause s i g n i f i c a n t ' m e t e r  i naccu rac i e s  
and/or  pump malfunct ions.  . ~. 

. .  . 
2 .  Improper pump i n t e r v a l s  a l low water t o  rise i n  boreholes  

above coa lbeds ,  reducing gas  product ion ;  o r  a l low water  
t o  f a l l  below pump hor izons ,  r e s u l t i n g  i n  excess ive  wear of 
equipment . 



Improved Methods f o r  Monitoring Water Product ion 

Gas contained i n  w a t e r l i n e s  can be  removed be fo re  t h e  water  i s  
metered 'by inco rpo ra t i ng  a  vented s e p a r a t i o n  tank  i n  t h e  s u r f a c e  
water flow system. 

Most l a r g e  p i e c e s  of s o l i d  d e b r i s  c a r r i e d  through w a t e r l i n e s  s e t t l e  
i n  t h e  s e p a r a t i o n  tank  (Item 1, above).  The remaining s o l i d s ,  sus- 
pended i n  t h e  flow system, can be removed wi th  a  d i r t -and- rus t  water 
f i l t e r  i n s t a l l e d  downstream from t h e  s e p a r a t i o n  tank.  

Downhole pump stoppage due t o  lodging of l a r g e  p i e c e s  of c o a l  o r  
o t h e r  rock m a t e r i a l  can  sometimes be  ave r t ed  by i n s t a l l a t i o n  of a  
s c r een  a t  t h e  lower end of t h e  water  product ion tubing.  

Automatical ly  c o n t r o l l e d  pump c y c l e s  must be  checked f r e q u e n t l y  and 

r e s e t  wi th  every s i g n i f i c a n t  change i n  water  product ion.  An a l t e r -  
n a t i v e  method t o  cycled pumping i s  t h e  u s e  of a  var iable-speed c o n t r o l  
on t h e  pump. 

To prevent  f r e e z i n g ,  s u r f a c e  water l - ines  can be  wrapped w i t h  h e a t  
t a p e  and then  covered wi th  i n s u l a t i o n .  

Method of  Removing. and Measuring Gas 

Gas i s  produced through t h e  annular  space  between t h e  water 
product ion tub ing  and borehole  cas ing .  

Wells should. be. produced under minimal back-pressure.  

Diaphram, r o t a r y ,  and t u r b i n e  t ype  gas  meters a r e  used t o  monitor 
degas i f  i c a t i o n .  borehole  gas  flows. 

Gas Product ion  Monitoring Problems 

Water build-up ' i n  gas  l i n e s  dec reases  meter accuracy and can 
permanently damage working components when f r e e z i n g  occurs .  

Sudden p r e s s u r e  r e l e a s e  a f t e r  w e l l s  have been shut- in ,  o r  when un- 
load ing  occurs  can damage gas  monitor ing equipment. 

Improved Methods f o r  Monitoring Gas Product ion 

Commercially a v a i l a b l e  f i l t e r s  a r e  designed t o  remove f i n e  
s o l i d  p a r t i c l e s  f rom.gas l i n e s  w i t h  very  l i t t l e  p r e s s u r e  drop. 



2 .  The mois ture  con ten t  of coalbed gas  is removed by coo l ing ,  ab- 
s o r p t i o n ,  and impingement. 

3 .  Meter inaccuracy and p o s s i b l e  meter damage caused by sudden p r e s s u r e  
r e l e a s e  i s  avoided by .allowing gas  p re s su re  t o  bleed-off g r adua l ly  
whi le  main ta in ing  f low p r e s s u r e s  w i th in  t h e  given meter range.  

4 .  I c e  formation i n  gas  l i n e s  nea r  t h e  wellhead i s  prevented by proper ly  
i n s u l a t i n g  and h e a t i n g  t h e  meters and o t h e r  p o i n t s  f avo rab l e  t o . w a t e r  
accumulation; The number of r o u t i n e  f i e l d  i n s p e c t i o n s  should be  i n -  
creased du r ing  co ld  weather p e r i o d s  t o  a s s u r e  minimum condensate  
build-up . 

Analyses Of Gas Produced From V e r t i c a l  Boreholes 

1. Methane con ten t  of gas  sampled from 34 v e r t i c a l  boreholes  average  
approximately 96 pe rcen t .  The pe rcen t  of h igher  hydrocarbons 
average 0.08 pe rcen t .  

2 .  Hydrogen, helium, carbon monoxide, s u l f u r  d iox ide ,  and o t h e r  such 

gases  p re sen t  i n  convent iona l  n a t u r a l  gas  a r e  on ly  r a r e l y  found 
i n  coalbeds.  \.% 

3 .  The hea t  of combustion of coalbed gas  i s  comparable t o  t h a t  of 
n a t u r a l  g a s ,  ranging from 900 t o  1,100 B T U / ~ ~ ~ .  

In t roduc t ion  To Well S t imu la t i on  

1. The b a s i c  mechanics of t h e  s t i m u l a t i o n  p rocedure ' i nc lude :  

a .  Generat ion of a  hyd rau l i c  f l u i d  f o r c e  a t  t h e  s u r f a c e  by pumping. 
b. Appl ica t ion  of t h i s  hyd rau l i c  f o r c e  t o  a  s e l e c t e d  rock u n i t  

through a  borehole  which causes  a  f r a c t u r e ,  o r  widening of a  p3'e- 
e x i s t i n g  f r a c t u r e .  

c .  Extension of t h i s  b reak  by cont inued i n j e c t i o n  (pumping) of f l u i d .  
d. Addition of propping agent  which s e r v e s  t o  hold t h e  f r a c t u r e  

open a f t e r  t h e  app l i ed  hyd rau l i c  f o r c e  is r e l e a s e d .  

2 .  The i n t e n t  of s t i m u l a t i o n  i s  t o  propagate  conduct ive  f r a c t u r e s  from t h e  
wel lbore  t o  a  p o i n t  up t o  s e v e r a l  hundred f e e t  away w i t h i n  t h e  

coalbed and thus  expand t h e  a r e a  being dra ined  by t h e  wel lbore.  
I 

Phys i ca l  Rock P r o p e r t i e s  Affec t ing  S t imu la t i on  

1.  Natura l  f r a c t u r e  systems can account f o r  f l u i d  " leak  o f f "  du r ing  
s t i m u l a t i o n  t rea tments .  Induced f r a c t u r e  d i r e c t i o n ( s )  a l s d  p a r a l l e l  
n a t u r a l  f r a c t u r e  t r e n d s  and can be  p red i c t ed  w i t h i n  10 
degrees  azimuth. 



Mechanical  p r o p e r t i e s  of r o c k s . c a n  be used t o  p r e d i c t  breakdown 

paramete rs  f o r  s t i m u l a t i o n  i f  t h e  r o c k s  exposed t o  t r e a t m e n t  . a r e  
" f l a w l e s s . "  Th is  i s  a tenuous v iewpoin t  c o n s i d e r i n g  t h e  n a t u r a l  
f r a c t u r e d  c o n d i t i o n  o f  most rock  s t r a t a .  

It i s  r e l a t i v e l y  easy  t o  p r o p a g a t e  f r a . c t u r e s  i n t o  f u t u r e  mine roof 
o r  f l o o r  i f  t h e  r o c k  i s  a l r e a d y  f r a c t u r e d .  

. . C h a r a c t e r i s t i c s  of Induced Coalbed F r a c t u r e s  

. . Induced coalbed f r a c t u r e s  may be  o r i e n t e d  v e r t i c a l l y ,  h o r i z o n t a l l y ,  
o r  i n c l i n e d .  

The d i r e c t i o n  of v e r t i c a l l y  induced f r a c t u r e s  is  usually p a r a l l e l  
t o  e x i s t i n g  n a t u r a l  f r a c t u r e  t r e n d s .  

F r a c t u r e  l e n g t h ' i s  u s u a l l y  less t h a n  t h e  l e n g t h  p r e d i c t e d  i n  f r a c  
d e s i g n ,  One r e a s o n  f o r  t h i s  is e x c e s s i v e  f l u i d  "leak-off  ". 
More v i s c o u s  t r e a t i n g  f l u i d s  produce s h o r t  f r a c t u r e s .  

. . , . 

.Given similar t r e a t m e n t  p r e s s u r e s ,  f r a c t u r e  wid th  i s  c o n t r o l l e d  
mainly  by f l u i d  v i s c o s i t y .  Highly  v i s c o u s  f l u i d s  produced wide 
f r a c t u r e s .  

The s i z e  and arrangement of proppant  material w i t h i n  induced f r a c -  
t u r e s  c o n t r o l s  t h e  e a s e  of f l u i d  f low th rough  t h e s e  f r a c t u r e s  and 
e f f e c t s  t h e  amount of coalbed p r e s s u r e  r e d u c t i o n  a t t a i n a b l e  w i t h i n  
a given  t i m e  

Continued accumulat ion of sand proppant  i n  b o r e h o l e s  s u g g e s t  c l o s u r e  
. : s t r esses  a r e  less t h a n  o r i g i n a l l y  . a n t i c i p a t e d .  

, ' .  

S t i m u l a t i o n  Using 'Gelled F l u i d s  

Twenty-two s t i m u l a t i o n  t r e a t m e n t s  u s i n g  g e l l e d  f l u i d s  have been 
conducted s i n c e  1970. This  t y p e  of h y d r a u l i c  f l u i d  is  water based ,  
and c o n t a i n s  n a t u r a l  gum t o  t h i c k e n  t h e  m i x t u r e  a l l o w i n g  it t o  
c a r r y  sand proppant  and r e t a r d  f l u i d  l e a k - o f f .  

S i x  c a s e  s t u d i e s  i l l u s t r a t e  t h e  Government's p a s t  e x p e r i e n c e  u s i n g  
g e l l e d  f l u i d s .  

S t i m u l a t i o n  Using Foam 

, T h i r t y - n i n e  Government sponsored coalbed s t i m u l a t i o n  t e s t s  have 
been conducted u s i n g  foam. Th is  t y p e  of h y d r a u l i c  f l u i d  i s  a  
m i x t u r e  of l i q u i d  ( u s u a l l y  f r e s h  w a t e r ) ,  g a s ,  and foaming s u r f a c t a n t .  

Four c a s e  s t u d i e s  i l l u s t r a t e  t h e  Government's p a s t  e x p e r i e n c e  u s i n g  
foam . 



Misce l laneous  S t  imula t  i o n  Techniques 

1. An e x p l o s i v e  t y p e  f r a c t u r e  t r e a t m e n t  y i e l d e d  no i n c r e a s e  i n  
g a s  p roduc t ion .  The same poor p r o d u c t i o n  r e s u l t s  were o b t a i n e d  
a f t e r  pumping n i t r o g e n  gas  i n t o  a coa lbed .  

2. One e x p e r i m e n t a l  coa lbed  s t i m u l a t i o n  d e s i g n  i n c o r p o r a t e s  t h e  u s e  
of g e l l i n g  a g e n t s ,  wa te r  and l i q u i d  C02. S e v e r a l  months of pumping 
a f t e r  t h e  t r e a t m e n t  produced o n l y  s m a l l  amounts of g a s  and w a t e r .  

3 .  The p a t e n t e d  " K i e l  Frac" h a s  been a p p l i e d  t w i c e  . t o  mineab le  
coa lbeds .  Th is  t y p e  of s t i m u l a t i o n  i n c o r p o r a t e s  t h e  u s e  of sand 
and wate r  and i s  a p p l i e d  i n  pressurization/depressurization c y c l e s  
o r  s t a g e s .  A p r e l i m i n a r y  underground s t u d y  showed t h i s  t e c h n i q u e  
t o  produce h o r i z o n t a l  f r a c t u r i n g .  

4 .  A s t i m u l a t i o n  d e s i g n  r e c e n t l y  t e s t e d  u s e s  foam and a  v e r y  low 
i n j e c t i o n  r a t e s  but  does  n o t  i n c l u d e  a s v l i d  propping a g e n t .  
The p o s s i b l e  b e n e f i t s  of t h i s  d e s i g n  i n c l u d e :  b e t t e r  f r a c t u r e  
h e i g h t  c o n t r o l ,  and t h e  e l i m i n a t i o n  of pumping problems r e s u l t i n g  
from i n f l o w  of f r a c  sand i n  o p e r a t i n g  b o r e h o l e s .  Th i s  d e s i g n  h a s  
been t e s t e d  one  t i m e  i n  t h e  Mary Lee Coalbed and t h e  p r o d u c t i o n  
r e s u l t s  were encouraging.  

P roduc t ion  Problems Re la ted  t o  Coalbed S t i m u l a t i o n  

1. The presence  of g e l  o r  g e l  r e s i d u e  i s  b e l i e v e d  t o  g r e a t l y  r e t a r d  
f l u i d  f low t o  w e l l b o r e s ,  e s p e c i a l l y  when t h i s  g e l  m a t e r i a l  i s  
used i n  p e r f o r a t i o n  t y p e  comple t ions .  

2. Sand proppan t ,  c a r r i e d  back t o  t h e  w e l l b o r e ,  r e s u l t s  i n  mechanical  
pump f a i l u r e s  o r  s e v e r e  l o s s e s  i n  pump e f f i c i e n c y .  

3 .  Well un load ing ,  s i m i l a r  t o  w e l l  "blowouts" i n  pe t ro leum i n d u s t r y  
terminology b u t  much s m a l l e r  i n  s c a l e ,  r e f e r s  t o  o c c a s i o n s  when 
much o r  a l l  of t h e  w a t e r  c o n t a i n e d  i n  a  w e l l  i s  c a r r i e d  t o  t h e  
s u r f a c e  by volumes of expanding gas .  During un load ing ,  f l u i d  
v e l o c i t i e s  a r e  v e r y  h i g h  and f l u i d s  become e x c e p t i o n a l l y  

e f f e c t  Lve c a r r i e r s  of s o l i d  d e b r i s  t o  w e l l b o r e s  . 
E f f e c t s  of Hydrau l ic  S t i m u l a t i o n  on Mining 

1. Of 64 Government sponsored s t i m u l a t i o n  t r e a t m e n t s ,  t h e  r e s u l t s  
of 12 have been observed d i r e c t l y  underground. 

2 .  The r e s u l t s  of s t i m u l a t i o n  have v a r i e d  g r e a t l y  w i t h i n  t h e  same 
coalbed and even w i t h i n  t h e  same mine. 



3 .  P o t e n t i a l l y ,  t h e  wors t  mine roof  c o n d i t i o n  a t t r i b u t a b l e  t o  h y d r a u l i c  

s t i m u l a t i o n  is  t h e  e x t e n s i o n  of h o r i z o n t a l l y - o r i e n t e d  f r a c t u r e s ,  
p o s i t i o n e d  above t h e  c o a l  u n i t  ( s )  be ing  mined. 

4.  To d a t e ,  t h e r e  h a s  been no observed o r  r e p o r t e d  a f f e c t s  on roof  
s t a b i l i t y  t o  i n d i c a t e  t h e  Government ' s d e g a s i f i c a t  i o n  program 
a d v e r s e l y  a f f e c t e d  mirlirig o p e r a t  i o n s .  

The E f f e c t s  of Removing Coalbed F l u i d s  Before  Mining 

- 1. I f  n o t  s u f f i c i e n t l y  d e p l e t e d ,  producing b o r e h o l e s  c r e a t e s  
f a v o r a b l e  c o n d i t i o n s  f o r  gas  r e l e a s e  and m i g r a t i o n  i n t o  mines.  

2. There are two ways which mining can avoid  p o t e n t i a l l y  e x c e s s i v e  g a s  
l lows :  ( a )  a l l o w  t h e  w e l l  t o  d e p l e t e ,  o r  (b)  pump wate r  back i n t o  
t h e  coalbed th rough  t h e  w e l l b o r e  o r  simply t u r n  o f f  t h e  dewate r ing  
pumps and a l l o w  t h e  b o r e h o l e s  d r a i n a g e  a r e a  t o  "f lood" i t s e l f  
n a t u r a l l y .  

Cost of V e r t i c a l  Borehole  D e g a s i f i c a t i o n  

Cur ren t  t o t a l  c o s t s  f o r  d r i l l i n g  and complet ing ( i n c l u d i n g  a d e q u a t e  
s t i m u l a t i o n )  a  v e r t i c a l  d e g a s i f i c a t i o n  b o r e h o l e  r a n g e  from $54 t o  $63 
p e r  f o o t  o f  boreho le  dep th .  



BOREHOLE SPECIFICATIONS .:> 2s 

E a r l y  d e g a s i f i c a t i o n  e f f o r t s  i n c l u d e d  a t t e m p t s  t o  u t i l i z e  exp lor -  

a t i o n  c o r e  h o l e s  p laced  by c o a l  mining companies f o r  f o r m a t i o n  t e s t i n g  
i n  t h e  P i t t s b u r g h  coa lbed .  These e f f o r t s  were u n s u c c e s s f u l  because  of 
t h e  s m a l l  d i a m e t e r  c a s i n g  ( l e s s  t h a n  two i n c h e s )  and t h e  l i m i t e d  s i z e  of 
s t i m u l a t i o n  equipment t h a t  cou ld  b e  used ( 5 ) .  - - 3 1  Today, t h e  minimum s i z e  
d i a m e t e r  b o r e h o l e  d r i l l e d  is  s i x  i n c h e s .  A f t e r  c a s i n g ,  t h e  i n s i d e  d i a -  
meter of t h e  w e l l  is  u s u a l l y  I o u r  i n c h e s  which i s  l a r g e  enough t o  ac- 
commodate most s t a n d a r d  downhole o i l  f i e l d  t o o l s ,  p i p e  t u b i n g ,  and w a t e r  
pumps . 

The b o r e h o l e  used t o  d r a i n  g a s  ahead of mining can  b e  used f o r  mine 
development a f t e r  t h e  w e l l  h a s  been i n t e r c e p t e d  underground. The d iamete r  

of t h e s e  w e l l s  can  t h u s  b e  s p e c i f i e d  t o  m e e t  t h e  i n t e n d e d  u s e  i n  t h e  
mine p l a n .  Such w e l l s  p r o v i d e  v e n t i l a t i o n ,  conven ien t  power, d u s t ,  o r  wa te r  
t r a n s p o r t  avenues  from t h e  s u r f a c e  t o  mine workings .  V e r t i c a l  w e l l s  have a l s o  

been used t o  mani fo ld  g a s  d r a i n e d  from h o l e s  d r i l l e d  h o r i z o n t a l l y  from 
w i t h i n  t h e  mine t o  t h e  s u r f a c e .  

31  Underl ined number i n  p a r e n t h e s e s  r e f e r s  t o  i t e m  i n  t h e  l i s t  of - 
references. 



Coalbed g a s  i s  adsorbed o n t o  t h e  i n t e r n a l  s u r f a c e s  of c o a l  m a t r i x  
m a t e r i a l  ( 3 1 ) .  The amount of g a s  c o n t a i n e d  i n  t h i s  manner w i t h i n  any 

g i v e n  a r e a o f  a  coa lbed  depends p r i m a r i l y  on t h e  c o a l s '  i n h e r e n t  s t o r a g e  

c a p a c i t y  and o n . t h e  p h y s i c a l  c o n d i t i o n s  of t h e  coa lbed .  K i m  (20) 
i n d i c a t e s  t h a t  t h e  amount of g a s  t h a t  c o a l  can c o n t a i n  is l i m i c d  by 

c o a l  rank.  Within  a  g iven  rank ,  however, t h e  amount of gas  a c t u a l l y  

adsorbed on t h e  c o a l  depends on t h e  p r e s s u r e / t e m p e r a t u r e  h i s t o r y  of t h e  
coa lbed .  For p r a c t i c a l  a p p l i c a t i o n ,  t h e  q u a n t i t y  of g a s  i s  assumed t o  
b e  t h a t  which is  a t  e q u i l i b r i u m  w i t h  t h e  measured p r e s s u r e / t e m p e r a t u r e  

c o n d i t i o n s  of t h e  coalbed.  Th is  r e l a t i o n s h i p  i s  b e s t  i l l u s t r a t e d  by 
e q u i l i b r i u m  i so therms  as shown on F i g u r e  1. 

Adsorpt ion i so therms  demons t ra te  how c o a l s  c a p a c i t y  d e c r e a s e s  
when e x t e r n a l  p r e s s u r e s  a r e  reduced. Induced p r e s s u r e  r e d u c t  i o n s ,  
i n t e n t i o n a l  o r  o t h e r w i s e ,  f i g u r e  h e a v i l y  i n t o  t h e  b a s e s  of a l l  t h e  g a s  

c o n t r o l  o r  d r a i n a g e  e f f o r t s  p r e s e n t l y  be ing  t e s t e d .  Any opening 
i n  a  coalbed from which f l u i d s  are removed, lowers  p r e s s u r e  and 
changes  e q u i l i b r i u m  c o n d i t i o n s  i n  t h e  a r e a  su r rounding  t h a t  opening.  
The c o a l  a f f e c t e d  by t h i s  p r e s s u r e  r e d u c t i o n  releases a p o r t i o n  of 
i t s  g a s  i n  o r d e r  t o  a c h i e v e  e q u i l i b r i u m  w i t h  t h e  new r e s e r v o i r  c o n d i t i o n .  
A working mine, a s h a f t  d r a i n i n g  w a t e r ,  o r  a producing b o r e h o l e  each 
d i s r u p t s  a c o a l b e d ' s  p r e v i o u s  p r e s s u r e l g a s  s t o r a g e  e q u i l i b r i u m  i n  

a way which c a u s e s  g a s  t o  be r e l e a s e d  (desorbed)  from t h e  c o a l  m a t r i x .  
T h i s  i s  why d e g a s i f i c a t i o n  e f f o r t s  a r e  des igned ,  i n  e s s e n c e ,  t o  
c a u s e  coalbed p r e s s u r e  r e d u c t i o n s  ahead of mining.  

Once r e l e a s e d  from t h e  c o a l ' s  i n n e r  s u r f c e  a r e a s ,  coalbed g a s  

t r a v e l s  by d i f f u s i o n  t o  n a t u r a l  f r a c t u r e s  i n  t h e  coa lbed  r e f e r r e d  t o  
as " c l e a t " .  Once g a s  e n t e r s  t h e s e  f r a c t u r e s ,  m i g r a t i o n  is s i m i l a r  
t o  c o n v e n t i o n a l  f l u i d  f low (Darcy f low) t o  a p o i n t  of lowest  p r e s s u r e ;  

i . e . ,  a  boreho le ,  a  mine, a s h a f t ,  and s o  f o r t h .  



FIGURE 1. - VARIATION OF ADSORPTION 
ISOTHERMS WITH COAL RANK, AT 0°C (20). 
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EFFECTIVE WELL PLACEMENT 

The two most important  r e s e r v o i r  changes brought about by t h e  re -  
moval of coalbed f l u i d s  a r e :  (1) p r e s s u r e  r educ t ion ,  and ( 2 )  a  lowering 
of water s a t u r a t i o n  (25). The equi l ib r ium s o r p t i o n  i so therm,  F igure  2,  
demonstrates  t h e  c r i t i c a l  importance of t h e  coalbed p r e s s u r e  cond i t i on .  
The isotherm shows t h a t  as pres su re  is  lowered, s u f f i c i e h t  gas  w i l l  
be r e l ea sed  t o  r e e s t a b l i s h  equ i l i b r ium a t  t h e  new p r e s s u r e  cond i t i on .  
I n  a d d i t i o n ,  t h e  gas  which is  r e l ea sed  i n t o  t h e  coa lbed ' s  f r a c t u r e  system 
i s  made more r e a d i l y  a v a i l a b l e  f o r  flow t o  t h e  wel lbore  a s  r e s e r v o i r  
water s a t u r a t i o n  i s  reduced. This  i s  because t h e  coa lbed ' s  pe rmeab i l i t y  

t o  gas flow i n c r e a s e s  a s  demonstrated on F igure  3 (22). 

Product ion From S ing le  Wells 

Experience has  s h o p  t h a t  s i n g l e  w e l l s  i n  v i r g i n  coalbeds do n o t  
produce h igh  sus t a ined  gas  flow r a t e s .  This i n d i c a t e s  t h a t  they cannot  
reduce coalbed p r e s s u r e  and decrease  water  s a t u r a t i o n  r a p i d l y  enough 
and/or  t o  a - g r e a t  enough deg ree  t o  main ta in  h igh  flow r a t e s .  Given a  
water -sa tura ted  cond i t i on  and an i n f i n i t e l y  l a r g e  r e s e r v o i r ,  f l u i d  
dra inage  can only be  e f f e c t i v e  i n  an a r e a  where permeabi l i ty  t o  t h e  w e l l  
is  g r e a t e r  than  t h e  coa lbed ' s  n a t u r a l  permeabi l i ty .  A t  s t i m u l a t e d ~  
w e l l s ,  t h i s  e f f e c t i v e  dra inage  a r e a  is  d i r e c t l y  r e l a t e d  t o  t h e  l e n g t h  
and conduc t iv i t y  of t h e  induced f r a c t u r e s .  Outside t h e s e  zones of 
induced pe rmeab i l i t y ,  s i g n i f i c a n t  p r e s su re  and s a t u r a t i o n  r educ t ions  

occur  slowly because water i s  suppl ied  by t h e  coalbed a t  n e a r l y  t h e  same 
r a t e  it is removed. 

Water product ion from a  s i n g l e  w e l l  is  t y p i c a l l y  h igh  dur ing  e a r l y  
phases of pumping s i n c e  water  o r i g i n a t e s  p r imar i l y  from t h e  a r e a  of 
induced permeabi l i ty  around t h e  w e l l .  Water f low,  however, dec reases  

sha rp ly  and d ra inage  expands beyond t h i s  h igh ly  permeable zone. This  
lower l e v e l  of water  product ion then very  slowly dec reases  throughout 
t h e  remaining l i f e  of t h e  w e l l .  

Figure  4 shows a  gas  product ion curve  from a  w e l l  placed i n  a  
coalbed f a r  from o the r  d ra inage  po in t s .  Even though coalbed f l u i d  

p re s su re  was reduced s e v e r a l  hundred f e e t  away from t h i s  w e l l  (F igure  

5), t h e  r educ t ion  was sma l l  and only a  smal l  percentage  of t h e  t o t a l  
amount of gas  s t o r e d  i n  t h e  c o a l  was r e l e a s e d  ( r e f e r  t o  F igure  2 ) .  
Since  t h e r e  was r e l a t i v e l y  l i t t l e  gas  a v a i l a b l e  f o r  flow, gas  product ion 
r a t e s  dec l ined  quick ly .  The product ion curve  shown on F igure  6 a l s o  
demonstrates  t h e  r e l a t i v e l y  r ap id  d e c l i n e  and low gas  f lows measured 
from s i n g l e  w e l l s  i s o l a t e d  from o t h e r  d ra inage  p o i n t s .  





FIGURE 3. - GAS PERMEABILITY RELATIVE TO 
WATER SATURATION (22). 
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FIGURE 4. - PRODUCTION CURVES FROM A 
DRAINAGE WELL PLACED MORE THAN 
3000 FEET FROM ANOTHER DRAINAGE 
POINT IN THE MARY LEE COALBED. 
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FIGURE 5. - COALBED WATER PRESSURE DECLINE 
MEASURED AT OBSERVATION WELLS PLACED ALONG A 

NORTH-SOUTH LINE AND UP TO 2,945 FEET 
FROM PRODUCTION WELL. 
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FIGURE 6. - PRODUCTION CURVES FROM A COALBED GAS 
DRAINAGE WELL PLACED MORE THAN 3000 FEET FROM 

ANOTHER DRAINAGE POINT IN THE BECKLEY COALBED. 
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P r o d u c t i o n  From Well P a t t e r n s  o r  Near Mine Opera t ions  

A more e f f i c i e n t  method used t o  reduce  p r e s s u r e  and d e c r e a s e  wa te r  

s a t u r a t i o n  i s  t o  draw f l u i d s  from a more " l i m i t e d  r e s e r v o i r  a r e a "  of a 
coa lbed .  Th is  can b e  accomplished by complet ing m u l t i p l e - w e l l  p a t t e r n s  

o r  by p o s i t i o n i r l g  w e l l s  c l o s e  t o  mine workings.  A s  coa lbed  f l u i d s  are.  
removed from two o r  more w e l l s ,  t h e  d r a i n a g e  a r e a s  o v e r l a p ,  and a l l o w  
t h e  w e l l s  t o  remove f l u i d s  from s p e c i f i c  r e s e r v o i r  a r e a s .  By do ing  I 

t h i s ,  coalbed p r e s s u r e  i s  reduced t o  a  g r e a t e r  d e g r e e  w i t h i n  a  s h o r t e r  
I 

p e r i o d  of t i m e ,  a l l o w i n g  much more g a s  t o  b e  r e l e a s e d .  Water s a t u r a t i o n  
i s  a l s o  lowered t o  a g r e a t e r  d e g r e e  i n c r e a s i n g  g a s  p e r m e a b i l i t y  and 
enhancing g a s  f low t o  t h e  w e l l s .  

F i g u r e  7 demons t ra tes  a s q u a r e  g r i d  o r  "experimental." ar rangement  
of w e l l s  used when l i t t l e  is  known about  t h e  s p e c i f i c  f low a n d / o r  
s t r u c t u r a l  p r o p e r t i e s  o f  t h e  coa lbed .  Another p a t t e r n ,  shown on 
Fi,gure 8 , i s  a n  arrangement  which cou ld  be  used t o  t a k e  advan tage  of 
c e r t a i n  d i r e c t i o n a l  p e r m e a b i l i t y  c h a r a c t e r i s t i c s ,  a s  would b e  determined 

from g e o l o g i c  s t u d i e s  (28) (29) (3) (6) o r  from p r i o r  e x p e r i m e n t a l  d r i l l i n g  
work i n  t h e  a r e a  ( 2 3 ) .  - 

F i g u r e  9 demons t ra tes  one t y p e  of w e l l  arrangement  which can be  
used n e a r  mine workings .  Here t h e  mine workings  and t h e  su r rounding  
w e l l s  c r e a t e  o v e r l a p p i n g  d r a i n a g e  a r e a s .  P roduc t ion  h a s  been encouraging 
from t h e  few b o r e h o l e s  completed s u c c e s s f u l l y  n e a r  mine workings  ( 2 6 ) .  
F i g u r e  1 0  shows p r o d u c t i o n  measured from one such  w e l l  p laced  a b o u F 6 0 0  
f e e t  from a  mine opening.  Gas p r o d u c t i o n  from t h i s  w e l l  began t o  i n c r e a s e  
abou t  60 days  a f t e r  pumping w a s  i n i t i a t e d  because  a n  o v e r l a p p i n g  d r a i n a g e  
a r e a  was e s t a b l i s h e d  between t h e  w e l l  and t h e  mine opening.  The same 
t y p e  of p r o d u c t i o n  ( 'shape of c u r v e ,  F i g u r e  10)  i s  expec ted  from w e l l s  
p laced  i n  g r i d  p a t t e r n s  s i n c e  o v e r l a p p i n g  d r a i n a g e  a r e a s  must o c c u r .  
Cur ren t  r e s e a r c h  on s p a c i n g  is  be ing  conducted s o  t h a t  t h e  d i s t a n c e  

and t i m e  r e q u i r e d  f o r  o v e r l a p p i n g  d r a i n a g e  t o  occur  can  b e  f o r e c a s t e d .  



FIGURE 7. 
EXPERIMENTAL 
GRID PATTERN. 

COALBED GAS DRAINAGE BOREHOLE. 
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FIGURE 8. 
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FIGURE 9. 
BOREHOLE ARRANGEMENT 

NEAR MINE WORKINGS. 
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FIGURE 10. - PRODUCTION CURVES FROM A COALBED 
GAS DRAINAGE WELL PLACED NEAR MlNE 
WORKINGS IN THE MARY LEE COALBED. 
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DRILLING 

Degasif icat ion boreholes are normally r o t a r y  d r i l l e d  using por tab le  
d r i l l i n g  r i g s  s imi la r  t o  t h a t  shown on Figure 11. Rigs capable of 
d r i l l i n g  wi th  4-112 inch diameter d r i l l  pipe t o  depths up t o  2,500 f e e t  
have been used most extensively.  These r i g s  a r e  usua l ly  equipped wi th  
an  a i r  compressor and a water o r  mud pump. 

D r i l l i n g  opera t ions  have u t i l i z e d  a i r ,  m i s t ,  water, foam, o r  mud 
a s  a medium t o  ca r ry  rock c u t t i n g s  t o  t h e  surface.  I n  order  t o  minimize 
t h e  p o s s i b i l i t y  of coalbed permeabil i ty damage by i n f i l t r a t i o n  of 
d r i l l i n g  f l u i d ,  more recent  opera t ions  have s t r i c t l y  avoided t h e  u s e  of 
d r i l l i n g  muds except where they were considered absolute ly  e s s e n t i a l .  

Air, o r  l i g h t  foam, a r e  t h e  most d e s i r a b l e  d r i l l i n g  mediums used today 
s i n c e  they guard aga ins t  permeabil i ty damage and increase  d r i l l i n g  
speed by reducing pore pressure  a t  t h e  b i t l r o c k  i n t e r f a c e  (17). - 

The type  of b i t  used t o  pene t ra te  coa l  strata i s  an important 
cons idera t ion  i n  d r i l l i n g  coalbed drainage holes.  Coal, because i t  
has a low mechanical s t rength ,  r e a d i l y  s u f f e r s  formation damage and 
t h i s  reduces t h e  permeabil i ty at  the w e l l  periphery. 

Tri-cone d r i l l i n g  b i t s  were used almost exclus ively  during t h e  
e a r l y  phases of experimental work. More recent  work using a i r  d r i l l i n g  
techniques has enabled opera tors  t o  use  percussion type  b i t s  which 
e a s i l y  pene t ra te  t h e  rock types encountered. Care must be taken, 
however, when using such high compression b i t s  when d r i l l i n g  s o f t  
c o a l  horizons because mechanically induced formation damage may occur. 
One p r a c t i c e  has been t o  switch from a percussion b i t  t o  a t r i -cone  
b i t  s e v e r a l  f e e t  above t h e  expected coal-bearing horizon (g). 



FIGURE 11. - TYPICAL SIZE AND 
TYPE OF DRILLING RIG USED TO ROTARY 

DRILL COALBED GAS DRAINAGE BOREHOLES. 



There a r e  two gene ra l  methods used t o  o b t a i n  r eco rds  o r  "logs" of 
t h e  va r ious  rock s t r a t a  pene t r a t ed  by coalbed gas  d ra inage  boreholes .  
The f i r s t  method is  app l i ed  dur ing  d r i l l i n g  ope ra t i ons  and involves  t h e  

sampling of rock o r  formation f l u i d ( s )  and t h e  measurement of p e n e t r a t i o n  
r a t e s .  The second method of logging boreholes  is  app l i ed  dur ing  any 
non-d r i l l i ng  phase of w e l l  development and inc ludes  t h e  u se  of 
w i r e - l i ne  e l e c t r i c a l  logging equipment. 

Depth and th i cknes s  of t h e  c o a l  u n i t s  pene t r a t ed  i n  boreholes  a r e  
of primary concern t o  succes s fu l  d r i l l i n g  p r o j e c t s .  This information is 
v i t a l  f o r  s t r a t i g r a p h i c  c o r r e l a t i o n  purposes ,  w e l l  completion p l ans ,  and 
s t i m u l a t i o n  des ign .  Rock c u t t i n g s  and d r i l l i n g  t imelogs ,  though h e l p f u l  
t o  t h e  ope ra to r ,  a r e  gene ra l l y  a  poor s u b s t i t u t e  f o r  t h e  t ype  of p r e c i s e  
information u s u a l l y  r equ i r ed .  Best r e s u l t s  have been obtained from 
c o r e s  bu t  t h e s e  a r e  q u i t e  expensive,  e s p e c i a l l y  when obtained from 
l a r g e r  diameter  boreholes .  Geophysical logging is much l e s s  expensive 
and can be  used t o  d e l i n e a t e  c o a l  zones l e s s  than  a  f o o t  t h i c k  (34). 

Geophysical l o g s  which measure rock d e n s i t y  a r e  e x c e l l e n t  f o r  u se  
i n  c o a l  i d e n t i f i c a t i o n  and a r e  used most o f t e n  i n  d r i l l i n g  p r o j e c t s  ( 7 ) ,  
(14) ,  (23). The r e l a t i v e l y  low bulk  d e n s i t i e s  of c o a l  cause d i s t i n c t T v e  
1G responses  which a r e  e a s i l y  recognized. Such d e n s i t y  l o g s  a r e  
obtained f o r  boreholes  b e f o r e  they a r e  cased. 

Logging dev ices  which measure l e v e l s  of n a t u r a l  r a d i o a c t i v i t y  a r e  
a l s o  used t o  record  t h e  presence  of c o a l  i n  a  borehole .  One such l o g  
uses  a  Gamma-Ray count ing devic\e, u s u a l l y  run i n  an  openhole a long  wi th  
a  d e n s i t y  t o o l .  The Neutron l o g , " a  reasonably good i n d i c a t o r  of c o a l ,  
is  a  va luab le  t o o l  used t o  l o c a t e  c o a l  zones a f t e r  t h e  borehole  i s  cased.  
This  becomes of major importance i f  s e v e r a l  zones a r e  t o  be  exposed t o  
t h e  wel lbore  f o r  gas  dra inage .  

Determination of ho l e  cond i t i ons  is necessary  t o  many w e l l  com- 
p l e t i o n  procedures  inc lud ing  s e l e c t i o n  of ca s ing  equipment (packers ,  
c e n t r a l i z e r s ,  ba ske t s ,  e t c . ) ,  and cementing ope ra t i ons  parameters  
( s l u r r y  volume, type  of cement r equ i r ed ,  necessary  a d d i t i v i e s ) .  This 
is e s p e c i a l l y  t r u e  when h o l e  cavings and l o s t  c i r c u l a t i o n  problems a r e  
experienced dur ing  previous d r i l l i n g  ope ra t i ons .  Although most geophysical  
logging t o o l s  respond t o  v a r i a t i o n s  i n  borehole  d iameter ,  they do no t  
g ive  t h e  p r e c i s e  q u a n t i t i v e  information normally r equ i r ed .  Therefore ,  

a ' c a l i p e r  dev i ce  i s  usua l ly  run i n  an openhole h o l e  a long w i t h  t h e  o t h e r  
logging t o o l s .  The c a l i p e r  t o o l  c o n s i s t s  of sp r ing  loaded arms which 
r i d e  along t h e  w a l l s  of t h e  ho le .  These s p r i n g s  a r e  compressed, o r  extended 
by t h e  v a r i a t i o n s  i n  t h e  h o l e  s i z e  a s  t h e  t o o l  i s  r a i s e d  and recorded 
on graphs a t  t h e  su r f ace .  

