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THE METHANE MIGRATION AND STORAGE CHARACTERISTICS 
OF THE PITTSBURGH, POCAHONTAS NO. 3, 

AND OKLAHOMA HARTSHORNE COALBEDS 

Fred N. K i s s e l l  

ABSTRACT 

Methane flows and p r e s s u r e s  were  measured i n  mines i n  t h e  P i t t s b u r g h ,  
Har t shorne ,  and Pocahontas No. 3  c o a l b e d s .  From t h e  d a t a ,  t h e  p e r m e a b i l i t y  
of each o f  t h e s e  coa lbeds  was computed. I t  was found t o  depend s t r o n g l y  on 
t h e  t y p e  o f  c o a l  and on t h e  amount of w a t e r  i n  t h e  coa lbed ,  and i t  was found 
t o  i n c r e a s e  w i t h  t ime. A l l  o f  t h e  coa lbeds  had a  h i g h - p e r m e a b i l i t y  zone 
a d j a c e n t  t o  t h e  f a c e  o r  r i b ,  and t h e  P i t t s b u r g h  bed e x h i b i t e d  d i r e c t i o n a l  
a n i s o t r o p y .  S u r p r i s i n g l y ,  l i t t l e  o r  no overburden e f f e c t  was observed.  

INTRODUCTION 

The Bureau o f  Mines has  been engaged i n  a  program of  d r i l l i n g  deep 
h o r i z o n t a l  h o l e s  i n t o  coa lbeds  from t h e  working a r e a s  of c o a l  mines ( 3 - 4 ) . 2  - - 
These h o l e s  a r e  s e a l e d  w i t h  i n f l a t a b l e  p a c k e r s ,  and t h e  p r e s s u r e  of t h e  gas  
t h a t  s e e p s  i n t o  t h e  h o l e  from t h e  c o a l  i s  measured. These p r e s s u r e s ,  i n  
c o n j u n c t i o n  w i t h  o t h e r  d a t a  from t h e  mine and t h e  l a b o r a t o r y ,  can p rov ide  
i n f o r m a t i o n  abou t  t h e  gas f low c h a r a c t e r i s  t i c s  o f  t h e  coalbed ( I ) .  

I n  t h i s  r e p o r t ,  gas  p r e s s u r e  and flow measurements from h o r i z o n t a l  
h o l e s  i n  t h e  P i t t s b u r g h ,  Har t shorne ,  and Pocahontas No. 3  coa lbeds  a r e  used 
t o  c a l c u l a t e  t h e  coa lbed  p e r m e a b i l i t y  and methane s o r p t i o n  c a p a c i t y .  These 
measurements show t h a t  t h e  p e r m e a b i l i t y  o f  a  coalbed depends g r e a t l y  on t h e  
n a t u r e  of t h e  c o a l ,  e x h i b i t s  s p a t i a l  v a r i a t i o n s  and a n i s o t r o p y ,  and e x h i b i t s  
a  remarkable  i n c r e a s e  w i t h  t i m e ,  p o s s i b l y  owing t o  l o s s  o f  w a t e r  from t h e  
coalbed.  
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GAS PRESSURE AND FLOW MEASUREMENTS 

T y p i c a l l y  i n  t h i s  s t u d y ,  a h o r i z o n t a l  h o l e  was d r i l l e d  i n t o  and perpen- 
d i c u l a r  w i t h  t h e  s o l i d  r i b  o f  a  r e t u r n  a i rway a  s h o r t  d i s t a n c e  ou tby  t h e  
working face.3 A f t e r  d r i l l i n g ,  t h i s  h o l e  was s e a l e d  w i t h  packers ;  t h e  
e q u i l i b r i u m  p r e s s u r e  t o  be measured was ach ieved  i n  a  day o r  l e s s .  Two 
methods o f  measurement used were  a s  fo l lows :  (1) The h o l e  was d r i l l e d  i n  
inc rements ,  and t h e  p r e s s u r e  a t  t h e  back o f  t h e  h o l e  was measured a t  each 
inc rement ;  ( 2 )  t h e  h o l e  was d r i l l e d  t o  comple t ion ,  t h e  packers  i n s e r t e d ,  
and p r e s s u r e s  measured s i m u l t a n e o u s l y  a t  p o i n t s  between t h e  packers .  The 
same r e s u l t s  were o b t a i n e d  u s i n g  e i t h e r  method. The gas  p r e s s u r e  curves  
shown i n  f i g u r e s  1-7 were  o b t a i n e d  from e i t h e r  method. 

Flows from some h o l e s  were  measured by a l lowing  t h e  gas  t o  b l e e d  t o  t h e  
atmosphere a f t e r  p r e s s u r e  measurement. G e n e r a l l y ,  a  s t e a d y - s t a t e  f low was 
o b t a i n e d  i n  less t h a n  1 day. Flows were o b t a i n e d  i n  one o f  two ways: 
(1 )  By opening t h e  p r e s s u r e  l i n e l e a d i n g  t o  t h e  back o f  t h e  h o l e  and measuring 
t h e  s t e a d y  flow r a t e  of methane seepage i n t o  t h e  l a s t  few f e e t  o f  open h o l e ;  
and ( 2 )  by i n s e r t i n g  a s i n g l e  packer n e a r  t h e  c o l l a r  o f  t h e  h o l e  and measur ing 
t h e  r a t e  o f  methane seepage i n t o  t h e  e n t i r e  h o l e .  

ANALYSIS OF PRESSURE CURVES 

The curves  o f  f i g u r e s  1-7  were used t o  c a l c u l a t e  t h e  p e r m e a b i l i t y  o f  t h e  
coa lbed  i n  t h e  l o c a t i o n  where t h e  h o r i z o n t a l  h o l e  was d r i l l e d .  To do t h i s ,  
i t  was assumed t h a t  methane flow o u t  o f  t h e  coa lbed  fo l lows  t h e  unsteady-  
s t a t e  Darcy e q u a t i o n  f o r  gas  f low.  It a l s o  was assumed t h a t  t h e  coa lbed  i s  
a homogeneous, s e m i - i n f i n i t e  s l a b ,  t h e  end o f  t h e  s l a b  b e i n g  t h e  c o a l  f a c e .  
Before  mining,  t h e  s l a b  i s  a t  uniform bed p r e s s u r e ,  Pse a m  , a t  t h e  t ime  of  
min ing ,  t h e  p r e s s u r e  a t  t h e  end o f  t h e  s l a b  ( f a c e )  i s  reduced t o  a tmospher ic .  
F i n a l l y ,  i t  was assumed t h a t  t h e  d e s o r p t i o n  from t h e  pore  s t r u c t u r e  o f  t h e  
c o a l  t o  t h e  coalbed f r a c t u r e s  i s  f a s t  compared w i t h  t h e  t ime r e q u i r e d  f o r  t h e  
g a s  t o  f low through t h e  f r a c t u r e s  from deep  w i t h i n  t h e  s l a b  t o  t h e  f a c e  o r  
r i b  (?>. 