There a r e  s e v e r a l  o t h e r  types  of logging dev ices  a v a i l a b l e  which, 
a l though n o t  included i n  p a s t  work, may prove t o  be  h e l p f u l  i n  f u t u r e  
p r o j e c t s .  Figi.ire 3 2 shows some of t he se  ,,logs a long  wi th  t h e  more 

t r a d i t i o n a l  l ogs  and each t o o l ' s  r e s p o n s e ' t o  c o a l  and a s soc i a t ed  rock types .  



FIGURE 12. - SEVERAL TYPES OF GEOPHYSICAL LOG 
RESPONSES TO COAL AND ASSOCIATED ROCK STRATA. 
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COMPLETION 

Coalbed gas  dra inage  boreholes  a r e  d r i l l e d  o r  cored through one 
o r  s e v e r a l  coalbed horizons.  An a d d i t i o n a l  l eng th  of borehole  i s  

d r i l l e d  below t h e  lowest coalbed t o  a l low water  and d e b r i s  t o  c o l l e c t  
i n  a sump below t h e  coalbed. 1 

Boreholes t h a t  d r a i n  gas  from a s i n g l e  horizon a r e  t y p i c a l l y  
cased and cemented from immediately above t h e  coalbed t o  t h e  s u r f a c e ,  
a s  shown on F igure  13. This  "openhole" type  completion i s  accomplished 
us ing  one of two methods. The f i r s t  method is t o  d r i l l  t h e  e n t i r e  

l e n g t h  of borehole;  l o c a t e  t h e  coalbed us ing  logging t o o l s ;  and then  
set ca s ing  equipped wi th  an  expandable packer shoe, t o  j u s t  above t h e  coalbed. 
The advantage of t h i s  type  of openhole completion is  t h a t  i t  a l lows  
t h e  c o a l  zone and t h e  sump i n t e r v a l  t o  be  logged a s  w e l l  a s  t h e  r e s t  
of t h e  ho le .  A drawback t o  t h i s  method i s  t h a t  t h e  packer bsed t o  
sea l -of f  t h e  c o a l  zone o f t e n  f a i l s ,  exposing t h e  c o a l  t o  cement. The 
second method is  t o  d r i l l  t o  t h e  t op  of t h e  coalbed, set cas ing ,  and 
then  cement. The remaining p o r t i o n  of t h e  h o l e  ( t he  coalbed and sump) 
is  then  cored o r  d r i l l e d  ou t .  S ince  it i s  n o t  p o s s i b l e  t o  l o g  t h e  
coalbed i n t e r v a l ,  t h i s  method should be  used where s t r a t i g r a p h i c  c o n t r o l  
is  s u i t a b l e  t o  l o c a t e  ca s ing  w i t h i n  a few f e e t  of t h e  t op  of t h e  coalbed,  
a s  would be t h e  c a s e  f o r  a w e l l  p a t t e r n  o r  w e l l s  placed near  mining. 
This  method i s  simple i n  t h a t  i t  does no t  r e l y  on a packer;  and i t  

e f f e c t i v e l y  prevents  damage caused by cementing. An added b e n e f i t  
i s  t h a t  c o a l  samples can be  r e t r i e v e d  f o r  " d i r e c t  method" gas  conten t  
t e s t i n g  (21) and/or  de te rmina t ion  of va r ious  phys i ca l  and chemical 
p r o p e r t i e F o f  t h e  coaltied. 

Casing may be s e t  through s e v e r a l  coalbeds along t h e  f u l l  depth of 
t h e  borehole .  Product ion  i s  then  accomplished through openings which 
a r e  e i t h e r  c u t  o r  sho t  through t h e  ca s ing  a t  each coalbed horizon.  
This  manner of completion a l lows  any number of s e l e c t e d  hor izons  t o  be  
produced s imultaneously (:Figure 14 ) .  One disadvantage of t h i s  method 
is  t h a t  c o a l s  a r e  d i r e c t l y  exposed t o  cement and r e q u i r e  t h e  u se  of 
l i g h t  weight ,  low f l u i d - l o s s  cementing m a t e r i a l s  which a r e  r e l a t i v e l y  
expensive.  Cos ts  a l s o  i n c r e a s e  a s  e x t r a  w e l l  s e r v i c e s  may be necessary  
t o  remove t h e  cement damage. 

Experience has  shown t h a t  coalbeds d r a i n  gas most succes s fu l ly  
when exposed t o  t h e  wel lbore  us ing  an  openhole method of completion. This  
type  of completion provides  t h e  maximum exposure t o  product ion of 
water  and gas  wi th  minimal chance of formation plugging by invas ion  
of w e l l  cement. Openhole completion a l s o  provides  t h e  l e a s t  i n t e r f e r e n c e  
w i th  underground mining ope ra t i ons  s i n c e  t h e r e  is  no steel cas ing  
p re sen t  i n  t h e  coalbed t o  be i n t e r cep t ed .  A t  w e l l s  where more than 

one zone i s  produced, however, s e v e r a l  c o a l  hor izons  may have t o  be 
completed through t h e  cas ing .  The p r a c t i c a l i t y  of openhole completion 
a l s o  becomes l i m i t e d  i f  t h e  c o a l  zone t o  be produced i s  excep t iona l ly  
thick and/or  i.f it  i.s p r o n e  t o  caving. 



FIGURE 13. - SINGLE-HORIZON (OPENHOLE) COMPLETION 



FIGURE 14. - MULTIPLE4 
COM 

ORIZON (THROUGH CASING) 
)LETION. 



Government r e sea rch  has  t e s t e d  two completion techniques used t o  
expose coa lbeds  through cas ing :  p e r f o r a t i n g  us ing  shaped charges;  

and c u t t i n g  v e r t i c a l  s l o t s  us ing  j e t t i n g  equipment. 

The p e r f o r a t i n g  technique  has  been used t o  produce gas  from 
15  d i f f e r e n t  coalbeds.  A t  l e a s t  a  dozen of t h e s e  coalbeds have Lee11 
h y d r a u l i c a l l y  s t imu la t ed  w i t h  t rea tment  volumes ranging from 5,000 g a l l o n s  
t o  over 55,000 ga l lons .  Never the less ,  i n  a l l  c a se s  t e s t e d ,  product ion 
from pe r fo ra t ed  w e l l s  has been s i g n i f i c a n t l y  lower than t h e  product ion 
measured from w e l l s  which were openhole completions.  

P a r t i a l  plugging of p e r f o r a t i o n s  is  thought t o  be a  major cause  f o r  
t h e  comparat ively low f lows measured a t  w e l l s  completed through cas ing  
i n  t h i s  manner. The m a t e r i a l s  r e spons ib l e  f o r  such flow r e s t r i c t i o n s  
may be s o l i d  rock  p a r t i c l e s  contained i n  most w e l l s  (g), o r  heavi ly  

g e l l e d  f r a c  f l u i d s  which have f a i l e d  t o  "breakdown" a f t e r  s t i m u l a t i o n  

(23, 15). 

Another reason  f o r  poor product ion from pe r fo ra t ed  w e l l s  i s  t h a t  
even though s e v e r a l  openings a r e  c r e a t e d ,  only a  few may have a  d i r e c t  
connect ion wi th  t h e  f r a c t u r e  induced a s  a  r e s u l t  of w e l l  s t i m u l a t i o n .  
In  one p a r t i c u l a r  c a s e  s t u d i e d ,  a  t e s t  we l lbo re ' s  connect ion wi th  t h e  
induced f r a c t u r e  was l i m i t e d  t o  t h e  extreme lower p o r t i o n  of t h e  coalbed 

(23). Since  water  d ra ined  t o  lower hor izons  of t h e  coalbed and desorbed 
gas  ( f r e e  gas)  accumulated i n  t h e  upper hor izons  a g a i n s t  over ly ing  
impervious s h a l e  rock,  t h e  t e s t  w e l l  could on ly  produce gas  when gas  
p re s su re s  temporar i ly  exceeded water  p r e s s u r e s ,  o r  when t h e  coalbed 
became t o t a l l y  "dewatered". S i m i l a r l y ,  a  wel lbore  w i t h  d i r e c t  
communication t o  only t h e  upper p o r t i o n  of t h e  coalbed could no t  be  
expected t o  provide  much gas  because t h e  dewater ing process  would be hindered.  

J e t  s l o t t i n g  is thought t o  be a v i a b l e  a l t e r n a t i v e  method t o  gun 
p e r f o r a t i n g  w e l l s  through cas ing .  This  technique inco rpo ra t e s  a  two t o  
f o u r  j e t  nozz l e  s l o t t i n g  t o o l  which is  lowered down t h e  w e l l  on smal l  
diameter  h igh-pressure  tub ing .  S l o t s  a r e  then c u t  by pumping sand-laden 
foam o r  water  down t h e  tub ing  and through t h e  j e t t i n g  device .  A s  t h e  
a b r a s i v e  mix ture  i s  pumped, t h e  tub ing  s t r i n g  is moved up and down 
c u t t i n g  a  number of v e r t i c a l l y  o r i e n t e d  openings through t h e  ca s ing .  

S ince  s l o t s  a r e  c u t  v e r t i c a l l y  t o  expose t h e  e n t i r e  coalbed th ick-  
n e s s ,  it i s  very  l i k e l y  t h a t  a l l  t h e  induced v e r t i c a l  f r a c t u r e s  w i l l  
have a  d i r e c t  and cont inuous connect ion t o  t h e  wel lbore .  The coalbed,  
t h e r e f o r e ,  can be  dra ined  more e f f i c i e n t l y , t h a n  could be expected us ing  
p e r f o r a t i o n s .  I n  a d d i t i o n ,  a l though t h e  p o s s i b i l i t y  of p a r t i a l  plugging 
of s l o t s  e x i s t s ,  i t  i s  much less l i k e l y  than wi th  p e r f o r a t i o n s ,  because 
s l o t t i n g  c r e a t e s  a  much l a r g e r  opening. The a r e a  exposed by f o u r  s l o t s  
114 inch wide a long  a  f i v e  f o o t  i n t e r v a l ,  f o r  example, i s  equal  t o  about 
300 112 inch  d iameter  gun o r  sho t  p e r f o r a t i o n s  o r  approximately 60 p e r f o r a t i o n s  



per  f o o t .  An added b e n e f i t  t o  s l o t t i n g  is t h a t  t h e  technique  
removes any cement a d j a c e n t  t o t h e  produc t ion  opening and l e a v e s  a  
c l e a n ,  notched ( p e n e t r a t i o n  measured t o  be  12 t o  15 inches)  zone t h a t  

is h igh ly  s u i t a b l e  f o r  s t i m u l a t i o n .  



GENERAL METHOD OF REMOVING AND MEASURING WATER 

The removal of water  from coalbed s t r a t a  is c r u c i a l  t o  any 
succes s fu l  borehole  d e g a s i f i c a t i o n  f i e l d  ope ra t i on ,  y e t  l i t t l e  has  been 
accomplished i n  t h e  a r e a  s i n c e  1970 when Elder  recognized a need f o r  
cont inuous long-term pumping (13) .  The pump equipment prescr ibed  a t  
t h a t  t i m e  and t h e  s tandard  equipment used a t  t h e  p re sen t  has  no t  
changed no t i ceab ly .  Th i s  should no t  suggest  t h a t  t h e  borehole  water  
removal system used i n  t h e  l a s t  10 yea r s  i s  e i t h e r  recommended o r  

even adequate ,  e s p e c i a l l y  f o r  today ' s  h igher  r a t e ,  mult izone completed 
we l l s .  The b a s i c  downhole plunger pump/surface rocker  arm system has ,  
however, proven t o  be a  r e l a t i v e l y  e f f e c t i v e ,  inexpensive,  and du rab l e  

off- the-shelf  item t h a t  is highly  s u i t e d  f o r  most shal low,  s i n g l e  zone 
w e l l  completions.  

Water d ra ined  from exposed formations c o l l e c t s  i n  t h e  borehole  
sump and i s  removed us ing  a  sucker-rod pump. Water i s  then brought 
up through t h e  h o l e s  v i a  product ion tub ing ,  normally 1% t o  2-318 
inches  i n  diameter .  On t h e  su r f ace ,  t h e  water  i s  then  piped through 

. a  posi t ive-displacement  meter and measured. The mechanical con f igu ra t i on  
used t o  d r a i n  water  f rom'coalbed gas  dra inage  boreholes  was adapted 

from o i l  f i e l d  a p p l i c a t i o n s  and has  proven t o  be  e f f e c t i v e  when water  
d ra inage  is  less than  200 bpd. 

A t iming mechanism i s  sometimes i n s t a l l e d  w i th in  t h e  e l e c t r i c  
power c i r c u i t  t o  t h e  pump motor which au toma t i ca l l y  c o n t r o l s  pumping 
i n t e r v a l s .  I n  t h i s  manner, a  pump may be  p r e s e t  t o  ope ra t e .du r ing  
des igna ted  i n t e r v a l s  of each 24 hour per iod .  



S o l i d s  i n  w a t e r l i n e s  have caused s i g n i f i c a n t  meter i naccu rac i e s  

and pump mal func t ions .  ~ r e e z i n g  temperatures  have r e s u l t e d  i n  l o s s  
of water  p roduct ion  d a t a  and permanent damage t o  wellhead equipment, 
p ipes ,  and meters. Improper pumping i n t e r v a l s  have allowed water  t o  
rise i n  boreholes  t o  l e v e l s  above t h e  coalbed,  and reduce gas  product ion ;  
o r  have allowed water  t o  f a l l  t o  t h e  pump hor izon ,  and r e s u l t e d  i n  
exces s ive  wear of equipment. Such water - re la ted  problems r e s u l t  i n  
h igher  maintenance c o s t s  i n  terms of meter r e p a i r ,  r i g  t i m e ,  and number 
of manhours p re sc r ibed  t o  i n s u r e  proper  w e l l  ope ra t i on .  

S o l i d s  i n  Water l ines  

Water produced from boreholes ,  e s p e c i a l l y  dur ing  e a r l y  s t a g e s  of 
p roduct ion ,  normally con ta in s  some c o a l  o r  o t h e r  rock f i n e s .  S c a l e  
r e s u l t i n g  from ox ida t ion  of ca s ing  and tub ing  i s  another  common s o l i d  
i n  t h e  water  produced. I f  formation water  con ta in s  l a r g e  percentages  
of s a l t s ,  p r e c i p i t a t e s  may form i n  s u r f a c e  flow l i n e s  and i n c r e a s e  t h e  
t o t a l  s o l i d s  i n  t h e  water . '  

Except f o r  very  l a r g e  p a r t i c l e s ,  most s o l i d s  pas s  through t h e  
water  p roduct ion  and monitor ing system without  d i f f i c u l t y .  The s o l i d s  
remaining i n  t h e  system u s u a l l y  accumulate i n  t h e  housing chamber of 
t h e  water  meter, impair ing and even tua l ly  s topping  t h e  measuring 
mechanism. A t  some w e l l s ,  however, meters r epea t ed ly  mal func t ion  w i t h i n  
s e v e r a l  days a f t e r  meter i n s t a l l a t i o n .  

Rock m a t e r i a l  sometimes becomes lodged i n  va lve  openings i n  t h e  
downhole pumping mechanism. Usual ly  t h i s  m a t e r i a l  i s  c o a l  o r , s h a l e  
t h a t  ha s  sloughed-off formations exposed i n  t h e  wel lbore .  Pump stoppage 
due t o  lodging of t h i s  m a t e r i a l  is  most l i k e l y  t o  occur  dur ing  t h e  
f i r s t  few days of product ion and e s p e c i a l l y  a f t e r  t h e  w e l l  has been 
s t imu la t ed .  

Freez i ng  

Wellbore water  sometimes f r e e z e s  i n s i d e  s u r f a c e  l i n e s ,  r e s t r i c t i n g  
flow and caus ing  leakage.  Extended f r e e z i n g  weather c o n d i t i o n s . r e s u l t  
i n  permanent damage t o  wellhead equipment, p ipes ,  and meters.. 

Gas-producing c o a l s  a r e  normally s e v e r a l  hundred f e e t  deep, and t h e  
water  d r a ined  is  u s u a l l y  warm compared w i t h  w in t e r  s u r f a c e  temperatures .  
I f  pumping i s  c o n t r o l l e d  by a t iming mechanism, t h e r e  a r e  pe r iods  when 
no water  moves through s u r f a c e  l i n e s .  Water remaining i n  t h e  l i n e s  du r ing  

t h e s e  pe r iods  c o o l s  r a p i d l y  and may f r e e z e .  



Improper Pumping Time I n t e r v a l  

To a c h i e v e  maximum g a s  p r o d u c t i o n  from coa lbed  g a s  w e l l s ,  boreho le  
wa te r  l e v e l s  must be  k e p t  below t h e  lowes t  producing coa lbed .  Th is  i s  
accomplished by e i t h e r  o p e r a t i n g  t h e  pumps c o n t i n u o u s l y ,  o r  t ime-cycl ing 
pumps t o  o p e r a t e  f o r  c e r t a i n  i n t e r v a l s  each day.  

Continuous pump o p e r a t i o n  over  extended p e r i o d s  (months) may r e s u l t  
i n  e x c e s s i v e  wear of moving p a r t s  w i t h i n  t h e  motor and t h e  pump j a c k .  

Downhole pump components may a l s o  b e  worn q u i c k l y ,  e s p e c i a l l y  when bore- 
h o l e  wa te r  h a s  been lowered t o  t h e  pump h o r i z o n  c a u s i n g  a d r y  o r  semidry 
c o n d i t i o n .  

Wells equipped w i t h  a  t iming  mechanism t o  c o n t r o l  pumping time 
i n t e r v a l s  shou ld  b e  a d j u s t e d  as changes occur  i n  w a t e r  f l o w  t o  t h e  
we l lbore .  A t  many w e l l  sites,  pumping t imes  are improper ly  set.  I n  some 
c a s e s  t h e  t i m e  i s  t o o  l o n g ,  c a u s i n g  e x c e s s i v e  pump wear.  Where t h e  
t ime  i s  t o o  s h o r t ,  t h e  f l u i d  l e v e l  i s  c o n s t a n t l y  above t h e  coa lbed ,  t h u s  
l i m i t i n g  p roduc t  i o n .  

G a s  i n  W a t e r l i n e s  

Gas p a s s i n g  th rough  p o s i t i v e - d i s p l a c e m e n t  w a t e r  m e t e r s  is  measured 
a s  water and may account  f o r  s i g n i f i c a n t  e r r o r s  i n  p r o d u c t i o n  r e c o r d s .  
Such e r r o r s  a r e  found t o  b e  v e r y  common. A t  some w e l l s ,  g a s  accounted 
f o r  up t o  75 p e r c e n t  of t h e  metered wate r  volume. Gas e n t e r s  wa te r  f low 
l i n e s  i n  t h e  d i s s o l v e d  s t a t e  ( a s  minu te  bubbles  of g a s  coming o u t  of 
s o l u t i o n )  o r  a s  f r e e  g a s  drawn d i r e c t l y  i n t o  l i n e s  by t h e  downhole pump. 

The s o l u b i l i t y  of coalbed g a s  i n c r e a s e s  d i r e c t l y  a s  p r e s s u r e  
i n c r e a s e s ,  and d i m i n i s h e s  as t e m p e r a t u r e  i n c r e a s e s .  A s  much as f o u r  
c u b i c  f e e t  of g a s  can b e  d i s s o l v e d  i n  one b a r r e l  of wa te r  (42 g a l l o n s )  
a t  a  d e p t h  of 1 ,000  f e e t ,  based on a  h y d r o s t a t i c  p r e s s u r e  of 443 p s i g  and 
a  fo rmat ion  t empera tu re  of 100' F ( 4 0 ) .  A s  t h e  p r e s s u r e  g r a d i e n t  i s  
reduced around a  w e l l b o r e ,  some of the  d i s s o l v e d  g a s  comes o u t  of 
s o l u t i o n  and is  produced th rough  g a s  f l o w  l i n e s ;  however, a  p e r c e n t a g e  
of t h e  d i s s o l v e d  g a s  remains  i n  t h e  w a t e r  as it  is  pumped. Th is  g a s  
comes o u t  of s o l u t i o n  w h i l e  be ing  b rought  t o  t h e  s u r f a c e  and i s  measured 
th rough  t h e  w a t e r  meter .  F i e l d  t e s t s  t o  de te rmine  t h e  d e g r e e  of meter 
e r r o r  r e s u l t i n g  from such  d i s s o l v e d  g a s e s  have been conducted a t  s e v e r a l  
w e l l s .  A t  t h e  s t a r t  of  t h e  t e s t s ,  b o r e h o l e  w a t e r  l e v e l s  were  known t o  
be  a t  a  s t a t i c  l e v e l  w e l l  above t h e  downhole pump h o r i z o n ,  p r e v e n t i n g  
l a r g e  q u a n t i t i e s  of und isso lved  g a s  from e n t e r i n g  w a t e r l i n e s .  The 

m e t e r s  were checked f o r  accuracy  b e f o r e  and a f t e r  t h e s e  tests. R e s u l t s  

i n d i c a t e  t h a t  d i s s o l v e d  g a s e s  account  f o r  1 0  t o  23 p e r c e n t  e r r o r s  i n  

measurements of wa te r  p r o d u c t i o n .  



I~riproper c y c l e  s e t t i n g s  o r  con t inuous  pump o p e r a t i o n s  which lower 
w a t e r  l e v e l  i n  a  b o r e h o l e  t o  t h e  downhole pump h o r i z o n  c a u s e  g a s  t o  b e  
drawn d i r e c t l y  i n t o  w a t e r l i n e s ,  pumped t o  t h e  s u r f a c e  and r e s u l t  i n  
l a r g e  e r r o r s  i n  metered wate r  measurements. T e s t s  conducted a t  w e l l s  
where f l u i d  l e v e l s  were  known t o  b e  a t  o r  n e a r  t h e  b a s e  of t h e  downhole 
pump show meter  r e a d i n g s  from 20 t o  75 p e r c e n t  g r e a t e r  t h a n  t h e  a c t u a l  
volume of wa te r  removed. 



IMPROVED METHODS FOR MONITORING WATER PRODUCTION 
. . .  

Gas contained i n  w a t e r l i n e s  can be  removed be fo re  water  i s  metered 

by inco rpo ra t i ng  a  30 t o  50 g a l l o n  capac i ty ,  vented s e p a r a t i o n  t ank  
i n  t h e  s u r f a c e  water  flow system. Such tanks  have been t e s t e d  a t  
s e v e r a l  producing w e l l s  where gas i n  w a t e r l i n e s  had seve re ly  decreased 
meter accuracy.  A f t e r  t h e  tanks  were i n s t a l l e d ,  meter accu rac i e s  
increased  t o  over  98 percent  i n  a l l  cases .  The suggested p o s i t i o n  and 

i n s t a l l a t i o n  des ign  s u i t a b l e  f o r  u se  a t  coalbed gas  w e l l s  i s  shown on 
Figure 15. 

Most l a r g e  p i eces  of  s o l i d  d e b r i s  c a r r i e d  through w a t e r l i n e s  
se t t l e  i n  t h e  s e p a r a t i o n  tank .  The remaining s o l i d s ,  suspended i n  t h e  
flow system can be taken  ou t  of t h e  water  w i th  a  d i r t -and- rus t  water 
f i l t e r  i n s t a l l e d  downstream from . t he  s e p a r a t i o n  t ank  (F igure  1 5 ) .  
The type  of f i l t e r  used a t  testwell sites i s  a smal l  p l a s t i c  u n i t  w i th  
a  314 inch  diameter  connect ion and a  r ep l aceab le  f i l t e r  c a r t r i d g e .  

 ownh hole pump stoppage from lodging of l a r g e  p i eces  of c o a l  o r  
o the r  rock m a t e r i a l  can be avoided by i n s t a l l a t i o n  of s c r eens  a t  t h e  
lower end o f . t h e  water  product ion tub ing  (F igure  16 ) .  S t a i n l e s s  
s t e e l  s c r eens  i d e n t i c a l  t o  t hose  used i n  t h e  water-well  i ndus t ry  have 
been used s u c c e s s f u l l y  i n  many of t h e  w e l l s  completed. 

Cycled pumping, i f  p roper ly  maintained,  i s  e f f e c t i v e  i n  c o n t r o l l i n g  
borehole  water  l e v e l s  without  causing unnecessary wear of equipment. 
Pump c y c l e s  must, however, be  checked f r equen t ly  and reset wi th  every 
s i g n i f i c a n t  change i n  water  product ion i f  optimum b e n e f i t s  a r e  t o  be 
r e a l i z e d  . 

One system t h a t  au toma t i ca l l y  c o n t r o l s  pumping i n t e r v a l s  t o  
main ta in  water  l e v e l  be low. the  coalbed i s  being t e s t e d  a t  s e v e r a l  w e l l  
sites. Two e l e c t r o d e  w i r e s  a r e  f a s t ened  t o  t h e  water  tub ing;  one 
near  t h e  bottom of t h e  h o l e  i n  t h e  sump and t h e  o t h e r  j u s t  below t h e  
base of t h e  coalbed. When t h e  borehole  water  l e v e l  rises t o  t h e  t op  
e l e c t r o d e ,  a c i r c u i t  is  completed t h a t  a c t i v a t e s  t h e  pump j ack  motor 
(F igure  16) .  Water cont inues  t o  be pumped from t h e  w e l l  u n t i l  t h e  
f l u i d  lev21  drops below t h e  lower e l e c t r o d e .  This  system e l i m i n a t e s  
t h e  f requent  need t o  monitor f i l l - u p  r a t e s  and t h e  p o s s i b i l i t y  of 
drawing l a r g e  volumes of gas through w a t e r l i n e s  because t h e  downhole 
pump i s  always submerged i n  f l u i d .  

An a l t e r n a t i v e  method t o  cycled pumping\involves t h e  use  of a  
v a r i a b l e  speed c o n t r o l  on t h e  pump. Af t e r  t h e  borehole  water  has  
been lowered t o  t h e  pump hor izon ,  pump speed i s  reduced so  t h e  f l u i d  
l e v e l  i s  held  cons t an t .  P e r i o d i c  checks f o r  changes i n  t h e  w e l l ' s  
ga s  p r o d u c t i v i t y  would then  i n d i c a t e  a  need t o  change t h e  pumping speed. 
Af t e r  shu t - in  pe r iods  o r  maintenance, t h e  pump i s  ad jus t ed  t o  f u l l  

c apac i ty  t o  dewater the,wel lbore more r ap id ly .  



FIGURE 15. - SURFACE WATER-PUMPING AND MONITORING 
EQ UIPMENT. 



- 

FIGURE 16. - SUBSURFACE WATER-PUMPING EQUIPMENT 



To prevent  f r e e z i n g ,  s u r f a c e  w a t e r l i n e s  a r e  wrapped w i t h  hea t  t a p e  
and then  covered w i t h  i n s u l a t i o n .  I n  a r e a s  where s eve re  and prolonged 
low tempera tures  a r e  common, w a t e r l i n e s  a r e  bur ied  below t h e  f r o s t l i n e .  
I n  a d d i t i o n ,  meters ,  water  f i l t e r s ,  and s e p a r a t o r  t anks  should be 
conta ined  i n  smal l ,  i n s u l a t e d  meter houses.  Heat lamps, i n s t a l l e d  i n  
t h e s e  houses ,  have proven t o  be  a s imple,  e f f e c t i v e ,  and inexpensive 
p r e v e n t a t i v e  a g a i n s t  f r eez ing .  (A l l  houses should be  v e n t i l a t e d  t o  
some degree,  e s p e c i a l l y  t hose  which u s e  hea t  lamps.) 



GENERAL METHOD OF REMOVING AND MEASURING GAS 

Gas from coa lbeds  i s  produced th rough  t h e  a n n u l a r  s p a c e  between 

t h e  wa te r  p roduc t ion  t u b i n g  and b o r e h o l e  c a s i n g .  Wel ls  a r e  normal ly  

produced under  minimum back-pressure  i n  o r d e r  t o  o p t i m i z e  coa lbed  g a s  

d e s o r p t i o n  and w a t e r  d r a i n a g e .  Once g a s  r e a c h e s  t h e  s u r f a c e ,  i t  is 

piped through a p o s i t  ive-displacement  meter  where i t  is  measured. Three 

t y p e s  of m e t e r s  have been used t o  measure c o d b e d  g a s  p r o d u c t i o n ,  depending 

on t h e  vc:,lumes of g a s  produced. Diaphragm m e t e r s  a r e  normal ly  used 

on nons t imula ted  w e l l s  t h a t  produce l e s s  t h a n  10,COO c f d  a t  STP. 

A common kind of meter used t o  moni to r  g a s  f l o w  from s t i m u l a t e d  w e l l s  
is t h e  r o t a r y  mete r  w i t h  a  measuring c a p a c i t y  of a b o u t  84,000 c f d  a t  
STP. Four i n c h  t u r b i n e  m e t e r s  a r e  used t o  moni tor  f l o w s  of o v e r  

84,000 c f d  a t  STP. 



GAS PRODUCTION MONITORING PROBLEMS 

Gas produced from coa lbeds  c o n t a i n s  water  vapor t h a t  condenses 
and c o l l e c t s  a long  va r ious  p o i n t s  i n  t h e  gas  l i n e ,  inc lud ing  t h e  

meter. F i e l d  s t u d i e s  i n d i c a t e  t h a t  w , a t e r  build-up decreases  meter  
accuracy and, i n  many cases ,  permanently damages working components. The 
e f f e c t s  of even sma l l  q u a n t i t i e s  of water  i n  gas  l i n e s  a r e  most pronounced 
dur ing  pe r iods  of f r e e z i n g  weather .  Sudden p r e s s u r e  r e l e a s e  a f t e r  w e l l s  

have been shut - in  r e s u l t s  i n  temporary, large-volume gas  f lows u s u a l l y  

g r e a t e r  t han  can be  a c c u r a t e l y  measured by t h e  gas  meter .  Rock f i n e s  
accumulate w i t h i n  t h e  gas  meter over  t i m e ,  but  s o l i d s  build-up a c c e l e r a t e s  
i f  exces s ive ly  h igh  gas  volumes a r e  allowed t o  flow through l i n e s .  

Water i n  Gas Lines  

A s  warm coalbed gas  i s  cooled a t  t h e  s u r f a c e ,  some of i t s  a b i l i t y  

t o  c a r r y  mois ture  is  l o s t ;  t h e r e f o r e ,  condensat ion occurs .  The water  
condensate  accumulates a t  low p o i n t s  a long  t h e  p i p e l i n e  and i n  meter ing 

dev ices .  The problem occurs  f r equen t ly  dur ing  win t e r  months when 
d i f f e r e n c e s  between gas  temperature  and s u r f a c e  temperature  a r e  t h e  
g r e a t e s t .  

Reduction of gas  flow v e l o c i t y  a l s o , c a u s e s  water  t o  separ ' a te  from 

gas;  t h i s  occurs  i n  a r e a s  where p i p e  diameter  i n c r e a s e s ,  p rovid ing  

f avo rab l e  s i t e s  f o r  l i q u i d  accumulation. 

F i n a l l y ,  water  is  s t r i p p e d  from t h e  gas  s t ream a t  angled s e c t i o n s  

along flow l i n e s  and a t  meter l o c a t i o n s  where t h e r e  i s  t u r b u l e n t  flow 
r e s u l t i n g  from t h e  c o l l i s i o n  o r  impingement of gas  a g a i n s t  p i p e  w a l l s  
o r  meter chambers, caus ing  mois ture  t o  be  condensed from t h e  gas .  

Freez ing  

The problem of water  i n  gas  l i n e s  i s  g r e a t e r  dur ing  pe r iods  of low 
temperature  because cond i t i ons  f o r  condensat ion a r e  i n t e n s i f i e d .  The 
problem becomes a c u t e  when tempera tures  drop below f r e e z i n g .  Even 
smal l  amounts of i c e  i n  gas  flow l i n e s  cause  back-pressure,  and r e s u l t  
i n  apparen t  low coalbed gas  product ion.  Formation of i c e  i n  g a s  meters  

has  damaged many of t h e s e  ins t ruments  s i n c e  t h e  Government f i r s t  began 

i t s  coalbed gas-drainage program s e v e r a l  yea r s  ago. 

Sudden P re s su re  Release  

Sudden, uncont ro l led  r e l e a s e  of gas  p r e s s u r e  has  been a  major cause  
of meter i naccu rac i e s  and has  r e s u l t e d  i n  s eve re  meter damage on many 
occas ions .  



Gas f lows  from w e l l s  are shu t -o f f  r o u t i n e l y  f o r  p i p e  o r  mete r  
maintenance,  o r  t o  t e s t  f o r  p r e s s u r e  b u i l d u p .  During t h e s e  p e r i o d s ,  g a s  

c o n t i n u e s  t o  f low from t h e  coa lbed ,  b u i l d i n g  p r e s s u r e  i n  t h e  w e l l b o r e .  
When t h e  p r e s s u r e  is  r e l e a s e d  q u i c k l y ,  a  sudden s u r g e  of g a s ,  o r  

p r e s s u r e  wave, s t r i k e s  t h e  mete r .  Diaphragm m e t e r s  a r e  e s p e c i a l l y  
v u l n e r a b l e  t o  t h i s  s u r g e  and a r e  a lmos t  always damaged. Rotary  and 
t u r b i n e  meters, a l t h o u g h  n o t  damaged a s  e a s i l y ,  have been rendered  

i n o p e r a b l e  by sudden s u r g e s  of p r e s s u r e .  

Although damage t o  t h e  meter  may n o t  o c c u r ,  s i g n i f i c a n t  e r r o r s  

have r e s u l t e d  from r e c o r d i n g  measured g a s  volumes d u r i n g  a  p e r i o d  of 
g a s  p r e s s u r e  r e l e a s e .  When g a s  i s  moving under p r e s s u r e ,  more volume 
( a t  s t a n d a r d  t empera tu re  and p r e s s u r e )  p a s s e s  th rough  t h e  meter  t h a n  i s  

a c t u a l l y  i n d i c a t e d  on t h e  meter  index .  I f  t h e  n e c e s s a r y  c o r r e c t i o n  
m u l t i p l i e r s  f o r  g a s  f low under  p r e s s u r e  a r e  n o t  a p p l i e d ,  i n c o r r e c t  

volume measurements r e s u l t .  

Sudden p r e s s u r e  r e l e a s e  h a s  occur red  a t  s e v e r a l  w e l l s  s imply because  
w a t e r  was a l lowed t o  b u i l d u p  i n  t h e  w e l l b o r e .  Normal pumping o p e r a t i o n s  
may be  t e m p o r a r i l y  i n t e r r u p t e d  f o r  a  number of r e a s o n s ,  such  a s  e l e c t r i c  
power f a i l u r e ,  mechanical  m a l f u n c t i o n ,  o r  g e n e r a l  maintenance.  A s  

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

t o  t h e  i n c r e a s i n g  h y d r a u l i c  p r e s s u r e  e x e r t e d  on t h e  coa lbed .  F i e l d  
s t u d i e s  s u g g e s t ,  however, t h a t  g a s  c o n t i n u e s  t o  accumulate  c l o s e  t o  
t h e  w e l l b o r e ,  b u i l d i n g  p r e s s u r e s  s i m i l a r  t o  t h o s e  e x e r t e d  by t h e  i n c r e a s i n g  

h y d r a u l i c  head.  Once pumping i s  resumed and t h e  b o r e h o l e  w a t e r  l e v e l  is  
lowered,  a d i s e q u i l i b r i u m  i s  c r e a t e d  i n  which g a s  p r e s s u r e  i n  t h e  coa lbed  
exceeds  h y d r a u l i c  head.  A s  a r e s u l t ,  sometimes v i o l e n t  e r u p t i o n s  of 

wa te r  and g a s  occur  a t  t h e  s u r f a c e  as l a r g e  volumes of expanding g a s  

t r a v e l  up t h e  w e l l b o r e  t o  r e e s t a b l i s h  a p r e s s u r e  e q u i l i b r i u m .  Sudden 
g a s  p r e s s u r e  r e l e a s e  of t h i s  n a t u r e  i s  r e f e r r e d  t o  a s  "unloading."  

S o l i d s  i n  Gas Lines  
I- 

P a r t i c l e s  of rock  o r  o t h e r  s o l i d  m a t e r i a l  accumulate  i n  most g a s  
m e t e r s  over  extended p e r i o d s  of t ime  under  normal f lowing  c o n d i t i o n s .  
I f  l e f t  unchecked, s o l i d s  c a u s e  m a l f u n c t i o n s  i n  a l l  t y p e s  of m e t e r s .  

F i e l d  e x p e r i e n c e  i n d i c a t e s  t h a t  r o t a r y  m e t e r s  a r e  t h e  most s u s c e p t i b l e  

t o  m a l f u n c t i o n  caused by s o l i d s  because  of t h e  c l o s e  t o l e r a n c e  between 
components of t h e  r o t a t i n g  c a r t r i d g e .  Eiaphragm meters u s u a l l y  do 
n o t  s t o p  f u n c t i o n i n g  w i t h  s m a l l  amounts of s o l i d s  b u i l d u p ,  b u t  mete r  

accuracy  d i m i n i s h e s  a s  p o r t i o n s  of t h e  m e t e r ' s  measuring r e s e r v o i r  i s  

f i l l e d  w i t h  s o l i d s .  Turb ine  m e t e r s  w i l l  normal ly  a l l o w  v e r y  s m a l l  ( l e s s  
t h a n  one m i l l i m e t e r  i n  d iamete r )  material t o  p a s s  th rough  i n n e r  mechanisms. 

Larger  s o l i d s  a r e  normal ly  c a r r i e d  th rough  g a s  l i n e s  when w e l l  
p r e s s u r e  i s  suddenly r e l e a s e d ,  e s p e c i a l l y  when un load ing  o c c u r s .  Such 

s o l i d s  a lmos t  i n v a r i a b l y  c l o g  and u s u a l l y  damage i n n e r  meter  components. 



IMPROVED METHODS FOR MONITORING GAS PRODUCTION 

Commercially a v a i l a b l e  f i l t e r s  have been des igned  t o  remove f i n e  
s o l i d  p a r t i c l e s  w i t h  v e r y  l i t t l e  p r e s s u r e  d r o p  (0 .5  p s i g  o r  l e s s ) ,  
which makes them s u i t a b l e  f o r  u s e  on coa lbed  g a s  w e l l s .  F i b e r g l a s s  
i s  normal ly  t h e  f i l t e r i n g  e lement  used.  At one  test w e l l  equipped 
w i t h  such  a f i l t e r ,  t h e  g a s  mete r  o p e r a t e d  f o r  o v e r  one y e a r  w i t h o u t  
m a l f u n c t i o n i n g  o r  l o s i n g  accuracy .  Suggested i n - l i n e  placement of 
g a s  f i l t e r s  i s  i n d i c a t e d  i n  F i g u r e  17.  

The m o i s t u r e  c o n t e n t  of coa lbed  g a s  h a s  t o  be s u f f i c i e n t l y  low 
t o  a s s u r e  a c c u r a t e  measurement of g a s  f low. I n  a d d i t i o n ,  coa lbed  gas  
s o l d  commercia l ly  must meet requ i rements  s p e c i f i c a l l y  noted i n  p u r c h a s e  
agreements  which normal ly  l i m i t  t h e  wa te r  c o n t e n t  t o  approx imate ly  
seven  pounds of wa te r  p e r  m i l l i o n  c u b i c  f e e t  o f  g a s  measured a t  
s t a n d a r d  t e m p e r a t u r e  and p r e s s u r e .  During c o l d  wea ther  p e r i o d s ,  t e s t  
w e l l s  ( r a n g i n g  from 1 , 0 5 3  t o  1 ,076 f e e t  deep)  have been found t o  c o n t a i n  
from 3 1  t o  1 0 3  pounds of w a t e r  p e r  m i l l i o n  c u b i c  f e e t  of g a s  produced. - 41 

Although g a s  l i n e  w a t e r  condensa te  b u i l d u p  h a s  been a c h r o n i c  
problem a t  many v e r t i c a l  test  w e l l s ,  e x p e r i m e n t a t i o n  w i t h  water-gas  
s e p a r a t i o n  d e v i c e s  h a s  been l i m i t e d  because  t h e  g a s  produced h a s  n o t  
been s o l d .  

The b a s i c  means used t o  remove m o i s t u r e  from coa lbed  g a s  l i n e s  
a r e  c o o l i n g ,  a b s o r p t i o n ,  and impingement ( 3 3 ) .  Devices  used t o  remove 
l i q u i d  i m p u r i t i e s  are d r i p s .  and separators: 

The b a s i c  f u n c t i o n  of a d r i p  is  t o  remove l i q u i d  from t h e  gas  
stream o r  l i q u i d  t h a t  h a s  accumulated w i t h i n  t h e  p i p e l i n e .  A d r i p  
c a t c h e s  l i q u i d  i n  a g a s  s t r e a m  by reduc ing  t h e  v e l o c i t y  of t h e  g a s  
s t r e a m  which c a u s e s  t h e  l i q u i d  t o  drop o u t .  L i q u i d  t h a t  h a s  accumulated 
a t  low p o i n t s  w i t h i n  t h e  p i p e l i n e  i s  removed by u s e  of a d r i p  equipped 
w i t h  a d r a i n  which o p e r a t e s  a u t o m a t i c a l l y  o r  manually.  

The pr imary f u n c t i o n  of a s e p a r a t o r  i s  t o  remove e n t r a i n e d  f l u i d s  
from t h e  g a s  stream. B a f f l e s ,  d e f l e c t o r s ,  t u b e s ,  r a r e  e lements ,  and 
g r a v i t y  s e p a r a t i o n  chambers a r e  some of t h e  mechanisms used w i t h i n  a 
s e p a r a t o r  d e v i c e  t o  remove m o i s t u r e .  There  a r e  s e v e r a l  commercially 
des igned  s e p a r a t o r s  t h a t  meet requ i rements  f o r  a s i n g l e  w e l l  f o r  
s e v e r a l  w e l l s  i n  t h e  same p i p e l i n e  system. 

Meter i n a c c u r a c y  and p o s s i b l e  meter damage caused by sudden p r e s s u r e  
r e l e a s e  can b e  avoided by a l l o w i n g  g a s  p r e s s u r e  t o  b l e e d  o f f  g r a d u a l l y  
w h i l e  m a i n t a i n i n g  f low p r e s s u r e s  w i t h i n  t h e  g i v e n  meter range.  To do 

t h i s ,  a p r e s s u r e  gage i s  i n s t a l l e d  i n  t h e  g a s  f low l i n e  n e a r  t h e  mete r .  
Flow p r e s s u r e s  are p e r i o d i c a l l y  recorded  and a r e  t h e n  p u t  i n t o  a s t a n d a r d  
e q u a t i o n  t o  c a l c u l a t e  a c t u a l  f low. 

41 Based on volumes of condensa te  accumulated i n  a f l a r e  s t a c k  similar - 
t o  t h a t  shown on F i g u r e  17 .  



FIGURE 17. - GAS PRODUCTION AND MONITORING EQUIPMENT 



Sudden p r e s s u r e  r e l e a s e s  t h a t  r e s u l t  i n  un load ing  can b e  avoided 

i f  a  few p r e c a u t i o n a r y  s t e p s  a r e  t a k e n .  These i n c l u d e  r e s t r i c t i n g  g a s  

f low i n  o r d e r  t o  b u i l d  up p r e s s u r e  i n  t h e  w e l l b o r e  and t h e n  o p e r a t i n g  
t h e  pump' under  back-pressure  c o n d i t i o n s .  Th i s  c a u s e s  t h e  b o r e h o l e  

wa te r  l e v e l  t o  f a l l  l e a v i n g  l e s s  w a t e r  a v a i l a b l e  t o  b e  unloaded.  T h i s  
a l s o  reduces  t h e  p r e s s u r e  d i f f e r e n t i a l  between t h e  eoa lbed  and t h e  we l lhead  
t h e r e b y  cush ion ing  t h e  e f f e c t s  of un load ing .  These methods have been 

f i e l d  t e s t e d  on s e v e r a l  o c c a s i o n s  and have proved t o  b e  v e r y  e f f e c t i v e .  

I c e  fo rmat ion  i n  g a s  l i n e s  n e a r  t h e  wel lhead i s  preven ted  by 

p r o p e r l y  i n s u l a t i n g  and h e a t i n g  m e t e r s  and o t h e r  p o i n t s  f a v o r a b l e  t o  
wa te r  accumula t ions  ( F i g u r e  1 7 ) .  The number of r o u t i n e  f i e l d  i n s p e c t i o n s  

of w e l l s  should  be  i n c r e a s e d  d u r i n g  e s p e c i a l l y  c o l d  p e r i o d s  t o  a s s u r e  
minimum condensa te  b u i l d u p .  A t  t h e  test w e l l s  examined, g a s  l i n e s  t h a t  1 

had been wrapped w i t h  e l e c t r i c  h e a t  t a p e  and covered w i t h  f i b e r g l a s s  
i n s u l a t i o n  w e r e  r a r e l y  found t o  c o n t a i n  s u f f i c i e n t  amounts of i c e  t o  
c a u s e  s i g n i f i c a n t  back-pressure .  I n  a d d i t  i o n ,  w e l l  s i t e s  equipped 
w i t h  i n s u l a t e d  meter  houses  c o n t a i n i n g  h e a t  lamps y i e l d e d  a c c u r a t e ,  
u n i n t e r r u p t e d  p r o d u c t i o n  i n f o r m a t i o n ,  even d u r i n g  prolonged f r e e z i n g  
weather .  



THE COMPOSITION OF GAS AND WATER PRODUCED 

FROM VERTICAL BOREHOLES 

Gas samples c o l l e c t e d  from 34 v e r t i c a l  b o r e h o l e s  were  ana lyzed  
u s i n g  g a s  chromatography. Table  1 p r e s e n t s  t h e  r e s u l t s  of t h e s e  a n a l y s e s  

and i d e n t i f i e s - t h e  c o a l b e d s  and w e l l  s i t e  l o c a t i o n s  where g a s  was sampled. 

Methane averaged approx imate ly  96 p e r c e n t  w h i l e  h i g h e r  hydrocarbons ,  
' s u c h  a s  e t h a n e  and above,  averaged 0.08 p e r c e n t  of t h e  g a s  sampled. 
Hydrogen, hel ium,  ca rbon  monoxide, s u l f u r  d i o x i d e  and o t h e r  g a s e s  
normal ly  p r e s e n t  i n  c o n v e n t i o n a l  n a t u r a l  g a s  are only  r a r e l y  
found i n  coa lbeds  and ,  t h e r e f o r e ,  n o t  r e p o r t e d  on Table  1. The p e r c e n t a g e  
of n i t r o g e n  inc luded  i n  coa lbed  g a s  i s  c o n s i d e r e d  t o  b e  g e n e r a l l y  lower 

t h a n  t h e  amounts p r e s e n t e d  on Tab le  1 and any v a l u e  over  2 p e r c e n t  i s  
probab ly  remnant g a s  from foam s t i m u l a . t i o n .  The p e r c e n t a g e  of ca rbon  
d i o x i d e  c o n t a i n e d  i n  c o a l  g a s  a p p e a r s  t o  v a r y  c o n s i d e r a b l y  between d i . f f e r e n t  
coadbeds and even w i t h i n  t h c  same coa lbed .  P i t t s b u r g h  coa lbed  g a s  

i n  Greene County, PA, f o r  example, h a s  a  carbon d i o x i d e  c o n t e n t  r a n g i n g  
from 3 t o  over  6 p e r c e n t .  On t h e  o t h e r  hand, Yary Lee coa lbed  g a s  
i n  J e f f e r s o n  County, AL, a lmos t  always c o n t a i n s  less t h a n  0.05 p e r c e n t  
carbon d i o x i d e .  

The h e a t  of combustion of coa lbed  g a s  similar i n  composi t ion t o  
t h e s e  r e p o r t e d  on Tab le  1 i s  comparable t o  t h e  h e a t  of combustion of 

n a t u r a l  g a s ,  d i s p l a y i n g  g r o s s  h e a t  v a l u e s  of 900 t o  1 ,100  B T U / ~ ~ ~ .  

Water samples from b o r e h o l e s  l o c a t e d  i n  s e v e r a l  a r e a s  were  a l s o  
ana lyzed  and t h e  r e s u l t s  of t h e s e  t e s t s  a r e  g iven  i n  Tab le  No. 2 .  As is  
i l l u s t r a t e d ,  r e l a t i v e  amounts of s p e c i f i c  components v a r y  c o n s i d e r a b l y  
between t h e  c o a l b e d s  t e s t e d .  



TAIt1.E NO. 1 - hNAT,YSISS 01: CAS I'II0I)UCKI) FllON VliRTJCA:. ROEEIIOLES 

*klcll I D  Nos. cor respond t o  w e l l s  i d e n t i f i e d  i n  T a b l e s  2 and 3. 
. *+G-Gel F r a c ,  F - N 2  Foam F r a c ,  C O ~ / G - C O ~  Gel F r a c ,  N-Water F r a c  . 

I D  No. 

12 

2 9 

11 

9 

6 1  

23 

2 

19 

33 

44 

4 2 

43 

36 

4 7 

4 8 

4 9 

Conlbed 
Name 

Beckley 

do 

C a s t l e g a t e  
No. 3 

H a r t s l ~ o r n e  

-- 
Jawbone 

Elammoth 

Plary Lee 

do 

do 

do 

do 

do 

do 

d o 

do 

do 

Loca t ion  
County, S t a t e  

F a y e t t e ,  
W. Va. 

do 

Carbon,  
U t .  

LC F l o r e ,  
Ok. 

Dickenson,  
Va . 
S c h u y l k i l l ,  
Pa. 

J e f f s r s o n  
Ala.  

d o  

d o  

d o 

d o  

d o 

d o 

d o 
- - - 

do - 
do 

Well 
Name 

203-A 

LR-6 

3SW 

5 C 

DG-1A 

P a r k e r  

11 2 

3SW 

T1.l-1 

TW-2 

9 

TW -4 

22 

115- 3 

6 
- - - - 

4 

8 

DcpLI) t o  
Coalbed f t .  

9  55 

656 

1 ,017  

553 

425 

2 ,0$2  

1 ,076  

1 , 1 1 3  

1 , 0 9 3  

1,0*32 

1 , 0 6 5  

1 , 0 9 6  

1 , 0 6 4  

1 ,124  
- 

1 , 0 1 5  

1 , 0 7 1  

Date 
S t i m u l a t e d  

6 /24/74  

9/14/76 

4 /28/74  

3/16/74 

7 /29/78  

7/14/76 

2 /28/73  

1 1 / 2 3 / 7 5  

10/24/76  

7/26/77 

7/13/77 

7/19/77 

7/31/77 

10/11/77  

10/13/77  

10/14/77  

Date 
Sampled 

12/14/76  

12/14/76  

---- 

3/13/74 

1 1 / 1 / 7 8  

----- 

12/12/75  

9 /13/77  

12/8 /76  

9 / 1 3 / 7 7 C O , / G  

d o 

10 /16/77  

7 /18/77  

9 / 2 7 / 7 8  

9 / 2 2 / 7 8  

9 / 2 7 / 7 8  

I 'rac 
Type*" 

G 

do 

do 

do 

F 

d o 

do 

do 

do 

F 

do 

do 

do - 
do 

do 

% 

C02 

0.01 

0 .03  

0.0 

0 . 1 3  

1 .26  

HD 

0.032 

0 . 0 3  

0.02 

3.05 

0.02 

0.06 

0 .03  

0 . 0 1  

0.10 

0 . 0 1  

% 

o 2  + A r  

0.17 

0 .06  

0 .0  

0 . 1 1  

0.06 

0.29 

0.22 

0 . 0 3  

0 . 1 3  

0 . 0 5  

0 .05  

0 . 0 8  

0 .06  

0 .04  

4.2 

0 .06  

% 

N2 

0.88 

2.56 

0 . 4 1  

0 . 3 8  

4.44 

2.7 

3 . 1  

1 . 9  

0 . 8 1  

2.9 

1 . 0  

4 .41  

1 . 6  

2.4 

1 . 7  

2 . 1  

% 
C114 

98.95 

97.2 

99.0 

9 9 . 3  

9 4 . 1  

97.0 

96 .5  

98 .05  

99 .05  

94 .0  

99.0 

95.45 

98 .3  

97.5 

94.0 

97 .8  

% 

'2'6 

0 .003  

0 .15  

0 .4  

0 .024  

0 . 1 3  

0.02 

0.038 

0.007 

0.007 

0.004 

0.007 

0.005 

0.004 

0.005 

----- 

0.003  



TABLE NO. 1 - ANALYSES OF GAS PRODUCED FR0I.I VERTICAL BOREHOLES (Tont 'd )  

*ID Nos. cor respond t o  w e l l s  i d e n t i E i e d  i n  T a b l e s  2 and 3 ,  
* * G e e 1  F r a c ,  F - N 2  Foam F r a c ,  C02/G-COZ Gel F r a c ,  W-\dater F r a c  

Dcpt l~  t o  
Coalbed f t .  

1 , 0 1 0  

1 , 0 6 5  ---- 
1 , 0 7 2  

1 , 0 5 3  

1 ,054  

1 ,086  

1 , 0 9 7  

1 , 0 7 2  

808 

429 

388 

5C2 

6 35 

902 

764 

728 

666 

753 

I D  No. 

50 

1 51 

1 52 

54 

55 

1 56 

1 5 7  

I 46 

; 16 

3 

7 

21  

22 

24 

2 7 

2 8 

30 

39 

Loca t ion  
County, S t a t e  

J e f f e r s o n ,  
Ala. 

do . 

do 

do 

d o 

do 

d o 

do 

Allegheny,  
Pa. 

Washington, 
Pa.  

do 

Greene,  Pa. 

do 

d o  

do 

do 

do 

d o 

Coalhed 
Name 

l lary Lee 

do 
.-. 

- do . 

do 

do 

do 

do 

d o 
.-- 
bliddle 
K i t t a n n i n g  -- 
P i t t s b u r g h  

d o 

P i t t s b u r g l ~  

d o 

do 

d o 

d o 

do 

do 

Date 
S t i m u l a t e d  

10 /18/77  

10/20/77 

10/21/77  

10/27/77  

1 1 / 2 / 7 7  

11/3 /77  

11/3 /77  

8/10/77 

1 / 2 1 / 7 5  

1 1 / 2 / 7 3  

2/28/74 

4 /15/76  

6 /1 /76  

8/18/76 

9 /1 /76  

9 / 8 / 7 6  

9 /15/76  

5 /5 /77  

l J c l l  
Name 

5 

1 3  

14 

1 7  

25 

1 5  

23 

7 

2 

1NE 

-- 
3SW 

Etl-0 

MI-1 

E.1-3 

EI.1-5 

EN- 7 

Ell-8 

CNG- 

cc! 4. 

lln t e 
Sampled 

9 /27/78  

do 

9 /27/78  

1 / 2 3 / 7 9  

do 

d o 

11130178 

9 / 2 7 / 7 3  

4 /21/75  

1 1 / 5 / 7 3  

3 /28/77  

do 

10/23/76  

do 

do 

do 

Frnc 
Type*h 

F 

do 

,do - - 
d o  

do 

do 

d c  

v 

C 

d c 

-- 
, d o  

F 

do 

do  

do 

do - 
do 

do 

T 
C02 

0.03 

O.C3 

0 . 1  

0 . 5 3  

O.f ; l  

0.22 

0 .  

0.007 

,. 
O2 + Ar 

0.04 

0 .07  

0.05 

0.72 

0.22 

0.45 

0 . 2 3  

0.04 

0 .5  

6 .45  

5.9 

3.28 

5 .01  

5 . 2 3  

4.1C 

0 .6  

5: 

'2"6 

0.003 

0.006 

0.002 

0.004 

0.005 

do 

0.004 

0.003 

IV 

M 2  

2.5 

2.6 

1 . 9  

5.43 

3.14 

4.52 

3.94 

2.2 

0 .2  

0.06 

0.55 

0 . 3 5  

0 .63  

0.04 

0.04 

- - - - 

9: 

CH4 

97.4 

9 7 . 3  

98.0 

93.7? 

96.63 

95 .01  

95.79 

97.7 

0 . 8  

0 .65  

0 .67  

0.27 

1 .20  

0.29 

0.29 

- - - - 

98.4 

92 .5  

92.5 

do 

92.85 

9 4 . 1  

95.32 

94.8 

0.07 

0 . 3 3  

0 .38  

0 .03  

0.30 

0.45 

0.16 

---- 



~ ' 

TADLE NO. 2 - ANALYSES OF VATER PRODUCED FIIOPI VERTICAL DOREIIOLES 

*::ell ID h'os. c o r r e s p o n d  t o  w e l l s  i d e n t i f i e d  i n  T a b l e s  1 and 3. 

1D 

No. * 

12  

-- 

L o c a t i o n  
County,  S t a t e  

F a y c t t e ,  
W. V a l .  

Coalbcd 
Name 

Beckley 

B o r c l ~ o l e  

Designa-  
t i o n  

20 3-A 

Depth 

t o  Coal-  
bed,  f t .  

985 

Dntc 
Samplcd 

5 / 4 / 7 6  

pll 

7  

Alkalinity 
a s  CaC03 

PPm 

620 

Calc lum 
as CaC03 

PPm 

3  5  

Dl s so lvcd  

S o l i d s  

PPm 

1 , 2 4 1  

I l ~ g n e s l u m  
a s  CaC03 

PPm 

1 . 2 5  

I r o n  

P P ~  

<1 

S u l f a t e  

a s  SO4 

P P ~  

1 5  

P o t a s s i u m  
a s  K ppm 

1 . 5  

Sod lum 

as Na 

P P ~  

--- 

C l i l n r i d c  

as b:;iCl 

PP'" 

429 



TABLE NO. 2 - ANALYSES OF MTER PRODUCED FROM VERTICAL BC,LEHOLLS (Cont'd) 

I * I D  Nos. correspond t o  we l l s  i d e n t i f i e d  i n  Tables  1 and 3. 

I D  
No. * 

21 

1 

Coalbed 
Name 

do 

do 

do 

Pocahontas 
140. 3 

L o c a t i ~ n  
County, S ta te '  

Creene, Pa. 

do 

do 

Duchanan, 
Va. 

Dorehole Deptli A l k a l i n i t y  Dissolved Calciuln Magnesium S u l f a t e  Sodium Chlor ide  
Designa- t o  Coal- Date a s  CaC03 S o l i d s  a s  CaCCt3 a s  CaC03 I r o n  a s  SO4 Potassium a s  Na a s  NaC1 

t i o n  bec,  f t .  Sampled. pH FPm PPm PPm PP" PPm PPm a s  K P P ~  ppn PPm 

EE.1-6 

EI.1-4 

E1.1- 8 

Fed. 
No. 1 

582 

643 

646 

1,524 

2/16/78 

3/29/77 

3130177 

------ 

7.42 

---- 
---- 

4.8 

--- 
--- 
--- 
--- 

7,222 

15,200 

17,700 

186,986 

544 

7 8 

1 e 
34,375 

181 

94 

10.3 

517 

7.5 

37 

64 

164 

ND 

N D 

ND 

N U  

--- 
--- 
--- 
--- 

--- 
--- 
--- 
--- 

5,842 

2,310 

2,210 

138.000 



INTRODUCTION TO WELL STIMULATION 

In t roduced  i n  1948 ( 1 9 ) ,  h y d r a u l i c  s t i m u l a t i o n  h a s  become a 
common t e c h n i q u e  used  t o  i n c r e a s e  w e l l  p r o d u c t i v i t y  when n a t u r a l  

f low from t h e  w e l l  i s  u n s a t i s f a c t o r y .  Based on methods developed by 
t h e  o i l  and g a s  i n d u s t r y ,  Government r e s e a r c h  began d e s i g n i n g  s t i m u l a t i o n  

t r e a t m e n t s  f o r  c o a l  g a s  d r a i n a g e  abou t  1969. S i n c e  t h e n ,  o v e r  60 

t r e a t m e n t s  liave been a p p l i e d  t o  c o a l b e d s  i n  s e v e r a l  a r e a s  of t h e  
Uni ted S t a t e s ,  e s p e c i a l l y  t o  t h e  deep mineable  c o a l s  i n  t h e  E a s t .  

The b a s i c  mechanics o f  s t i m u l a t i o n  are q u i t e  s imple .  Hydrau l ic  
p r e s s u r e  i s  g e n e r a t e d  a t  t h e  s u r f a c e  by pumping f l u i d .  T h i s  p r e s s u r e  
i s  t r a n s m i t t e d  t o  a s e l e c t e d  r o c k  s t r a t a  (coalbed) t o  c a u s e  a f r a c t u r e  
o r  a  widening of a n  e x i s t i n g  f r a c t u r e  w i t h i n  t h a t  s t r a t a .  A f t e r  t h i s  

i n i t i a l  f r a c t u r i n g  o c c u r s ,  i t  i s  extended i n t o  t h e  c o a l  s t r a t a  by 
con t inued  i n j e c t i o n  of f l u i d .  A t  some p r e - e s t a b l i s h e d  t i m e  d u r i n g  t h e  

t r e a t m e n t ,  s i z e d  p a r t i c l e s ,  such a s  s i e v e d  sand,  are normal ly  added 
t o  t h e  f l u i d .  These p a r t i c l e s  s e r v e  a s  a propping a g e n t  t o  ho ld  t h e  
f r a c t u r e  open a f t e r  t h e  h y d r a u l i c  p r e s s u r e  i s  r e l e a s e d .  The i n t e n t  
of s t i m u l a t i o n  i s  t o  c r e a t e  h i g h l y  c o n d u c t i v e  pathways from t h e  w e l l b o r e  
t o  s e v e r a l  hundred f e e t  w i t h i n  t h e  coalbed.  The a r e a  of d r a i n a g e  
t o  t h e  w e l l b o r e  is  t h u s  expanded and g a s  and w a t e r  f low rates i n c r e a s e  

a c c o r d i n g l y .  

Government r e s e a r c h e r s  have g e n e r a l l y  c a t e g o r i z e d  s t i m u l a t i o n  
t r e a t m e n t s  a c c o r d i n g  t o  t h e  t y p e  of f l u i d  used t o  t r a n s m i t  t h e  h y d r a u l i c  
p r e s s u r e  from t h e  s u r f a c e  t o  t h e  c o a l  zone.  Water, g e l l e d  w a t e r ,  and 
foam a r e  t h e  major  t y p e s  o f  t r e a t m e n t s  t e s t e d  t h u s  f a r ,  each t y p e  
hav ing  demonstra ted '  d i s t i n c t  advan tages  as w e l l  as s p e c i f i c  l i m i t a t i o n s .  

Tab le  3 summarizes t h e  Government's r e s e a r c h  e x p e r i e n c e  w i t h  s t i m u l a t i o n  
and,  i n  many i n s t a n c e s ,  shows t h e  g a s  d r a i n a g e  r a t e s  ach ieved  from t h i s  

e x p e r i m e n t a l  work. 



Tab le  3 - Summary of Government-sponsored Coalbed S t i m u l a t i o n  T r e a t n e n t s  
Conducted from J u l y ,  1970 t o  December, 1979 

I nJccL lon  
P*te. 

3;sm 

101.1 

10.0 

11.1 

11.0 

10.0 

10.1 

9.6 

.3.0 

11.0 

1'"' 

1.0 

l1.L 

11.0 

11.1 

1.1.5 

T r c r r r r n l  

P e r  

;SIR 

1.500 

1.150 

1,soo 

1.660 

- 
PO0 

- 
l . l l n  

1.290 

2,000 

1.11IU 

Volume 
Trcalmcnt 

F lu ld .  8.1. 

11.800 

10,000 

10.?00 

7.800 

12 000 

11,:OO 

11.500 

13.100 

11.000 

U t l l  Y I ~ E  
a n d l o r  No, 

I c d e r n i  
8 0 .  I 

No. ISY 

No. 11IE 

llo.2SE . 

KO. INE 

NO. 5c 

No. ISY 

Bn. 1 s t  

No. 5C 

Locn l l on  

C o u n ~ y ,  

Stare 
--. 
Burltman, 
va. 

J r l l r r s o n .  
A1.I. 

Ynshlnglon. 

Pa. 

do 

Je l l r raon .  
Ill. 

I la . l~ lnp~on.  

I'D. 

do 

L'romlng, 
L'. v a .  

Lr f l a re .  
IIh. - 

1.100 

10.100 

1L.100 

21.250 

15.000 

25,000 

Snnd proppant  

' I r rL 5Lzr and 

* e I ~ h c .  Ibs.  

10 L O  70 
1,non 

.I0 to 70 
b.000 

do 

10 t o  70' 
1.110~) 

10 t o  20 
&.LOO -- 

10 to  10 

1.500 

10 l o  20 
8,000 

10 to 20 

5,000 

do 

Coalbed 
N.nme 

roc r l>~nco ,  

3 0 .  I 

r L 

?I l l .burgh 

do 

: I l l n n l .  
Un. b 

t b h  

do 

- 
rocol8mnl.. 
K O .  3 

l a r l r l t n r n t  

I 0  
Fo. 
-. 

1 

2 

I 

.- 
L 

-. 

5 

-- 

Breakalorn 

r e ,  

p r l ~  

3,lUO 

800 

so0 

800 

-- 
I.WO 

500 

do 

1.100 

800 

USRII No. 4 

No. ISY 

No. 201-1 

do 

No. ISW 

IC. ~ l n l  

Depth t o  
coolbed, f t .  

1.521 

1.076 

419 

I86  

132 

529 

188 

111 

551 

' . l~ .h ln~ton.  
Pa.  

C.?rhcn, 

Ill. 

T r g c t t e  

U. VII. 

iu 

H.-rlcn, 
Y.  v.7. 

t o  

Dale 
S t l m l a t * d  

.Italy 9. 1970 

June 28.  I 9 1 1  

Ynvenber 2. 1911 

r r b r u ~ r y  Ib .  I914 

February 19. 1916 

10 t o  20 

--.- 
l o  l o  10 
6.000 

10 t o  20 
5.0011 

I 0  1. 60 
ln.000 

20 t o  1.0 
5.11no 

20 t o  LO 

10,000 

P I t t h h ~ t c I ~  

C ~ . . t l r ~ , l e  
S ~ z b a ~ m  NO. I 

I eck ley  

do 

I l11.burnl~ 

do 

10 

- 
11 

I 2  

I 1  

I &  

I $  

588 

1.011 

985 

do 

840 

911 

Coalbed 
T I ~ I c h n r s ~ ,  

f r .  

4.5 

5.0 

4.0 

5.5 

9.0 

5.1 

5.1 

4.0 

do 

~ p r l l  17. IPIL 

bpr11 18. 1?7& 

June 24, I"14 

Noverb.r 15. 197L 

~0rtnh.1 17. lP14 

Oec.nber 20. 1914 

6 r 12. 7 

Type of 

St lmu la t l on  
Trralment 

Cel 

do 

do 

do 

do 

do 

do 

do 

do 

1 

- 
I 

- 
9 

- I 1 .Vo  6.0 

do 

5.0 

do 

5 . 5  

-- 
110 

F rb rua r r  18. 1911 

I .  0 9 

h 6 9 

500 

1,100 

1,900 

l.LO0 

do 

do 

do 

do 

do 

- 
do 

2.bFO 

1.800 

2.5UO 

1.910 

2.100 



TABLE 3 - Summary of Government-sponsored CoaIbed Stimulation Treatments 
Conducted from July, 1970 to December, 1979 (cont"d) 

I 0  
No. 

16 

11 

- 
18 

I 9  

.-. 
2 

A. 

21 

.- 
I 2  

21 

21 

- 
1 %  

A.  

2h 

21 

28 

29 

10 

1 

Loca l l on  
County. 

S ra l r  

Al lcg lnmy 
P.7. 

Ralc lph 

Y. Y3.  

do 

Je l l e reon  
* l a .  

Rn lc l sh  
Y. Vn. 

Crcrne 

Pa. 

do 

SchhylkI11 
Pa. 

Crrrne 

PO. 

do 

Scl!uylkLI1 
Pa. 

Crernc 

Pa. 

do 

n.11.1~h 
w .  vn. 

Crecnc 

Pa. 

Dale 
S l l n u l n l c d  

J g n ~ a r y  21. I915 

.%verher 1. 1911 

Nbvenbrr 6. 1915 

tiovenbcr 21. 1971 

k n u a r y  19. 1916 

& - r l l  IS. 1916 

- 
+me 1. 1916 

& l y  11. 1916 

* u ~ ~ r t  18, 1976 

h ~ u s t  25, 1916 

h p u l  28. I916 

S l p t r r h r r  1. 1916 

L p l e n b e r  8 .  1916 

Sepcrnbrr 11. I976 

S~p tenbsc  15, 1976 

l l r l l  Name 
andlor  No. 

No. 2 

No. LR-1 

do 

No. TY-1 

No. LR-I 

No. W-6 

No. En-1 

Pnrker No. 2 

110. E:l-I 

NO.  m-L 

Parker No. 2 

No. W-5 

No. fJI-7 

no. 1.a-6 

110. En-8 

Coalbed 
Name 

n l d d l e  
K I I I J l l n l n ~  

Beckley 

do 

xary Lcc 

Rcckl ry 

P l l t r b u r p h  

do 

K l m o t h  

PLlt.burgh 

do 

Holnen 

P l t r 9 b u r ~ h  

do 

I l rck ley 

P l l t obv rph  

Depth to  
Coalbed. fC. 

808 

1.211 

do 

1.113 

1.191 

582 

615 

2.012 

902 

811 

1.867 

766 

228 

656 

616 

C o ~ l h e d  
Thlckncss. 

I t .  

4.5 

6.0 

do 

1.1 

5.0 

6.0 

do 

10.0 

6.0 

do 

12.0 

6.0 

do 

5.0 

- 
6.0 

Sand Proppnnr 
t l e r l ~  S l re  and 
Yelgltt. lbs.  

10 t o  10 
2n.000 

20 t o  LO 

1,000 

10 t o  20 

1,500 
20 t o  10 

2.500 

20 l o  LO 
2.100 

20 t o  40 

10.000 

20 l o  10 

IL .000 

20 t o  10 
12.5110 

20 t o  40 

8. 60U 

20 l o  LO 
1t.oon 

20 t o  10 
10,000 

20 l o  10 
6.900 

20 t o  10 

10,000 

20 t o  LO 
1,100 

20 ,o Lo 
15.OOO 

20 t o  LO 
11.800 

Type o f  
S l l n ~ u l n r l o n  
T ren~nenr  

Cel 

do 

do 

do 

do 

Foam 

do 

do 

do 

do 

do 

do 

do 

do 

do 

Voltlnf 

T rc~Lmcn t  
F lu ld .  ga l .  

10.000 

6,000 

11.100 

6.000 

11.100 

29.200 

11.000 

14.600 

25.100 

19.000 

11.100 

11.500 

29.000 

16.800 

12.600 

B r r~ Ic lovn  
Pre.rurc. 

ps lp  

2,400. 

2.600 

do 

1.780 ' 

2.800 

950 

bno 

1.700 

8.000 

950 

1.100 

800 

do 

600 

800 

Trcatms.nt 
Pcvsaure .  

p s l g  

1.500 

2.300 

2.600 

1.160 

2.100 

l.5n0 

1.LOO 

6.000 

1.600 

1,100 

2..100 

1.100 

do 

1.500 

1.100 

I n J r c t l o n  
R a t e .  

bpn 

11.2 

9.3 

11.6 

10.5 

12.0 

11.1 

11.2 

8.8 

11.2 

10.8 

6.0 

11.6 

10.8 

12.0 

- 
10.8 1 

do 

do 

do 

do 

100,000 

R1.OOO 

15.0UO 

12,000 

Conpleted Through Per lo rd l l ons  

I n l e r < r g l e d  Ju l y  21. 19:R. 

h r r r u r d  150 f r .  o f  lndur*d f r a r t u r r .  
---. 

I n r c r r e p l n l  D ~ . e m h c r  1. 1918. IP..~~.~ AO 1,. ,,I 
Induced Irac!ure. Scrc-n-out. tr.atmrnl .ho.ted. 



TABLE 3 - Summary of Government-sponsored Coalbed Stimlilation Treatments 
Conducted from July, 1970 to December, 1979 (cont'd) 



TABLE 3 - Summary of Government-sponsored Coalbed Stimulation Treatments 

Conducted from July, 1970 to December, 1979 (cont'd) 
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TABLE 3 - Summary of  Government-sponsored Coalbed S t i m u l a t i o n  Trea tments  
~ 0 6 d u c t e d  from Ju ly  1970 t o  December, 1979 ( c o n t ' d )  

*Re fe rence  t o  s p e c i f i c  t r a d e  names do n o t  imply endorsement .  by t h e  Uni ted  S t a t e s  Government. 



ROCK PROPERTIES AFFECTING STIMULATION 

Natura l  F r a c t u r e  System 

F r a c t u r e s ,  n a t u r a l l y  p re sen t  i n  coalbeds and a s soc i a t ed  rock 
s t r a t a ,  have an important a f f e c t  on t h e  s t i m u l a t i o n  process .  The most 
prominent n a t u r a l  f r a c t u r e s  i n  coalbeds a r e  o r i en t ed  perpendicu la r  
t o  coalbed bedding p lanes  and a r e  r e f e r r e d  a s  " c l ea t "  (28). Other 
f r a c t u r e s  p re sen t  i n  c o a l  a r e  i nc l i ned  t o  bedding p lanes  and a r e  
c a l l e d  "shear" f r a c t u r e s ,  implying some movement has  taken p l ace .  
During s t i m u l a t i o n ,  t rea tment  f l u i d s  t y p i c a l l y  propagate  p a r t i n g s  
a long  one o r  two d i r e c t i o n s ,  c u t t i n g  a c r o s s  many of t h e s e  p r e e x i s t i n g  
f r a c t u r e s .  A s  t h e s e  f r a c t u r e s  a r e  c rossed ,  p o r t i o n s  of t h e  l i q u i d  
contained i n  t h e  main propagat ing t rea tment  body " leak  o f f "  i n t o  
t h e s e  minute openings,  l e av ing  less l i q u i d  t o  c a r r y  t h e  s o l i d  propping , 
agent .  

There i s  s u b s t a n t i a l  evidence t o  i n d i c a t e  t h a t  t h e  v e r t i c a l  p a r t i n g s  
c r ea t ed  dur ing  s t i m u l a t i o n  propagate  i n  d i r e c t i o n s  n e a r l y  p a r a l l e l  

t o  dominant p r e e x i s t i n g  coalbed c l e a t  and roof rock j o i n t  d i r e c t i o n s  (23) 
(2). T r e v i t s  and Lambert, Cz), combined and presented r e s u l t s  from 
underground examinations of s t imu la t ed  boreholes  (,Table 4) and concluded 
t h a t  induced, v e r t i c a l l y  o r i en t ed  p a r t i n g s  w i l l  p a r a l l e l  n a t u r a l  
f r a c t u r e  t r e n d s  and can be  p red i c t ed  w i t h i n  10 degrees  azfmuth. This  
c o r r e l a t i o n  does no t  n e c e s s a r i l y  imply t h a t  induced f r a c t u r e  d i r e c t i o n s  
a r e  c o n t r o l l e d  by n a t u r a l  f r a c t u r e  systems because t h e  d i r e c t i o n  of 
s t imu la t ed  p a r t i n g s  must always be perpendicu la r  t o  t h e  l e a s t  p r i n c i p l e  
s t r e s s  p re sen t  i n  t h e  a r e a  o f ' a  w e l l  (2). The r e l a t i o n s h i p  between 
induced and n a t u r a l  f r a c t u r e s  does,  however, i n d i c a t e  t h a t  t h e  c o n t r o l l i n g  
stress cond i t i ons  a r e  r e f l e c t e d  by t h e  n a t u r a l  c o a l  c l e a t  and rock 
j o i n t  d i r e c t i o n s .  

Mechanical P r o p e r t i e s  

The d e n s i t y ,  compressive, and t e n s i l e  s t r e n g t h s  of c o a l  a r e  very  
low compared wi th  mine roof rock m a t e r i a l  which i s  u s u a l l y  s h a l e  o r  
sandstone.  I f  i nc reas ing  hydrau l i c  p re s su re s  were app l i ed  t o  a l l  
t h e s e  m a t e r i a l s  s imultaneously,  c o a l ,  t h e  l e a s t  competent m a t e r i a l ,  
would "break" o r  f r a c t u r e  f i r s t .  Fu r the r ,  i f  t h e  c o a l  i s  bounded by 
s h a l e  o r  sandstone,  t h e  f r a c t u r e  would be  contained completely i n  t h e  
c o a l  a s  long a s  hydrau l ic  p re s su re s  d id  no t  exceed t h e  mechanical 

"breakdown" p r o p e r t i e s  of t h e  surrounding s t r o n g e r  rock t y p e ( s ) .  

Borehole Rock Condit ions 

Unfortunately,  t h e  above concept of rock breakage does no t  
n e c e s s a r i l y  apply t o  a c t u a l  borehole  rock cond i t i ons .  Before hyd rau l i c  

p r e s s u r e  i s  appl ied  t o  any given s e c t i o n  of a  wel lbore ,  t h e r e  a l r eady  

. e x i s t  many v e r t i c a l  f r a c t u r e s  i n  the,form of c o a l  c l e a t  o r  rock j o i n t s .  
.., C, 
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Where t h e s e  f r a c t u r e s  a r e  p r e s e n t ,  t h e  rock ' s  t e n s i l e  s t r e n g t h  i s  

e f f e c t i v e l y  zero ,  r e g a r d l e s s  of t h e  t ype  of rock  exposed ( c o a l ,  s h a l e ,  

sandstone,  l imes tone ,  g r a n i t e ,  e t c . ) .  Therefore ,  t h e  p r e s s u r e  r equ i r ed  
t o  induce a  p a r t i n g  i n t o  t h e s e  rocks  is only t h a t  r equ i r ed  t o  overcome , 

t h e  l e a s t  p r i nc , i p l e  s t r e s s  w i t h i n  t h e  r e s e r v o i r .  I n  o t h e r  words, i t  

may be  very  easy t o  i n i t i a t e  p a r t i n g s  ( f r a c t u r e s )  i n t o  a r e a s  of f u t u r e  
mine roof o r  f l o o r  because t h e  rock  is  a l r e a d y  "broken". 