The Darcy e q u a t i o n  is  

Here P i s  t h e  gas  p r e s s u r e  (a tmospheres ) ,  x i s  t h e  d i s t a n c e  i n t o  t h e  coa lbed  
from t h e  working f a c e  ( c e n t i m e t e r s ) ,  7 i s  t h e  v i s c o s i t y  o f  methane ( c e n t i -  
p o i s e s ) ,  K i s  t h e  p e r m e a b i l i t y  o f  t h e  c o a l  ( d a r c y ) ,  S i s  t h e  s o r p t i o n  c a p a c i t y  

o f  t h e  c o a l  r volume adsorbed per  a tmosphere  ] , and t i s  t ime ( seconds) .  
volume of c o a l  

3 ~ 1 1  t h e  mines s t u d i e d  were  be ing  worked by t h e  advancing room-and-p i l l a r  
sys tem of  mining i n  t h e  s e c t i o n s  where measurements were  made. 
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- 

0 10 2 0  3 0  40 5 0  60 70 80 90 
DEPTH OF HOLE, f t  

FIGURE 1. - Pressure Curves From the Pit tsburgh Coalbed, Federal No.2 Mine, Holes 1 and 2. 
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FIGURE 6. - Pressure Curves From the Hartshorne Coalbed, Howe No. 1 Mine, 

Holes 10 and 11. 
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This  e q u a t i o n  has  no e x a c t  s o l u t i o n ,  b u t  an approximate  s o l u t i o n  i s  (6 )  - 

P2 ( x , t )  - p2 
s e a m  

1 
= e r f c  - 

"atm - p2 s e am 
2t: ' 

where e r f c  i s  t h e  complementary e r r o r  f u n c t i o n  and e r f c  = 1 minus t h e  proba- 
b i l i t y  i n t e g r a l .  Values o f  t h e  p r o b a b i l i t y  i n t e g r a l  may be o b t a i n e d  from 

tm PK s t a n d a r d  t a b l e s .  Here t, i s  e q u a l  t o  d imens ion less  t ime = - , P ( x , t )  i s  
U 

nx2 s 
t h e  p r e s s u r e  i n  t h e  c o a l b e d  a t  p o i n t  x  and t ime t ,  Ps a m  

i s  t h e  gas p r e s s u r e  
i n  t h e  u n d i s t u r b e d  c o a l b e d ,  - P a t m  i s  a tmospher ic  p r e s s u r e ,  tm i s  t h e  e l a p s e d  
t ime s i n c e  min ing ,  and P  i s  t h e  average  p r e s s u r e  a t  x. The r a t i o  K/S o r  

p e r m e a b i l i t y  ] i s  o b t a i n e d  by f i t t i n g  t h e  b e s t  t h e o r e t i c a l  e r r o r  f u n c t i o n  
s o r p t i o n  c a p a c i t y  

curve  t o  t h e  e x p e r i m e n t a l l y  measured p r e s s u r e .  Tab le  1 g i v e s  t h e  K/S v a l u e s  
o b t a i n e d  from each h o l e ,  t o g e t h e r  w i t h  K / s  v a l u e s  c a l c u l a t e d  from a  number of 
pub l i shed  p r e s s u r e  curves  ( 2 ,  - 2). 
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THE CRUSHED ZONE 

It  h a s  been shown (1) t h a t  no s i m p l e  t h e o r e t i c a l  c u r v e  can be f i t t e d  t o  
t h e  e x p e r i m e n t a l  p r e s s u r e  c u r v e  u n l e s s  t h e  "crushed zone" i s  t aken  i n t o  
accoun t .  The c rushed  zone i s  a  r e g i o n  of  h i g h  p e r m e a b i l i t y  i n  the  coa lbed  
a d j a c e n t  t o  t h e  f a c e  and r i b  and i s  p robab ly  s i m i l a r  t o  t h e  r e l a x e d  zone 
around a  longwal l  f a c e .  Presumably,  i t  forms because  c o a l  i n  t h i s  r e g i o n  
i s  unab le  t o  w i t h s t a n d  t h e  compress ive  l o a d  o f  t h e  overburden.  P a r t i a l  
c r u s h i n g  g r e a t l y  i n c r e a s e s  t h e  p e r m e a b i l i t y  of  t h e  r e g i o n  s o  t h a t  gas  emerging 
from t h e  i n t a c t  coa lbed  behind t h e  zone f lows e a s i l y  t o  t h e  f a c e  o r  r i b .  The 
t h i c k n e s s  o f  t h e  c rushed  zone i s  c a l c u l a t e d  by f i t t i n g  t h e  b e s t  t h e o r e t i c a l  
c u r v e  t o  t h e  p r e s s u r e  g r a d i e n t  and e x t r a p o l a t i n g  t h e  t h e o r e t i c a l  c u r v e  
t o  ze ro  gage p r e s s u r e  ( I ) .  The d i s t a n c e  from t h e  f a c e  t o  t h i s  ze ro  p r e s s u r e  
p o i n t  i s  t h e  c rushed  zone t h i c k n e s s  ( f i g .  1 ) .  

The c a l c u l a t e d  c rushed  zone t h i c k n e s s  f o r  f i g u r e s  1-7  a r e  shown i n  
t a b l e  1.4 A c rushed-zone  t h i c k n e s s  from a  p rev ious  r e p o r t  a l s o  i s  i n c l u d e d  
(2) .  These zones ranged i n  t h i c k n e s s  from 1 . 6  t o  20 f e e t  and averaged about  
1 0  f e e t .  Hargraves  (5) has  pub l i shed  gas  p r e s s u r e  d a t a  f o r  a  number of  
A u s t r a l i a n  mines.  1 f  t h e  c u r v e s  from t h i s  d a t a  a r e  e x t r a p o l a t e d  t o  z e r o  
gage p r e s s u r e  most o f  them a l s o  y i e l d  a  c rushed  zone t h i c k n e s s  o f  abou t  
10  f e e t .  

It migh t  be expec ted  t h a t  a  rough c o r r e l a t i o n  e x i s t s  between t h e  t h i c k -  
n e s s  o f  t h e  c rushed  r e g i o n  and t h e  amountof  overburden a s  shown i n  t a b l e  1, 
b u t  t h i s  does  n o t  seem t o  be t h e  c a s e .  I n  p a r t ,  t h i s  l a c k  of  c o r r e l a t i o n  i s  
probably  because  s h a l l o w  mines have p i l l a r t s  and s u p p o r t i n g  members o f  s m a l l e r  
d imensions .  R e g a r d l e s s ,  a  h i g h - p e r m e a b i l i t y  zone i n  t h e  c o a l  a d j a c e n t  t o  t h e  
f a c e  and r i b  seems t o  be a  f e a t u r e  common t o  a l l  t h e  mines even though t h e  
roof  was n o t  be ing  caved.  

I t  shou ld  be ment ioned t h a t  p r e s s u r e  curves  do n o t  p rov ide  t h e  s o l e  
e v i d e n c e  f o r  t h i s  h i g h - p e r m e a b i l i t y  zone. Parsons  (11) h a s  measured d i l a t i o n s  
o f  p i l l a r s  i n  t h e  P i t t s b u r g h  coa lbed  and has  found d i f f e r e n t i a l  d i l a t i o n s  up  
t o  a  dep th  o f  1 5  f e e t  i n  p i l l a r s .  