One underground w e l l  s i t e  s t udy  showed t h a t  induced f r a c t u r e s  do 
indeed e n t e r  i n t o  very  hard roof rock  even when low s u r f a c e  i n j e c t i o n  r a t e s  
(10 bpm) and p r e s s u r e s  (1,400 p s i g )  a r e  used (26). The f a c t  t h a t  t h i s  
r ock  was f r a c t u r e d  p r i o r  t o  s t i m u l a t i o n  was c l e a r l y  i n d i c a t e d - b y  t h e  
presence  of c a s ing  cement, found i n  roof f r a c t u r e s  up t o  80 f e e t  from 
t h e  wellbore-. It i s  p o s s i b l e  t h a t  hyd rau l i c  f r a c t u r e s  i n  t h e  roof 
rock  developed du r ing  t h e  cementing ope ra t i on .  

Another n a t u r a l  rock  c o n d i t i o n  which seems t o  have an e f f e c t  
on t h e  upward growth of h y d r a u l i c a l l y  induced f r a c t u r e s ,  i s  t h e  
c o n d i t i o n  of t h e  i n t e r f a c e  between t h e  coalbed and t h e  ove r ly ing  roof 
rock  ( u s u a l l y  s h a l e ) .  Underground examinat ions  a t  s t i m u l a t e d  boreholes  
i n d i c a t e  t h a t  induced f r a c t u r e s  a r e  more l i k e l y  t o  remain i n  t h e  
coalbed when t h e  ove r ly ing  s h a l e / c o a l  i n t e r f a c e  is  ve ry  ab rup t  and weakly- 
bonded. Such weakly-bonded i n f e r f a c e s  have been recognized i n  mine a r e a s  
where t h e  c o n t a c t  between c o a l  a n d ' s h a l e  i s  h igh ly  po l i shed  and 
s t r i a t e d  ( s l i c k e n s i d e s ) .  Where t h i s  t ype  of boundary c o n d i t i o n  occu r s ,  
f r a c t u r e  p a r t i n g s  have f r e q u e n t l y  spread-out h o r i z o n t a l l y  w i t h i n  t h e  
i n t e r f a c e  a r e a  r a t h e r  than grow v e r t i c a l l y  i n t o  t h e  ove r ly ing  s h a l e  r o o f .  



CHARACTERISTICS OF INDUCED COABED FRACTURES 

O r i e n t a t i o n  

Near ly  a l l  of t h e  induced f r a c t u r e s  observed underground i n  c o a l  
mines a r e  v e r t i c a l l y  o r i e n t e d .  V e r t i c a l  f r a c t u r e s  are expected t o  
deve lop  a s  a  r e s u l t  of s t i m u l a t i o n  because  most coa lbeds  are l o c a t e d  i n  
t e c t o n i c a l l y  r e l a x e d  a r e a s  where t h e  g r e a t e s t  p r i n c i p l e  rock  s t r e s s  
d i r e c t i o n  i s  c o n t a i n e d  w i t h i n  a  v e r t i c a l  p l a n e  (1) (15) - ( 1 6 ) .  - Hor- 
i z o n t a l  f r a c t u r e s  have r e s u l t e d ,  however, where i n j e c t i o n  p r e s s u r e s  
exceed t h e  c a l c u l a t e d  overburden p r e s s u r e s  i n  w e l l s  a s  deep as 1,100 f e e t  

( 2 ) .  

D i r e c t  i o n  (Azimuth) 

Rock j o i n t ,  and e s p e c i a l l y  c o a l  c l e a t  d i r e c t i o n s  t end  t o  remain 
p a r a l l e l  th roughout  v e r y  t h i c k  v e r t i c a l  sequences  (9). This  r e l a -  
t i o n s h i p  and t h e  c l o s e  c o r r e l a t i o n  between n a t u r a l  f r a c t u r e  and induced 
f r a c t u r e  d i r e c t i o n s  shown on Table  4,  i n d i c a t e  t h a t  t h e  d i r e c t i o n  of 
induced f r a c t u r e s  can  be  p r e d i c t e d  u s i n g  r o c k  j o i n t  and c o a l  c l e a t  
d i r ' ec t ion  measurements o b t a i n e d  a t  some hor izon  above t h e  coalbed 
and n e a r  as p o s s i b l e  t o  t h e  w e l l ( s )  t o  be  s t i m u l a t e d .  Outcrops 
road  c u t s ,  open s t r i p  p i t s ,  o r  nearby underground workings a r e  a  few 
l o c a t i o n s  where such  i n f o r m a t i o n  can b e  e a s i l y  o b t a i n e d .  

Length 

The l o s s  of f l u i d  t o  t h e  coalbed a long  a n  induced f r a c t u r e  a s  i t  i s  
b e i n g  propagated by pumping i s  a  major f a c t o r  governing t h e  f r a c t u r e ' s  
l i n e a r  e x t e n t .  A s  mentioned e a r l i e r  i n  t h i s  r e p o r t ,  such  l o s s  of f l u i d  
( c a l l e d  "leak-off  'I) l e a v e s  a c o n s t a n t l y  d i m i n i s h i n g  amount of f l u i d  
t o  c r e a t e  f r a c t u r e  p e n e t r a t i o n  and t o  c a r r y  t h e  s o l i d  proppant  a s  
t h e  f r a c t u r e ' s  l e n g t h  i n c r e a s e s .  When leak-off  t o  t h e  coalbed 
i s  t o o  h i g h ,  t h e  c a r r y i n g  a b i l i t y  of t h e  t r e a t m e n t  f l u i d s  d e c r e a s e s  
c a u s i n g  p roppan ts  t o  accumulate  and can e v e n t u a l l y  b l o c k  any f u r t h e r  
i n j e c t i o n  of f l u i d s .  Th i s  o c c u r r e n c e ,  commonly r e f  e r r e d  t o  a s  a "sand- 
o u t , "  o r  "screen-out" may c a u s e  propped f r a c t u r e  d i s t a n c e  t o  be  much 
s h o r t e r  t h a n  t h e  des igned  l e n g t h s .  Sand-outs have occur red  f r e q u e n t l y  
(about  28% of t h e  t ime)  i n  p a s t  coalbed s t i m u l a t i o n s  ( r e f e r  t o  Table  3 ) .  

Underground examina t ions  of s t i m u l a t e d  b o r e h o l e s  i n d i c a t e  t h a t  
t r e a t m e n t s  which . i n c o r p o r a t e  t h e  u s e  of v e r y  heavy g e l s  produce s h o r t  
f r a c t u r e s  (2) ( 2 ) .  Even though such  h i g h l y  v i s c o u s  f l u i d s  reduce  
r e d u c e  f l u i d  leak-off  i n t o  c o a l b e d s ,  t h e y  produce v e r y  wide f r a c t u r e s  
(s), (32). T h i s  reduced t h e  o v e r a l l  f r a c t u r e  l e n g t h  t h e  t r e a t m e n t  
volume can c r e a t e .  



TABLE NO. 4 - RELATIONSllIP BETWEEN VERTICALLY INDUCED COALBED FRACTURE DIRECTION AND 
NATURAL ROCK FRACTURE TRENDS 

LIE L i m i t e d  e x p o s u r e s  p r e v e n t e d  d e t e r m i n a t i o n  o f  a  d o m i n a t e  d i r e c t i o n .  
*Cas ing  s e t  one-halfway t h r o u g h  c o a l b e d .  

**Propaga ted  i n  r o o f  r o c k  a s  w e l l  a s  i n  c o a l b e d .  

ID tto. 

Wel l  Nzme 

D a t e  o f  
I n t e r c e p t i o n  

Coa lbed  

County 

S t a t e  

Type o f  
S t i m u l a t i o n  
T r e a t m e n t  

Type o f  
C o m p l e t i o n  

Average  Face  
C l e a t  
D i r e c t i o n  

Average  B u t t  
C l e a t  
D i r e c t i o n  

Average  Roof 
J o i n t  
D i r e c t i o n  

I n d u c e  
F r a c t u r e  
D i r e c t i c n  

1 0  

USBM'No. 4  

J u n e  1 2 ,  
1974 

P i t t s b u r g h  

Washington 

P.4 

Ge l  

Openhole 

N62'W 

N28OE 

LIE 

N62OW 
N28OE 

5  

USBM 1 NE 

May 1974 

I l l i n o i s  No. 6  

J e f f e r s o n  

IL  

Gel  

Openhole 

N30°W 

N55'E 

LIE 

N76'E 

1 9  

m- 1 

J u n e  1 6 ,  
1976  

Mary Lee 

J e f f e r s o n  

AL 

Gel  

Openhole* 

NSS0E 

N18'W 
N40°W 

t177OW 
N58'E 

N60°E 

3  3 

TW- 2 

F e b r u a r y  1 5 ,  

1977 

Mary Lee  

J e f f e r s o n  

AL 

G e l  

P e r f o r a t i o n s  

N55'E 

N18'W 
N40°W 

N7 7  "I? 

N S O E  

N60°E 
N18"W 

3  6  

Dl-3 

O c t o b e r  6 ,  
1977 

Mary Lee  

J e f f e r s o n  

AL 

Foam 

Openhole 

N55"E 

N18"W 
N40°W 

N77OW 
N58'E 

N6a0E** 

4 2  

T  id- 4 

Novemjer 1 6 ,  
1977  

Mary Lee  

J e f f e r s o n  

AL 

Foam 

Openhole 

N55"E 

NlB0W 
N40°W 

N77'W 
N58"E 

N66'E** 

27 

EM-5 

J u l y  21,  
1978  

P i t t s b u r g h  

Greene 

PA 

Foam 

Openhole 

N68'W 

M21°E 

1 

LIE 

N67'W 

1 

2 1  

EM- 6  

November 9 ,  
1978  

P i t t s b u r g h  

Greene  

PA 

Foam 

Openhole  

N68OW 

N21°E 

L/E 

N68'W 

28  

EM- 7  

December 1, 
1 9 7 8  

P i t t s b u r g h  

Greene  

PA 

Foam 

Openhole  

N68"W 

N21°E 

LIE 

h'68OW 



The l o n g e s t  measured l e n g t h  of a sand-packed h y d r a u l i c a l l y  
' ' induced coalbed f r a c t u r e  was 416 f e e t  from t h e  b o r e h o l e ,  u s i n g  a l i g h t  

g e l  f l u i d  i n  t h e  I l l i n o i s  No. 6 coalbed ( 1 6 ) .  S t i m u l a t i o n  t r e a t m e n t s  
u s i n g  foam as a sand-car ry ing  a g e n t  have r e c e n t l y  shown ev idence  t o  
i n d i c a t e  f r a c t u r e  e x t e n s i o n s  can b e  much l o n g e r .  Such ev idence  i n c l u d e s  
recorded  o b s e r v a t i o n s  and measurements where t h e r e  was d i r e c t  o r  
i n d i r e c t  51 communication of t r e a t m e n t  f l u i d  from one w e l l  t o  a n o t h e r  

spaced f rom 500 t o  over  1,000 f e e t  a p a r t .  TWO' such accounts  have been 
p u b l i s h e d  a s  r e c e n t  government r e p o r t s  of i n v e s t i g a t i o n  (26)  (37) . - - 

Width 

The d i f f e r e n c e  i n  p r e s s u r e  between t h e  s t i m u l a t i o n  t r e a t m e n t  f l u i d  
and t h e  a d j a c e n t  coalbed e s s e n t i a l l y  c o n t r o l s  f r a c t u r e  w i d t h  d u r i n g  
s t i m u l a t i o n  (32) .  Very l a r g e  d i f f e r e n c e s  i n  t h e s e  p r e s s u r e s  produce 
wide f  r a c t u r e s w h i l e  s m a l l  d i f f e r e n c e s  produce v e r y  narrow f r a c t u r e s .  
Opera t ing  c o n d i t i o n s  which cause  wide f r a c t u r e s  i n  coa lbeds  a r e  h i g h  
i n j e c t i o n  r a t e s  combined w i t h  t h e  u s e  of visc.ous f l u i d s .  E lder  (16) re- 
p o r t e d  f r a c t u r e  w i d t h s  of 2-112 i n c h e s  u s i n g  "heavy g e l "  61 and a% bpm 
i n j e c t i o n  r a t e ;  and 118 t o  318 i n c h  wide f r a c t u r e s  u s i n g  a " l i g h t  
g e l "  7 1  and t h e  same i n j e c t i o n  rate. A r e c e n t  test u s i n g  a h i g h l y  v i s c o u s  
m i x t u r e  of g e l l e d  w a t e r  and f l u i d  l o s s  a d d i t i v e s  produced 5-inch wide 
f r a c t u r e s  u s i n g  an average  i n j e c t i o n  of on ly  8 bpm (23). One may 
conc lude  from t h e s e  examples t h a t  "high i n j e c t i o n  r a t e "  i s  a r e l a t i v e  
t e r m ,  meaning "high f o r  t h e  p a r t i c u l a r  f l u i d  p r o p e r t i e s  i n c o r p o r a t e d  i n  
t h e  t r ea tment" .  

Proppant  D i s t r i b u t i o n  and Closure  

A s o l i d  propping a g e n t  was normal ly  inc luded  i n  a coalbed s t i m -  
u l a t i o n  d e s i g n  i n  o r d e r  t o  "hold open" t h e  f r a c t u r e  once f l u i d  p r e s s u r e s ,  
c r e a t e d  by pumping, were r e l i e v e d .  . Sand, s o r t e d  from 10-to 40-mesh 
s i z e s ,  h a s  been t h e  s t a n d a r d  m a t e r i a l  used a s  proppant .  

The d i s t r i b u t i o n  of proppant  m a t e r i a l  w i t h i n  induced f r a c t u r e s  be- 
comes an  impor tan t  c o n s i d e r a t i o n  where t h e r e  is  e f f e c t i v e  c l o s u r e  stress 
because  on ly  t h e s e  propped a r e a s  would t h e n  a l l o w  a s u f f i c i e n t  amount of 
f o r m a t i o n  f l u i d  t o  f low. 

51 "Di rec t  communication" r e f e r s  t o  o c c a s i o n s  when s t i m u l a t i o n  f l u i d  - 
i s  i n j e c t e d  i n t o  one w e l l  and t h e  same t y p e  f l u i d  is  observed f lowing  

11 
i n t o  one o r  more nearby  w e l l s .  I n d i r e c t  communication" r e f e r s  t o  
o c c a s i o n s  when i n j e c t i o n  of s t i m u l a t i o n  f l u i d  a t  one w e l l  c a u s e s  
fo rmat ion  f l u i d s  (wa te r  o r  g a s )  t o  move a t  one o r  more nearby w e l l s .  

61 75 pounds guar  gum p e r  1 ,000  g a l l o n s  water. - 

71 50 pounds guar  gum p e r  1 ,000 g a l l o n s  w a t e r .  - 



There  i s  r e c e n t  e v i d e n c e  which s u g g e s t s  t h a t  v e r y  l i t t l e  c l o s u r e  
s t r e s s  e x i s t s  i n  some coa lbeds .  At s e v e r a l  b o r e h o l e s  d r a i n i n g  from t h e  
Mary Lee coalbed i n  Alabama, f o r  example, con t inued  accumula t ions  of 

propping sand i n  w e l l b o r e s  have caused c h r o n i c  pumping problems (27). Even 

though t h e s e  w e l l s  a r e  f a i r l y  deep (1 ,000 t o  1 ,100  f e e t ) ,  and t h e y  a r e  ' 

s i t u a t e d  i n  a n  a r e a  where t h e r e  is l i k e l y  some l a t e r a l  r o c k  s t r e s s e s ,  
a c t u a l  f r a c t u r e  c l o s u r e  must b e  v e r y  low t o  a l l o w  t h e s e  r a t h e r  l a r g e  
amounts of proppant  t o  r e t u r n  t o  t h e  w e l l b o r e .  I n  a r e a s  l i k e  t h i s ,  
un i fo rmly  packed f r a c t u r e s  may n o t  b e  t h e  t y p e  of proppant  d i s t r i b u t i o n  

. most d e s i r a b l e .  I n s t e a d ,  on ly  p a r t i a l  packing,  o r  even no pack ing  a t  
- . a l l  may b e  more s u i t a b l e  - for  h i g h e r  d r a i n a g e  r a t e s .  

Flow Capac i ty  

The r e l a t i v e  a b i l i t y  of f l u i d s  t o  f low th rough  induced f r a c t u r e s  t o  
t h e  w e l l b o r e  i s  an impor tan t  c o n s i d e r a t i o n  f o r  s t i m u l a t i o n  d e s i g n .  One 
measure of t h i s  a b i l i t y  i s  commonly known as " F r a c t u r e  Flow Capaci ty ."  
Flow c a p a c i t y  a t  any g i v e n  l o c a t i o n  a l o n g  an  induced f r a c t u r e  depends on 
t h e  f r a c t u r e ' s  h e i g h t  and w i d t h  and on t h e  p e r m e a b i l i t y  of t h e  p roppan t  
m a t e r i a l  f i l l i n g  t h e  f r a c t u r e .  Very low f r a c t u r e  f low c a p a c i t i e s  
c a u s e  s t e e p  p r e s s u r e  g r a d i e n t s  t o  occur  w i t h i n  t h e  induced f r a c t u r e ( s )  
because  r e s i s t e n c e  t o  f l o w  is  h i g h .  I n  such  a  c a s e ,  r e d u c t i o n  of 
r e s e r v o i r  p r e s s u r e s  over  s i g n i f i c a n t l y  l a r g e  a r e a s  of t h e  coalbed 
may n o t  occur  r a p i d l y  enough t o  supp ly  a n  economic f low of g a s  t o  
t h e  w e l l b o r e .  Thus, even though a low f low c a p a c i t y  f r a c t u r e  ex tends  
s e v e r a l  hundred f e e t  from t h e  w e l l b o r e ,  on ly  a  s m a l l  p o r t i o n  of t h a t  
l e n g t h  would d e f i n e  t h e  "product ive"  l e n g t h  of t h e  f r a c t u r e .  



S TIMULATI ON USING GELLED FLUIDS 

Government r e s e a r c h  h a s  conducted 2 1  s t i m u l a t i o n  t r e a t m e n t s  

u s i n g  g e l l e d  f l u i d s  s i n c e  1970 ( s e e  Table  3 ) .  Th i s  t y p e  of f l u i d  

i s  water-based,  and c o n t a i n s  a  n a t u r a l - g u a r  gum m i x t u r e  a l l o w i n g  

i t  t o  c a r r y  sand p roppan t  and r e t a r d  . f l u i d  leak-off :  A f t e r  t r e a t m e n t  
is. completed the 'se g e l l e d  f l u i d s  a r e  des igned t o  " r e v e r t "  o r  "breakdown" 
t o  t h e  v i s c o s i t y  of w a t e r .  Th i s  a l l o w s  t h e  d r a i n a g e  of s t i m u l a t i o n  

f l u i d  from t h e  induced p a r t i n g ( s )  t o  t h e  w e l l b o r e ,  l e a v i n g  t h e  sand 

proppant  f o r  s u p p o r t .  % .  

There  a r e  s e v e r a l  p u b l i s h e d  and unpubl ished r e p o r t s  c o n t a i n i n g  

s p e c i f i c  a c c o u n t s  of b o r e h o l e  s t i m u l a t i o n  t e s t s  u s i n g  g e l l e d  f l u i d s  (7)  - 
(14) (23) (38). The f o l l o w i n g  d e s c r i p t i o n s  s e r v e  t o  demons t ra te  t h e  

Government's e x p e r i e n c e  u s i n g  t h i s  t y p e  of coa lbed  t r e a t m e n t .  Among 
t h e  s t u d i e s  p r e s e n t e d  are a l l  t h o s e  where t h e  r e s u l t s  of g e l l e d  
f l u i d  t r e a t m e n t s  wcrc  observed d i r e c t l y  underground a f t e r  mining had 
p rogressed  through t h e  b o r e h o l e s  and e f f e c t e d  a r e a s .  

Pocahontas  No.3 Coalbed, Buchanan County, VA (3 )  (13)  

A tes t  h o l e  was d r i l l e d  i n t o  a p r o j e c t e d  b a r r i e r  p i l l a r  i n  an  a r e a  
n o t  t o  b e  mined f o r  s e v e r a l  y e a r s .  The t e s t  s i t e  was i n  c e n t r a l  Buchanan 

County, VA. The h o l e  p e n e t r a t e d  a  s e r i e s  of Pennsylvanian s a n d s t o n e s ,  
s h a l e s ,  and c o a l s  t o  test  t h e  gassy  Pochanatas  No. 3  coa lbed .  The 1 , 5 3 0  
f o o t  deep h o l e  was logged w i t h  a  gamma r a y  - d e n s i t y  l o g g i n g  t o o l  t o  

o b t a i n  g e o p h y s i c a l  d a t a  on fo rmat ion  d e n s i t y ,  p o r o s i t y ,  and l i t h o l o g y .  

The 8-inch-diameter h o l e  was cased w i t h .  4.5-inch d iamete r  s t e e l  c a s i n g  
from t h e  s u r f a c e  t o  t h e  t o p  of t h e  coa lbed ,  and t h e  c a s i n g  was p r e s s u r e -  
cemented. 

Moni tor ing equipment,  i n c l u d i n g  a f low meter  and p r e s s u r e  gauges ,  
were i n s t a l l e d .  Water f low was measured a t  .07 bpd. The i n f l o w i n g  w a t e r  
i n h i b i t e d  t h e  f low of g a s  and r e q u i r e d  f r e q u e n t  swabbing t o  m a i n t a i n  a  
gas  f low.  The b o r e h o l e  flowed a t  600 c f d  w i t h  con t inued  swabbing t o  

c l e a r  t h e  h o l e  of w a t e r .  

i n  J u l y  1970,  a  h y d r a u l i c  s t i m u l a t i o n  p rocedure  des igned  by t h e  

Bureau of Mines was a t t empted .  The coalbed was t r e a t e d  w i t h  a  g e l l e d  
f l u i d  c o n t a i n i n g  10- t o  20-mesh sand a s  a  propping a g e n t . '  The i n i t i a l  
f r a c t u r e  occur red  a t  3,200 p s i g .  The f r a c t u r e s  were propagated w i t h  

2,400 t o  3,450 p s i g  p r e s s u r e  a t  an  a v e r a g e  i n j e c t i o n  r a t e  of 1 0  bpm 
of ge l l ed-wate r  f r a c t u r i n g  f l u i d .  The t r e a t m e n t  u t i l i z e d  14,800 

g a l l o n s  of f r a c t u r i n g  f l u i d  and 4,000 pounds l b  of 10- t o  20-mesh 
propping sand.  F i g u r e  1 8  shows wel lhead p r e s s u r e  and i n j e c t i o n  r a t e  

c h a r t s  f o r  t h i s  t r e a t m e n t .  Th i s  w e l l  i s  d e s i g n a t e d  "No. 1" on Table  3.  



FIGURE 18. - WELL HEAD PRESSURE AND INJECTION RATE 
CHARTS OF HYDRAULIC STIMULATION TREATMENT OF 

POCAHONTAS NO. 3 COALBED (16). 
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A f t e r  s t i m u l a t i o n ,  t h e  h o l e  was swabbed t o  remove w a t e r  and moni to r  
g a s  f low.  On t h e  f i r s t  day,  w a t e r  f low decreased .  Gas f low i n c r e a s e d  
from 2,500 t o  3,500 c f d  a s  w a t e r  was d r a i n e d  from t h e  coa lbed .  Dur ing .  
t h e  second day,  w a t e r  f low averaged  9  bpd, bu t  flowed i n  s u r g e s ;  t h e  
g a s  f low i n c r e a s e d  from 3,500 t o  9,000 c f d .  The f o u r t h  day ,  g a s  f low 
rates i n c r e a s e d  t o  12,000 c f d ,  w h i l e  wa te r  f low d e c r e a s e d ,  f lowing  a n  
a v e r a g e  of 6  bpd d u r i n g  f low p e r i o d s ,  bu t  w i t h  a l o n g e r  flow-nonflow c y c l e .  
On t h e  f i f t h  day,  g a s  f low s t a b i l i z e d ,  a v e r a g i n g  12,000 c f d ,  w h i l e  t h e  
w a t e r  f low rate d e c l i n e d  t o  2 bpd f lowing  i n  12 hour  c y c l e s  ( F i g u r e  1 9 ) .  

The twentyfo ld  i n c r e a s e  i n  g a s  f l o w  w a s ,  indeed ,  encourag ing .  It 

was e v i d e n t ,  however, t h a t  a  pumping o r  swabbing s e r v i c e  must be  provided 
t o  remove t h e  water i n f l o w  t o  m a i n t a i n  s t a b l e  g a s  p r o d u c t i o n .  

Mary Lee Coalbed, J e f f e r s o n  County AL (5 )  ( 7 )  (14)  

A t e s t  a r e a  was l o c a t e d  i n  S e c t i o n  23,  T 18S, K 6 W J e f f e r s o n  
County, AL, f o r  e x p e r i m e n t a l  d e g a s i f i c a t i o n  of t h e  Mary Lee coa lbed  i n  
advance of mining a t  U.S. s t e e l ' s  Oak Grove Mine. A f i v e - s p o t  p a t t e r n  
of h o l e s  (1 ,081  t o  1 ,093  f e e t  t o t a l  d e p t h )  was d r i l l e d  on t h e  f l a n k  of a  
s t r u c t u r a l  a n t i c l i n e .  The h o l e s  p e n e t r a t e d  Pennsylvanian s a n d s t o n e s ,  s h a l e s ,  
and coa lbeds .  D r i l l i n g  was completed i n  J u l y  1971. Hole No. 3  SW 

i n  t h i s  f i v e - s p o t  p a t t e r n  was d r i l l e d  t o  t h e  t o p  of t h e  coalbed a t  a 
1 , 0 7 5  f o o t  d e p t h  and cased w i t h  seven i n c h  d i a m e t e r  steel  c a s i n g .  
A f t e r  c a s i n g  t h e  h o l e ,  f i v e  f e e t  of coalbed was cored  and t h e  
b o r e h o l e  was put  on p r o d u c t i o n .  Gas p r o d u c t i o n  was low a t  t h e  s t a r t  b u t  
i n c r e a s e d  as t h e  coa lbed  w a s  dewatered.  The maximum p r o d u c t i o n  wa's from 
b o r e h o l e  No. 3  SW. A f t e r  '16 months, p r o d u c t i o n  from t h i s  h o l e  had 
reached  a n  a v e r a g e  o f  5 ,000 c f d  g a s  w i t h  6  bpd w a t e r .  A s t i m u l a t i o n  
t r e a t m e n t  was t h e n  planned t o  i n c r e a s e  t h e  d e g a s i f i c a t i o n  rate. 

\ 

Design number two from a  computer c a l c u l a t i o n  (Tab les  5  and 6) was 
s e l e c t e d  f o r  t h e  t r e a t m e n t  p l a n .  This  provided f o r  10,000 g a l l o n s  
of g e l l e d  w a t e r ,  w i t h  a 2,500 g a l l o n  wate r  pad t o  be  i n j e c t e d  i n t o  t h e  c o a l  
a t  1 0  bpm t o  p r o p a g a t e  a  f r a c t u r e  o r  p a r t i n g .  S i x  thousand pounds 
of 10- to  20-mesh sand were mixed w i t h  t h e  f r a c t u r e  f l u i d  a t  a  c o n c e n t r a t i o n  

of 314 ppg (pounds p e r  g a l l o n )  t o  s e r v e  a s  a  propping a g e n t  i n  t h e  
. . 

induced f r a c t u r e  a f t e r  t r e a t m e n t .  . . 



FIGURE 19. - GAS AND WATER PRODUCTION RATES 
- FOLLOWING HYDRAULIC STIMULATION TREATMENT OF 

POCAHONTAS NO. 3 COALBED (16). 
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TABLE 5  . S y d r a u l i c  F r a c t u r e  S t i m u l a t i o n  P lan .  

Xole No . 3  SbJ. J e f f e r s o n  County. Alabama (-7) 

TABLE 6  . C r i t e r i a  used i n  c o m ~ u t a t t o n  of h v d r a u l i c  f r a c t u r e  

Design 
No . 

1 .... 
2  .... 
3  .... 
4  .... 

s t i m u l a t i o n  p l a n .  Hole 3  SW. J e f f e r s o n  County. Alabama (7)  

Volume. 
1. 000/gas 
T o t a l  Pad 

5  2 .5  
10 2.5 
15 2.5 
20 2.5 

Product  i o n  
i n c r e a s e  

7.5 
11.7 
15.6  
19.4 

I n j e c t i o n  Rate  .............................................................. bbl /min .. 
Assumed f r a c t u r e  h e i g h t  ......................................................... f t  .. 
Net fo rmat ion  t h i c k n e s s  ........................................................... f 5  
P l a s t i c  modulus b i n  .............................................................. .. 
Formation p e r m e a b i l i t y  .......................................................... md .. 
Formation p o r o s i t y  ............................................................. p c t  .. 
Bottom h o l e  t r e a t m e n t  p r e s s u r e  .............................................. l b / i n $  .. 
Reservo i r  p r e s s u r e  .......................................................... b i n  .. 
Reservo i r  f l u i d  v i s c o s i t y  ......................................................... 175 .. CW-- F l u i d  l o s s  coef ....................................................... f t / m i n  

. s p u r t  l o s s  ................................................................ . g a ~ / f t  2 .  

Type of g e l  ( H a l l i b u r t o n )  ........................................................... 
.. Gel c o n c e n t r a t i o n  .................................................... 1 . 0  g a l  

n l -Pr ime ............................................................................ 
n  

kl-Prime ( s l o t )  .................................................... 1 s e c  / f t 2 .  . f  - 
Well s p a c i n g  ................................................................. aare8 .. 
Drainage r a d i u s  ................................................................. f t  .. 
\%!ellbore r a d i u s  .................................................................. f  t .  . 

. . 
Damage r a t i c  ........................................................................ 
Type and conc prop sand (8-12 mesh) ..................................... l b / g a l  avg .. 

Propped 
f r a c t u r e  

f e e t  
' Length Height 

105 5.2 
255 5 . 5  
3  7  7  5.6 
437 5.7 

10.0  
7.0 

5.8 0.30 x 1 0  
5.0  
4.0 

2,050.0 
390.0 

0.02 
0.00310 

0 .21 
WG-6 
20.0 
0.738 

0. :000698 
30.0 

536.0 
0.25 
3 .0  ' 

0.75 

V i s c o s i t y  
C P  

6 
7  
7  
7  

Created 
f r a c t u r e  
l e n g t h  

f e e t  

233 
758 

1. 040 
1. 007 

F r a c t u r e  
w i d t h  
i n c h  

. 207 

. 242 

. 266 

. 234 

s a n  
s a c k s  

19 
5  6  
9  4  

13 1 



The t rea tment  w a s  conducted through 2-718 inch  high-pressure tub ing  
w i t h  a  t ens ion  packer  i n  the '  s t r i n g  s.et a t  988 f e e t  i n  t h e  seven inch  

cas ing .  The bottom of t h e  tub ing  was a t  t h e  midpoint of t h e  coalbed.  

The i n i t i a l  f r a c t u r e  occurred at  800 ps ig .  The f r a c t u r e  was 
extended a t  1 ,100 t o  1,200 p s i g  p re s su re  and a  s t eady  10  bpm i n j e c t i o n  
r a t e .  A t o t a l  of 10,000 ga l lons  of g e l l e d  water  and 6,000 pounds of 
10- t o  20-mesh s i z e  propping sand were pumped dur ing  t h e  t rea tment  
(F igure  20).  Af t e r  t rea tment ,  t h e  borehole  was swabbed f r e e  of water ,  
and 30 f e e t  of sand f i l l u p  was c l ea red  from t h e  borehole .  Af t e r  t h e  
water pump was i n s t a l l e d ,  t h e  borehole  was r e tu rned  t o  product ion.  A l l  
f r a c t u r i n g  f l u i d  was recovered. 

The gas  flow increased  a f t e r  t rea tment  from 5,000 c fd  t o  a  maximum 
r a t e  of 90,000 c fd  i n  11 days (F igure  21).  During t h e  next  seven 
months, t h e  flow r a t e  s t a b i l i z e d  a t  50,000 c f d .  - 81 This  we l l  is  
des igna ted  "No. 2" on Table  3. 

P i t t s b u r g h  Coalbed, Washington County, PA ( 1 2 )  (14) 

A tes't a r e a  was l oca t ed  near  Lone P ine ,  Washington County, PA, 
f o r  d e g a s i f i c a t i o n  of t h e  P i t t s b u r g h  coalbed i n  advance of mining. 
Four .ho l e s  405 t o  552 f e e t  i n  depth  were d r i l l e d  i n  a  p a t t e r n  on t h e  
f l a n k  of t h e  Amity a n t i c l i n e .  The n i n e  inch-diameter ho l e s  were d r i l l e d  
near  t h e  top  of t h e  coalbed and cased wi th  seven inch  diameter  steel 
cas ing .  A f t e r  t h e  ho l e s  were cased,  t h e  seven f o o t  coalbed was cored 
and t h e  boreholes  put  on product ion.  I n i t i a l  gas  product ion began 
i n  June,  1972, and was 'low then  increased  a s  t h e  coalbed was dewatered. 
Af t e r  18 months, gas  product ion from B'orehole No. 1 NE s t a b i l i z e d  a t  
an average of 7,000 c fd  wi th  4-114 bpd of water .  This  b o r e h o l e - . a s  
f r a c t u r e - t r e a t e d  t o  improve d e g a s i f i c a t i o n  r a t e  and test t h e  e f f e c t i v e n e s s  
of s t imu la t i on  of t h e  P i t t s b u r g h  coalbed. 

A hydrau l i c  s t i m u l a t i o n  t rea tment  program was prepared u t i l i z i n g  
des ign  No. 2  from t h e  computer ou tput  t rea tment  p lan  (Tables 7  and 8 ) .  
This  provided 10,000 g a l l o n s  of water  pad t o  be  i n j e c t e d  i n t o  t h e  c o a l  
a t  10 bpm. S i x  thousand pounds of 10- t o  20-mesh sand were mixed wi th  
t h e  f r a c t u r e  f l u i d  at  a concen t r a t i on  of 112 t o  314 ppg t o  s e r v e  a s  
a  propping agent  i n  t h e  induced f r a c t u r e .  

The t rea tment  was conducted through 2-718 inch  high-pressure tub ing  
wi th  a  t ens ion  packer i n  t h e  s t r i n g  set a t  412 f e e t  i n  t h e  seven 
inch cas ing .  

81 The accuracy of t h e  product ion d a t a  f o r  t h e  3 SW borehole  a t  - 
Oak Grove Mine has  been s t r i n g e n t l y  con te s t ed  by U.S. S t e e l .  



FIGURE 20. - WELLHEAD PRESSURE AND INJECTION I 

RATE CHARTS OF HYDRAULIC STIMULATION 
OF THE MARY LEE COALBIED (7). 
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FIGURE 21. - GAS AND WATER PRODUCTION RATES 
BEFORE AND AFTER HYDRAULIC STIMULATION 
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TABLE 7  - Hydraulic f r a c t u r e  s t imu la t i on  plan,  
I 

Hole 1 NE, Washington County, PA (14) 

TABLE 8  - , C r i t e r i a  used i n  computation of hyd rau l i c  f r a c t u r e  s t i m u l a t i o n  
p l a n ,  Hole No. 1 NE, Washinpton County, PA (14) 

Design 
No. 

I. . . .  
2. .  .. 
3..  .. 
4. .  .. 

Product ion 
increased  

9.2 
13.2 
15.2 
19.4 

Volume , 
1,00O/gal 
T o t a l  Pad 

5  1.0 
10  1 
15  1 
20 1 

I n j e c t i o n  r a t e  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . b b l / m i n . .  
Assumed f r a c t u r e  he igh t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . f t . .  
N e t  formation th i cknes s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . f t . .  
E l a s t i c  modulus ........................................................... l b / i n 2 .  . 
Formation permeabi l i ty  ........................................................m d . .  

........................................................... Formation po ros i t y  pc5. . .. Bottom h o l e  t rea tment  p re s su re  ........................................ b i n  
Reservoir  p r e s su re  ........................................................ l b / i n 2 .  . 

..................................................... Reservoi r  f l u i d  v i s c o s i t y  iss.. CW--Fluid l o s s  coef .....................................................ft/min 
2. .. Spurt  l o s s  ...............................................................gal/ft 

......................................................... Type of g e l  (Hal l ibur ton)  

G e l  concen t r a t i on  ...................................................lb/l,OOO g a l . .  
....................................................................... n'-Prime 

2" .. k t  -Prime ( . s lo t )  ..................................................... lbf-secn/f  t 
Well spac ing  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ac res . .  
Drainage r a d i u s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . f t . .  

Wellbore r a d i u s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . f t . .  
Damage r a t i o  ...................................................................... 
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FIGURE 22. - WELL HEAD PRESSURE AND INJECTION RATE 
CHARTS OF HYDRAULIC STIMULATION TREATMENT OF 

PITTSBURGH COALBED (14). 
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FIGURE 23. - GAS AND WATER PRODUCTION RATES BEFORE 
AND AFTER HYDRAULIC STIMULATION TREATMENT 

OF PITSBURGH COALBED (14). 
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The i n i t i a l  f r a c t u r e  of t h e  c o a l  was achieved a t  600 p s i g .  The 
f r a c t u r e  was extended a t  1,200 t o  1,400 p s i g  p r e s s u r e  and a  s teady  
11.4 bpm i n j e c t i o n  r a t e .  A t o t a l  of 10,200 g a l l o n s  of g e l l e d  water  and 

6,000 pounds of 10- t o  20-mesh propping sand were pumped dur ing  f r a c t u r e  
propagat ion (F igure  22). Midway through t h e  pumping, a  "sand-out" 
occurred.  

The system was allowed t o  backflow t o  c l e a r  t h e  blockage and t h e  
t rea tment  was completed. A f t e r  t r ea tmen t ,  t h e  borehole  was swabbed f r e e  
of water ,  and a  few f e e t  of  sand accumulation was cleaned from t h e  
borehole .  With r e i n s t a l l a t i o n  of t h e  water  pump, t h e  borehole  was 
r e tu rned  t o  product ion and t h e  f r a c t u r i n g  f l u i d  was recovered.  . 

The gas  flow increased  a f t e r  t rea tment  from an average of 7,000 c fd  
t o  a  r a t e  o f . 35 ,750  c fd  i n '  2-112 months (F igure  23) .  On Table  3 ,  t h i s  
w e l l  i s  des igna ted  a t  "No. 3". 

Mary Lee Coalbed, J e f f e r s o n  County, Alabama, Case I1 (23) 

A v e r t i c a l  d e g a s i f i c a t i o n  borehole  d r i l l e d  t o  t h e  Mary Lee coalbed 
and completed 600 f e e t  ahead of a c t i v e  mining, was i n t e r c e p t e d  by mining 
on February 15 ,  1977. The borehole ,  r e f e r r e d  t o  a s  Tes t  Well No. 2  
(TW2), was 1 o c a t e d . i n  Sec t ion  3.5, T  18 S,  R 6 W ,  nea r  Oak Grove, Alabama 
The purpose of completing TW2 was t o  t e s t  s p e c i f i c  hyd rau l i c  g e l  
s t i m u l a t i o n  procedures  i n  c o a l  by monitor ing w e l l  p roduct ion ,  and l a t e r ,  
i n spec t ing  t h e  r e s u l t s  d i r e c t l y  underground i n  t h e  mine. 

TW2 was r o t a r y  d r i l l e d  us ing  a  6-114 inch  diameter  a i r -pe rcus s ion  
b i t  and foam t o  approximately 235 f e e t  above t h e  f i v e  f o o t  t h i c k  
c o a l  i n t e r v a l .  To reduce t h e  p o s s i b i l i t y  of formation damage due t o  
d r i l l i n g ,  a 6-118 inch  diameter  r o l l e r  b i t  and foam were used t o  d r i l l  
t h e  remaining d i s t a n c e  t o  50 f e e t  below t h e  coalbed. TW2 was cased 
t o  t o t a l  dep th  w i t h  4-112 inch  diameter  p ipe  equipped wi th  a  f l o a t  
shoe. The lower 500 f e e t  of ca s ing  was s e t  i n  p l a c e  u s ing  13.5 ppg 
weight cement. 

A je t  s l o t t i n g  t o o l  w a s  pos i t i oned  us ing  a  geophysical  logging 
device .  The des ign  c a l l e d  f o r  a  water  and sand s l u r r y  t o  c u t  f o u r  
v e r t i c a l  s l o t s ,  90 degrees  a p a r t ,  from t h e  base of t h e  coalbed t o  
w i t h i n  one f o o t  of t h e  top.  The coalbed was s t imu la t ed  u s ing  3,500 
g a l l o n s  of a  h igh ly  v i s cous  f l u i d  conta in ing  4,000 pounds of 10- t o  30 
and 20- t o  40 mesh s i z e  sand (Table  9 ) .  



Table  9  - TW2 Hydrau l ic  S t i m u l a t i o n  Data (23) 

Date .................................. 
Propping sand ......................... 

......................... Propping sand 
Treatment  f l u i d  ....................... 

.............. S u r f a c t a n t  c o n c e n t r a t i o n  
..... F l u i d  l o s s  a d d i t i v e  c o n c e n t r a t i o n  

........... G e l l i n g  a g e n t  c o n c e n t r a t i o n  
Breaker  c o n c e n t r a t  i o n  ................. 
Complexer c o n c e n t r a t i o n  ............... 
Maximum p r e s s u r e  ...................... 
Average p r e s s u r e  ...................... 
Treatment rate, a v e r a g e  ............... 
Hydrau l ic  horsepower .................. 

- - 

October 24,  1976 
20-40 mesh-sized sand ,  1000 l b .  
10-20 mesh-sized sand ,  3,000 l b .  
Gel led w a t e r ,  3,500 g a l  
3  ga1/1,000 g a l  
50 l b / 1 , 0 0 0  g a l  
66.7 l b s / 1 , 0 0 0  g a l  
2  l b / 1 , 0 0 0  g a l  
0.4 ga1./1,000 g a l  
2,500 p s i g  
2,400 p s i g  
8 bpm 
1,000 Hp 

The h y d r a u l i c  s t i m u l a t i o n  p r e s s u r e  averaged 2,400 p s i g  w i t h  nn 
a p p a r e n t  fo rmat ion  "breakdown"; t h e  f l u i d  i n j e c t i o n  r a t e  averaged 3 bpm; 
and t h e  i n s t a n t a n e o u s  s h u t - i n  p r e s s u r e  was 2,200 p s i g  ( F i g u r e  24) .  
A f t e r  s t i m u l a t i o n ,  w a t e r  was c i r c u l a t e d  i n  t h e  w e l l  removing approx- 
i m a t e l y  200 l b s  of propping sand .  The w e l l  was l a t e r  equipped w i t h  a  
pump t o  remove wate r  and m e t e r s  t o  moni tor  p roduc t ion .  

TW2 was p u t  on p roduc t ion  November 1.3, 1976. During s u c c e s s f u l  
pumping p e r i o d s ,  d a i l y  g a s  p r o d u c t i o n  averaged abou t  15,000 c u b i c  f e e t .  Sand 
and o t h e r  f o r e i g n  m a t e r i a l  e n t e r i n g  t h e  dowrlhole pump mechanism caused 

c h r o n i c  m a l f u n c t i o n  and r e s u l t e d  i n  o v e r a l l  poor g a s  p r o d u c t i o n  ( F i g u r e  
25).  

Temporary g a s  f l o w  r a t e s  i n  e x c e s s  of 80,000 c f d  were  measured on 
s e v e r a l  o c c a s i o n s ,  immediately a f t e r  s e r v i c i n g  t h e  downhole pump and 
a f t e r  removal of u s u a l l y  less t h a n  f i v e  b a r r e l s  of w a t e r .  Such tem-  

p o r a r i l y  h i g h  g a s  f lows  appear  t o  have brought  s i g n i f i c a n t  amounts of 
propping sand i n t o  t h e  w e l l b o r e .  

The w e l l ,  and induced f r a c t u r e s  from t h e  w e l l ,  were exposed approx imate ly  
t h r e e  months later  by mining.  Coal was removed t o  approx imate ly  f o u r  f e e t  
beyond t h e  b o r e h o l e  l o c a t i o n  d u r i n g  which t i m e  v e r y  wide,  s h o r t  v e r t i c a l  
f r a c t u r e s  and l o n g e r ,  t h i n  h o r i z o n t a l  sand-packed f r a c t u r e s  were  
observed.  The s i t e  was s t u d i e d  i n  d e t a i l  and measurements were  made w i t h  
t h e  c o a l  f a c e  i n  t h e  p o s i t i o n  shown on F i g u r e  26. The b o r e h o l e  s i t e  as i t  

appeared a t  t h a t  t i m e  i s  diagrammed i n  F igure .  27. 

The c a s i n g  was expanded outward where p i e r c e d  by f o u r  roughly  d i -  
amond shaped s l o t s  abou t  5 .5  i n c h e s  long  and 2  t o  2 .5  i n c h e s  wide.  
Smal l  h o l e s  i n  t h e  c a s i n g  ( f i v e  h o l e s ,  0.3-inch maximum d i a m e t e r )  were 
observed f i v e  t o  n i n e  i n c h e s  above t h e  s l o t s .  The t o p  of t h e  s l o t s  were  abou t  
f o u r  i n c h e s  below t h e  b a s e  of t h e  coa lbed  demons t ra t ing  t h a t  s l o t t i n g  
had n o t  occur red  i n  t h e  coalbed a s  in tended .  



FIGURE 24. - HYDRAULIC STIMULATION PRESSURE 
AND FLUID INJECTION CHART iw2, 

MARY LEE COALBED (23). 
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FIGURE 25. - DAILY GAS PRODUCTION FROM 
TW2, MARY LEE COALBED (23). 
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FIGURE 26. - POSITION OF MINE FACE DURING 
UNDERGROUND INVESTIGATION OF TW2 (23). 
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FIGURE 27. - SKETCH OF MINE FACE DURING 
UNDERGROUND EXAMINATION OF TW2 (23). 
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Three well-defined v e r t i c a l  f r a c t u r e s  were observed a t  t h e  borehole 
i t  A l l  t h r e e  were contained i n  t h e  lower t h i r d  of t h e  coalbed and 
were completely f i l l e d  with propping sand. F rac tu re  s i d e s  appeared 
owootk and unabraided, and followed l o c a l  v e r t i c a l  n a t u r a l  f r a c t u r e  
pEone~  i n  t h e  coa l .  The wides t  s and- f i l l ed  f r a c t u r e  (4.5 i nches ) ,  
t apered  upward g radua l ly ;  a  f r a c t u r e  of in te rmedia te  th ickness  
(2.0 inches)  tapered  sharp ly  t o  t h e  f l o o r  (F igure  27) .  The remaining 
v e r t i c a l  f r a c t u r e  was the  same th ickness  (0.03 inches)  throughout.  
A l l  t h r e e  f r a c t u r e s  terminated a t  t h e  base of t h e  coalbed wi th  no 
evidence s f  f r a c t u r e  con t inua t ion  i n t o  f l o o r  rock. 

Two f r a c t u r e s  were inc l ined .  They sloped downward t o  t h e  south  and 
ware contained e n t i r e l y  i n  a  more f r i a b l e ,  s o f t ,  and h ighly  s l i ckens ided  
p e r t i e n  s f  the coalbed. Their s i d e s  were smooth and unabraided,  bu t  
~omewhat i r r e g u l a r .  They appeared t o  fo l low l o c a l  n a t u r a l  shear  f r ac -  
t u r e  p lanes  i n  t h e  c o a l ,  w i t h  minor v e r t i c a l  development along c l e a t  
planes.  The shape and downward ex tens ion  of t h e s e  induced f r a c t u r e s  
i n d i c a t e  d i r e c t  o r  i n f e r r e d  cont inua t ion  wi th  t h e  v e r t i c a l  f r a c t u r e s  
deocribsd e a r l i e r .  

Four h o r i z o n t a l  s and- f i l l ed  f r a c t u r e s  appeared a t  t h e  c o a l  f a c e  a s  
ex tens ions  of e i t h e r  v e r t i c a l  o r  i n c l i n e d  f r a c t u r e  development. A l l  
four  occurred along bedding planes.  Three of t h e  f r a c t u r e s  were p re sen t  
approximately one-third t h e  d i s t a n c e  up from t h e  f l o o r  near  t he  l i n e  of 
con tac t  between hard ,  d i s t i n c t l y  c l e a t e d  c o a l  and s o f t ,  f r i a b l e ,  sheared 
coa l .  The f o u r t h  h o r i z o n t a l  f r a c t u r e  r an  along a  l i n e  s i x  inches below 
t h e  csa l / roof - rock  i n t e r f a c e .  Typica l ly ,  c o a l  immediately surrounding 
t h e  h o r i z o n t a l  f r a c t u r e s  was very  s o f t  and appeared crushed. 

Four smal l ,  s e p a r a t e ,  randomly o r i e n t e d ,  s and- f i l l ed  f r a c t u r e s  were 
sboerved i n  t h e  upper po r t ion  of t h e  c o a l . f a c e  no r th  of t h e  wellbore.  
Their l o c a t i o n s  i n d i c a t e  c l o s e  a s s o c i a t i o n  wi th  a  system of l a r g e r  
f r a c t u r e s  t rending  approximately ~ 6 5 ' ~ .  These f r a c t u r e s  were observed 
along shea r ,  c l e a t ,  and bedding p lanes  and thus  possessed c h a r a c t e r i s t i c s  
s f  a l l  t h r e e ' f r a c t u r e  types descr ibed  e a r l i e r .  This we l l  i s  No. 33 on 
Table 3 .  

P i t t s b u r g h  Coalbed, Washington County, 
Pennsylvania,  Case I1 (16) (21) 

To determine t h e  e f f e c t - o f  hydrau l i c  s t i m u l a t i o n  on t h e  P i t t sbu rgh  
csa lbed ,  a  t e s t  ho le  was d r i l l e d  a t  Vesta No. 5  mine i n  Washington 
County, PA. The ho le  was loca t ed  500 f e e t  ahead of an a c t i v e  developing 
s e c t i o n  of t h e  mine. 

D r i l l i n g  began Apr i l  10, 1974, wi th  a  r o t a r y  d r i l l  r i g .  A 6-114- 
inch h o l e  was then  d r i l l e d  t o  a  t o t a l  depth of 597 f e e t .  The P i t t sbu rgh  
coalbed was reached a t  a  depth  of 588 f e e t .  Six f e e t  of t h e  coalbed was 
d r i l l e d ,  and t h e  ho le  termin.ated t h r e e  f e e t  below t h e  coalbed. 



Table 10 shows t h e  es t imated  r e s u l t s  expected f o r  t h e  s t i m u l a t i o n  
t rea tment  f o r  volumes of 5,000 and 10,000 g a l l o n s  of g e l l e d  water .  De- 
s i g n  1 was chosen i n  o rde r  t o  con ta in  t h e  f r a c t u r e  w i t h i n  t h e  a r e a  of 
unmined c o a l .  

TABLE 10 - Designs f o r  S t imula t ion  of borehole  USBM No. 4, 
Washington County, PA (16) 

9 
Product ion .......................... f o l d  i nc rease . .  10.7 16.9 
To ta l  volume .................................. a l . .  5.0 
Pad Volume ................................... Mgal.. 2.0 
Propped f r a c t u r e  l e n g t h  ...................... f e e t . .  219 
Propped f r a c t u r e  he igh t  ........................ do.. 5.0 
V i scos i t y  ............................. c e n t i p o i s e s . .  4.0 
F rac tu re  width ............................. i nches . ,  0.22 
Propping sand ..................... 100-pound sacks . .  3  5 
Created length1 ............................. . f e e t . .  387 

'Maximum l e n g t h  of induced f r a c t u r e  c r e a t e d  w i t h  and without  sand prop. 

On A p r i l  17 ,  1974, t h e  w e l l  was t r e a t e d  through 2-318 inch  d iameter ,  
h igh-pressure  tub ing .  An open h o l e  packer i n  t h e  tub ing  s t r i n g  was set 
a t  585 f e e t  i n  a  hard formation t h r e e  f e e t  above t h e  coalbed.  The 
t rea tment  used 7,300 g a l l o n s  of water  con ta in ing  540 pounds of guar  gum, 
3,000 pounds of 10- t o  20-mesh s i z e  f luorescent -dye- t rea ted  sand followed 
by 500 pounds of 10- t o  20-mesh s i z e  r e g u l a r  sand. 

Two thousand g a l l o n s  of g e l l e d  f l u i d  were i n j e c t e d  i n t o  t h e  coalbed 
t o  f i l l  a l l  spaces  i n  t h e  coalbed around t h e  borehole  and i n i t i a t e  t h e  
f r a c t u r e .  The formation "broke" a t  500 ps ig .  The pad volume was 
followed w i t h  succes s ive  i n j e c t i o n s  of 1 ,300 g a l l o n s  of sand-laden 
t r e a t i n g  f l u i d  a t  114 ppg sand concen t r a t i on ,  650 g a l l o n s  a t  112 ppg, 
1 ,750 g a l l o n s  a t  314 ppg, and 1,350 g a l l o n s  a t  112 ppg.sand concen t r a t i on .  
The tub ing  was c l ea red  of sand wi th  250 g a l l o n s  of t r e a t i n g  f l u i d .  
An i n j e c t i o n  r a t e  of 10-112 bpm was maintained du r ing  t h e  t rea tment  
and t h e  i n j e c t  ion p r e s s u r e  averaged 4587 ps ig .  A maximum i n j e c t i o n  
p re s su re  of 1,700 ps ig  was reached. 

On June 12 ,  1974, t h e  induced f r a c t u r e s  were i n t e r c e p t e d  by mining. 
Twenty f e e t  of v e r t i c a l  sand-propped f r a c t u r e  was mapped along t h e  f a c e  
c l e a t  d i r e c t i o n  west of t h e  borehole  ( ~ i g u r e  28) .  The sand - f i l l ed  f r a c t u r e  
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FIGURE 28. - INDUCED FRACTURE ORIENTATION 
RELATIVE TO MINE ENTRY DEVELOPMENT (16). 
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ranged from 118 t o  112 inch i n  width, extending from t h e  draw 
s l a t e  a t  t h e  top  of t h e  coalbed t o  t h e  mine f l o o r  (Figure 29). 
Wide v e r t i c a l  f r a c t u r e s  were propagated t o  t h e  nor th  of t h e  borehole 
along t h e  b u t t  c l e a t  d i r e c t i o n  ( ~ i g u r e  30). These f r a c t u r e s  were 112 

t o  2-112 inches i n  width and were packed with t h e  propping sand. They 

extended from t h e  base of t h e  draw s l a t e  t o  t h e  f loor .  

It is  estimated t h a t  t h e  f r a c t u r e s  extended 35 f e e t  o r  more i n t o  
t h e  coalbed i n  t h e  b u t t  c l e a t  d i rec t ion .  The f r a c t u r e s  were wider than 
expected, averaging two inches i n  width. The g rea te r  width of t h e  
f r a c t u r e s  w a s  believed caused by t h e  use  of t h e  heavily gel led  t r e a t i n g  
f l u i d  (75 pounds of guar gum per  1,000 gal lons) .  The i d e n t i f i c a t i o n  
number of t h i s  w e l l  on Table 3 i s  "10". 

I l l i n o i s  No. 6 Coalbed, Jef ferson County, IL (16) 

A p a t t e r n  of f i v e  degas i f i ca t ion  boreholes was d r i l l e d  i n t o  t h e  
No. 6 coalbed at  t h e  Inland S t e e l  Co. mine, Jefferson County, IL. 
The holes  w e r e  d r i l l e d  during June, 1972. The n i n e  inch diameter 
holes were d r i l l e d  with a r o t a r y  d r i l l  and cased with seven inch diameter 
steel casing t o  wi th in  a few f e e t  of t h e  top of t h e  coalbed. The 
nor theas t  corner hole, No. 1 NE of t h e  pa t t e rn ,  w a s  se lec ted  f o r  
hydraulic s t imulat ion.  It was d r i l l e d  t o  a t o t a l  depth of 743 f e e t  
and penetrated n ine  f e e t  of t h e  No. 6 coalbed. 

A hydraulic s t imula t ion w a s  designed t h a t  would induce a f r a c t u r e  
wi th in  a 450 f o o t  r ad ius  from t h e  borehole, and remain t o t a l l y  contained 
wi th in  t h e  coalbed. Table 11 shows t h e  ca lcula ted  r e s u l t s  expected 
from t h r e e  s t imula t ion treatment designs f o r  f l u i d  volumes of 5,000, 
12,000 and 15,000 gallons.  Design 2 was se lec ted  f o r  t h e  s t imula t ion 
treatment. The coalbed was st imulated through a 2-3/8 inch diameter 
high-pressure tubing. A packer i n  t h e  tubing s t r i n g  was set i n  t h e  
casing a t  a depth of 720 f e e t ,  wi th  a t a i l p i p e  extending t o  t h e  middle 
of t h e  coalbed t o  a depth of 733 f e e t .  Twelve thousand gal lons  of 
water were ge l l ed  with 240 pounds of guar gum t o  form a l i g h t  g e l  f l u i d .  
The g e l  f l u i d  and 6,400 pounds of 10- t o  20-mesh s i z e  propping sand 
w e r e  used i n  t h e  treatment. 



FIGURE 29. - INDUCED FRACTURE IN FACE CLEAT OF 
PITTSBURGH COALBED. NOTE TERMINATION OF FRACTURE 

AT DRAW SLATE (16). 

- 
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FIGURE 30. - INDUCED SAND-FILLED FRACTURES IN BUTT 
CLEAT DIRECTION IN PITTSBURGH COALBED (16). 

1 Draw rtm 



TABLE 11 - Designs f o r  s t imula t ion of borehole USBM No. lNE, 
Jef ferson County, IL. (36). 

Design 1 Design 2 Design 3 
" - ................ Production f o l d  increase..  5.5 7.5 8.0 . - 

Total  volume ........................ Mgal.. 5.0 12 .O 15.0 
Pad volume ......................... Ifgal.. 2.0 2 .O 2 .O 
Propped f r a c t u r e  length ............ fee t . .  140 305 391 
Propped f r a c t u r e  height  .............. do.. 6.9 6.9 7.1 
Viscosi ty ................... Centipoises..  6 6 7 
Fracture width ................... inches.. 0.17 0.20 0.22 
Propping sand ........... 100-pound sacks.. 26 64 101 
Created length ..................... feet.. 222 431 509 

A t o t a l  of 2,000 gal lons  of g e l  f l u i d  w a s  in jec ted  i n t o  t h e  coalbed 
t o  f i l l  a l l  spaces around the  borehole and i n i t i a t e  t h e  f rac tu re .  The 
formation broke a t  1,000 psig.  The f r a c t u r e  was propagated with an  
i n j e c t i o n  r a t e  of 10 bpm. The following volumes of sand-laden g e l  f l u i d  
were successively in jec ted  i n t o  the  coalbed: 3,000 gal lons  a t  114 ppg 
sand concentrat ion;  2,000 gal lons  a t  112 ppg; 1,800 gal lons  a t  314 ppg; 
and t h e  f i n a l  3,200 gal lons  a t  1 ppg. The average i n j e c t i o n  pressure  
w a s  900 psig,  but a maximum i n j e c t i o n  pressure of 1,000 ps ig  was reached 
(Figure 31). After  treatment, t h e  test hole  w a s  put on gas and water 
production. Gas f fav was measured t o  be 4,300 cfd.  

The induced vert ical-  f r a c t u r e  was in tercepted by mining i n  May, 
1974. The induced f r a c t u r e  was propagated i n  a d i r e c t i o n  of N 76' E 
from t h e  borehole. It was mapped across  four  e n t r i e s  of t h e  No. 11 
r i g h t  e n t r i e s  off  t h e  West main e n t r i e s  of t h e  mine (Figure 32). The 
-mduced v e r t i c a l  f r a c t u r e  did not  appear t o  follow t h e  d i rec t ions  of t h e  
f a c e  o r  b u t t  c l e a t ;  it  followed a path subpara l l e l  t o  t h e  a x i s  of a 
small  a n t i c l i n a l  fo ld  on t h e  f l ank  of t h e  coal  basin. The s t imula t ion 
created  a s i n g l e  v e r t i c a l  f r a c t u r e  i n  t h e  coalbed. The f r a c t u r e  was 
mapped f o r  416 f e e t  from t h e  borehole. The sand-propped f r a c t u r e  
extended v e r t i c a l l y  from the  roof s h a l e  t o  a hard sha le  pa r t ing  approx- 
imately two f e e t  from t h e  bottom of t h e  coalbed. The f r a c t u r e  was seven 
feet i n  height .  

The f r a c t u r e  could be read i ly  t raced across  t h e  e n t r i e s  in t h e  roof 
coal .  It ranged from $18 t o  318 inch i n  width, averaging approximately 
114 inch (Figures 33-36). Approximately 61  cubic f e e t  of f r a c t u r e  volume 
w a s  created  which w a s  f i l l e d  wi th  sand. Sixty four  cubic f e e t  of sand 
was used during t h e  treatment. The t h r e e  cubic f e e t  d i f fe rence  can 
be a t t r i b u t e d  t o  sand t h a t  s e t t l e d  i n  t h e  borehole. The excess sand 
w a s  removed from t h e  borehole immediately a f t e r  treatment. This w e l l  
is designated "No. 5" on Table 3. 



FIGURE 31. - PRESSURE AND INJECTION RATE CHARTS 
DURING HYDRAULIC STIMULATION, USBM NO. 1 NE. 

TIME, min 



FIGURE 32. - INDUCED FRACTURE ORIENTATIONS AS 
RELATED TO MINE ENTRY DEVELOPMENT AT 

NO. 1 NE, JEFFERSON COUNTY, ILL. (16). 



FIGURE 33. - TRACE OF SAND-FILLED INDUCED FRACTURE 
IN ROOF COAL OF MINE ENTRY AT POINT A 

ON FIGURE 32 (16). 
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FIGURE 34. - DETAIL OF INDUCED FRACTURES IN ROOF 
COAL AND TERMINATION OF FRACTURE IN ROCK 

STRATA OVERLYING COALBED AT POINT A - 

ON FIGURE 32 (16). 
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FIGURE 35. - SAND-FILLED INDUCED FRACTURES IN RIB 
AND ROOF COAL AT POINT C ON FIGURE 32 (16). 
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FIGURE 36. - SAND-FILLED INDUCED FRACTURES IN RIB 
AND ROOF COAL AT POINT B ON FIGURE 32 (16). 
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STIMULATION USING FOAM 

Foam, used a s  a  f r a c t u r i n g  f l u i d ,  i s  a  mixture of l i q u i d ,  gas ,  
foaming s u r f a c t a n t ,  and proppant.  The l i q u i d  used f o r  coalbed s t i m -  
u l a t i o n  i s  f r e s h  water .  Various types  of s u r f a c t a n t  have been used, 
but  t h e  type  chosen must always be compatible wi th  t h e  water  used 
so a s  t o  form a foam when mixed wi th  gas.  Nitrogen is  c u r r e n t l y  
t h e  most popular  gas  used f o r  t r e a t i n g  coalbeds because it  i s  gene ra l ly  
a v a i l a b l e  and i s  practicalPy.non-reactive with  c o a l  and c o a l ' s  a s soc i a t ed  
r e s e r v o i r  f l u i d s .  F igure  37 i l l u s t r a t e s  how t h e s e  b a s i c  i ng red ien t s  
a r e  combined and then  i n j e c t e d  i n t o  a  we l l  during foam s t imu la t ion .  

The f i r s t  Government-sponsored foam s t imu la t ion  of a  coalbed was 
conducted i n  e a r l y  1976 ( s e e  Table 3) .  Since t h a t  t ime, 45 coalbed 
gas dra inage  ho le s  have been t r e a t e d  us ing  foam. A few of t h e  s p e c i f i c  
advantages of us ing  foam r a t h e r  than  g e l l e d  f l u i d s  a r e :  

1. Foam possesses  i nhe ren t  q u a l i t i e s  which appear t o  decrease  

t h e  amouilt of f l u i d  leak-off t o  t h e  coalbed (2) (s). A s  a r e s u l t ,  
t h e  number of "sand-outs" occurr ing  during coalbed s t imu la t ion  has 
been reduced by more than  50%. 

2. Foam t r ea tmen t s  do not  r e l y  on heavy g e l s  t o  c a r r y  proppant 

dur ing  s t imu la t ion  s i n c e  t h e  foam i t s e l f  has s u f f k i e n t  proppant 
ca r ry ing  capac i ty  (1) (2). Problems assoc ia ted  wi th  proper  propor t ion ing ,  
mixing, i n j e c t i o n ,  and breakdown of g e l s  a r e  thus  avoided e n t i r e l y .  

3. Foam t rea tments  a r e  very c l ean  i n  t h a t  most s t i m u l a t i o n  f l u i d s  
a r e  removed from t h e  coalbed i n . l e s s  than  one day. This  s h o r t  exposure 
t ime l i m i t s  t h e  p o s s i b i l i t y  of harmful r e a c t i o n s  wi th  t h e  coalbed . 
r e s e r v o i r  system (2 ) ,  - which could reduce f rac ture-conduct iv i ty  o r  cause 
formation damage. 

4.  The l o g i s t i c a l  advantages of using foam a r e  s i g n i f i c a n t . .  
On-site water  requirements ,  f o r  example, are about 60-80% l e s s  us ing  
foam when compared t o  s i m i l a r  volume s i z e  g e l  t rea tments .  The low 

l i q u i d  content  of foam reduces hydraul ic  horsepower necessary f o r  
i n j e c t i o n  and thus ,  sma l l e r  pumping u n i t s  a r e  requi red  f o r  s t imu la t ion .  
Such reduced on-s i te  s t o r a g e  and equipment s i z e  requirements a l s o  
minimize c o s t s  f o r  we l l  s i t e  c l e a r i n g  opera t ions .  



FIGURE 37. - SCHEMATIC SHOWING SURFACE 
OF FOAM-TYPE STIMULATION TREATMENTS. 
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5 .  I n j e c t i o n  r a t e s  f o r  foam can  b e  1 0  bpm o r  less 9 / .  Within  

a  r e c e n t l y  completed g r i d  p a t t e r n ,  f o r  example, 1 5  wells-were each 
s t i m u l a t e d  s u c c e s s f u l l y  w i t h  50,000 g a l l o n s  of foam u s i n g  a  s i n g l e  
s m a l l  pump t r u c k  normal ly  used f o r  cementing work (g). This  pumping 
u n i t  used a  l i q u i d  i n j e c t i o n . r a t e  of o n l y  2 .5  bpm t o  t h e  1 ,000  f o o t  deep 
coa lbed .  kfter adding n i t r o g e n  and s u r f a c t a n t ,  t h e  volume of foam 
i n j e c t e d  was i n c r e a s e d  t o  10 bpm. 

The f o l l o w i n g  c a s e  s t u d i e s  summarize some of t h e  more s i g n i f i c a n t  
work completed by Government r e s e a r c h  s i n c e  t h e  t i m e  foam was f i r s t  
i n t r o d u c e d  i n t o  coa lbed  s t i m u l a t i o n  d e s i g n .  Th is  s e c t i o n  i s  s i m i l a r  
t o  t h e  p roceed ing  g e l l e d  f l u i d  c a s e  s t u d i e s  i n  t h a t  i t  i n c l u d e s  
d e s c r i p t i o n s  of a l 1 , f o a m  s t i m u l a t e d  b o r e h o l e s  exposed t h u s  f a r  by mining.  

P i t t s b u r e h  Coalbed. Greene Countv. PA (37) 

The f i r s t  coa lbed  t o  be foam-st imulated a s  a  p a r t  of a  Government 
sponsored test was t h e  P i t t s b u r g h  coa lbed  i n  e a r l y  1976 on t h e  Emerald 
Mine p r o p e r t y ,  Green.e County, PA. 101 The s u c c e s s  which r e s u l t e d  from 
t h e  i n i t i a l  test t r e a t m e n t  e n c o u r a z d  mine d e v e l o p e r s  t o  complete  a  
s m a l l  p a t t e r n  of e i g h t  d e g a s i f i c a t i o n  w e l l s  ( F i g u r e  3 8 ) ,  seven  of which 
were s t i m u l a t e d  u s i n g  foam ( s e e  Table  3 ,  w e l l  Nos. 21 ,22 ,24 ,25 ,27 ,28 ,30) .  

The seven  w e l l s  were  r o t a r y  d r i l l e d  t o  abou t  40 f e e t  below t h e  
P i t t s b u r g h  coa lbed  t o  p r o v i d e  a sump f o r  w a t e r  accumula t ion .  The 6-114 
i n c h  d i a m e t e r  w e l l s  were cased w i t h  4-112 i n c h  d iamete r  c a s i n g  t h a t  was 
cemented t o  t h e  s u r f a c e .  A d r i l l a b l e  f o r m a t i o n  packer  s h o e  was set 

i n  s h a l e  above t h e  main c o a l  bench o f  t h e  P i t t s b u r g h  coa lbed  l e a v i n g  
t h e  coa lbed  and t h e  u n d e r l y i n g  sump open t o  t h e  w e l l b o r e .  

Each of t h e  seven foam t r e a t m e n t s  used a n  a v e r a g e  of 8 ,200  g a l l o n s  
of w a t e r ,  f i v e  g a l l o n s  of foaming a g e n t  ( s u r f a c t a n t )  p e r  1 , 0 0 0  g a l l o n s  of 
w a t e r ,  11,100 pounds of 1 0  t o  20 o r  20 t o  40 mesh s i z e d  prop sand ,  and 
300,000 s t d  c u b i c  f e e t  of n i t r o g e n .  

91 Measured sand s e t t l i n g  v e l o c i t i e s  i n  foam a r e  g e n e r a l l y  much l e s s  - 
t h a n  s e t t l i n g  v e l o c i t i e s  i n  w a t e r  o r  most g e l s .  I n  f a c t ,  t h e  
a b i l i t y  f o r  foam t c  c a r r y  proppant  i n c r e a s e s  as f low v e l o c i t y  
( i n j e c t i o n  r a t e )  d e c r e a s e s  (2).  he' u s e  of compara t ive ly  low 
i n j e c t i o n  r a t e s  i s  t h e r e f o r e  recommended when pumping foam. 

101 The f i r s t  r ecorded  foam-st imulat ion of t h e  P i t t s b u r g h  coa lbed  took  - 
p l a c e  March 24,  1976, n e a r  t h e  Lover idge Mine (Conso l ida ted  Coal 
Company), Marion County, West V i r g i n i a .  I n f o r m a t i o n ' r e g a r d i n g  t h i s  
exper iment  i s  i n c l u d e d  i n  a  p u b l i c a t i o n  e n t i t l e d :  H y d r a u l i c  
S t i m u l a t i o n  of t h e  P i t t s b u r g h  Coal Seam: A CASE STUDY, by R.  L. 

Pazza ,  P rocced ings  from Methane Recovery from Coalbeds Symposium 
sponsored by t h e  Department of Energy i n  P i t t s b u r g h ,  PA, A p r i l  18-20, 1979 



FIGURE 38. - PATTERN OF EIGHT DEGASlFlCATlON 
WELLS LOCATED ON EMERALD MINE PROPERTY, 

GREENE CO., PA. (37). 
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Each t rea tment  began w i th  about  900 ga l l ons  o f  water  (water  pad) 
followed by 600 ga l l ons  of foam. The amount of sand added t o  t h e  foam 

was increased  g radua l ly  a s  a p r ecau t ion  a g a i n s t  a "sand-out"; t h e  
i n j e c t i o n  r a t e  was a l s o  g r adua l ly  increased .  The t r ea tmen t s  were completed 
w i th  a f l u s h  of foam t o  push t h e  sand i n t o  t h e  coalbed.  Sand "screenouts"  
occurred du r ing  fou r  of t h e  t rea tments .  

Af t e r  t r e a tmen t ,  t h e  w e l l s  were allowed t o  flowback a s  soon a s  
p o s s i b l e .  Flowback of t h e  w e l l s ,  immediately a f t e r  t r e a tmen t ,  produced 
enough water  t o  account f o r  t h e  t rea tment  f l u i d  p lu s  some a d d i t i o n a l  

formation of water .  

A f t e r  flowback, t h e  w e l l s  were equipped w i th  sucker  rod pumps (84 
t o  100-bbl/day c a p a c i t i e s ) .  Gas product ion was measured i n t e r m i t t e n t l y  
u s ing  an  o r i f i c e  meter (Table 12 ) .  

TABLE No. 12 - Gas product ion measured from 4 e g a s i f i c a t i o n  
boreholes  a t  Emerald Mine, Greene County, PA ( 3 7 )  

Date Tested Gas Product ion,  s c fd  
:de l l  N o .  1 3 4 5 6 7 8 ll* 

09-24-76 ....... - 7,500 - 940 20-30,000 120,000 10,800 - 

"Stimulated us ing  a pressurization/depressurization water  f r a c  technique  r e f e r r e d  
t o  a s  "Kiel  Frac". 



Induced f r a c t u r e s  were l a t e r  examined underground a f t e r  mining 

ope ra t ions  had passed near  o r  through t h r e e  of t h e  seven foam s t imula ted  
borehole t e s t  s i t e s .  The sand-propped f r a c t u r e s  observed were o r i en t ed  
both v e r t i c a l l y  and ho r i zon ta l ly .  

Hor izonta l  f racLures were recorded t o  be p re sen t  a t  two of t h e  we l l  
s i t e s ,  EM-5 and EM-6. A t  EM-5, a  well-developed, 118 t o  114 inch  t h i c k  
sand- f i l l ed  ho r i zon ta l  f r a c t u r e  was found-present  between t h e  s i x  f o o t  
t h i c k  main c o a l  bench and an over ly ing  hard draw s l a t e  u n i t .  The 

f r a c t u r e  extended approximately 50 f e e t  from t h e  EM-5 wellbore l o c a t i o n .  
A t  EM-6, h o r i z o n t a l  f r a c t u r e s  were present  w i th in  two coa l / roof  s l a t e  

boundary a reas .  One was about 114 t o  112 inch  t h i c k ,  and was contained 
along t h e  lower boundary of t h i n  (8 t o  10 inches)  r i d e r  c o a l  u n i t .  

The o t h e r  ho r i zon ta l  f r a c t u r e  was present  a long t h e  top of t h e  main 
c o a l  bench and was about 112 inch  th i ck .  Hor izonta l  (and inc l ined )  
f r a c t u r e s  extended a t  l e a s t  10 f e e t ,  and a t  most 80 f e e t ,  from t h e  underground 
l o c a t i o n  of EM-6. 

V e r t i c a l  f r a c t u r e s  were measured a t  a l l  t h r e e  of t h e  we l l s  (EM-5, 
EM-6, and EM-7). A t  EM-5, t h e s e  p a r t i a l l y  s and- f i l l ed  f r a c t u r e s  were 
t r aced  150 f e e t  from t h e  w e l l ' s  underground l o c a t i o n  and ranged i n  
width from h a i r l i n e  t o  about 1-112 inches.  V e r t i c a l  f r a c t u r e s  from 
EM-6 were up t o  2-112 inches wide, p a r t i a l l y  s and- f i l l ed ,  and were 

t raced  a  t o t a l  d i s t a n c e  of only 20 f e e t .  The a c t u a l  d i s t a n c e  of 

induced sand-propped f r a c t u r e s  could no t  be determined s i n c e  t h e  f r a c t u r e s  
extendfng from EM-6 entered  c o a l  p i l l a r s  present  on both s i d e s  of t h e  
we l l .  This  meant t h a t  t h e  maximum l i n e a r  ex tens ion  of t h e s e  sand- f i l l ed  
f r a c t u r e s  was l e s s  than  170 f e e t  from t h e  we l l  s i t e .  A t  EM-7, v e r t i c a l  
f r a c t u r e s  were from 114 t o  112 inches wide and could be observed f o r  
a  d i s t a n c e  of only 18 f e e t  before  t h e  f r a c t u r e  en tered  a  c o a l  p i l l a r .  

Maximum extens ion  of v e r t i c a l  f r a c t u r e s  from EM-7 was ca l cu la t ed  t o  
have been l e s s  than  120 f e e t  from t h e  wellbore.  

A l l  t h e  induced f r a c t u r e s  observed underground a t  Emerald Mine 
were developed along what was determined t o  be t h e  c o a l ' s  f a c e  c l e a t  
d i r e c t i o n .  

No evidence was found t o  i n d i c a t e  t h a t  v e r t i c a l l y  induced f r a c t u r e s  
had penet ra ted  t h e  roof o r  f l o o r  rock m a t e r i a l  except a t  EM-6 where 
a  114 t o  112 inch  wide, p a r t i a l l y  s and- f i l l ed  f r a c t u r e  was found t o  
extend i n t o  t h e  s h a l e  rock roof .  A s  noted e a r l i e r ,  h o r i z o n t a l l y  o r i en t ed  
f r a c t u r e s  were a l s o  observed i n  a r e a s  of t h e  roof above t h e  main c o a l  
bench. F igures  39 and 40 i l l u s t r a t e  t h e  o r i e n t a t i o n  and p o s i t i o n  of 
t h e  induced f r a c t u r e s  observed a t  EM-5 and EM-6. 