F i t t i n g  t h e  t h e o r e t i c a l  e r r o r  f u n c t i o n  c u r v e  t o  t h e  e x p e r i m e n t a l  p r e s s u r e  

c u r v e  o n l y  y i e l d s  t h e  r a t i o  K/S i p e r m e a b i l i t y  ] . Other  methods must be 
s o r p t i o n  c a p a c i t y  

used  t o  o b t a i n  K o r  S  independen t ly .  K can  be  e s t i m a t e d  i f  bo th  t h e  p r e s s u r e  
d a t a  from a  h o l e  and t h e  methane f low from t h e  f a c e  o r  r i b  r e g i o n  s u r r o u n d i n g  
t h e  h o l e  a r e  known (1). F i r s t ,  t h e  p r e s s u r e  c u r v e  i s  f i t t e d  t o  t h e  b e s t  
t h e o r e t i c a l  c u r v e ,  and t h e  c rushed  zone t h i c k n e s s  i s  o b t a i n e d .  Then, t h e  
t h e o r e t i c a l  c u r v e  i s  d i f f e r e n t i a t e d ,  and t h e  s l o p e  a t  z e r o  gage p r e s s u r e  i s  
c a l c u l a t e d .  Th i s  s l o p e  and t h e  f a c e  o r  r i b  f low a r e  i n s e r t e d  i n t o  t h e  s t e a d y -  
s t a t e  Darcy e q u a t i o n  ( 6 - 7 ) ,  and K i s  o b t a i n e d .  - --  
4Some o f  t h e  p r e s s u r e  c u r v e s ,  such  a s  Howe mine h o l e  11 i n  f i g u r e  6 ,  do n o t  

have p o i n t s  c l o s e  enough t o  t h e  f a c e  t o  w a r r a n t  e x t r a p o l a t i o n .  



For i n s t a n c e ,  when Federal  mine ho le  No. 4  was d r i l l e d  i n t o  the  r i b ,  a  
c a r e f u l  methane survey was made i n  the  airway ad jacent  t o  t h e  r i b .  Methanom- 
e t e r  readings were taken 150 f e e t  upstream and downstream of t h e  ho le .  
Assuming t h a t  a l l  of t he  methane comes from the  r i b ,  i t  was es t imated  t h a t  
t h e  average square  f o o t  of r i b  was e m i t t i n g  7.7 cubic  f e e t  o f  methane per day. 
A permeabi l i ty  of  33 mi l l i da rcys  was ca l cu la t ed  from t h i s .  Table 1 shows 
200 mi l l i da rcys  f o r  K/S of hole  4 ,  and s o  S i s  0.165. This i s  much lower 
than t h e  0.56 repor ted  (1) f o r  +he Pocahontas No. 3 coalbed. Some of t h i s  
decrease  i s  t o  be expected, f o r  l abo ra to ry  s o r p t i o n  experiments on dry coa l  
powders conducted a t  t h e  Bureau of Mines show t h a t  t h e  s o r p t i o n  capac i ty  of 
t he  P i t t sbu rgh  coa l  is  about t h ree -qua r t e r s  t h a t  of t h e  Pocahontas No. 3 coa l .  
However, the  main reason t h a t  S i s  low f o r  the  P i t t sburgh  coalbed i s  t h a t  t h e  
assumption of f a s t  desorp t ion  is no t  a  good one i n  t h i s  ca se  because of  t he  
n a t u r e  of t h e  coa l .  (See appendix.) Methane emission d a t a  have been obta ined  
from r i b s  i n  t he  Howe No. 1 mine (Hartshorne coa lbed) ,  but  t h e  emission l e v e l  
was too low f o r  accu ra t e  eva lua t ion .  The Hartshorne coa l  i s  s i m i l a r  petro-  
g raph ica l ly  t o  the  Pocahontas No. 3 coa l ,  and T. C. Ruppels has found t h a t  
t he  equi l ibr ium adsorp t ion  isotherms a r e  about t h e  same. So, t h e  i n - s i t u  
s o r p t i o n  may be assumed t o  be about 0.5. 

Table 1 gives va lues  of permeabi l i ty  f o r  the  r e s t  o f  t h e  l o c a t i o n s ,  
assuming t h a t  S  i s  0.56, 0.165, and 0.5, f o r  t h e  Pocahontas No. 3 ,  Pi t t sbu rgh ,  
and Hartshorne c o a l s ,  r e spec t ive ly .  This t a b l e  shows t h a t  permeabil i ty  v a r i e s  
wi th  t h e  age of t h e  a r e a  i n  which the  ho le  was d r i l l e d  ( t h e  e lapsed  time s i n c e  
mining a t  t h a t  po in t  ceased) ,  wi th  t he  type of coa l ;  and i n  t he  Federal  No. 2 
mine, w i t h  t h e  d i r e c t i o n  of  t he  hole .  

INCREASE I N  PERMEABILITY WITH TIME 

The most no tab le  f e a t u r e  i n  t a b l e  1 i s  a  s u b s t a n t i a l  i nc rease  i n  perme- 
a b i l i t y  a s  t h e  age of t he  reg ion  around t h e  h o r i z o n t a l  t e s t  ho le  i nc reases .  
For i n s t a n c e ,  i n  the  Federal  No. 2 mine, ho les  1 and 2 were d r i l l e d  i n  the  
same r e t u r n  airway. Hole 1 was 800 f e e t  outby t h e  working f ace ,  and t h e  f ace  
was a t  t h i s  point  75 days e a r l i e r .  Hole 2 was about 50 f e e t  outby the  f a c e ,  
and the  f ace  was a t  t h i s  l o c a t i o n  18 days e a r l i e r .  The permeabi l i ty  of t h e  
coalbed a t  ho le  1 i s  more than 10 times g r e a t e r  than a t  ho le  2. The same 
e f f e c t  i s  i l l u s t r a t e d  by ho le  5  i n  the  Federal  mine; by holes  10 and 11 i n  
the  Howe mine, by holes  1, 2 ,  and 3 i n  t he  Bea t r i ce  mine, and by holes  1 
and 4  i n  t h e  Kepler mine. A l l  t h r e e  coalbeds show the  e f f e c t .  

The reason f o r  t h i s  i nc rease  i n  permeabil i ty  wi th  time i s  not  e n t i r e l y  
c l e a r .  Severa l  p o s s i b i l i t i e s  a r e  considered i n  t h e  appendix. These inc lude  
i n c o r r e c t  e s t ima t ion  of bed pressures ,  problems a s soc i a t ed  wi th  the  assump- 
t i o n  t h a t  t h e  coalbed a t  any given l o c a t i o n  begins t o  d r a i n  when t h a t  l o c a t i o n  
i s  mined, poss ib le  i n c o r r e c t  pressures  a t  long times owing t o  a  de lay  i n  
micropore deso rp t ion ,  and an assumption of cons tan t  s o r p t i o n  capac i ty .  
However, t h e  v a r i a t i o n  i n  permeabi l i ty  appears too l a r g e  t o  be accounted 
f o r  by any of these .  

5Research chemist,  P i t t sbu rgh  Energy Research Center.  



The boreho le  gas-f low d a t a  shown i n  t a b l e  2  p rov ides  evidence t h a t  t h i s  
i n c r e a s e  i n  p e r m e a b i l i t y  i s  r e a l  and n o t  t h e  r e s u l t  o f  t h e  assumptions  made i n  
a p p l y i n g  t h e  u n s t e a d y - s t a t e  Darcy e q u a t i o n .  I t  i s  known t h a t  a s  methane seeps  
o u t  o f  t h e  coa lbed  i n t o  t h e  mine,  t h e  gas  p r e s s u r e  i n  t h e  coalbed f a l l s .  I f  
t h e  coa lbed  p e r m e a b i l i t y  were c o n s t a n t ,  a  d e c r e a s e  i n  gas  p r e s s u r e  would lower 
t h e  r a t e  of emiss ion  from t h e  h o r i z o n t a l  t e s t  h o l e s ,  b u t  t h i s  never  happened. 
For example, F e d e r a l  h o l e  5 ,  which was i n  an a r e a  30 months o l d ,  had 4  p s i g  
a t  t h e  back o f  t h e  h o l e ;  whereas h o l e  4  i n  an a r e a  2  months o l d  had 21 p s i g .  
A c o n s t a n t  p e r m e a b i l i t y  would i n d i c a t e  a  much h i g h e r  flow from h o l e  4 ,  bu t  a s  
t a b l e  2  shows, t h e  f low r a t e s  were about  t h e  same. S i n c e  t h e  f low r a t e  
c o r r e c t e d  f o r  p r e s s u r e  and depth6 i s  roughly  p r o p o r t i o n a l  t o  p e r m e a b i l i t y ,  
t h e  p e r m e a b i l i t y  of t h e  coa lbed  n e a r  h o l e  5  appears  t o  be c o n s i d e r a b l y  l a r g e r  
t h a n  t h a t  o f  t h e  coa lbed  n e a r  h o l e  4 .  E x a c t l y  t h e  same e f f e c t  i s  shown f o r  
h o l e s  1 and 2  o f  t h e  B e a t r i c e  mine,  h o l e s  1 and 4 o f  t h e  Kepler  mine,  and i t  
appears  a l s o  t o  a  much l e s s e r  degree  a t  h o l e s  10 and 11 o f  t h e  Howe mine. 
Always, an  i n c r e a s e  i n  t h e  age of an  a r e a  caused an i n c r e a s e  i n  p e r m e a b i l i t y O 7  
The r e s u l t  o f  t h i s  e f g e c t  i s  t h a t  h o l e s  d r i l l e d  i n t o  o l d e r ,  low-pressure  a r e a s  
o f t e n  seem t o  y i e l d  a s  much gas  a s  h o l e s  d r i l l e d  i n t o  f r e s h l y  mined a r e a s .  
Gas y i e l d  performance i s  o f  c r i t i c a l  importance i n  coa lbed  d e g a s i f i c a t i o n .  

A more c r i t i c a l  t e s t ,  e s p e c i a l l y  w i t h  r e g a r d  t o  d e g a s i f i c a t i o n ,  would be 
t o  measure t h e  flow from a  s i n g l e  h o l e  over  a  long t ime  per iod  r a t h e r  t h a n  
measure f lows from h o l e s  i n  d i f f e r e n t  age a r e a s ,  a s  i s  done i n  t a b l e  2. The 
Bureau o f  Mines has  r e c e n t l y  d r i l l e d  a  400-foot  h o l e  i n  a  f r e s h l y  mined a r e a  
o f  t h e  F e d e r a l  No. 2  mine. The i n i t i a l  gas f low of 100,000 c u b i c  f e e t  pe r  
day con t inued  v i r t u a l l y  unaba ted  f o r  2  months. 

At l e a s t  one o t h e r  i n v e s t i g a t o r  h a s  observed a  s i m i l a r  i n c r e a s e  i n  
p e r m e a b i l i t y .  S t e w a r t  ( 1 4 ) ,  - i n  a  s t u d y  o f  A u s t r a l i a n  c o a l b e d s ,  measured 
inc rementa l  f lows from a  boreho le  i n  a  manner s i m i l a r  t o  t h a t  used t o  o b t a i n  
t h e  d a t a  of f i g u r e  8. He observed  a  peak i n  t h e  f low,  whereas i n  f i g u r e  8 
t h e  flow i n c r e a s e s  smoothly  w i t h  dep th .  I n  30 days t h i s  peak moved inward 
from a  dep th  o f  6 f e e t  t o  about  21 f e e t .  S t e w a r t  a t t r i b u t e d  t h i s  change i n  
p e r m e a b i l i t y  t o  " d e s t r e s s i n g , "  a  r e d u c t i o n  i n  s t r e s s  w i t h  r e l a x a t i o n  a long  
c l e a t  and bedding p l a n e s .  This  e x p l a n a t i o n  might be v a l i d  f o r  r e g i o n s c l o s e  
t o  t h e  f a c e  such a s  S t e w a r t  observed.  (The crushed zone i s  probably  such a  
d e s t r e s s e d  r e g i o n . )  However, h o l e  2  i n  t h e  B e a t r i c e  mine (which e x h i b i t s  a  
v a s t l y  i n c r e a s e d  p e r m e a b i l i t y  compared w i t h  h o l e  1 )  was 250 f e e t  deep,  and 
i t  seems u n l i k e l y  t h a t  any s t r e s s  removal would extend t o  t h i s  d e p t h .  I t  i s  
s i g n i f i c a n t  t h a t  t h e  c rushed  zone (which has  been c r e a t e d  by s t r e s s  e f f e c t s )  
i s  no t h i c k e r  i n  o l d e r  r e g i o n s  ( t a b l e  1 ) .  

flow 
6 ~ h o w n  i n  t a b l e  2  a s  

A 
[ p r e s s u r e  x d e p t h ] '  O r  [B x depth]'  

? S i n c e  o t h e r  f a c t o r s  a f f e c t  p e r m e a b i l i t y ,  th .ere  appear  t o  be some e x c e p t i o n s ,  
which w i l l  be d i s c u s s e d  l a t e r .  



TA
B

LE
 

2.
 

- 
M

et
h

an
e 

fl
o

w
 d

a
ta

 

D
ep

th
, 

f
t

 

1
1

3
 

1
0

0
 

1
0

0
 

3
 0

 
39

 
9 

3
 

6
8

 
32

 
1

1
3

 

1
0

0
 

(a
%

>
 

1
0

0
 

5
 5

 
1

0
0

 

C
o

al
b

ed
 

P
it

ts
b

u
rg

h
 ..

..
..
. 

H
a

rt
sh

o
rn

e
..

 . .
 . . .

 

P
o

ca
h

o
n

ta
s 

N
o.

 
3

. 

P
o

ca
h

o
n

ta
s 

N
o.

 
3.

 

H
o

le
 

N
o.

 

3
 

4
 5
 

4
 5
 

8
 9
 

1
0

 
1
1
 1
 

2
 

1
 

4
 

M
in

e 

F
e

d
e

ra
l 

N
o.

 
2.

. 
..

 

H
ow

e 
N

o.
 

1
..

 . . 
. . .

 

B
e

a
tr

ic
e

 ..
..

..
..

. 

K
ep

le
r 
..

..
..

..
..

. 

A
 

F
lo

w
 

fr
o

m
 

e
n

ti
re

 
h

o
le

, 
cu

 
f

t
 p

er
 

d
ay

 

1
0

,0
0

0
 

1
7

,0
0

0
 

1
8

,2
0

0
 

- - - - 2
,2

2
0

 
6

,6
2

0
 

5
,0

0
0

 
(a

%
>

 
7

,5
0

0
 

60
0 

1
,2

5
0

 

T
im

e 
si

n
c

e
 

m
in

in
g

, 
d

ay
s 

1
5

 
6

 0
 

91
2 9 
1
 

9
 1

 
4

 8
 

4
 8

 
1

4
3

 
4

0
 

1
5

 

3
 0

 

1
0

 
1

2
0

 

B 

P
re

ss
u

re
 

a
t 

en
d

 
o

f 
h

o
le

, 
p

si
g

 

2
 7 

2
 1
 

4
 

1
7

 
1

6
.5

 
5

 1
 

4
 8

 
5 

0
 

1
4

0
 

6
5

0
 

36
0 

1
2

4
 

5
 0

 

C 
F

lo
w

 
fr

o
m

 
la

s
t 

fo
o

t 
a

t
 e

n
d

 o
f 

h
o

le
, 

cu
 

f
t

 p
er

 
d

ay
 

1
5

5
 

8
3

3
 

- 1
0

 
? U

 
3

.3
 

20
 

- 
5

 88
 

- - - - 

A
 

B
 

x 
d

ep
th

 

3
.3

 
8

.1
 

4
5

.5
 

- - - - .5
4

 
.4

2
 

.0
8

 

.2
1

 