Mary Lee Coalbed, J e f f e r s o n  County, AL (26) 

Two t e s t  we l l s  were completed approximately 950 f e e t  and 1,010 

f e e t  away from a  mine opera t ing  a t  a  depth of about 3-,100 f e e t  i n  t h c  gassy 



FIGURE 39. - POSITION AND ORIENTATION OF 
THE INDUCED FRACTURES OBSERVED NEAR 

DEGAS WELL NO. EM-5. 
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FIGURE 40. - POSITION AND ORIENTATION OF THE 
INDUCED FRACTURES OBSERVED NEAR DEGAS WELL 

NO. EM-6. 
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Mary Lee Coalbed. The two w e l l s  des igna ted  TW3 and TW4 ( s e e  Table 3 ,  

Well Nos. 36 and 42) were r o t a r y  d r i l l e d  t o  30 and 15  f e e t  r e s p e c t i v e l y ,  
below t h e  f i ve - foo t  t h i c k  lower bench of t h e  Mary Lee Coalbed. Both 

ho l e s  w e r e  geophys ica l ly  logged and then  cased from t h e  t o p  of t h e  
coalbed t o  t h e  s u r f a c e  us ing  a  cement packer shoe. Casing c e n t r a l i z e r k  

and cement baske t s  w e r e  used t o  c o r r e c t l y  p o s i t i o n  t h e  ca s ing  and 
minimize t h e  weight of t h e  cement nea r  t h e  base  of t h e  ca s ing .  

An a b r a s i v e  j e t t i n g  device ,  f i xed  t o  smal l  diameter  tub ing  was 
used t o  c u t  v e r t i c a l  s l o t s  i n t o  t h e  exposed coalbed (lower bench).  

J e t t i n g  des ign  c a l l e d  f o r  a  n i t r o g e n  gas  and 20-to 40-mesh s i z e  sand-water 
s l u r r y  t o  c u t  t h e  v e r t i c a l  ho l e s  i n t o  t h e  coa l .  Three s l o t s  spaced 

120 degrees  a p a r t ,  w e r e  c u t  a t  TW3 and two s l o t s ,  ~ ~ a c e d . 1 8 0  degrees  
a p a r t ,  w e r e  c u t  a t  TW4. 

The coalbed was then s t imu la t ed  us ing  foam (75 percent  n i t r o g e n ,  
25 percent  water)  t o  c a r r y  sand proppant.  TW3 was t r e a t e d  us ing  20,600 
g a l l o n s  foam, 10,000 pounds 80-to 100-mesh s i z e  sand (used a s  a  f l u i d -  

l o s s  a d d i t i v e ) ,  and 15,000 pounds of 20-to 40-mesh s i z e  sand proppant .  
The o r i g i n a l  t rea tment  des ign  f o r  TW4 was i d e n t i c a l  t o  t h a t  us.ed a t  TW3. 
S t imu la t i on  procedures  were stopped e a r l y  a t  TW4 when foam con ta in ing  
sand was observed coming t o  t h e  s u r f a c e  around t h e  w e l l  cas ing .  AS 

a  r e s u l t ,  t o t a l  volumes of m a t e r i a l s  used a t  TW4 w e r e  approximately 
12,200 g a l l o n s  foam, 10,000 pounds of 80-to 100-mesh sand and 2,500 
pounds of 20-to 40-mesh sand. . 

The i n i t i a l  p r e s su re  "break" occurred a t  both w e l l s  abdut 750 p s i g  
whi le  t r e a t i n g  p re s su re s  were approximately 1,400 p s i g .  I n j e c t i o n  r a t e s  

a t  TW3 and TW4 averaged 10 bpm. Both w e l l s  were t r e a t e d  through a  2-318 

inch  d iameter  tub ing  wi th  a  packer set i n  ca s ing  nea r  t h e  bottom of t h e  
hole. 

The w e l l s  were allowed t o  flow back immediately fo l lowing  s t i m u l a t i o n  
through a  s m a l l  diameter  choke n ipp le .  I n  t h i s  manner, downhole flow 
v e l o c i t y  was r e s t r i c t e d ,  minimizing t h e  p o s s i b i l i t y  of ca r ry ing  l a r g e  
amounts of proppant back t o  t h e  wel lbore.  TW3 was allowed t o  
I I blow back" f o r  approximately seven days a f t e r  s t i m u l a t i o n .  TW4 was 

allowed t o  "blow back" water  and gas without  t h e  u s e  of a  pump 
throughout t h e  l i f e  of t h e  we l l .  A pump was i n s t a l l e d  a t  TW3 and both 
w e l l s  w e r e  equipped wi th  meters  t o  monitor product ion.  

The Mary Lee coalbed is  comprised of two benches i n  t h e  a r e a  of 
Oak Grove (8). The lower bench is  t h e  t h i c k e r  of t h e  two and i s  t h e  

c o a l  u n i t  mined. The upper bench i s  t h i n ,  con ta in s  s e v e r a l  s h a l e  
p a r t i n g s ,  and occurs  about seven f e e t  above t h e  lower c o a l .  A plan  t o  

s t i m u l a t e  t h e  upper c o a l  bench was implemented a t  TW3 approximately 
seven months a f t e r  s t i m u l a t i o n  of t h e  lower c o a l  u n i t .  



The upper  bench w a s  r e l o c a t e d  th rough  c a s i n g  u s i n g  a  Gamma r a y  - 
n e u t r o n  l o g  and t h e n  p e r f o r a t e d  w i t h  shaped charges .  The c o a l  was t h e n  

s t i m u l a t e d  th rough  t u b i n g  u s i n g  5,000 g a l l o n s  of foam, 3 ,400 pounds of 
80 t o  100 mesh s i z e  sand ,  and 3,600 pounds of 20 t o  40 mesh s i z e  g l a s s  

a 
beads .  Formation "break" w a s  r ecorded  t o  be 600 p s i g .  Average i n j e c t i o n  
r a t e  was 5  bpm. 

T e s t  Well No. 3  w a s  p u t  i n t o  p r o d u c t i o n  on December 20, 1976 
( ~ i g u r e  41).  An i n i t i a l  p e r i o d  of r a t h e r  uns teady ,  b u t  g e n e r a l l y  h i g h  
d a i l y  g a s  f lows  is a t t r i b u t e d  t o  s e v e r a l  un load ing  e p i s o d e s  s i m i l a r  t o  

t h o s e  d e s c r i b e d  e a r l i e r  by Lambert and T r e v i t s  (23). Gas f low from t h e  
w e l l  soon became less e r r a t i c  b u t  g e n e r a l l y  d e c l i n e d  from over  140,000 
c f d  t o  50,000 c f d  a f t e r  55 days  of moni to r ing .  Da i ly  w a t e r  f low from 
TW3 a l s o  d e c l i n e d  d u r i n g  t h i s  p e r i o d  from over  75 bpd t o  1 3  bpd. During 
t h e  n e x t  1 6 1  days  of p r o d u c t i o n ,  g a s  r a t e s  i n c r e a s e d  g r a d u a l l y  ro  
85,000 c f d  w h i l e  w a t e r  f low dropped on ly  s l i g h t l y  t o  1 0  bpd. After 

216 days  of p r o d u c t i o n ,  t h e  g a s  f low w a s  s topped  by f l o o d i n g  t h e  w e l l  
w i t h  w a t e r  t o  a l l o w  f o r  s t i m u l a t i o n  of t h e  upper  bench of coal.. Pumping 
o p e r a t i o n s  resumed 25 days  l a t e r .  Th i s  t ime ,  w a t e r  p r o d u c t i o n  exceeded 
75 bpd f o r  seven d a y s  and t h e n  decreased  t o  18 bpd d u r i n g  t h e  last  
30 days  of p roduc t ion .  Gas f lows  from t h e  w e l l  r o s e  t o  45,000 c f d  
as w a t e r  f low decreased .  The complete  p r o d u c t i o n  h i s t o r y  of TW3 is  shown 
on F i g u r e  42. F i g u r e  43 shows g a s  p r o d u c t i o n  from TW1.  E s t i m a t e s  of 
g a s  f low from TW4 d u r i n g  t h e  i n i t i a l  "product ion"  p e r i o d  i n d i c a t e d  
a  r a t e  of over  180,000 c f d .  Twenty-three days  a f t e r  s t i m u l a t i o n ,  
measurements u s i n g  a n  o r i f i c e  and a manometer showed d a i l y  g a s  p roduc t ion  
t o  be 183,000 c f d .  A meter ,  i n s t a l l e d  a t  TlJ4 s e v e r a l  days  la ter ,  
i n d i c a t e d  t h a t  d a i l y  g a s  f lows were  v e r y  h i g h  b u t  somewhat e r r a t i c .  
Flows averaged abou t  150,000 c f d  u n t i l  a s h a r p  drop o c c u r r e d  around 
October 1, 1977. Gas r a t e s  had d e c l i n e d  t o . a b o u t  40,000 c f d  t h e  day 
b e f o r e  t h e  w e l l  w a s  plugged. 

It i s  impor tan t  t o  remember t h a t  TW4 was never  equipped w i t h  a  
pump t o  remove w a t e r  from t h e  w e l l b o r e ,  which e x p l a i n s ,  i n  p a r t ,  t h e  
e r r a t i c  n a t u r e  of t h e  c u r v e  shown on F i g u r e  43. Also,  p o r t i o n s  of 
Tes t  Well  No. 3  g a s  and w a t e r  p r o d u c t i o n  (shown on F i g u r e  43) i n d i c a t e  
t h a t  each t e s t  w e l l  a f f e c t e d  t h e  o t h e r ' s  p r o d u c t i o n .  This  a g a i n ,  
accounts  f o r  some of t h e  e r r a t i c  p roduc t ion  from TW4. 

The composi t ion of g a s  produced from TW3 and TW4 is  shown on 
Table  13.  A n a l y s i s  of g a s  samples two days  a f t e r  TW3 was pu t  on p r o d u c t i o n  
i n d i c a t e s  t h a t  o n l y  a  s m a l l  p e r c e n t a g e  of t h e  n i t r o g e n  used t o  s t i m u l a t e  
t h e  w e l l  remained i n  t h e  c o a l  a t  this time. S i m i l a r i l y ,  g a s  produced 

from TW4 con ta ined  l e s s  t h a n  seven p e r c e n t  n i t r o g e n  a n  a lmos t  93 p e r c e n t  
methane on ly  two days  a f t e r  t h e  w e l l  w a s  s t i m u l a t e d .  



FIGURE 41. - POSITION OF TW3 AND TW4 IN 
RELATION TO ACTIVE MINING AT THE TIME WHEN 

BOREHOLE PRODUCTION WAS INITIATED (26). 
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FIGURE 42. - PRODUCTION CURVES FOR TW3 (26). 
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FIGURE 43. - PRODUCTION CURVES FOR TW4 AND 
PORTIONS OF TW3 (26). 
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TABLE 1 3  - Gas Analyses  from TW3 and TW4 (26)  

D a t e  Gas P e r c e n t  g a s e s  i n  sample  
sampled C02 O2 CO CH4 H2 C2H6 C3H8 C4H10 Remarks 

N2 

11 /21 /76  - w e l l  s t i m u l a t e d  
12 /20 /76  - w e l l  p u t  on p r o d u c t i o n  
12 /22 /76  0 .03  0.42 4.5 no  
01/14/77 0.02 0.06 2.3 no 
02/15/77 0 .02 0.08 2 .0  no  
07/18/77 0.03 0.06 1 . 6  no 
07/18/77 0.03 0.06 3.2 no 
07/18/77 0 .03 0.1.0 6 .5  no 
07/19/77 0 .03 0.08 2 .5  no  
09/13/77 0.03 0.03 1 . 9  no 

07/18/77 - w e l l  s t i m u l a t e d  
07/18/77 - w e l l  p u t  on p r o d u c t i o n  
07/20/77 0.06 0.50 6.7 no 
08/10/77 0 .02 0.04 1.1 no 
09/13/77 0.02 0.05 0.09 no 
10 /16 /77  0.02 0.06 1.1 no 
10 /17 /77  0 .02 0.10 1 .2  no  

*Tes t  W e l l  No. 4 ,  510 f e e t  away from T e s t  Well  No. 3 ,  was foam s t i m u l a t e d  
f rom 2:14 p.m. t o  2:42 p.m. on J u l y  18.  Note t h e  i n c r e a s e  i n  N2 g a s  produced 
from TW3 s h o r t l y  a f t e r .  



A f t e r  TW3 and TW4 were  mined through,  a n  underground s t u d y  was 

conducted t o  d e t e r m i n e  i f  t h e  foam-induced f r a c t u r e s  had propagated i n  

d i r e c t i o n s  which correspond t o  t h e  a r e a ' s  c o a l  c l e a t  and r o c k  j o i n t  
t r e n d s .  Tc do t h i s ,  a n  a r e a  of t h e  mine n e a r  TW3 and TW4 w a s  d i v i d e d  

i n t o  23 s t a t i o n s . . a s  shown on F i g u r e  44. Compass measurements were  
made of a l l  v i s i b l e  roof  j o i n t s  and a t  l e a s t  1 5  c o a l  c l e a t s  w i t h i n  
each  s t a t i o n .  D i r e c t i o n  of a l l  s t i m u l a t e d  f r a c t u r e s  c o n t a i n i n g  propping 

a g e n t ,  f l u i d - l o s s  m a t e r i a l ,  o r  cement were  a l s o  measured. A l l  measure- 
ments were  a d j u s t e d  f o r  magnet ic  d e c l i n a t i o n  and t h e n  p l o t t e d  a s  r o s e  
diagrams.  F i g u r e  45 i s  a composi te  r o s e  diagram f o r  t h e  e n t i r e  area. 
Th.e a v e r a g e  d i r e c t i o n  of t h e  s t i m u l a t e d  f r a c t u r e s  w a s  found t o  be  
N 67' E, w h i l e  t h e  a v e r a g e  roof  j o i n t  d i r e c t i o n  i n  t h e  n o r t h e a s t  
quadran t  w a s  M 66' E. The c o a l  c l e a t  d i r e c t i o n  ( f a c e  c l e a t )  averaged 
N 55O E. 

F i g u r e  46 is a  p l a n  view of t h e  mine showing t h e  t e s t  w e l l  l o c a t i o n s  

and t h e  t r a c e a b l e  l e n g t h s  of t h e  f r a c t u r e s  induced by s t i m u l a t i o n .  

Coalbed f e a t u r e s ,  such as h i g h l y  s l i c k e n s i d e d  " r o l l "  a r e a s  and s l i g h t  
s t r u c t u r a l  d i sp lacements  a r e  a l s o  no ted  on F i g u r e  46. 

Propagated f r a c t u r e s  examined were  v e r t i c a l ,  t y p i c a l l y  beg inn ing  a s  
a  h a i r l i n e  c r a c k  abou t  t h r e e  f e e t  up from t h e  b a s e  of t h e  c o a l ,  and g r a d u a l l y  
widened t o  approximately  3/16 i n c h  a t  t h e  t o p  of t h e  c o a l .  The f r a c -  

t u r e s  con t inued  upward a t  t h e  same t h i c k n e s s  f o r  a n  undetermined d i s t a n c e  
i n t o  t h e  r o o f .  

Cement used t o  s e t  c a s i n g  was c o n t a i n e d  w i t h i n  t h e  same v e r t i c a l  
p l a n e  a s  t h e  sand and extended up t o  80 f e e t  from t h e  w e l l b o r e s .  

Examination of samples o f  t h i s  cement showed i t  t o  c o n t a i n  s e v e r a l  c o a l ,  
p a r t i c l e s  b u t  no sand.  

A l a r g e  q u a n t i t y  of c a s i n g  cement was found below t h e  packer  shoe  
a t  TW4. Cement covered most of t h e  coa lbed  excep t  where t h e  two 
s l o t s ,  each f i v e  i n c h e s  wide were c u t  from n i n e  t o  12 i n c h e s  i n t o  t h e  c o a l .  

The o r i e n t a t i o n  of t h e s e  s l o t s  was found t o  be  approx imate ly  90 d e g r e e s  
t o  t h e  s t i m u l a t e d  f r a c t u r e .  TW3 had n o t  been i n t e r c e p t e d  d i r e c t l y  a t  

t h e  t i m e  of t h e  underground s t u d y  s o  it was i m p o s s i b l e  t o  make s i m i l a r  

i n s p e c t i o n s  of t h e  packer  and j e t t e d  s l o t s .  
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FIGURE 44. - SURVEY STATIONS DIVIDING AREA 
OF MINE NEAR TW3 AND TW4 (26). 
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FIGURE 45. - COMPOSITE ROSE DIAGRAM OF TW3 AND TW4 
SURVEY AREA SHOWING CLEAT, ROOF JOINT, 

AND INDUCED FRACTURE DIRECTIONS. 

53" 

/I 

a 

.3 
'0 

I 

W 

537 CLEAT READINGS = 0 10 20 30 
1,11111 

57 JOINT READINGS lzzzza SCALE OF READINGS 

34 INDUCED FRACTURE ] 
READINGS 

I AVERAGE FACE CLEAT DIRECTION N 53"E 

II AVERAGE JOINT DIRECTION N 66"E 

Ill AVERAGE INDUCED FRACTURE DIRECTION N 67"E 



FIGURE 46. - PLAN VIEW OF MINE SHOWING TW3 AND TW4 
LOCATIONS, TRACEABLE INDUCED FRACTURES AND OTHER 

FEATURES AS OBSERVED UNDERGROUND (26)- 
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Smaller-s ized sand (80 t o  100 mesh) was found t o  make up over 

90% of t h e  s t i m u l a t i o n  m a t e r i a l  w i t h i n  t h e  coalbed.  Examination of 
sand taken  from t h e  roof showed i t  was mostly t h e  20 t o  40 mesh s i z e .  
No evidence of t h e  g l a s s  beads used t o  s t i m u l a t e  t h e  upper bench a t  

TW3 could be  found. 

Mary Lee Coalbed, J e f f e r s o n  County, Alabama - Case I1 (27) 

The l a r g e s t  s c a l e  a p p l i c a t i o n  of foam s t imua t ion  was completed 

i n  t h e  1,100 f o o t  deep, f i v e  f o o t  t h i c k ,  lower bench of t h e  Mary Lee 
Coalbed nea r  Oak Grove, Alabama, J u l y  t h r u  November, 1977. F i f t e e n  of 
17 coalbed gas  d ra inage  w e l l s ,  w i th in  a  c l o s e l y  spaced g r i d  p a t t e r n  

(F igure  47) ,  were t r e a t e d  u s ing  an average of 48,200 g a l l o n s  of foam 

(25% wa te r ) .  S p e c i f i c a t i o n s  f o r  each of t h e s e  t r ea tmen t s  a r e  included 
on Table  3 ,  Well Nos. 43, and 47 t h r u  60. 

One of t h e  more noteworthy f a c t s  about t h e  Oak Grove w e l l  
s t i m u l a t i o n s  i s  t h a t  no t  a  s i n g l e  "sand-out" occurred dur ing  any of 
t h e  15  foam t r ea tmen t s .  The absence of sand-outs gene ra l l y  i n d i c a t e s  
t h a t  l i t t l e  f l u i d  leak-off occurred dur ing  t h e s e  t r ea tmen t s .  It 
is  no t  c l e a r l y  understood whether f l u i d  leak-off was extremely 
wel l -cont ro l led  due t o  t h e  i n c l u s i o n  of a  p a r t i c u l a r  type  of p h y s i c a l  
f l u i d - l o s s  c o n t r o l  agent  111 t h a t  was mixed wi th  t h e  f i r s t  20,000 
g a l l o n s  of foam pumped in= each of t h e s e  w e l l s  o r  because t h e  foam 
i t s e l f  possessed h ighly  e f f i c i e n t  f l u i d - l o s s  c a p a b i l i t i e s  (2). The 
f a c t  t h a t  t h e  l a s t  two w e l l s  s t imu la t ed  (Nos. 59 and 60 on Table  3) 
w e r e  t r e a t e d  s u c c e s s f u l l y  u s ing  up t o  75% less of +\e f l u i d - l o s s  agent  
sugges t s  t h a t  t h e  foam i t s e l f ,  was n o t  very s u s c e p t i b l e  t o  leak-of f .  
It is  now thought t h a t  f u t u r e  foam t r ea tmen t s  i n  t h i s  a r e a  w i l l  r e q u i r e  
only ve ry  smal l  amounts o f ,  o r  no a d d i t i o n a l ,  a d d i t i v e s  t o  c o n t r o l  
f  luid- l 'oss .  

Flowback a f t e r  s t i m u l a t i o n  of each of t h e  15  w e l l s  t y p i c a l l y  
l a s t e d  less than  24 hours .  During t h i s  t i m e ,  most of t h e  f l u i d  used 
t o  t r e a t  t h e  w e l l s  was brought t o  t h e  su r f ace .  The wel lbores  w e r e  
then  cleaned ou t  and equipped wi th  pumps t o  remove water ,  and meters 

111 The phys i ca l  f l u i d  l o s s  agent  r e f e r r e d  t o  i s  a  sphe r i ca l -g ra ined ,  - 
80 t o  100 mesh s i zed  sand,  thought t o  reduce f l u i d  leak-off dur ing  
s t i m u l a t i o n  by p a r t i a l l y  blocking minute secondary f r a c t u r e s  a s  
t h e  main body of t rea tment  f l u i d  propaga tes  away from t h e  wel lbore .  



FIGURE 47. - OAK GROVE DEGASlFlCATlON GRID PATTERN, 
MARY LEE COALBED, JEFFERSON CO., ALABAMA 
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Figures  48 through 55 show d a i l y  gas  and water  f low' f rom each of 
t h e  foam-stimulated boreholes  on t h e  g r i d  p a t t e r n  a t  Oak Grove. The 
product ion presented occurred dur ing  a  1 ,000 day i n t e r v a l ,  s t a r t i n g  
on August 5 ,  1977, when t h e  f i r s t  borehole  (No. 2 2 ,  Figure  4 7 )  was .  .. 

put  on product ion.  

Ch.ronic water-pump problems were experienced a t  Oak Grove throughout 
t h e  time-period i n d i c a t e d .  A s  t h e  boreholes  w e r e  pumped, sand t h a t  
had been used dur ing  s t i m u l a t i o n  was r o u t i n e l y  observed i n  t h e  water  
e f f l u e n t .  A t  f i r s t ,  t h i s  sand d i d  no t  d i s r u p t  t h e  waterf low; however, 
a s  t h e  water  l e v e l s  i n  t h e  boreholes  were lowered, s u f f i c i e n t  q u a n t i t i e s  
of sand accumulated t o  completely s t o p  t h e  pumps, e s p e c i a l l y  dur ing  
o r  j u s t  a f t e r  w e l l  unloading occurred.  A s  a  r e s u l t ,  i t  was necessary  
t o  c o n t i n u a l l y  remove pumps, r e p a i r  them, c l ean  t h e  sand from t h e  
boreholes ,  and then reequip  t h e  boreholes  f o r  product ion.  Gas f low 

from t h e  coalbed decreased s h a r p l y  o r  stopped from each borehole  i n  
response  t o  r i s i n g  water  l e v e l s ,  a s  i ts  pump became less e f f e c t i v e  . 

o r  completely i nope ra t i ve .  Thus, both water  and gas  product ion 
r a t e s  f l u c t u a t e d  g r e a t l y  dur ing  t h e  per iod  of t i m e  p resen ted .  

Dai ly  product ion  r a t e s ,  number of boreholes  pumping, and t h e  
cumulat ive amount of gas  and water  produced from t h e  e n t i r e  f i e l d  
is  presented  on F igure  56. It should be noted t h a t  d a t a  from two 
boreholes  i n  t h e  p a t t e r n  which w e r e  no t  foam-stimulated have been , 

included on F igure  56. These two boreholes  a r e  numbered 7  and 9  
on F igure  47 .  Product ion from borehole  No. 9  is  presented  s e p a r a t e l y  

on F igure  58 and product ion  from borehole  No. 7  is  shown on F igure  60. 



FIGURE 48 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 3 AND NO. 4, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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NO. 3 AND NO. 4, MARY LEE COALBED DEGASIFICATOON . 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 49 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 5 AND NO. 6, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 4 9 A  - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 5 AND NO. 6, MARY LEE COALBED DEGASlFlCATlON 

I PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 50 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 8 AND NO. 13, MARY LEE COALBED DEGASlFlCATlON 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY,ALABAMA 
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IGURE 5 0 A  - DAILY PRODUCTION FROM FOAM- STIMULATED WELLS 
NO. 8 AND NO. 13, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 51 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 14 AND NO. 15, MARY LEE COALBED DEGASlFlCATlON 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 51 A - DAILY PRODUCTION FROM FOAM- STIMULATED WELLS 
NO. 14  AND NO. 15, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 52 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 1 6 AND N0.17, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 52A - DAILY PRODUCTION FROM FOAM- STIMULATED WELLS 
~ 

NO. 16  AND NO. 17, MARY LEE COALBED DEGASlFlCATlON 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA ~ 
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FIGURE 53 - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 18 AND NO. 22, MARY LEE COALBED DEGASlFlCATlON 
PATTERN NEAR OAK GROVE, JEFFERSON COUNTY,ALABAMA 
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FIGURE 5 3 A  - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 18 AND NO. 22, MARY LEE COALBED DEGASlFlCATlOW 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 54 
NO. 23 

PATTERN 

- DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
AND NO. 24, MARY LEE COALBED DEGAS~FICATION 

NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 54A - DAILY PRODUCTION FROM FOAM-STIMULATED WELLS 
NO. 23 AND NO. 24, MARY LEE COALBED DEGASlFlCATlON 

PATTERN NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 55 - DAILY PRODUCTION FROM FOAM- STIMULATED WELL 
NO. 25, MARY LEE COALBED DEGASlFlCATlON PATTERN 

NEAR OAK GROVE, JEFFERSON COUNTY, ALABAMA 
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FIGURE 56 - DAILY PRODUCTION; NUMBER OF OPERATING 
WELLS AND CUMULATIVE TOTAL AMOUNT OF GAS AND 

WATER PRODUCED FROM THE MARY LEE COALBED 
DEGASIFICATION PATTERN NEAR, OAK GROVE, 

JEFFERSON COUNTY, ALABAMA 
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Jawbone Coalbed, Dickenson County, V i r g i n i a  

A foam. s t i m u l a t i o n  t r e a t m e n t  was conducted i n  J u l y ,  1978, a t  a w e l l  

d r i l l e d  i n t o  t h e  Jawbone coalbed n e a r  t h e  f i r s t  underground development 
of t h e  McClure No. 1  mine n e a r  Dante,  V i r g i n i a  (Table  3 ,  Well  No. 61) .  

The w e l l  was completed i n  a n  open-hole f a s h i o n ,  exposing t h e  f i v e  
f o o t  coa lbed  and abou t  25 f e e t  of u n d e r l y i n g  r o c k  strata.  Casing was 
s e t  i n  t h e  b o r e h o l e  approximately  two f e e t  above t h e  425 f o o t  deep coa lbed  

u s i n g  a  packer  shoe ,  t h e n  cemented from t h i s  packer  t o  t h e  s u r f a c e .  

S t i m u l a t i o n  was accomplished d i r e c t l y  th rough  t h e  f o u r  i n c h  
d iamete r  c a s i n g  and began w i t h  a  4,200 g a l l b n  w a t e r  pad t o  open a  
f r a c t u r e  i n  t h e  coalbed and r e t a r d  f l u i d  l e a k - o f f .  I n i t i a l  fo rmat ion  
"break" i s  b e l i e v e d  t o  have occur red  a t  a p r e s s u r e  of 1,000 p s i .  Th i s  
was much h i g h e r  t h a n  had been a n t i c i p a t e d  f o r  t h e  r e l a t i v e l y  sha l low 
coalbed be ing  t r e a t e d .  Ni t rogen and s u r f a c t a n t  were t h e n  added t o  c r e a t e  
foam. Treatment i n j e c t i o n  r a t e  was 12 bpm. 

T o t a l  t r e a t m e n t  volume w a s  35,300 g a l l o n s  foam. Approximately 
28,000 pounds of 20 t o  40 mesh s i z e  sand were i n j e c t e d  i n t o  t h e  boreho le .  
No p h y s i c a l  o r  chemica l  f l u i d - l o s s  a d d i t i v e s  were  used t o  complete  t h i s  
foam s t i m u l a t i o n  t r e a t m e n t .  Ear ly  p r o d u c t i o n  r e s u l t s  from t h i s  coalbed 
gas  d r a i n a g e  w e l l  are shown on F i g u r e  57.  



FIGURE 57 - DAILY GAS AND WATER PRODUCTION FROM 
WELL NO. DG-IA, DICKENSON COUNTY, VIRGINIA 
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MISCELLANEOUS STIMULATION TECHNIQUES 

There  have been s e v e r a l  o t h e r  t y p e s  of s t i m u l a t i o n  t r e a t m e n t s  
t e s t e d  which cannot  be  c a t e g o r i z e d  under  e i t h e r  t y p e  p r e v i o u s l y  
d i s c u s s e d .  Although some of t h e  t e c h n i q u e s  d e s c r i b e d  i n  t h i s  s e c t i o n  
a r e  n o t  cons idered  a p p l i c a b l e  t o  coalbed s t i m u l a t i o n ,  some o t h e r s  
may prove t o  be  h i g h l y  e f f e c t i v e  and should be  f u r t h e r  t e s t e d .  

Explos ive  Frac  and E a r l y  Hydrau l ic  Treatment 

Some e a r l y  coa lbed  s t i m u l a t i o n  a t t e m p t s  were conducted by G. R. 

S p i n d l e r  and W .  N. Poundstone (35) d u r i n g  t h e  l a t e  1950s .  Two v e r t i c a l  
boreho les  were d r i l l e d  i n t o  t h e T i t t s b u r g h  k o a l b e d  n e a r  Morgantown, 
West V i r g i n i a  and s t i m u l a t e d .  

' T o t a l  d e p t h  of t h e  f i r s t  h o l e  s t u d i e d  was 515 f e e t .  P r e - s t i m u l a t i o n  
g a s ' p r o d u c t i o n  was measured t o  be 25,000 c f d  which diminished t o  about  
10,000 c f d  a f t e r  e i g h t  months of w a t e r  pumping. An a t t e m p t  was made 
t o  induce  f r a c t u r e s  i n  t h e  coalbed by d e t o n a t i n g  a s h o t  of n i t r o g l y c e r i n  
a t  t h e  bottom of t h e  h o l e .  The h o l e  was c l e a r e d  o u t  a f t e r  t h i s  
' s t i m u l a t i o n  t r e a t m e n t  b u t  g a s  p roduc t ion  d i d  n o t  exceed 3 ,000 c f d .  
F u r t h e r  work on t h i s  h o l e  w a s  t h e n  abandoned. 

The second h o l e ,  465 f e e t  deep,  w a s  cased  w i t h  6-518 i n c h  d iamete r  
c a s i n g  t o  t h e  t o p  of t h e  c o a l ,  and cemented. T h i s  h o l e  produced g a s  
a t  a  r a t e  of 60,000 c f d  bu t  a l s o  d imin i shed  a f t e r  a s h o r t  p e r i o d  of 
p roduc t ion .  I n  a n  a t t e m p t  t o  i n c r e a s e  g a s  p r o d u c t i o n ,  t h e  w e l l  was 
f r a c t u r e d  h y d r a u l i c a l l y  by pumping 10,000 g a l l o n s  of w a t e r  i n t o  t h e  
h o l e  a t  r a t e s  r a n g i n g  from t h r e e  t o  f i v e  bpm a t  a  maximum i n j e c t i o n  
p r e s s u r e  of 600 p s i g .  Gas p r o d u c t i o n  was n o t  i n c r e a s e d  by t h i s  
s t i m u l a t i o n  t r e a t m e n t  and it was concluded t h a t  t r u e  f r a c t u r e s  were 
n o t  ach ieved  because  of " inadequate"  r a t e s  of water i n j e c t i o n .  

Ni t rogen  Gas Treatment 

S p e c i f i c a t i o n s  f o r  d r i l l i n g ,  c a s i n g ,  and t e s t i n g  v e r t i c a l  .gas 
d r a i n a g e  w e l l s  i n t o  t h e  Pocahantas  Coalbeds i n  Buchanan County, 
V i r g i n i a ,  were p repared  by t h e  Bureau of Mines i n  1967 . ( 3 ) .  A t  t h e  
r e q u e s t  of a '  c o o p e r a t i n g  c o a l  company, a b o r e h o l e  w a s  d r i l l e d  i n t o  a 

p r o j e c t e d  b a r r i e r  p i l l a r .  D r i l l i n g  was completed i n  May, 1967, a t  
a  d e p t h  of 1 , 5 3 0  f e e t .  The e i g h t  i n c h  d iamete r  b o r e h o l e  was cased  
w i t h  4-112 i n c h  d iamete r  c a s i n g  t o  t h e  t o p  of t h e  coa lbed  and cemented 
t o  s u r f a c e .  

A f t e r  abou t  one y e a r  of low produc t ion ,  an  a t t e m p t  was made t o  
s t i m u l a t e  t h e  coa lbed  u s i n g  n i t r o g e n  gas .  Approximately 2  7,000 f t 3  4 
( s t p )  of n i t r o g e n  was pumped i n t o  t h e  coalbed a t  16,000 f t  /min ( s t p )  
under  a  p r e s s u r e  of 2,700 p s i g .  S i g n i f i c a n t  f r a c t u r i n g  was n o t  i n d i c a t e d  
a s  p roduc t ion  was n o t  i n c r e a s e d .  



Combination C02 - G e l  Treatment  

One r e c e n t  e x p e r i m e n t a l  coalbed s t i ~ ~ l u l a t i o n  d e s i g n  i n c o r p o r a t e s  
t h e  u s e  of g e l l i n g  a g e n t  w a t e r ,  and l i q u i d  C02 ( 2 7 ) .  Two g e l l i n g  
a g e n t s  and w a t e r  a r e  used i n  va ry ing  c o n c e n t r a t i o n s  i n  o r d e r  t o  p r o v i d e  

o p t i m a l  v i s c o s i t y  c h a r a c t e r i s t i c s  a t  t h e  s u r f a c e  and n e a r  t h e  bottom of 
t h e  h o l e .  The s imul taneous  a d d i t i o n  of l i q u i d  C02 d u r i n g  t r e a t m e n t  
provided flowback c a p a b i l i t i e s  t o  reduce  c lean-up t ime  by i n c r e a s i n g  
t h e  r a t e  of t r e a t i n g  f l u i d  recovery.  

An 1 ,100  f o o t  deep ,  6-114 i n c h  d i a m e t e r  b o r e h o l e  was d r i l l e d  i n  
J e f f e r s o n  County, Alabama'and cased w i t h  f o u r  i n c h  d i a m e t e r  p ipe .  
The f i v e  f o o t  t h i c k  Mary Lee coalbed was t h e n  exposed t o  t h e  w e l l b o r e  
th rough  20 0.38 i n c h  d iamete r  p e r f o r a t i o n s .  

The coa lbed  was s t i m u l a t e d  i n  J u l y ,  1977, immediately fo l lowing  
c a s i n g  p e r f o r a t i o n .  Treatment was accomplished th rough  c a s i n g  u s i n g  
a  t o t a l  of 56,400 g a l l o n s  of f l u i d  ( t h i s  i n c l u d e s  7,140 g a l l o n s  o f '  . l i q u i d  
C02) and 15,500 pounds of 20 t o  40 mesh s i z e  sand p roppan t .  No ') 

a p p a r e n t  " fo rmat ion  breakdowntt was observed  and a  c a s i n g  p r e s s u r e  of:,\ 
approx imate ly  1 ,700  p s i s  was maint.ai,ned th roughout  most of t h e  treatment. 
Average i n j e c t i o n  rate was 110 bpm ( e x c l u d i n g  one bpm l i q u i d  C02). '\. 
Sand proppant  was added i n  one pound p e r  g a l l o n  inc rements  a f t e r  over  
44,000 g a l l o n s  of f l u i d  pad had been i n j e c t e d .  Apparen t ly ,  f l u i d  
leak-off  d u r i n g  t h i s  t r e a t m e n t  was v e r y  h i g h  because  a sand-out 

\\ 
occur red  s h o r t l y  a f t e r  t h e  amount of sand p roppan t  was i n c r e a s e d  f rom- 
one t o  two pounds p e r  g a l l o n .  At tempts  t o  r e - e s t a b l i s h  t h e  p r e v i o u s  
p r e s s u r e  and i n j e c t i o n  r a t e  were u n s u c c e s s f u l ,  s o  t h e  t r e a t m e n t  was 
termin.a ted.  

A f t e r  clean-up,  t h e  w e l l  was equipped w i t h  a dewate r ing  pump 
and p u t  on p roduc t ion .  Dewatering o p e r a t i o n s  were  s topped  a f t e r  
s e v e r a l  months of pumping produced o n l y  s m a l l  amounts of g a s  and 
w a t e r  ( F i g u r e  58) .  T h i s  w e l l  is  d e s i g n a t e d  "No. 44" on Tab le  3. 

~ressurization/De~ressurization Treatment 

Another coalbed s t i m u l a t i o n  d e s i g n  t e s t e d  r e c e n t l y  i s  r e f e r r e d  
t o  a s  "Kiel  l?ractt.  8 1  T h i s  des ign  i n c o r p o r a t e s  a p r e s s u r i z a t i o n /  
d e p r e s s u r i z a t i o n  t e c h n i q u e  which, i n  t h e o r y ,  c r e a t e s  e f f e c t i v e l y  
l o n g  f r a c t u r e s  a l o n g  two t r a n s v e r s e  d i r e c t i o n s  t h e n  p rops  t h e  f r a c t u r e s  
w i t h  r e s e r v o i r  r o c k  m a t e r i a l  t h a t  s loughs-of f  d u r i n g  t h e  t r e a t m e n t .  
T h i s  p a t e n t  121  h y d r a u l i c  f r a c t u r i n g  p r o c e s s  h a s  been a p p l i e d  t w i c e  
t o  mineab le  G a l b e d s .  The f i r s t  t r e a t m e n t  was. conducted a t  one of 
s e v e r a l  P i t t s b u r g h  coalbed gas  d r a i n a g e  w e l l s  on t h e  Emerald Mine 
p r o p e r t y ,  Greene County, Pennsylvania .  The o t h e r  " K i e l  ~ r a c "  was 
a p p l i e d  t o  t h e  Mary Lee coalbed i n  J e f f e r s o n  County, Alabama. 