.0
9

 
.2

5
 

-
 

C
 B
 5
.7

 
3

9
.6

 
- .5

9
 

1
.2

 
.0

6
 

.4
2

 
- 

4
.2

 

- - - - 



FIGURE 8. - Federal  No. 2 Mine, Steady-State F l ow  From 6-Foot  Increments of Open Hole. 
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POSSIBLE REASONS FOR PERMEABILITY INCREASE 
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Pre sen t  ev idence  sugges t s  t h a t  t h e  i n c r e a s e  i n  pe rmeab i l i t y  i s  due t o  a  
l o s s  of  wa t e r  from t h e  coa lbed  r a t h e r  t han  a  r educ t i on  i n  s t r e s s .  D r i l l  crews 
f r e q u e n t l y  have n o t i c e d  t h a t  h o l e s  d r i l l e d  i n t o  f r e s h l y  mined f ace s  and r i b s  
emit  much more wa t e r  t han  t hose  d r i l l e d  i n  f a ce s  o r  r i b s  mined months e a r l i e r .  
From n a t u r a l  gas  r e s e r v o i r  s t u d i e s  (k), i t  i s  known t h a t  t h e  amount of wa t e r  
i n  t h e  r e s e r v o i r  rock s t r o n g l y  a f f e c t s  t h e  pe rmeab i l i t y  t o  ga s ;  more wa t e r  
r e s u l t s  i n  l e s s  gas  permeabi l i ty .  I f  a  f r e s h l y  mined a r e a  of a  coalbed 
c o n t a i n s  w a t e r ,  i t s  pe rmeab i l i t y  t o  gas i s  r e l a t i v e l y  low. However, a s  t h e  
wa t e r  and gas d r a i n  i n t o  t h e  mine, t h e  wa t e r  con t en t  of  t h e  coalbed i s  reduced, 
and t h e  gas  pe rmeab i l i t y  i n c r e a s e s .  

DEPTH OF HOLE, ft 

Aside from c a s u a l  o b s e r v a t i o n ,  t h e  on ly  f i rm  evidence f o r  t h i s  a s  y e t  i s  
from borehole  wate r f lows .  Some borehole  gas and wate r f low d a t a  were ob ta ined  
by t h e  Bureau of Mines du r ing  a  r e c e n t  experiment a t  t h e  B e a t r i c e  mine. I n  
an a t t emp t  t o  d r a i n  methane from t h e  coalbed ahead of t h e  working f a c e ,  
s e v e r a l  h o l e s  were d r i l l e d  ahead of  t h e  f a c e .  One of  t h e s e  emi t t ed  7 ,260cub i c  
f e e t  o f  gas  per day and 3  g a l l o n s  of  wa t e r  per  hour  (per  100 f e e t  of  h o l e )  on 
t h e  second,  t h i r d ,  and f o u r t h  days a f t e r  d r i l l i n g .  However, on t h e  s i x t h  day, 
t h e  wate r f low dropped t o  2 g a l l o n s  per hour  and t h e  gas flow inc r ea sed  t o  
7,960 cub i c  f e e t  per  day. This  was i n  a  f r e s h l y  mined a r e a .  L a t e r ,  i n  t h e  
same mine, a  100-foot  h o l e  was d r i l l e d  i n t o  an a r e a  mined 30 days e a r l i e r  
(shown a s  B e a t r i c e  h o l e  2 i n  t a b l e s  1 and 2 ) .  The waterf low was 0.2 g a l l o n  



per hou r ,  bu t  t he  gas flow was about t h e  same (7 ,500 cub ic  f e e t  per day, 
t a b l e  2 )  a s  from t h e  h o l e  i n  t h e  f r e s h l y  mined a r e a ,  even though t h e  p r e s su re  
was about  h a l f  t h a t  of  t h e  f r e s h l y  mined a r ea .  

More d a t a  on waterf lows f romboreholes  a r e  r equ i r ed  t o  e s t a b l i s h  how much 
v a r i a t i o n  i n  pe rmeab i l i t y  i s  caused by l o s s  o f  wa t e r .  I t  i s  l i k e l y  t h a t  t he  
t o t a l  q u a n t i t y  of wa t e r  involved i s  much l e s s  than  t h a t  of  a  n a t u r a l  gas 
r e s e r v o i r ;  t he  f r a c t u r e  p o r o s i t y  of  coa l  has  been e s t ima t ed  a t  l e s s  than 
1 pe rcen t .  Most, i f  no t  a l l ,  of t h e  wate r  r e ach ing  t he  f a c e  evapora tes  a s  
soon a s  i t  exudes from t h e  coa lbed ;  t h i s  may be why on ly  one of  t h e  t h r e e  
mines i n v e s t i g a t e d  had puddles of  seepage wate r  on t h e  mine f l o o r .  

Another f a c t o r  c o n t r i b u t i n g  t o  t h e  permeabi l i ty  i n c r e a s e  may be c o a l  
sh r i nkage .  This  was f i r s t  sugges ted  by Briggs ( 1 ) .  Moffat and Weale (10) - 
found t h a t  coa l  expands a s  methane i s  adsorbed and s h r i n k s  a s  i t  i s  desorbed. 
I f  t h e  p r e s su re  i s  reduced from 40 atmospheres t o  z e r o ,  t h e  bulk sh r i nkage  i s  
about  0 . 1  pe r cen t .  Rare ly  does t h e  p r e s su re  i n  coalbeds  f a l l  q u i t e  t h i s  
much, bu t  even w i th  lower p r e s su re s  such an e f f e c t  may be g r e a t  enough t o  
open up c racks  i n  t h e  coa lbed .  

I t  has been sugges ted  (13) t h a t  t h e  ad j acen t  s t r a t a  w i l l  have an e f f e c t  
on t h e  p r e s su re  g r a d i e n t ;  t h e n o t i o n  being t h a t  t h e  gas from t h e  coalbed 
may l e a k  through t h e  ad j acen t  s t r a t a  t o  t h e  mine,  thus  s h o r t - c i r c u i t i n g  t h e  
coalbed.  The roof  and f l o o r  i n  a  mine w i l l  converge w i t h  t ime;  t h i s  i s  l i k e l y  
t o  open c racks  i n  t h e  roof and f l o o r  s t r a t a .  Given t he  way t he  a n a l y s i s  was 
done i n  t h i s  r e p o r t ,  such an opening of c racks  would be i n t e r p r e t e d  as  a  
pe rmeab i l i t y  i n c r e a s e .  However, r e s u l t s  from the  h o r i z o n t a l  boreholes  
i n d i c a t e  t h e  pe rmeab i l i t y  i n c r e a s e  i s  r e a l ;  t h e r e  i s  no o t h e r  way t o  e x p l a i n  
t h e  h igh  flow r a t e s  from low-pressure  ho l e s  i n  o l d e r  a r e a s .  

PERMEABILITY OF DIFFERENT COALBEDS AND EFFECT OF OVERBURDEN 

I f  t h e  time e f f e c t  i s  taken i n t o  account ,  i t  i s  apparen t  from t a b l e  1 
t h a t  t h e  P i t t s b u r g h  coalbed i s  much more permeable than  e i t h e r  t h e  Har t shorze  
o r  Pocahontas No. 3  coa lbeds .  This  d i f f e r e n c e  i n  pe rmeab i l i t y  a l s o  i s  
r e f l e c t e d  i n  t he  gas-emiss ion r a t e s  from t h e  h o r i z o n t a l  ho l e s  ( t a b l e  2 ) .  
The gas-emiss ion r a t e ,  c o r r e c t e d  f o r  d i f f e r e n c e s  i n  p r e s su re  and dep th  

flow ] , i s  much h ighe r  f o r  t h e  P i t t s b u r g h  coalbed than  f o r  
[ p r e s su re  x depth  

t h e  o t h e r s .  

The pe rmeab i l i t y  o f  coa l  measured i n  t h e  l a b o r a t o r y  g r e a t l y  depends on 
t h e  degree  t o  which t h e  sample i s  compressed (c), thus  an i n v e r s e  r e l a t i o n -  
s h i p  might be expected between coalbed pe rmeab i l i t y  and overburden depth.  
No such r e l a t i o n s h i p  i s  i n d i c a t e d  i n  t a b l e  1. The deepes t  coa lbed ,  Pocahontas 
No. 3 ,  has  a  low pe rmeab i l i t y ,  which i s  expected.  However, t h e  pe rmeab i l i t y  
o f  t h e  Hartshorne coa lbed ,  which has  t h e  l e a s t  cover ,  i s  j u s t  a s  low. More- 
o v e r ,  h o l e s  10 and 11 i n  t he  Howe No. 1 mine were d r i l l e d  i n  an a r e a  of t h e  
mine where t h e  cover was 700 f e e t  t h i c k .  No obvious v a r i a t i o n  i n  pe rmeab i l i t y  
e x i s t s  between t h e s e  ho l e s  and o t h e r s  i n  t h e  same mine t h a t  were  d r i l l e d  where 
t h e  overburden was o n l y  285 f e e t .  The on ly  evidence f o r  an overburden e f f e c t  



i n  t a b l e  1 i s  t he  0.56 m i l l i d a r c y  permeabil i ty  given fo r  Kepler mine hole 1 
which may be compared wi th  0.32 fo r  Bea t r i ce  mine hole 1. The d i f f e rence  i n  
overburden i s  s u b s t a n t i a l  (680 f e e t  compared wi th  2,000 f e e t ) ,  but these 
r ep resen t  r e l a t i v e l y  high overburden pressures .  Patching (12) - has shown t h a t  
by f a r  t he  g r e a t e s t  permeabil i ty  changes ti2ke place below compressive s t r e s s e s  
of 500 ps i .  

The na tu re  of the  coal  may a f f e c t  permeabil i ty  more than overburden 
depth.  Both the  Pocahontas No. 3  and Hartshorne coa ls  a r e  f r i a b l e ,  low- 
v o l a t i l e ,  h igh ly  f r ac tu red  coa l s ,  whereas the  P i t t sburgh  coal  i s  hard and 
blocky with f a r  fewer (but  more prominent) f r a c t u r e s .  S t i l l  another f a c t o r  
may be the  amount of water  i n  the  coalbed. The only conclusion t o  be drawn 
i s  t h a t  permeabil i ty  appears t o  be a f f e c t e d  by the na tu re  of t he  coa l  and 
o the r  f a c t o r s  more than by overburden depth. 

ANISOTROPY I N  PEliMEABILITY 

Permeabil i ty  can be expected t o  have d i r e c t i o n a l  an iso t ropy i n  coalbeds 
t h a t  have pronounced face  c l e a t  and bu t t  c l e a t  c h a r a c t e r i s t i c s .  The perme- 
a b i l i t y  should be g r e a t e s t  i n  the  d i r e c t i o n  of t he  su r face  of t he  f ace ,  or 
major,  c l e a t .  The face  c l e a t  i s  a  continuous j o i n t  su r face  t h a t  c rosses  
bedding planes i n  the  coa l  and extends f o r  many f e e t .  On the  o the r  hand, 
t he  b u t t  c l e a t  i s  a  s h o r t ,  discontinuous j o i n t  sur face  t h a t  o f t e n  terminates  
aga ins t  a  face c l e a t .  The su r face  of t he  b u t t  c l e a t  o f t e n  is curved, and the  
b u t t  c l e a t  occurs  l e s s  f r equen t ly  than the  face  c l e a t .  I t  follows t h a t  
regions of t he  coalbed drained pr imar i ly  by f ace  c l e a t s  w i l l  be drained of 
gas more e a s i l y  and w i l l ,  t h e r e f o r e ,  e x h i b i t  lower pressures than those 
regions drained by bu t t  c l e a t s  (given equal drainage t imes) .  The permea- 
b i l i t y  values l i s t e d  i n  t a b l e  1 a r e  simply ca l cu la t ed  using the  hole  pressure 
( the  pressure  cu rve ) ;  t he  lower the  hole  pressure ,  t he  higher  the  ca l cu la t ed  
permeabil i ty .  

Of the  t h r e e  coalbeds l i s t e d  i n  t a b l e s  1 and 2 ,  t he  P i t t sburgh  bed i s  
t h e  only one wi th  pronounced face  c l e a t  anti b u t t  c l e a t  development. The 
f ace ,  or  major,  c l e a t  d i r e c t i o n  i s  roughly eas t -wes t ,  whereas the  b u t t  c l e a t s  
trend8 nor th-south .  Hole 3  was the  only  hole d r i l l e d  p a r a l l e l  t o  the face 
c l e a t  d i r e c t i o n  i n t o  a  reg ion  drained by t h e  face  c l e a t s ,  and should give 
the  g r e a t e s t  permeabil i ty  ( f i g .  9 and t a b l e  1 ) .  The e f f e c t  i s  obscured 
somewhat by t h e  apparent i nc rease  of permeabil i ty  wi th  time, but i t  i s  
c l e a r  t h a t  t he  r e l a t i v e l y  high va lue  of 82.5 mi l l i da rcys  l i s t e d  f o r  hole  3  
i s  not  t he  r e s u l t  of d r i l l i n g  i n t o  an o ld  region. 

The gas flow da ta  from Federal  mine holes  3  and 4 give  add i t iona l  
evidence fo r  a  permeabil i ty  anisotropy.  Hole 4 was d r i l l e d  p a r a l l e l  t o  the  
bu t t  c l e a t  d i r e c t i o n  i n t o  a  region drained by b u t t  c l e a t s ;  t he re fo re ,  t he  
permeabil i ty  ca l cu la t ed  from t h e  pressure curve (33 mi l l i da rcys )  i s  lower 

B ~ a r s o n s  (2) has measured the  l a t e r a l  compressive s t r e s s e s  i n  s t r a t a  adjacent  
t o  t h e  P i t t sburgh  coalbed and has found t h a t  the major l a t e r a l  s t r e s s  i s  
i n  an east-west  d i r e c t i o n .  Thus the  but:t c l e a t s  a r e  squeezed more 
t i g h t l y ,  and t h e  permeabil i ty  d i f f e rence  i s  even more enhanced. 
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FIGURE 9. - A Mine Entry in a Coalbed With Pronounced Face Cleat and Butt Cleat 
Development. 
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r e a s o n  f o r  t h i s  unusual  e f f e c t  i s  t h a t  t h e  hiole p r e s s u r e s  a r e  c o n t r o l l e d  by 
t h e  p e r m e a b i l i t y  p a r a l l e l  t o  t h e  h o l e ,  and t h e r e f o r e  t h e  33 m i l l i d a r c y s  from 
h o l e  4  i s  a  b u t t  c l e a t  p e r m e a b i l i t y .  However, t h e  f a c t o r  governing t h e  
boreho le  f low r a t e  i s  t h e  p e r m e a b i l i t y  of t h ~ e  c racks  t h e  h o l e  i n t e r s e c t s ,  and 
n o t  t h e  p e r m e a b i l i t y  p a r a l l e l  t o  t h e  h o l e .  Hole 4  i n t e r s e c t s  t h e  f a c e  c l e a t s ,  
whereas h o l e  3  i n t e r s e c t s  b u t t  c l e a t s .  It fo l lows  t h a t  h o l e  4  i n t e r s e c t s  more 
permeable c r a c k s  t h a n  does h o l e  3 ,  and t h a t  t h e  f low from h o l e  4  shou ld  be 
g r e a t e r  t h a n  from h o l e  3  over  and above what: would be expected from d i f f e r e n c e s  
i n  p r e s s u r e  and d e p t h .  Table  2  conf i rms  t h i s .  