121 U.S. P a t e n t  No. 3933205, awarded t o  Othar  Meade K i e l  c / o  - 
Intercornp Resource Dcvclopment and E n g i n e e r i n g ,  I n c . ,  2000 W .  Loop S t . ,  
Houston, Texas 77027, January 20, 1976. . 
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The m a t e r i a l s  used i n  t h e  " K i e l  Frac"  s t i m u l a t i o n s  have been 

w a t e r  and sand.  No chemica l  mixing i s  r e q u i r e d  and ,  assuming t h e  
water is  c o m p a t i b l e  w i t h  t h e  coalbed w a t e r ,  many p o t e n t i a l  problems of 

p r o d u c t i o n  l o s s  due t o  f l u i d  f o r m a t i o n  damage o r  incomple te  g e l  breakdown 

a r e  avo ided .  The sand used i n  t h i s  p r o c e s s  r e p o r t e d l y  a c t s  t o  f i l t e r  
pack t h e  n a t u r a l  j o i n t  sys tem and /or  t h e  v e r t i c a l  downward e x t e n t  of 

r o c k  j o i n t s  t h u s  l i m i t i n g  f r a c t u r i n g  t o  t h e  upper  p o r t i o n  of t h e  
coalbed where,  i t  is  assumed, l e a k a g e  is  i n h i b i t e d  by t h e  overburden.  
Both 80  t o  100 and 20 t o  40 mesh s i z e  sand have  been used i n  combinat ion 

t o  t r e a t  coa lbed  g a s  d r a i n a g e  w e l l s .  

The P i t t s b u r g h  coalbed w a s  " K i e l  Fraced" i n  May, 1977, a t  a 
725 f o o t  deep b o r e h o l e  ( d e s i g n a t e d  "No. 40" on Tab le  3 )  which 'had been 

cased  and cemented t o  t h e  t o p  of a six f o o t  t h i c k  c o a l  u n i t .  Over 54,600 
g a l l o n s  of w a t e r  and  10,000 pounds of sand were  i n j e c t e d  i n t o  t h e  b o r e h o l e  
u s i n g  a  rate of aboilt 19 bpm. Wellhead p r e s s u r e  d u r i n g  i n j e c t i o n  s t a g e s  
w a s  approx imate ly  1 ,290  p s i g .  A f t e r  t r e a t m e n t ,  t h e  w e l l  w a s  equipped 
w i t h  a  sucker-rod dewate r ing  pump and pu t  on product ion. .  P r o d u c t i o n  

r e s u l t s  g a t h e r e d  from t h i s  w e l l  are inc luded  on Tab le  12 under  t h e  
w e l l  i d e n t i f i e d  a s  EM-11. 

Underground mining p rogressed  t o  w i t h i n  100 f e e t  of t h e  
" K i e l  ~ r a c e d "  w e l l  i n  June ,  1978. S h o r t l y  a f t e r ,  t h i s  a r e a  of t h e  
mine was examined f o r  ev idence  of t h e  s t i m u l a t i o n  t r e a t m e n t .  Loca t ions  

where sand-propped f r a c t u r e s  were  observed underground a r e  shown on 
F i g u r e  59. F i g u r e  59 a l s o  i n c l u d e s  a  s k e t c h  of t h e  exposed c o a l  
r i b  s e c t i o n  showing t h e  p o s i t i o n  and o r i e n t a t i o n  of t h e  0 . 1  i n c h  t h i c k  

h o r i z o n t a l l y  induced f r a c t u r e s .  

P r e v i o u s  s t u d i e s  i n d i c a t e d  the p o s s i b i l i t y  of d e v e l o p i n g  
h o r i z o n t a l  f r a c t u r e s  a s  a r e s u l t  of h y d r a u l i c  s t i m u l a t i o n  b u t  t h e  a c t u a l  
d i s t a n c e  of t h e  K i e l  F rac  underground s u r v e y ,  however, showed t h a t  
h o r i z o n t a l  f r a c t u r e s  can be  propagated much f a r t h e r .  

The l a r g e s t  s t i m u l a t i o n  t r e a t m e n t  t o  a  minab le  c o a l  t o  d a t e  was a  
" K i e l  Frac" t r e a t m e n t  a p p l i e d  t o  t h e  Mary Lee coa lbed  i n  August ,  1977 
(Well No. 46, Tab le  3 ) .  The t o t a l  amount of w a t e r  used t o  t r e a t  t h e  

1 ,120  f o o t  deep coalbed was 79,900 g a l l o n s .  Approximately 25,OCO 
pounds of sand were  i n j e c t e d  i n t o  t h e  coalbed a t  r a t e s  of up t o  f o u r  
pounds p e r  g a l l o n  w a t e r .  Water w a s  i n j e c t e d  a t  a r a t e  of 20 bpm 
and wel lhead p r e s s u r e s  averaged abou t  1 ,100 p s i g .  The t r e a t m e n t  was 
completed i n  e i g h t  s e p a r a t e  pressurization/depressurization f r a c t u r e  

c y c l e s  a s  p r e s e n t e d  on Table  14 .  P r o d u c t i o n  r e s u l t i n g  from t h i s  test 
w e l l  i s  shown on F i g u r e  60. 



FIGURE 59. - SKETCH SHOWING POSITION OF THE INDUCED 
FRACTURES OBSERVED NEAR DEGAS WELL -NO. EM-11 
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TULE NO. 14 - SUMMARY OF "K.TET, FRAC" PROCF.DI1RF.S IISED TO 
STINULATE A  GAS DRAINAGE WELL I N  THE 

MARY LEE COALBED 

The lower  bench (Blue Creek  Seam) was f r a c t u r e d  on  August 9. 1977 ,  u s i n g  t h e  
K i e l  P r o c e s s  of  i n t e r m i t t e n t  pressurization/depressurization. 0.  M. K f e l ,  i n v e n t o r  
of  t h e  p r o c e s s ,  f e e l s  t h a t  u s i n g  t h e  i n t e r m i t t e n t  pressurization/depressurization 
method of  s t i m u l a t i n g  v e r t i c a l  b o r e h o l e s  r e s u l t s  i n  s m a l l  f r a c t u r e s  b e i n g  formed 
p e r p e n d i c u l a r  t o  t h e  main f r a c t u r e ,  t h e r e b y  o p e n i n g  up more c h a n n e l s  f o r  g a s  f low. 

The h o l e  was f i r s t  f l u s h e d  and t h e n ,  t o  h e l p  i n i t i a t e  t h e  f r a c t u r e ,  w a t e r - j e t t e d  
w i t h  6700 g a l l o n s  o f  w a t e r  and 3360 pounds o f  sand a t  a  r a t e  of 2.5 bblfrnin 

(105 gpm). About 20 m i n u t e s  a f t e r ' t h e  s t a r t  of  t h e  w a t e r - j e t t i n g ,  c o a l  was s e e n  
i n  t h e  d i s c h a r g e  f rom t h e  b o r e h o l e  t h e r e b y  i n d i c a t i n g  p e n e t r a t i o n  i n t o  t h e  seam. 
The h o l e  was w a t e r - j e t t e d  f o r  a  t o t a l  of  64 m i n u t e s  and two o p p o s i n g  3-foot-high 

s l o t s  were c u t  i n t o  t h e  seam by r a i s i n g  and l o w e r i n g  t h e  t o o l  d u r i n g  t h e  water -  
j e t t i n g  o p e r a t i o n :  A f t e r  w a t e r - j e t t i n g ,  t h e  h o l e  was f l u s h e d  t o  remove a l l  

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

The d e s i g n  t r e a t m e n t  c o n s i s t e d  of  e i g h t  s t a g e s  w i t h  t e n  s t e p s  w i t h  e a c h  

s t a g e .  Each s t a g e  i n j e c t e d  9450 g a l l o n s  o f  w a t e r  and 4200 pounds s a n d  a t  a  
c o n s t a n t  r a t e  of 20 b b l f m i n  (840 gpm). 

The s t e p s  w i t h i n  e a c h  o f  t h e  f i r s t  s i x  s t a g e s  a r e  d e s c r i b e d  below. 

S t e p s  Used i n  S t a g e s  1 Through 6 

Step G a l l o n s  B a r r e l s  Proppant  

1 2 6 0 .  30 
420 1 0  4  l b / g a l  1 0 0  mesh sand  

420 1 0  
420 1 0  2  l b / g a l  20- by.40-mesh s a n d  

420 1 0  
420 1 0  4  l b / g a l  23- by 40-mesh s a n d  

5040 120 
Blow Back 

1050 25 
Blow Back 

To ta t .  9450 225 1680 l b  100  mesh s a n d  
2520 l b  20- by 40-mesh s a u d  

Fol lowing  t h e  s i x t h  s t a g e ,  Mr. K i e l  made a n  a d j u s t m e n t  i n  t h e  f r a c t u r i n g  t e c h n i q u e  
based  on  h i s  o b s e r v a t i o n s  a n d ,  f o r  t h e  s e v e n t h  and e i g h t h  s t a g e s ,  h e  removed 
2000 g a l l o n s  of  w a t e r  from s t e p  8 of each  o f  t h e  s t a g e s  and i n j e c t e d  t h e  w a t e r  
d u r i n g  s t e p  1. The sequence  of  s t e p s  w i t h i n  s t a g e s  7 and 8  a r e  shown below. 

S t e p s  Used i n  S t a g e s  7  and 8  

Step G a l l o n s  B a r r e l s  Proppant  

1 3260 77.6 
2 420 1 0  C l b / g a l  1 0 0  mesh s a n d  

3  420 1 0  
4  420 1 0  2 l b / g a l  20- by 40-mesh s a n d  

5  420 1 0  
6 420 1 0  4  l b / g a l  20- by 40-mesh s a n d  

7  3040 72.4 
8 Dlow Doclc 
9 1050 2  5  

1 0  Blow Back 

T o t a l  9450 225 1680 l b  100  mesh s a n d  

2520 l b  20- by 40-mesh s a n d  

T o t a l  volumes used f o r  t h i s  t r e a t m e n t  were 81,000 g a l l o n s  o f  w a t e r ,  20,000 pounds 

o f  100-mesh s a n d ,  and  25,000 pounds o f  20- by 40-mesh sand .  No g e l l i n g  o r  foam- 
i n g  a g e n t s  were used .  Wellhead p r e s s u r e s  d u r i n g  t r e a t m e n t  ranged  from 900 t o  
1270 p s i g .  The t r e a t m e n t  o p e r a t i o n  r a n  a s  o u t l i n e d  i n  t h e  K i e l  d e s i g n .  The 
i n s t a n t a n e o u s  s h u t - i n  p r e s s u r e  f o l l o w i n g  t h e  f r a c t u r e  was 270 p s i  a t  t h e  s u r f a c e ;  
1 5  minutes  l a t e r  i t  had dropped t o  210 p s i .  A f t e r  t r e a t m e n t  was c o m p l t i ~ e d ,  t h e  
v a l v e  a t  t h e  w e l l h e a d  was c l o s e d  f o r  a b o u t  5 5  h o u r s  u n t i l  t h e  s h u t - i n  p r e s s u r e  
f e l l  t o  z e r o  on t h e  morning o f  August 12.  
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N o - P r o ~ ~ a n t  Foam Treatment 

Another t y p e  of h y d r a u l i c  s t i m u l a t i o n  t e s t e d  u s e s  foam t o  indu.c.0 
coa lbed  f r a c t u r e s ,  b u t  does  n o t  i n c o r p o r a t e  a s o l i d  proppant  m a t e r i a l  
i n  t h e  d e s i g n .  S i n c e  t h e r e  is no proppant  t o  b e  c a r r i e d ,  ex t remely  
low i n j e c t i o n  r a t e s  can b e  used which, i n  e f f e c t ,  a l l o w  b e t t e r  
c o n t r o l  of f r a c t u r e  h e i g h t .  It is  t h e o r i z e d  t h a t  t h e  u s e  of v e r y  low 
i n j e c t i o n  r a t e s  i n c r e a s e  t h e  p r o b a b i l i t y  of m a i n t a i n i n g  f r a c t u r e  
p r o p a g a t i o n  w i t h i n  t h e  coalbed and t h u s  any p o t e n t i a l  damage ' t o  su r rounding  
f l o o r  and roof  m a t e r i a l  is  minimized.  The f a c t  t h a t  t h e r e  i s  no 
sand p r e s e n t  w i t h i n  t h e  sys tem a l s o  d e c r e a s e s  t h e  p o s s i b i l i t y  of 
e x p e r i e n c i n g  c h r o n i c a l l y  s e v e r e  downhole water-pumping problems t h a t  
occur  d u r i n g  e a r l y  phases  of w e l l  p r o d u c t i o n  ( s e v e r a l  months) .  I n  
a d d i t i o n ,  t h e  l o g i s t i c  and c o s t  r equ i rements  of no-proppant t r e a t m e n t s  
are less t h a n  s t a n d a r d  t r e a t m e n t s  u s i n g  sand because  w e l l  s u r f a c e  
s i t e s  can  be  s m a l l e r ;  t h e r e  is  no c o s t  f o r  p roppan t ;  and less o n - s i t e  
h y d r a u l i c  horsepower is  r e q u i r e d .  

The f i r s t  t e s t  of a no-proppant foam s t i m u l a t i o n  t r e a t m e n t  was 
conducted i n  t h e  Mary Lee Coalbed on December 1 6 ,  1978, i n  J e f f e r s o n  
County, Alabama (Well  No 62, Tab le  3 ) .  An e i g h t - i n c h  d iamete r  
b o r e h o l e ,  p laced  approx imate ly  1 , 6 0 0  f e e t  from a c t i v e  mine workings was 
d r i l l e d  t o  t h e  1 ,150  f o o t  deep coa lbed .  The b o r e h o l e ,  r e f e r r e d  t o  as 

TW5, was cased w i t h  seven-inch d i a m e t e r  c a s i n g  set s e v e r a l  f e e t  above 
t h e  f i v e  f o o t  t h i c k  coalbed.  S t i m u l a t i o n  w a s  accomplished th rough  
s m a l l  d i a m e t e r ,  h i g h  p r e s s u r e  t u b i n g  and a  1 0  f o o t  long  i n f l a t a b l e  
packer  s e t  a t  t h e  t o p  of t h e  coa lbed .  

The coalbed was t r e a t e d  w i t h  53,000 g a l l o n s  of 75% q u a l i t y  
foam (2.5% wa.ter,  75% n i t r o g e n )  a t  a n  a v e r a g e  . i n j e c t i o n  r a t e  of 4.7 bpm. 
Breakdown p r e s s u r e  was recorded  t o  b e  abou t  1 ,000 p s i g  and a v e r a g e  
t r e a t i n g  p r e s s u r e  was 1 , G O O  p s i g .  F l u o r e s c e i n  dye and f l u o r e s c e n t  p a i n t  
were added t o  t h e  t r e a t m e n t  f l u i d  t o  a i d  i n  r e c o g n i t i o n  of t h e  
propagated f r a c t u r e ( s )  upon underground i n t e r c e p t i o n .  

A f t e r  c lean-up,  TW5 was equipped w i t h  a sucker-rod dewate r ing  pump 
and a  s u r f a c e  p r o d u c t i o n  moni to r ing  system. Water pumping o p e r a t i o n s  
began on February 1 3 ,  1979, and con t inued  u n t i l  June  27 when t h e  pump 
was removed from t h e  w e l l .  Gas con t inued  t o  f low from t h e  test w e l l  
u n t i l  J u l y  11, 1979. P r o d u c t i o n  from 'IIJ5 i s  p r e s e n t e d  on F i g u r e  61. 

It is  d i f f i c u l t  t o  a s s e s s  p r o d u c t i o n  c h a r a c t e r i s t i c s  of TW5 
because  a  number.of mechanical  a d j u s t m e n t s  made a t  t h e  test  w e l l  
s i t e  d u r i n g  i t s  147 day p r o d u c t i o n  . .  . . l i f e .  N e v e r t h e l e s s ,  it i s  
impor tan t  t o  draw a s  much i n f o r m a t i o n  as p o s s i b l e  from t h i s  t e s t ,  no 
m a t t e r  how p r e l i m i n a r y ,  s i n c e  t h e  p o t e n t i a l  b e n e f i t s  from no-proppant 
t y p e  s t i m u l a t i o n  t r e a t m e n t s  could  b e  s i g n i f i c a n t  t o  f u t u r e  d e g a s i f  i c a t i o n  
of minab le  coa lbeds .  



FIGURE 61. - DAILY PRODUCTION FROM TW5, MARY 
LEE COALBED, JEFFERSON COUNTY, ALABAMA. 
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S t a b i l i z e d  d a i l y  water  flow r a t e s  from TW5 s t a r t e d  a t  about 

7 bpd and ended a t  4 bpd. P a s t  experience i n d i c a t e s  t h a t  i n i t i a l l y  
low r a t e s  and t h e  gradua l  decrease  i n  water  flow over  t ime a r e  

t y p i c a l  of boreholes  placed c l o s e  t o  mining (26) .  The few occas ions  
when water  f lows showed sharp i nc reases  a t  T b ~ F c a n  be  a t t r i b u t e d  t o  
pump changes o r  s l i g h t  a l t e r a t i o n s  of t h e  method used t o  measure water  
a t  t h e  s u r f a c e .  

The product ion  of gas  from TW5 (Figure  61) was complicated by 
two o u t s i d e  v a r i a b l e s .  The f i r s t  is t h e  f a c t  t h a t  a  back-pressure 
o£ approximately 15  t o  20 p s i g  was l e f t  on t h e  w e l l  u n t i l  t h e  end of 
A p r i l ,  1979, and then  a f te rwards  completely r e l ea sed .  This  exp la in s  
t h e  broad double-cycled appearance of T[J5's gas  flow curve.  The most 
s i g n i f i c a n t  c h a r a c t e r i s t i c  t o  n o t e  about bo th  "cycles"  i s  t h a t  gas  
f lows dec l ined  each t i m e ,  and a t  roughly t h e  same r a t e .  

The second complicat ing v a r i a b l e  which may have a f f e c t e d  TW5's 
gas product ion  performance i s  t h e  mine 's  advance toward t h i s  w e l l .  
A t  t h e  beginning of March, t h e  mine was 1,100 f e e t  away. From t h a t  

t i m e  on, mining c losed  t h e  gap between i t s e l f  and t h e  test  w e l l  a t  a  
r a t e  of  about 280 f e e t  per  month. It  may be t heo r i zed ,  t h e r e f o r e ,  
t h a t  t h e  approaching mine c o n t i n u a l l y  shortened t h e  test  w e l l s - d r a i n a g e  
r a d i u s ,  thereby causing t h e  d e c l i n e  i n  product ion measured a t  TW5. 

Mine o p e r a t i o n s  i n t e r c e p t e d  TW5's wel lbore  on Ju ly  1 3  and t h e  
phys i ca l  r e s u l t s  of t h i s  w e l l ' s  s t i m u l a t i o n  procedures  were examined 
underground p e r i o d i c a l l y  u n t i l  mining had progressed 350 f e e t  beyond 
t h e  test s i t e .  F luorescent  m a t e r i a l  included i n  t h e  s t i m u l a t i o n  des ign  

a t  TW5 was i d e n t i f i e d  by U.S. S t e e l  r e sea rch  personnel  u s ing  an 
u l t r a v i o l e t  lamp and t h e  l o c a t i o n s  where t h i s  m a t e r i a l  was found were 
recorded.  The r e s u l t s  of t h i s  work show t h a t  i n j e c t e d  f l u i d s  pene t r a t ed  
t h e  coalbed and/or  roof rock h o r i z o n t a l l y  through d i s t i n c t  bedding 
p l anes ,  and v e r t i c a l l y  through n a t u r a l  f r a c t u r e s .  A map view of  t h e  
h o r i z o n t a l  component of p e n e t r a t i o n  shows t h e  form of an  e l l i p s e ;  
t h e  long a x i s  extending approximately 360 f e e t  and roughly co inc iden t  
w i t h  t h e  coa lbed ' s  primary n a t u r a l  f r a c t u r e  ( f a c e  c l e a t )  d i r e c t i o n ;  t h e  
s h o r t  a x i s  extending approximately 180 f e e t  and roughly co inc iden t  wi th  
t h e  coa lbed ' s  secondary n a t u r a l  f r a c t u r e  ( b u t t  c l e a t )  d i r e c t i o n  (F igure  
62).  The v e r t i c a l l y - o r i e n t e d  component of f l u i d  p e n e t r a t i o n ,  a s  shown 
on F igure  62, extended o u t s i d e  t h e  e l l i p s e  f o r  d i s t a n c e s  up t o  130 

f e e t  . 

Fluorescent  s t i m u l a t i o n  m a t e r i a l  was gene ra l l y  l i m i t e d  t o  t h e  
coalbed ( e s p e c i a l l y  upper t h r e e  f e e t )  and t h e  f i r s t  f o o t  of ove r ly ing  

s h a l e / c o a l  rock. Exceptions t o  t h i s  were: one v e r t i c a l l y  o r i e n t e d  
f r a c t u r e  i n  t h e  mine 's  s h a l e  roof rock extending upward t o  t h e  upper 
c o a l  bench (5.5 f e e t )  and outward 8 t o  10 f e e t  from t h e  wel lbore  
(F igure  63); and one v e r t i c a l l y  o r i e n t e d  f r a c t u r e  i n  sha l e - roo f  rock  
l o c a t e d  nea r  t h e  southwest ex t remi ty  of f l u i d  p e n e t r a t i o n .  



LOCATION OF TW5 WELLBORE AND THE.AERIAL CONFIGURATION OF FLUORESCENT 

MATERIAL CONTAINED IN THE STIIIULATION TREA'I'MEN~L' FLUID 
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FIGURE 63. - SKETCH OF TW5 WELLBORE SHOWING 
POSITION AND ORIENTATION OF INDUCED 

FRACTURES AS INDICATED BY THE PRESENCE OF . 

FLUORESCENT MATERIAL CONTAINED IN THE STIMULATION 
TREATMENT FLUID. 
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IIOpeningsl' t h a t  were  observed t o  c o n t a i n  f l u o r e s c e n t  m a t e r i a l  

were a l l  h a i r l i n e  i n  wid th .  The m a j o r i t y  of v e r t i c a l l y - o r i e n t e d  
p e n e t r a t i o n s  wsre  c o n t a i n e d  i n  c o a l  c l e a t  openings  w i t h i n  narrow bands 
ex tend ing  N 61  E and N 29' W from t h e  w e l l b o r e ' s  l o c a t i o n .  The m a j o r i t y  
of h o r i z o n t a l  p e n e t r a t i o n s  were  c o n t a i n e d  w i t h i n  o v e r l y i n g  s h a l e / c o a l / s h a  
i n t e r f a c i a l  a r e a s .  Bonding between t h e s e  d i f f e r e n t  r o c k  t y p e s  was 

g e n e r a l l y  weak t o  n o n e x i s t e n t  a s  i n d i c a t e d  by h i g h l y  p o l i s h e d  and 
s t r i a t e d  c o a l  a n d / o r  s h a l e  s u r f a c e s  a t  t h e s e  i n t e r f a c e  p o s i t i o n s  

( F i g u r e  6 4 ) .  

There  a r e  few c o n c l u s i o n s  t h a t  can be  drawn r e g a r d i n g  t h e  
e f f e c t i v e n e s s  of no-proppant s t i m u l a t i o n  based on t h i s  one exper iment ,  

e s p e c i a l l y  s i n c e  t h e  p r o d u c t i o n ' h i s t o r y  i s  s h o r t  and t h e  v a r i a b l e s  
t h a t  cou ld  have c o n t r o l l e d  d r a i n a g e  r a t i o s  a r e  complex. N e v e r t h e l e s s ,  
t h e  a v e r a g e  d a i l y  r a t e  of g a s  removal was 44,000 c f d  and t h i s  might b e  
c o n s i d e r e d  a c c e p t a b l e  i f  producti .on were  s t a b i l i z e d ,  T h i s ,  and t h e  

f a c t  t h a t  t h i s  t y p e  of stimulation had v e r y  l i t t l e  p h y s i c a l  e f f e c t  on 
mine roof  r o c k ,  j u s t i f i e s  r e p e a t i n g  t h e  exper iment  under  more 

c o n t r o l l e d  c o n d i t i o n s .  



FIGURE 64. - SKETCH SHOWING POSITION AND 
ORIENTATION OF INDUCED FRACTURES FROM 

m5 (HORIZONTAL PENETRATIONS) 
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PRODUCTION PROBLEMS RELATED TO COALBED STIMULATION 

Gel 

S t i m u l a t i o n  d e s i g n s  f o r  a l l  g e l  t r e a t m e n t s  p r o v i d e  f o r  some t y p e  
of "breaker"  i n g r e d i e n t  which reduced f l u i d  v i s c o s i t y  w i t h i n  a t i m e  

a f t e r  t r e a t m e n t ,  depending p r i m a r i l y  on t h e  t e m p e r a t u r e  of t h e  coalbed 

t r e a t e d .  S t a b l e  g e l ,  o r  v i s c o u s  g e l  r e s i d u e ,  however, is  o f t e n  observed 
a t  w e l l  s i tes s e v e r a l  months a f t e r  s t i m u l a t i o n .  Th is  g e l  m a t e r i a l  i s  
inc luded  w i t h  water d r a i n e d  from t h e  coalbed and i s  p r e s e n t  as t h i c k  
l a y e r s  of a s l i p p e r y  j e l l y l i k e  s u b s t a n c e  a d h e r i n g  t o  t h e  i n s i d e  of 

p i p e s  and o t h e r  s u r f a c e s  exposed t o  w e l l  wa te r  e f f l u e n t  o r  g l o b u l a r  masses 
of ' g e l  m a t e r i a l  which o f t e n  c o n t a i n ,  sand p roppan t .  

I 

I The p r e s e n c e  of unbroken g e l  w i t h i n  induced coalbed f r a c t u r e s  
m i s t  g r e a t l y  r e t a r d  f l u i d  f low t o  t h e  w e l l b o r e .  Indeed,  g a s  and w a t e r  

p r o d u c t i o n  h a s  been u n u s u a l l y  low where g e l  h a s  been found. h e  example 

of,  t h i s  was r e p o r t e d  by E lder  and I r a n i  i n  1977 (15) a f t e r  a  w e l l  was 

t r e a t e d  th rough  p e r f o r a t i o n s  u s i n g  30,000 g a l l o n s o f  ex t remely  v i s c o u s  

g e l  which r e s u l t e d  i n  no s i g n i f i c a n t  i n c r e a s e  i n  p roduc t ion .  E lder  and 
I r a n i  h y p o t h e s i z e  t h a t  because  t h e  t r e a t m e n t  was done i n  v e r y  c o l d  
weather  w i t h  c o l d  w a t e r  and i n  a  low-pressure  fo rmat ion  ( K i t t a n n i n g  

coa lbed ,  293 p s i g  f o r m a t i o n  p r e s s u r e ) ,  g e l  t h a t  was squeezed i n t o  s a m l l  
c o a l  p o r e s  d i d  n o t  breakdown, and p r e s s u r e  was t o o  low t o  move t h e  g e l  
o r  g e l  r e s i d u e  from t h e  low-permeable p a t h s .  R e s u l t s  of a n o t h e r  g e l  

t r e a t m e n t  were  r e p o r t e d  by Lambert and T r e v i t s  i n  1978 ( 2 3 ) .  A s  i n  t h e  
p receed ing  tes t ,  t h i s  w e l l  was s t i m u l a t e d  u s i n g  a  v e r y  v i s c o u s  g e l ,  
and flowed r e l a t i v e l y  low amounts of w a t e r  and g a s .  S t a b l e  g e l  was 

r o u t i n e l y  observed coming o u t  t h e  w e l l ' s  w a t e r l i n e s  even though t h e  
I 

s t i m u l a t i o n  i n c l u d e d  a n  enzyme-type b r e a k e r  t o  r e d u c e  t h e  g e l  v i s c o s i t y  I 

t o  t h a t  of wa te r  w i t h i n  a  few days .  A f t e r  t h e  test w e l l  was i n t e r c e p t e d  
by mining,  a d e t a i l e d  examina t ion  of t h e  s t i m u l a t e d  a r e a  was conducted.  

Contrary  t o  t h e  E lder  and I r a n i  r e p o r t ,  g e l  could  n o t  be  found p r e s e n t  
w i t h i n  t h e  coalbed away from t h e  w e l l b o r e .  S t a b l e  g e l  was found,  however, 
t o  b e  l i m i t e d  t o  a n  area around,  and v e r y  c l o s e  t o  t h e  t e s t  w e l l ' s  c a s i n g  

which had been s l o t t e d  f o r  p roduc t ion .  It was concluded t h a t  on ly  
t h e  gel- n e a r  t h e  w e l l b o r e  d i d  n o t  breakdown s u f f i c i e r l t l y  and t h a t  t h i s  

p robab ly  was due  t o  r e l a t i v e l y  low w e l l b o r e  t empera tu res  o r  a d v e r s e  

chemical  r e a c t i o n  w i t h  , c a s i n g  m a t e r i a l s .  
\ 

These and o t h e r  s u c h  f i e l d  s t u d i e s  (27) i n d i c a t e  t h a t  g e l  o r  g e l  
r e s i d u e  may s i g n i f i c a n t l y  r e s t r i c t  f l u i d  f l o w  i n t o  coa lbed  g a s  d r a i n a g e  
w e l l s  e s p e c i a l l y  where p r o d u c t i o n  is  l i m i t e d  t o  p e r f o r a t i o n s  o r  s l o t s  

i n  t h e  c a s i n g .  I 



Sand 

Recent f i e l d  work shows t h a t  sand used t o  prop open f r a c t u r e s  o r  
minimize f l u i d  l eak-of f  d u r i n g  s t i m u l a t i o n  i s  c a r r i e d  back  t o  t h e  

w e l l b o r e  (23) (27). Down-hole pumps exposed t o  t h i s  m a t e r i a l  a r e  a lmos t  

a lways damaged, r e s u l t i n g  i n  mechanical  f a i l u r e s  o r  l o s s e s  i n  pumping 

e f f i c i e n c y ,  depending on t h e  s i z e  and amount of sand p r e s e n t .  Such 
sand r e l a t e d  dewate r ing  problems can be  c h r o n i c  d u r i n g  e a r l y  p r o d u c t i o n  

phases ,  i n c r e a s e  w e l l  r e p a i r  c o s t s ,  and d e c r e a s e  g a s  p r o d u c t i o n .  

S e v e r a l  f a c t o r s  a r e  thought  t o  c o n t r o l  t h e  i n f l u x  of t r e a t m e n t  sand 

c a r r i e d  back t o  d e g a s i f i c a t i o n  w e l l b o r e s .  One of t h e  pr imary r e a s o n s  
sand r e t u r n s  t o  w e l l b o r e s  over  prolonged t i m e  p e r i o d s  ( y e a r s )  must be  
because  compress iona l  f o r c e s  a c t i n g  i n  t h e  coa lbed  t o  c l o s e  induced 

f r a c t u r e s  a r e  s m a l l .  With t h e  proppant  h e l d  on ly  l o o s e l y  w i t h  
f r a c t u r e s ,  t h e  amount of sand t h a t  r e t u r n s  t h e n  becomes c l o s e l y  
dependent  on a n o t h e r  f a c t o r :  t h e  a b i l i t y  of f l u i d s  t o  c a r r y  sand t o  

w e l l b o r e s .  The a b i l i t y  f o r  f l u i d s  t o  c a r r y  sand i n t o  w e l l s  i s  enhanced 
by g r a v i t y  when t h e  top  of t h e  s a n d - f i l l e d  induced f r a c t u r e  is much 

h i g h e r  t h a n  t h e  upper  most h o r i z o n  exposed t o  t h e  w e l l b o r e ,  131  a 
f a c t o r  t o  c o n s i d e r  s i n c e  p r e v i o u s  r e s e a r c h  conc ludes  t h a t  i n z c e d  
f r a c t u r e s  can e n t e r  s t r a t a  o v e r l y i n g  coa lbeds  ( 2 6 ) .  -- 

Condi t ions  most f a v o r a b l e  f o r  w e l l b o r e  sand i n f l u x  e x i s t  d u r i n g  
t h e  e a r l y  phases  of w e l l  p r o d u c t i o n  and may l a s t  s e v e r a l  months 
depending on t h e  c h a r a c t e r i s t i c s  of t h e  induced f r a c t u r e  and on t h e  
o r i g i n a l  p r e s s u r e  of t h e  coa lbed .  During t h e s e  p e r i o d s ,  coa lbed  r e s e r v o i r  
p r e s s u r e s  are g r e a t e s t  and t h e  r e s u l t i n g  h i g h  f l u i d  v e l o c i t i e s  t o  

t h e  w e l l b o r e  a r e  most c a p a b l e  of c a r r y i n g  sand and c l o s u r e  p r e s s u r e s  
are minimal 141. Also,  t h e  a v a i l a b i l i t y  of sand t o  t h e  w e l l b o r e  is  
g r e a t e s t  s h o x l y  a f t e r  s t i m u l a t i o n  and e s p e c i a l l y  i f  t h e  s a n d - f i l l e d  
f r a c t u r e s  are much h i g h e r  t h a n  t h e  uppermost h o r i z o n  exposed t o  t h e  w e l l b o r e .  

The uppermost h o r i z o n  exposed t o  t h e  . w e l l b o r e  is d e f i n e d  by t h e  

bottom of c a s i n g  i n  an  "open ho le"  t y p e  comple t ion ,  o r  by t h e  
t o p  of t h e  p e r f o r a t e d  o r  s l o t t e d  zone a t  w e l l s  t h a t  a r e  cased  th rough  

t h e  coa lbeds  be ing  d r a i n e d .  

C losure  p r e s s u r e s  can be  q u a n t i f i e d  by s u b t r a c t i n g  r e s e r v o i r  

p r e s s u r e  from bottom h o l e  t r e a t i n g  p r e s s u r e  ( 1 8 ) .  For any 

s p e c i f i c  l o c a t i o n ,  t h e r e f o r e ,  i t  i s  r e a s o n a b l e t o  conc lude  t h a t  when 
r e s e r v o i r  p r e s s u r e  is  g r e a t e s t ,  c l o s u r e  p r e s s u r e  is-minimal s i n c e  

bottom h o l e  t r e a t i n g  p r e s s u r e  does  n o t  change.  The c o n v e r s e  of 
t h i s  i s  t h a t  c l o s u r e  p r e s s u r e  i s  g r e a t e s t  a t  a  t ime  when r e s e r v o i r  
p r e s s u r e s  become minimal.  



Research e f f o r t s  are now f o c u s i n g  s p e c i f i c a l l y  on deve lop ing  new 

o r  t e s t i n g  e x i s t i n g  equipment f o r  dewate r ing  coalbed g a s  d r a i n a g e  
w e l l s .  I n  a d d i t i o n  t o  hav ing  t h e  c a p a b i l i t y  t o  m a i n t a i n  a  "dry" 

h o l e ,  t h i s  equipment must be a b l e  t o  h a n d l e  sand which r e t u r n s  t o  t h e  

w e l l b o r e s .  Other e f f o r t s  a r e  b e i n g  made t o  a l t e r  s t i m u l a t i o n  d e s i g n s  
i n  hopes  of l e s s e n i n g  t h e  sand problem. G e n e r a l l y ,  such  a l t e r a t i o n s  
i n c l u d e :  min imiza t ion  of prop sand vo11lme.s and complete  d e l e t i o n  of t h e  

v e r y  f i n e  sand used a s  f l u i d  l o s s  a g e n t  s i n c e  t h i s  f i n e  sand i s  most 

e a s i l y  c a r r i e d  back t o .  t h e  w e l l b o r e ;  changing i n j  e c t  i o n  r a t e s  d u r i n g  

t r e a t m e n t s  and t e s t i n g  "over f lush"  t e c h n i q u e s  i n  o r d e r  t o  minimize sand 
b u i l d u p  n e a r  w e l l b o r e s ;  maximizing t h e  s i z e  of t h e  proppant  t o  make i t  

e a s i e r  t o  s c r e e n  from t h e  pump. 

Sand damage t o  t h e  s t a n d a r d  sucker-rod t y p e  pump can be  h e l d  t o  a  
minimum by p o s i t i o n i n g  t h e  pump above t h e  coa lbed .  This e s t a b l i s h e ~  a 
l a r g e r  sump i n t o  which sand may accumulate  and p r o v i d e s  a s e c t i o n  01 

w e l l b o r e  where sand can s e t t l e  o u t  b e f o r e  r e a c h i n g  t h e  pump. Th is  
t e c h n i q u e  h a s  proven t o  b e  e f f e c t i v e  i n  a r e a s  where sand problems a r e  
s e v e r e  even thougli pumping e f f i c i e n c y  is  l o s t  due t o  t h e  i n c r e a s e d  
exposure  t o  g a s  t r a v e l i n g  up t h e  w e l l .  When employing t h i s  t e c h n i q u e ,  
i t  i s  recommended t h a t  pumps be  p o s i t i o n e d  a t  a p o i n t  i n  t h e  w e l l  where 

t h e  h y d r a u l i c  p r e s s u r e  over  t h e  coa lbed  is  from 10 t o  25% of t h e  
h y d r o s t a t i c  p r e s s u r e .  Exper ience  h a s  shown t h a t  h i g h  d a i l y  g a s  f lows from 
coa lbeds  may be  ach ieved  even i f  t h e r e  i s  s e v e r a l  hundred f e e t  of w a t e r  
o v e r l y i n g  t h e  coa lbed  (27) .  - T h i s  is  suppor ted  by l a b o r a t o r y  i s o t h e r m  
d a t a  which shows, i n  most c a s e s ,  t h a t  l a r g e  p e r c e n t a g e s  of coa lbed  
g a s  is r e l e a s e d  w i t h  75 t o  90% p r e s s u r e  r e d u c t i o n s  ( s e e  F i g u r e  2 ) .  

The pumps can  l a t e r  be lowered a f t e r  g a s  f lows  s t a b i l i z e  o r  d e c l i n e  t o  
u n a c c e p t a b l e  l e v e l s .  

Well Unloading 

The term "unloading" r e f e r s  t o  o c c a s i o n s  when much o r  a l l  of  t h e  

wa te r  c o n t a i n e d  i n  a w e l l  and t h e  w e l l ' s  induced f r a c t u r e  sys tem i s  
r a p i d l y ,  and u s u a l l y  u n c o n t r o l l a b l y ,  c a r r i e d  t o  t h e  s u r f a c e  by l a r g e  
volumes of expanding coa lbed  gas .  Such e p i s o d e s  can  l a s t  from 
minu tes  t o  d a y s ,  depending on t h e  c o n d u c t i v i t y  of t h e  r e s u l t i n g  induced 
f r a c t u r e s  and t h e  coalbed p r e s s u r e  c o n d i t i o n .  Gas and w a t e r  v e l o c i t i e s  ~ 
a r e  v e r y  h i g h  d u r i n g  un load ing  and t h u s  t h e s e  f l u i d s  become e x c e p t i o n a l l y  

e f f e c t i v e  c a r r i e r s  of s o l i d  d e b r i s  c a u s i n g  a lmost  i n s t a n t  mechanical  
breakdown of downhole p u m p s ,  d i s l o c a t i o n  o f  sucker-rbd s t r i n g s  from 
s u r f a c e  pump j a c k s ,  and s e v e r e  damage t o  moni to r ing  equipment.  