I f  h o l e s  g i v e  d i f f e r e n t  f low r a t e s  f o r  d i f f e r e n t  d i r e c t i o n s ,  t h e  same 
might  be expec ted  f o r  t h e  mine e n t r i e s .  The Bureau o f  Mines r e c e n t l y  d i d  a  
c a r e f u l  methane survey  i n  c o n j u n c t i o n  w i t h  w a t e r - i n f u s i o n  experiment i n  t h e  
No. 2  wes t  mains o f  t h e  F e d e r a l  No. 2  mine. It was found t h a t  i n  t h i s  l o c a -  
t i o n  t h e  methane emiss ion  from t h e  s o l i d  r i b  was f a r  g r e a t e r  t h a n  t h e  emiss ion 
from t h e  working f a c e  ( t h e  s e c t i o n  was i d l e  a t  t h e  t ime ,  s o  t h e r e  was no con- 
t r i b u t i o n  from t h e  advance o f  t h e  mining machine ( L ) ) .  Th i s  d i f f e r e n c e  i n  
emiss ion  r a t e s  was n o t  s u r p r i s i n g ,  f o r  t h e  r i b  i n t e r s e c t e d  t h e  f a c e  c l e a t s  
( a s  i n  h o l e  4 ) ,  and t h e  f a c e  was d r a i n i n g  t h e  l e s s  permeable b u t t  c l e a t s .  
The same e f f e c t  a l s o  took p l a c e  e lsewhere  i n  t h e  mine,  w i t h  f a c e  c l e a t s  
y i e l d i n g  more gas  t h a n  t h e  b u t t  c l e a t s  ( o t h e r  t h i n g s  be ing  e q u a l ) .  I t  h a s  
been i m p l i c i t l y  assumed t h a t  t h e  r i b  l i n e s  a r e  p e r f e c t l y  p a r a l l e l  w i t h  t h e  
c l e a t s .  Th i s  i s  t r u e  i n  t h e  F e d e r a l  No. 2  mine. However i n  many o t h e r  
mines i n  t h e  P i t t s b u r g h  coa lbed  t h e  r i b  l i n e  and c l e a t  v a r y  by a  few degrees .  

OTHER VARIATIONS I N  ITRMEABILITY 

It has been sugges ted  (g-2) t h a t  i n  lorigwall f a c e s  a  t i g h t  abutment zone 
o f  abnormal ly  low p e r m e a b i l i t y  e x i s t s  between t h e  c rushed  zone of  h i g h  per -  
m e a b i l i t y  and t h e  i n t a c t  coalbed.  I f  such an abutment zone e x i s t e d  i n  mines 
worked by t h e  advancing room-and-p i l l a r  method, a  r e g i o n  o f  t h e  p r e s s u r e  
curves  shown i n  f i g u r e s  1-7 would be s t e e p e r  t h a n  t h a t  expec ted  from theory .  
No d i s t i n c t  ev idence  of  such a  s t e e p  r e g i o n  can be s e e n  i n  most o f  t h e s e  
f i g u r e s ,  n o r  i n  t h o s e  p u b l i c a t i o n s  c i t e d  p r e v i o u s l y  (2, 1 ) .  There i s  a  
p o s s i b i l i t y  t h a t  t h i s  zone i s  v e r y  narrow and e a s y  t o  m i s s ;  however, a t  l e a s t  
one h o l e  ( F e d e r a l  mine h o l e  4 ,  f i g .  2) was t e s t e d  w i t h  t h e  p r e s s u r e  p o i n t s  
c l o s e  t o g e t h e r  s o  t h a t  v a r i a t i o n s  over  a  s m a l l  r e g i o n  would n o t  be missed.  
Flow measurements were t aken  f o r  each p r e s s u r e  p o i n t  i n  t h e  same h o l e  
( f i g .  8) .  The flow c u r v e  c l o s e l y  p a r a l l e l s  t h e  p r e s s u r e  curve  shown i n  
f i g u r e  2 ,  which i n d i c a t e s  t h a t  no s h a r p  v a r i a t i o n s  i n  p e r m e a b i l i t y  w i t h  
d i s t a n c e  e x i s t  beyond t h e  crushed zone i n  t h i s  c a s e .  

The p o s s i b i l i t y  o f  a n  abutment zone i n  room-and-p i l l a r  workings cannot  
be r u l e d  o u t  complete ly .  Theory based on c o n s t a n t  p e r m e a b i l i t y  beyond t h e  
c rushed  zone would i n d i c a t e  t h a t  f o r  i n a c t i v e  a r e a s ,  t h e  p r e s s u r e  curve  should 
n o t  l e v e l  o f f  i n  t h e  f i r s t  100 f e e t .  For i n s t a n c e ,  i n  F e d e r a l  mine h o l e s  4  
and 5 ( f i g .  2) t h e  p r e s s u r e  i s  s t i l l  c l imbing  a t  t h e  l a s t  measured p o i n t .  
However, i n  h o l e  1 ( f i g .  1 )  t h e  p r e s s u r e  appears  t o  approach an asymptote ,  
which might be caused by a  r e g i o n  o f  low p e r m e a b i l i t y  between 20 and 40 f e e t .  
Hole 10 i n  f i g u r e  6 shows t h e  same e f f e c t .  



S t i l l  o t h e r  v a r i a t i o n s  i n  p e r m e a b i l i t y  may e x i s t  f o r  r e a s o n s  t h a t  have 
n o t  been e s t a b l i s h e d .  For example, i n  t h e  Howe mine,  h o l e s  2 and 3  gave lower 
p e r m e a b i l i t i e s  t h a n  h o l e s  4 ,  5 ,  8 ,  and 9. Holes 2 and 3 were i n  a  d i f f e r e n t  
l o c a t i o n  from t h a t  o f  t h e  o t h e r s ,  and t h e  coa lbed  may have been w e t t e r  h e r e .  
I t  i s  a l s o  p o s s i b l e  t h a t  an i n c o r r e c t  bed p r e s s u r e  was assumed. 

I t  shou ld  be emphasized t h a t  t h e  coalbed p r o p e r t i e s  g i v e n  i n  t h i s  r e p o r t  
have a  l i m i t e d  a p p l i c a b i l i t y ,  and t h e  p r o p e r t i e s  cannot  be expected t o  p r e d i c t  
g a s  f low i n t o  every  p a r t  o f  a  mine. For example, i n  t h e  Keple r  mine,  h o l e s  1 
and 4  a r e  1 ,900  f e e t  a p a r t  ( h o l e  1 i s  i n  t h e  e a s t  mains and h o l e  4 ,  i n  t h e  
s o u t h  mains ) .  The bed p r e s s u r e  o f  155 p s i a  was o b t a i n e d  by e x t r a p o l a t i n g  t h e  
p r e s s u r e  c u r v e  o f  h o l e  1, and t h i s  was a l s o  assumed t o  be t h e  bed p r e s s u r e  a t  
t h e  l o c a t i o n  o f  h o l e  4 .  A m i l e  s o u t h  o f  t h e  mine a  v e r t i c a l  w e l l  was d r i l l e d  
i n t o  t h e  v i r g i n  coalbed.  I t  was packed,and a  p r e s s u r e  o f  173 p s i a  was 

9 
measured and t h e r e f o r e  t h e  155 p s i a  from e x t r a p o l a t i o n  was n o t  t o o  bad. 