I 

Unloading o c c u r s  when coa lbed  g a s  p r e s s u r e s  become g r e a t e r  t h a n  
t h e  h y d r a u l i c  p r e s s u r e s  h o l d i n g  g a s  i n  t h e  c o a l .  This  phenomemon i s  
i n i t i a t e d  s imply by pumping w a t e r  from a w e l l .  A s  t h e  b o r e h o l e  wa te r  l e v e l  

Is lowered,  a d i s e q u i l i b r i u m  c o n d i t i o n  i s  c r e a t e d  where g a s  p r e s s u r e  i n  

t h e  coalbed exceeds  t h e  h y d r a u l i c  p r e s s u r e  h o l d i n g  g a s  i n  t h e  c o a l .  
un load ing  t h e n  c o n t i n u e s  u n t i l  w a t e r  p r e s s u r e  overcomec conlbed g a s  
p r e s s u r e s .  I 

! 



The l e n g t h  and c o n d u c t i v i t y  of induced coa lbed  f r a c t u r e s  are 
thought  t o  b e  major  f a c t o r s  c o n t r o l l i n g  t h e  s e v e r i t y  and t i m e  l e n g t h  of 

un load ing  e p i s o d e s .  111 o r d e r  f o r  a w e l l  t o  un load ,  pressure .  

d i f f e r e n t i a l s ,  c r e a t e d  by b o r e h o l e  w a t e r  draw-down, must be  r e a l i z e d  
i n  a  s u f f i c i e n t l y  l a r g e  a r e a  of a  coa lbed  over  a  v e r y  s h o r t  p e r i o d  
of t ime.  S h o r t ,  nonconduct ive  induced f r a c t u r e s  a f f e c t  on ly  s m a l l  
p o r t i o n s  of t h e  coa lbed  and ,  t h e r e f o r e ,  un load ing  e p i s o d e s  are s h o r t  
l i v e d  and n o t  v e r y  i n t e n s e .  A t  t h e  o t h e r  extreme,  l o n g ,  h i g h l y  c o n d u c t i v e  

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

over  a g r e a t e r  area of c o a l  v e r y  soon a f t e r  b o r e h o l e  w a t e r  i s  removed. 
Thus, unloading.  e p i s o d e s  from t h e  most " s u c c e s s f u l l y "  s t i m u l a t e d  a r e  
a l s o  t h e  most v i o l e n t  and long  l a s t i n g .  

The h e i g h t  of t h e  induced f r a c t u r e  i n  r e l a t i o n  t o  t h e  uppermost 
h o r i z o n  exposed t o  t h e  w e l l b o r e  might a l s o  b e  a n  impor tan t  f a c t o r  t o  

c o n s i d e r  i n  w e l l  un load ing .  A s  water d r a i n s  i n t o  t h e  w e l l b o r e ,  p r e s s u r e  
is  reduced and g a s  is  r e l e a s e d  from t h e  c o a l .  I n s t e a d  of m i g r a t i n g  t o  

t h e  w e l l b o r e ,  however, enough f r e e  g a s  might accumul-ate i n  upper f r a c t u r e d  

h o r i z o n s  t o  r e t a r d  coalbed w a t e r  f low.  Unloading cou ld  t h e n  t r i g g e r  
as t h e  b o r e h o l e  w a t e r  l e v e l  is  lowered because  pumping m a i n t a i n s  a 

. c o n s t a n t  r a t e .  

The coa lbed  p r e s s u r e  c o n d i t i o n  and t h e  l e n g t h  of t i m e  w e l l s  have 
produced a l s o  e f f e c t  un load ing .  A t  new w e l l s  where coa lbed  p r e s s u r e s  
a r e  h i g h ,  t h e  p o t e n t i a l  f o r  un load ing  is  g r e a t e s t ,  b u t  i s  l e s s e n e d  as 
coa lbed  p r e s s u r e  i s  lowered.  



EFFECTS OF HYDRAULIC STIMULATION ON COALBEDS 

AND ASSOCIATED STRATA 

S i n c e  1970, Government and i n d u s t r y  r e s e a r c h  have m u t u a l l y  des igned  
and conducted 71 h y d r a u l i c  s t i m u l a t i o n  t r e a t m e n t s  i n  c o a l .  The r e s u l t s  

9 
of 1 2  of t h e s e  t r e a t m e n t s  have been observed d i r e c t l y  a f  t e r  mining 

o p e r a t i o n s  proceeded th rough  o r  v e r y  n e a r  t h e  ~ inderground  b o r e h o l e  
l o c a t  i o n s .  

I n f o r m a t i o n  documenting t h e  underground r e s u l t s  of coa lbed  
s t i m u l a t i o n  f i r s t  became a v a i l a b l e  i n  1977 ( 1 6 ) .  I n  t h i s  r e p o r t ,  E lder  
d e s c r i b e d  h i s  f i n d i n g s  a t  two b o r e h o l e  s i t e s x h e r e  guar  gum g e l  had been 

used t o  t r e a t  t h e  I l l i n o i s  No. 6  coalbed (Well No. 5 ,  Table  3)  and 
t h e  P i t t s b u r g h  coalbed (Well  No. 10 ,  Tab le  3 ) .  The f r a c t u r e s  propagated 

from b o t h  sites were v e r t i c a l ,  and were c o n t a i n e d  comple te ly  w i t h i n  t h e  
r e s p e c t i v e  c o a l b e d s .  The w i d t h s  of t h e s e  f r a c t u r e s  v a r i e d  a c c o r d i n g  

t o  t h e  r e l a t i v e  v i s c o s i t y  of t h e  f l u i d s  used a t  each boreho le .  The less 
v i s c o u s  f l u i d  produced f r a c t u r e s  rang ing  from 118 t o  112 i n c h e s  wide 
w h i l e  t h e  more v i s c o u s  f l u i d  formed f r a c t u r e s  up t o  2-112 i n c h e s  i n  
width .  E lder  concluded t h a t  t h e r e  was no a d v e r s e  e f f e c t  on t h e  s t a b i l i t y  
of t h e  o v e r l y i n g  o r  u n d e r l y i n g  r o c k  s t r a t a ,  o r  on mining o p e r a t i o n s .  

P e r i o d i c  o b s e r v a t i o n s  o v e r  more t h a n  two y e a r s  showed t h a t  no d e t e r i o r a t i o n  
of mine roof o r  f l o o r  had t aken  p l a c e  where t h e  s a n d - f i l l e d  f r a c t u r e s  

I 
were e a r l i e r  exposed.  I 

The n e x t  two s t i m u l a t e d  b o r e h o l e s  uncovered by mining were  l o c a t e d  
i n  t h e  Yary Lee coalbed a t  U.S. S t e e l ' s  Oak Grove, Mine, J e f f e r s o n  County, 

AL, o n l y  a  few hundred f e e t  a p a r t  i n  t h e  same mine (Well Nos. 19 and 33,  
Table  3 ) .  These two g e l - t r e a t e d  w e l l s  were documented i n  1378 by 

! 
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Lambert and T r e v i t s  ( 2 3 ) .  Even though approx imate ly  5,000 pounds of 

sand were  inc luded  d u r i n g  s t i m u l a t i o n  of one  of t h e  w e l l s ,  d e s i g n a t e d  

T W 1 ,  a c t u a l  s a n d - f i l l e d  f r a c t u r e s  could  n o t  be  observed underground. 
There was s u f f i c i e n t  e v i d e n c e ,  however, t o  i n d i c a t e  p a r t i n g s  i n  t h e  

c o a l  and mine roof r o c k  were  open d u r i n g  d r i l l i n g ,  cement ing,  and 
t h e  e a r l y  s t a g e s  of s t i m u l a t i o n  ( d u r i n g  i n j e c t i o n  of t h e  pad volume).  
The o t h e r  w e l l  examined, d e s i g n a t e d  TW2, was found t o  have s a n d - f i l l e d  

f r a c t u r e s  l e a d i n g  from t h e  w e l l b o r e .  ' U n l i k e  t h o s e  f r a c t u r e s  d e s c r i b e d  
by E lder  ( 1 6 ) ,  TW2 f r a c t u r e s  were o r i e n t e d  v e r t i c a l l y ,  h o r i z o n t a l l y ,  
and i n c l i n z .  A l l  t h e  f r a c t u r e s  observed,  however, were found t o  have 

remained w i t h i n  t h e  coa lbed  u n i t  even though t h e  i n j e c t i o n  p r e s s u r e s  
d u r i n g  s t i m u l a t i o n  were  v e r y  much i n  e x c e s s  t o  what had been a n t i c i p a t e d .  

No a d v e r s e  a f f e c t s  t o  mining were  observed o r  r e p o r t e d  a s  a  r e s u l t  
of e i t h e r  of t h e s e  two t r e a t m e n t s .  

Two a d d i t i o n a l .  b o r e h o l e s ,  d e s i g n a t e d  TW3 and TW4, were later  
s t i m u l a t e d  a t  t h e  same mine i n  t h e  Mary Lee coa lbed ,  t h e  r e s u l t s  of 
which were d e t a i l e d  i n  1979 (3). This  t ime ,  t h e  t y p e  o f  s t i m u l a t i o n  
t r e a t m e n t  a p p l i e d  t o  t h e  coa lbed  w a s  foam. These two b o r e h o l e  tests 
y i e l d e d  v e r y  d i f f e r e n t  r e s u l t s  which showed t h a t  s t i m u l a t e d  f r a c t u r e s  



are n o t  always l i m i t e d  t o  t h e  coalbed.  S a n d - f i l l e d  f r a c t u r e s  151 
propagated from t h e s e  two b o r e h o l e s  (Well Nos. 36 and 42,  ~ a b l e 3 )  
were v e r t i c a l ,  v e r y  t h i n ,  and began about  t h r e e  f e e t  up from t h e  b a s e  
of t h e  f i v e  f o o t  t h i c k  coa lbed  and con t inued  f o r  a n  undetermined 
d i s t a n c e  i n t o  t h e  o v e r l y i n g  roof  s t r a t a .  Mine management, b e i n g  somewhat 
concerned a b o u t  t h e  p r e s e n c e  of s a n d - f i l l e d  roof  f r a c t u r e s ,  f o r m a l l y  
a s s e s s e d  t h e  e f f e c t s  on t h e  mine r o o f .  The mine management's e v a l u a t i o n  
was a s  f o l l o w s :  

1 I Because t h e  roof  *of t h e  mine i n  t h e  g e n e r a l  v i c i n i t y  

of TW4 w a s  of a q u a l i t y  which r e q u i r e d  i n s t a l l a t i o n  of 
more roof  s u p p o r t  t h a n  used i n  many o t h e r  p o r t i o n s  of 
t h e  mine, i t  was d i f f i c u l t  t o  a s s e s s  t h e  e f f e c t  of t h e  
f r a c t u r e  on t h e  mine roof  a t  t h i s  l o c a t i o n .  However, 
no f u r t h e r  increment  of supp lementa l  roof  s u p p o r t  was 
r e q u i r e d  a t  t h e  b a s e  o f  t h e  b o r e h o l e  o r  a l o n g  t h e  
f r a c t u r e  wings.  

The roof  i n  t h e  g e n e r a l  a r e a  of TW3 was of a q u a l i t y  
t y p i c a l  of most of t h e  mine developed t o  d a t e ;  however, 
i n  t h e  immediate a r e a  of t h e  bottom of TW3 i n  which 
b o t h  t h e  upper  and lower c o a l  seams had been f r a c t u r e d ,  
i t  was n e c e s s a r y  t o  i n s t a l l  supplementary  roof  s u p p o r t .  
Th i s  supp lementa l  roof  s u p p o r t  w a s  r e q u i r e d  when mine 
management observed roof  movement a l o n g  t h e  wes t  r i b  
o f  t h e  e n t r y  d r i v e n  due n o r t h  of t h e  bottom of t h e  
b o r e h o l e ,  a d d i t i o n a l  draw r o c k  s e p a r a t i o n ,  roof  
becoming e x c e s s i v e l y  drummy, and w a t e r  s e e p i n g  o u t  
of c r a c k s  i n  t h e  r o o f .  The supp lementa l  roof  
s u p p o r t  c o n s i s t e d  of boxing t h e  i n t e r s e c t i o n  
immediately t o  t h e  s o u t h  of t h e  hotehnle.  w i t h  
s i x  i n c h  H-beams, i n s t a l l i n g  f o u r  i n c h  H-beams suppor ted  
by t i m b e r s  f o r  d i s t a n c e s  o f  70 f e e t  t o  t h e  e a s t  
and 40 f e e t  t o  t h e  n o r t h  of t h e  b o r e h o l e ,  and i n s t a l l i n g  
1 0  f o o t  long  e x p a n s i o n - s t e e l  anchored roof  b o l t s  
between t h e  s t a n d a r d  f o u r  f o o t  long r e s i n  b o l t s  t o  
e n s u r e  t h a t  t h e  b o l t s  anchored i n  t h e  s o l i d  r o c k  above t h e  
upper  c o a l  seam. 

I n s t a l l a t i o n  of t h e  supplementary  s u p p o r t s  r e q u i r e d  
a d d i t i o n a l  t i m e  as w e l l  a s  c l o s e  i n s p e c t i o n  by mine 
management t o  e n s u r e  i ts  adequacy; however, i t  was 
p o s s i b l e  t o  mine th rough  t h i s  a r e a  w i t h o u t  
e x p e r i e n c i n g  any roof f a l l  d u r i n g  mining o p e r a t i o n s " .  

Underground i n v e s t i g a t i o n s  i n d i c a t e d  " f r a c t u r e s "  d e n o t i n g  r o c k  
b reakage ,  do n o t  normal ly  occur  a s  a  r e s u l t  o f  s t i m u l a t i o n .  
The p h y s i c a l  e v i d e n c e  i n d i c a t e s  t h a t  p r e e x i s t i n g  f r a c t u r e s  
( r o c k  j o i n t ,  o r  coalbed c l e a t s )  o r  bedding p l a n e s  a r e  widened 
d u r i n g  s t i m u l a t i o n .  The e x t e n t  of which t h e s e  f r a c t u r e s  a r e  widened 
depends p r i m a r i l y  on t h e  v i s c o s i t y  of t h e  f l u i d  used d u r i n g  
s t i m u l a t i o n .  Heav i ly  g e l l e d  f l u i d s  have been observed t o  widen 
f r a c t u r e s  as  much as f o u r  i n c h e s  w i t h i n  t h e  coa lbed .  



Areas of t h e  mine where t h e s e  f e a t u r e s ,  c a l l e d  " r o l l s " ,  were observed 

a r e  shown on F igu re  46. Because i nhe ren t  rock weaknesses develop near  
such f e a t u r e s ,  t h e s e  a r e a s  gene ra l l y  r e q u i r e  some degree of a d d i t i o n a l  

roof suppor t .  The n e c e s s i t y  f o r  more roof support  near  TW4 than  used 
i n  many o t h e r  p o r t i o n s  of t h e  mine, a s  r epo r t ed  by mine management, may 
be  a t t r i b u t e d  t o  t h i s  geo logic  phenomenon r a t h e r  than  s t imua t ion  of 
t h e  test w e l l .  The f a c t  t h a t  a d d i t i o n a l  roof suppor t  was no t  r equ i r ed  
a t  t h e  base  of TW4 nor  was i t  requi red  along t h e  f r a c t u r e  wings, i n d i c a t e s  

borehole  s t i m p l a t i o n  w a s  n o t  t h e  cause f o r  p rovid ing  a d d i t i o n a l  roof 
suppor t .  

The e n t r y  n e a r e s t  TW3 i s  a l s o  shown on F igure  46 t o  be a  l o c a t i o n  
of n a t u r a l  roof d i s tu rbances .  Geologis t s  a l s o  noted t h e  presence  of 
many wet roof j o i n t s  i n  t h i s  a r e a .  Except f o r  t h e  s i n g l e  s and - f i l l ed  
c r ack  l ead ing  from TW3 (Figure  46) ,  no evidence could be  found t o  
i n d i c a t e  t h a t  t h e s e  w e t  roof j o i n t s  had been c r ea t ed  by s t imu la t i on .  
Unusually l a r g e  amounts of seepage from roof openings nea r  TW3 could ,  
however, be due  t o  t h e  borehole ' s  presence,  s i n c e  it  i s  an  ac tumula t ion  
p o i n t  f o r  water  w i t h i n  a  c o a l  u n i t  only seven f e e t  above t h e  open 
en t ry .  

Information r ega rd ing  t h e  e f f e c t s  of borehole  s t i m u l a t i o n  on mining 
has  a l s o  come from t h e  Emerald Mine, i n  t h e  P i t t s b u r g h  coalbed,  Green 
County, PA. . A  t o t a l  of  e i g h t  boreholes  were completed and sand - f i l l ed  
f r a c t u r e s  l ead ing  from f i v e  of t h e s e  have thus  f a r  been i d e n t i f i e d  i n  
t h e  mine. V e r t i c a l  f r a c t u r e s  were observed a t  t h r e e  of t h e  boreholes  
(Well Nos. 21, 27, and 28, Table 3 ) ,  ranging i n  wid th  from 1 / 8 . t o  2-112 
inches .  Only one of t h e s e  v e r t i c a l  f r a c t u r e s  extended i n t o  t h e  roof 
rock ,  and t h a t  was f o r  a  d i s t a n c e  upward of less t han  two f e e t .  
Hor i zon ta l  f r a c t u r e s  approximately 1 /8  t o  1 /4  inches  t h i c k ,  extended 
from t h r e e  of t h e  boreholes  (Well Nos. 21, 27, 30 and 40, Table 3 ) .  
Horizonta l  f r a c t u r e s  were found e i t h e r  a t  t h e  extreme top  of t h e  main 
c o a l  bench o r  were found p re sen t  between s h a l e l r i d e r  c o a l  u n i t s  a  few 
f e e t  above t h e  main bench ( s e e  ~ i ~ u r e s  39, 40, and 59) .  

The most r e c e n t  r e s u l t s  of hyd rau l i c  s t i m u l a t i o n ' s  e f f e c t s  on mine 
roof come from work being conducted i n  t h e  Mary Lee Coalbed a t  t h e  Oak 
Grove Mineb J e f f e r s o n  County, AL 161. Here, induced v e r t i c a l  and 
h o r i z o n t a l  p a r t i n g s  r e s u l t e d  f r o m 7 h e  no-proppant s t i m u l a t i o n  of borehole  
TW5 (Well No. 62, Table  3 ) ,  examined underground on Ju ly  11 and 12 ,  1979. 
These p a r t i n g s  were g e n e r a l l y  s o  t h i n  t h a t  they could no t  have been 
loca t ed  without  t h e  h e l p  of f l u o r e s c e n t  b l u e  p a i n t  "marker" ( inc luded  
i n  t h e  s t i m u l a t i o n  f l u i d )  and an u l t r a v i o l e t , l i g h t .  

161 DOE Contract  No. ET-75-20-9027, e n t i t l e d ,  "Demonstration of - 
C e g a s i f i c a t i o n  of a  Po r t i on  of t h e  Mary Lee Coalbed" 



One v e r t i c a l  f r a c t u r e  from TW5 extended i n t o  t h e  mine ' s  roof a long  
a  d i r e c t i o n  p a r a l l e l  t o  t he  c o a l  f a c e  c l e a t  and could be t r a c e d  
approximately f i v e  f e e t  away from t h e  we l lbo re ' s  l o c a t i o n .  A l l  t h e  
o t h e r  v e r t i c a l l y  o r i e n t e d  f r a c t u r e s  mapped a s  f a r  a s  320 f e e t  from 
t h e  wel lbore ,  were conta ined  completely  i n  t h e  upper two t h i r d s  of 
t h e  coalbed.  

A s  discussed  i n  a  p rev ious  s e c t i o n  of t h i s  r e p o r t  (No-Proppant 
Treatment) ,  s t i m u l a t i o n  f l u i d  from TW5 was found t o  have spread 
h o r i z o n t a l l y  w i t h i n  an  i n t e r f a c i a l  a r e a  between t h e  coalbed and an  ove r ly ing  
s h a l e  rock  u n i t .  Within t h e  test  a r e a ,  t h e  coa lbed ' s  s u r f a c e  a t  t h i s  
i n t e r f a c e  was h igh ly  po l i shed  and s t r i a t e d  ( s l i c . kens ide  s u r f a c e s ) ,  
i n d i c a t i n g  t h a t  t h e  coalbed and s h a l e  had n o t  been t i g h t l y  jo ined  . 

t o g e t h e r  p r i o r  t o  s t i m u l a t i o n .  It is  concluded, t h e r e f o r e ,  t h a t  t h e  
h o r i z o n t a l  p e n e t r a t i o n  of f l u i d  d i d  n o t  change t h e  o r i g i n a l  "weak" 
c h a r a c t e r  o r  s t r e n g t h  of t h e  bond between t h e  coalbed and t h e  ove r ly ing  
roof rock. Even though t h e r e  was no v i s i b l e  damage o r  excess  wate r  
o r  ga s  d r a inage ,  p r ecau t iona ry  supplemental  roof suppor t  ( s t e e l  
H-beams) was i n s t a l l e d  f o r  sma l l  d i s tan 'ces  away from t h e  TW5 borehole  
s i t e .  

The development of h o r i z o n t a l  f r a c t u r e s  above t h e  i n t e r v a l  being -- 
mined is,  perhaps,  . p o t e n t i a l l y  t h e  wors t  p o s s i b l e  roof c o n d i t i o n  t h a t  
can be d i r e c t l y  a t t r i b u t a b l e  t o  s t i m u l a t i o n .  Even s o ,  t o  d a t e .  t h e r e  
ha s  been ho observed o r  r epo r t ed  e f f e c t s  on a c t u a l  roof s t a b i l i t y  which 
would i n d i c a t e  t h a t  any of t h e  s t i m u l a t i o n  t r ea tmen t s  performed a s  p a r t  
of t h e  Government's d e g a s i f i c a t i o n  program adve r se ly  a f f e c t e d  mining 
ope ra t i ons .  However, t h e  comparat ively sma l l  amount of in format ion  
p r e s e n t l y  a v a i l a b l e ,  and t h e  s i g n i f i c a n t l y  d i f f e r e n t  c h a r a c t e r  of t h e  
r e s u l t s ,  sugges t s  t h a t  s e v e r a l  a d d i t i o n a l  tests a r e  r equ i r ed  b e f o r e  
t h e  e f f e c t s  of hyd rau l i c  s t i m u l a t i o n  can be  f u l l y  app rec i a t ed .  



THE EFFECTS OF REMOVING COALBED FLUIDS BEFORE M I N I N G  

A  p r e v i o u s  s e c t i o n  of t h i s  r e p o r t ,  e n t i t l e d ,  " E f f e c t i v e  Well  
Placement",  d e s c r i b e d  how o p e r a t i n g  d r a i n a g e  w e l l s  a c t u a l l y  c r e a t e  
c o n d i t i o n s  i n  c o a l b e d s  which a l l o w  gas  t o  b e  r e l e a s e d  and t o  m i g r a t e  
t o  w e l l b o r e s .  These c o n d i t i o n s  a r e  c r e a t e d  by removing w a t e r  t o  
d e c r e a s e  coa lbed  p r e s s u r e  and lower w a t e r  s a t u r a t i o n .  It i s  known from 

l a b o r a t o r y  work of c o a l  i s o t h e r m s  ( F i g u r e s  1 and 2 ) ,  t h a t  - i n c r e a s i n g l y  
l a r g e r  amounts of g a s  are desorbed ( r e l e a s e d )  from t h e  c o a l  as p r e s s u r e  
i s  reduced.  Once r e l e a s e d ,  t h e . g a s  t h e n  can  t r a v e l  t o  b o r e h o l e s  v i a  
t h e  n a t u r a l  and /or  induced f r a c t u r e s  i n  t h e  coa lbed .  A s  w e l l s  remove 
w a t e r  from t h e s e  same f r a c t u r e s ,  t h e  a b i l i t y  f o r  g a s  t o  f low th rough  
coa lbeds  i s  i n c r e a s e d  (2). I n  summary, producing b o r e h o l e s  c r e a t e s  
f a v o r a b l e  c o n d i t i o n s  f o r  g a s  r e l e a s e  and m i g r a t i o n  w i t h i n  t h e  a r e a  
of t h e  coa lbed  a f f e c t e d  by b o r e h o l e  d r a i n a g e .  

I f  mining i n t e r s e c t s  a n  a r e a  of a  coa lbed  which h a s  been p a r t i a l l y  
d e p r e s s u r i z e d  and d e s a t u r a t e d  by a n  o p e r a t i n g  b o r e h o l e ,  t h e  b o r e h o l e ' s  
d r a i n a g e  a r e a  t h e n  becomes a n  e x t e n s i o n  of t h e  mine ' s  d r a i n a g e  a r e a .  
The mine ' s  v e n t i l a t i o n  sys tem would t h e n  b e  r e q u i r e d  t o  contend w i t h  a n  
a d d i p i o n a l  amount of g a s  o r i g i n a t i n g  from a l a r g e r  area where c o n d i t i o n s  
are u n u s u a l l y  f a v o r a b l e  f o r  g a s  r e l e a s e  and m i g r a t i o n .  T h i s  p o t e n t i a l  
problem c a n  be  avoided i n  two ways. 

The f i r s t  way i s  t o  a l l o w  d e g a s i f i c a t i o n  w e l l s  p r o d u c t i o n  t o  
s u f f i c i e n t l y  d e p l e t e  b e f o r e  mining i n t e r c e p t i o n  t a k e s  p l a c e .  I n  
p r a c t i c e ,  t h i s  means t h a t  mine o p e r a t o r s  shou ld  n o t  d r i v e  e n t r i e s  which 
i n t e r s e c t  b o r e h o l e  d r a i n a g e  r a d i i  u n t i l  g a s  p r o d u c t i o n  rates d e c l i n e  
t o  v e r y  low l e v e l s ,  i n d i c a t i n g  t h e  a r e a  i s  a c t u a l l y  "degassed". 
E s t i m a t i n g  t h e  areal c o n f i g u r a t i o n  of a b o r e h o l e ' s  d r a i n a g e  area would 
b e  v e r y  d i f f i c u l t ,  however, s i n c e  it would r e q u i r e  a  r e l i a b l e  knowledge 
of t h e  induced f r a c t u r e  geometry and an  a c c u r a t e  q u a n t i t a t i v e  method 
of  p r e d i c t i n g  dynamic changes  i n  coa lbed  r e s e r v o i r  c o n d i t i o n s .  
U n f o r t u n a t e l y ,  p r e s e n t  d e g a s i f i c a t i o n  technology i s  j u s t  now conc lud ing  
"demons t ra te  t h e  f e a s i b i l i t y t t  phases  of development and t h u s  o f f e r s  
few r e l i a b l e  methods o f  p r e d i c t i n g  such  p e r t i n e n t  r e s e r v o i r  e v e n t s .  
Another drawback i s  t h a t  coa lbed  d e g a s i f i c a t i o n  w e l l s  may r e q u i r e  f i v e  
o r  t e n  y e w s  b e f o r e  s u f f i c i e n t  d e p l e t i o n  t a k e s  p l a c e .  The c a p a b i l i t y  

f o r  "short-termed" d e g a s i f  i c a t i o n '  c o u l d ,  t h e r e f o r e ,  b e  l o s t  comple te ly .  

The problem of  mining th rough  b o r e h o l e s '  d r a i n a g e  a r e a s  can  a l s o  
be avoided i n  a way t h a t  is  much more p r a c t i c a l  t h a n  w a i t i n g  f o r  g a s  
d e p l e t i o n  t o  o c c u r .  T h i s  method i s  based on t h e  same p r i n c i p l e s  which 
c r e a t e  f a v o r a b l e  g a s  p r o d u c t i o n  c o n d i t i o n s  i n  coa lbeds ;  t h a t  i s ,  
g e n e r a l  p r e s s u r e  and w a t e r  s a t u r a t i o n  d e c r e a s e s .  F o r t u n a t e l y ,  t h e s e  
same c o n d i t i o n s  which enhance g a s  r e l e a s e  and m i g r a t i o n  a r e  a l s o  i d e a l  
f o r  coa lbed  w a t e r  r e s a t u r a t i o n  o r  i n f u s i o n  (18). 



FIGURE 65. - VIEW OF MlNE SHOWING TEST WELL 
LOCATIONS AND MlNE ENTRIES STUDIED FOR 

GAS EMISSIONS. 
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FIGURE 66. - GRAPH OF CUMULATIVE METHANE 
EMMISSIONS VERSUS LENGTH OF VIRGIN RIB EXPOSED. 
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In fus ion  of t h e  coalbed ( p u t t i n g  water back i n t o  t h e  coalbed)  
r a i s e s  t h e  coa lbed ' s  formation p re s su re  i n  t h e  a r e a  and prevents  f u r t h e r  
deso rp t ion  of gas.  In  a d d i t i o n ,  i n f u s i o n  phys i ca l l y  p r o h i b i t s  t h e  
movement of any f r e e  gas  t h a t  i s  a v a i l a b l e  by f i l l i n g  t h e  coa lbed ' s  
f r a c t u r e  system(s)  w i t h  water .  

I n  p r a c t i c e ,  t h e r e  a r e  two ways water " infus ion t t  can be incorpora ted  
i n t o  t h e  v e r t i c a l  d e g a s i f i c a t i o n  technique.  The f i r s t  way i s  t o  flow 
water  back i n t o  t h e  borehole .  The second way is t o  simply turn-off t h e  
b o r e h o l e l s . w a t e r  pump s e v e r a l  weeks be fo re  mine i n t e r c e p t i o n ,  thereby 
a l lowing  t h e  coalbed t o  "flood" i t s e l f  n a t u r a l l y .  

There a r e  two r epo r t ed  i n s t ances  where d e g a s i f i c a t i o n  boreholes  

were water  "infused" be fo re  they were i n t e r cep t ed  by a c t i v e  mining (26) . 
These two boreholes  were l oca t ed  w i t h i n  t h e  same set of mine en t r ies -  
and were spaced approximately 510 f e e t  a p a r t  ( s ee  F igure  41) .  The 
boreholes  toge ther  dra ined  about  25 m i l l i o n  cubic  f e e t  of gas- w i t h i n  a  t o t a l  
t i m e  pe r iod  of 11 months (F igures  42 and 4 3 ) .  Af te r  t h e  product ion 
phase,  l a r g e  volumes of water  were pumped back i n t o  one of t h e  w e l l s ;  
t h e  o t h e r  w e l l  was allowed t o  f lood  i t s e l f  n a t u r a l l y .  'In o rde r  . t o  
e v a l u a t e  t h e  e f f e c t i v e n e s s  of t h e s e  d e g a s i f i c a t i o n  boreholes ,  mine gas  
emissions were measured and recorded whi le  mining t h e  two sets of e n t r i e s  
shown on F igure  65. The e a s t  e n t r i e s  were dr iven  590 f e e t  dur ing  a  
70 day per iod  encountered a  t o t a l  61 m i l l i o n  cubic  f e e t  of gas  without  
degas i f  i c a t  ion.  Mining opera t  ions  then turned w e s t  and, w i t h i n  63 
days,  reached t h e  f i r s t  d e g a s i f i c a t i o n  borehole  (TW3, Figure 65) a l s o  
590 f e e t  from t h e  main n o r t h  e n t r i e s .  The amount of gas  measured 
whi le  mining t o  t h i s  "shor t  t e r m "  dra inage  borehole  was 37 m i l l i o n  
cubic  f e e t ,  40 percent  l e s s  than t h a t  encountered wh i l e  mining e a s t .  
The d i f f e r e n c e  i n  gas  emissions between t h e  e a s t  and west set of e n t r i e s  
i s  g r a p h i c a l l y  i l l u s t r a t e d  on F igure  66. This s tudy  concluded t h a t  a  
combination of t echniques ,  d e g a s i f i c a t i o n  and water  i n f u s i o n  were 
r e s p o n s i b l e  f o r  t h e  comparatively low mine 'gas  emissions t h a t  r e s u l t e d  
i n  t h e  a r e a  of t h e  two t e s t  boreholes .  



COSTS OF VERTICAL BOREHOLE DEGASIFICATION 

The c o s t s  ~ r o v i d e d  i n  t h e  fo l lowine  s e c t i o n  a r e  a  r e s u l t  of two 
Government/industrv cos t - shar ine  d e e a s i f i c a t i o n  ~ r o i e c t s  conducted 
i n  two e e o e r a ~ h i c a l l y  d i f f e r e n t  a r e a s .  Basic  completion des ign  f o r  

bo th  p r o j e c t s  a r e  e s s e n t i a l l y  t h e  same. The p r o j e c t  . in  Alabama, 

however, r equ i r ed  d r i l l i n g  deeper w e l l s ,  l a r g e r  s t i m u l a t i o n  t r ea tmen t s ,  
and more s o p h i s t i c a t e d  s u r f a c e  monitor ing,  product ion and s a f e t y  equipment. 

P i t t s b u r g h  Coalbed, Greene County, PA 

A t o t a l  of e i g h t  boreholes  were d r i l l e d  and completed a t  t h e  s i t e  

of t h e  newly developing Emerald Mine nea r  t h e  town of Waynesburg, PA, 
dur ing  1976 and 1977. Government funding was provided t o  foam s t i m u l a t e  
seven of t h e s e  w e l l s  (x). Average s t i m u l a t i o n  t rea tment  s i z e  was 
82,800 g a l l o n s  of foam and 11,100 pounds of 20 t o  40 mesh s i z e  sand. 
Product ion equipment c o s t s  were low, p r imar i l y  because t h e  w e l l s  
were n o t  equipped w i t h  meters o r  f l a r e  s t a c k s .  

' Waynesburg, PA 

S i t e  P repa ra t i on  

Access and s i t e  p r e p a r a t i o n  on company proper ty  
Power l i n e s ,  po l e s  and i n s  t a l l a t  i on  

D r i l l i n g  

6-114 inch  diameter  ho l e  (765 f t .  average depth  @ 1 1 . 5 0 / f t )  

Logging 

Gamma r a y  and neut ron  log  
Three-D v e l o c i t y  l og  

Ca s i n g  

4-112 inch  diameter ,wel l  c a s ing ,  yellowband 10.5 and 10.7 
~ o u n d / f t ,  3000 pound test (735 f t  average depth  @ 2 . 4 8 l f t )  

Formation packer shoe 

Cementing 

Cement 1 5  poundslgal lon w i t h  s a l t  a d d i t i v e  (175. sacks  @ 3.14lsack) 
Other ( i n c l u d e s  placement .of  ca s ing  in wel l )  



St imula t ion  

Se rv i ce  r i g  t o  d r i l l  ou t  packer shoe and c l ean  w e l l  
Foam f r a c  (32,800 g a l l o n  average  volume, 11,100 pounds 

20 t o  40 mesh sand) 
Nitrogen f o r  Frac 
Frac Tank ( 2 @ 150.00 each) 
Water Hauling (20,000 g a l l o n s  @ 100.00/15,000 ga l lon )  

Product ion  Equipment 

Walking beam pump j ack  complete i nc ludes  downhole pump ,. 

Sucker rods  recondi t ioned  518 inch  and cas ing  head 
Tubing 2-318 inch  diameter  (approximately 765 f t  @ 0.56lf . t )  
I n s t a l l a t i o n  of product ion equipment 

! 

Tota l  Cost pe r  Well 

Mary Lee Coalbed, J e f f e r s o n  County, AL 

A t o t a l  of 17 w e l l s  were d r i l l e d  and completed i n  1977 i n  a g r i d  
p a t t e r n  near  t h e  town of Oak Grove, Alabama. F i f t e e n  of t h e s e  w e l l s  
w e r e  foam s t imu la t ed  w i th  .roughly t h e  same s i z e  t rea tment  (48,000 g a l l o n s  

foam, 23,000 pounds of 80 t o  100 mesh sand, and 42,100 pounds of 20 t o  40 
mesh s i z e  sand) .  Some of t h e  c o s t s  p resen ted  a r e  based on average  
c o s t  from bulk  purchases  of equipment a s  w e l l  a s  s e r v i c e s .  Understandably, 

without  bu lk  purchases ,  some c o s t s  would be cons iderab ly  h ighe r .  
Naintenance c o s t s ,  a l s o  a  cons iderab ly  expensive i t e m ,  a r e  n o t  included 
i n  t h e  fo l lowing  r e p o r t  of c o s t s .  

Oak Grove Alabama 

S i t e  P repa ra t i on  

S i t e  survey ,  p r e p a r a t i o n  and roads  on company proper ty  
Power, l i n e s ,  p o l e s  and i n s t a l l a t i o n  

D r  il l i n g  

12 inch  diameter  h o l e  f o r  s u r f a c e  ca s ing :  (approximately 
15 f t  @ 26 .50 l f t )  400.00 

6-114 inch  diameter  ho l e s :  (1,100 f t  average  depth  @ 1 0 . 7 5 / f t )  11,825.00 
Coring f o r  de so rp t ion  t e s t i n g  2,700.00 

Logging 

V e r t i c a l  d e v i a t i o n  survey and r i g  t i m e  

Gamma r a y ,  d e n s i t y  l o g  and r i g  time 



Ca s i n g  

8-518 inch  diameter  . su r f ace  ca s ing :  (approximately 15 f t  @ 7 . 9 0 l f t )  
4-112 inch  diameter  w e l l  cas ing ,  16-55 9.5 poundl f t  (1,100 f t  @ 

3 . 6 0 l f t )  f l o a t s h o e  and c e n t r a l i z e r s  3,960.( 

Cementing 

Cement, 15 poundlgal lon wi th  s a l t  a d d i t i v e  (1,100 f t  @ 3.30 f t )  
i nc ludes  i n s t a l l a t  ion  of ca s ing  3,630.( 

S t imula t ion  

Foam Frac (48,000 ga l lon  average volun~e,  23,000 pound 80 t o  100 
mesh sand,  42,000 pounds 20 t o  40 mesh sand) 10,690. ( 

Nitrogen f o r  Frac 3,000.( 
Frac tank  500. ( 
Rig t i m e  and l abo r  1,250.( 

Product ion  Equipment 

Walking beam pump j ack  and p o l i s h  rod 
Sucker rods ,  recondi t ioned  518 inch  (1,100 f t  @ 0.251f t )  
Tubing, used (1,100 f t  @ 0 . 8 5 l f t )  
Wellhead 
Downhole pump and i n s t a l l a t i o n  
Gas and water  meter ,  inc ludes  i n s t a l l a t i o n  

. F l a r e  s t a c k  and assembly 
Lightening 
Miscellaneous w e l l  clean-out and standby time 
Contingencies f o r  mishaps and weather 

To ta l  Cost per  Well 
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