However, i n  t h e  w e s t  mains about  3 ,000 f e e t  t o  t h e  nor thwest  o f  h o l e s  1 
and 4 ,  t h e  s i t u a t i o n  is  e n t i r e l y  d i f f e r e n t .  The wes t  mains a r e  much l e s s  gassy  
t h a n  t h e  s o u t h  and e a s t  mains ,  and h o r i z o n t a l  h o l e s  d r i l l e d  i n t o  r i b s  g i v e  
o n l y  10 t o  15 p s i g  a t  t h e  end o f  t h e  h o l e .  For some r e a s o n ,  t h e  coa lbed  i n  
t h e  a r e a  o f  t h e  w e s t  mains c o n t a i n s  l e s s  gas  t h a n  i n  o t h e r  a r e a s  of t h e  mine. 
The cause  o f  t h i s  is  n o t  c l e a r .  I t  may be due t o  a  f a u l t  i n  t h e  a r e a ,  o r  t o  
t h e  f a c t  t h e  wes t  mains a r e  c l o s e  t o  a  r e g i o n  where t h e  overburden is  o n l y  
310 f e e t  i n s t e a d  o f  t h e  u s u a l  680 f e e t .  This r e p o r t  has  n o t  t aken  such 
e f f e c t s  i n t o  account .  

It must be recognized  t h a t  a  p e r m e a b i l i t y  o f  0.56 o r  1.1 m i l l i d a r c y s , a s  
shown i n  t a b l e  1 f o r  t h e  Keple r  mine ,p robab ly  would n o t  permit  such extreme 
v a r i a t i o n s  i n  p r e s s u r e  i n  j u s t  3 ,000  f e e t  t o  e x i s t .  A p e r m e a b i l i t y  o f  
1 m i l l i d a r c y  i s  n o t  l a r g e ,  b u t  o v e r  g e o l o g i c  t ime i t  i s  enough t o  i n s u r e  a  
r e l a t i v e l y  c o n s t a n t  coa lbed  p r e s s u r e  o v e r  v e r y  wide a r e a s .  The o n l y  conclu-  
s i o n  i s  t h a t  t h e  v a l u e s  o f  p e r m e a b i l i t y  shown i n  t a b l e  1 a r e  f o r  coa lbeds  
t h a t  have a l r e a d y  been i n f l u e n c e d  by t h e  mining p rocess  and t h a t  t h e  pe r -  
m e a b i l i t y  o f  t h e  v i r g i n  coa lbed  was much lower.  

CONCLUSIONS 

The i n - s i t u  p e r m e a b i l i t y  o f  t h r e e  coa lbeds  h a s  been c a l c u l a t e d  from f i e l d  
measurements. The f i n d i n g s  a r e  a s  fo l lows  : 

1. The n a t u r e  o f  t h e  c o a l  seems t o  have a  more impor tan t  e f f e c t  t h a n  
overburden p r e s s u r e  on p e r m e a b i l i t y .  

2. Where f a c e  and b u t t  c l e a t s  a r e  prominent,  t h e  coalbed i s  more 
permeable i n  t h e  d i r e c t i o n  o f  t h e  s u r f a c e  o f  t h e  f a c e  c l e a t .  

3 .  A h i g h - p e r m e a b i l i t y  crushed zone a l o n g  r i b s  and f a c e s  appears  t o  be 
a  common f e a t u r e  o f  a l l  mines.  

9This  p r e s s u r e  was measured i n  c o n j u n c t i o n  w i t h  t h e  BuMines program f o r  
coa lbed  d e g a s i f i c a t i o n  by v e r t i c a l  w e l l s .  



4. Beyond t h e  c rushed  zone t h e r e  i s  no evidence f o r  an abutment zone 
of  low permeabi l i ty .  

5. The e f f e c t  o f  i n - s i t u  wa te r  on t h e  permeabi l i ty  t o  gas i s  very  g r e a t .  
Older  reg ions  of  a  mine from which t h e  water. ha s  d r a ined  have v a s t l y  i nc r ea sed  
pe rmeab i l i t i e s .  The p r a c t i c a l  e f f e c t  o f  t h i s  i s  t o  main ta in  a  h igh  borehole  
flow. 

6 .  The p e r m e a b i l i t i e s  g iven  i n  t a b l e  1 a r e  f o r  coalbeds t h a t  have 
a l r e a d y  been a f f e c t e d  by t h e  mining process .  Vi rg in  coalbed p e r m e a b i l i t i e s  
a r e  probably much lower.  

The a n a l y s i s  p resen ted  h e r e  i s  pre l iminary .  I t s  o b j e c t i v e  i s  t o  
d e l i n e a t e  t h e  major f a c t o r s  t h a t  c o n t r o l  coalbed gas emission.  A b e t t e r  
t h e o r e t i c a l  t rea tment  must awai t  much more c:omprehensive f i e l d  da t a .  
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APPENDIX. --APPLYING THE UNSTEADY -S TATE DARCY EQUATION 
TO EXPERIMENTAL PRESSURE CURVES 

There a r e  some d i f f i c u l t i e s  involved i n  applying t h e  Darcy equat ion to  
t h e  pressure  curves.  For t he  most p a r t  t he  d i f f i c u l t i e s  l i s t e d  a r e  due t o  t h e  
l a c k  of s u f f i c i e n t  experimental  da t a .  

1. There i s  d i f f i c u l t y  involved i n  ob ta in ing  a  va lue  f o r  Paearn  , t he  
pressure  before  mining. A major assumption i n  t h e  a n a l y s i s  i s  t h a t  the  coalbed 
i s  a  s l a b  a t  uniform pressure  PBe a m  before mining, and t h a t  a t  t ime zero the  
f ace  i s  reduced t o  atmospheric pressure.  This probably i s  no t  a  bad assump- 
t i o n  i n  coalbeds of low permeabi l i ty  where t h e  pressure  curve i s  very s t e e p  

and Ps e am 
can be measured a t  t h e  back of a  100-foot borehole d r i l l e d  i n t o  a  

f r e s h  a r e a .  However, i n  a  permeable coalbed such as  the  P i t t sbu rgh  bed, 
t h e  s l a b  of coa l  begins t o  d r a i n  and l o s e  gas pressure  long before it i s  
mined, and t h e  i n i t i a l  p ressure  i s  unknown. The b e s t  t h a t  can be done under 
t h e  circumstances f o r  permeable coalbeds i s  t o  e x t r a p o l a t e  t he  pressure  curve 
t h a t  gives the  h ighes t  pressures .  Hole 2 ( f i g .  1 )  was used t o  o b t a i n  Pseam 
f o r  the P i t t sbu rgh  coalbed. 

2.  The desorp t ion  o f  methane from t h e  pore s t r u c t u r e  of t h e  coa l  i s  
f a s t  as  compared wi th  t h e  Darcy flow t o  the  f ace  o r  r i b  through cracks i n  t he  
coalbed. Thus, t he  measured pressures  from deep w i t h i n  t h e  coalbeds a r e  
c o r r e c t  i n d i c a t i o n s  of t he  amount of gas contained i n  t h e  coa l  (2); t h a t  i s ,  
t h e  pressure  and t h e  amount a r e  i n  equi l ibr ium.  It  follows t h a t  t h e  pressures  
c l o s e  t o  zero  measured a t  t he  f ace  would mean t h a t  v i r t u a l l y  no gas i s  l e f t  
i n  t h e  coa l  c l o s e  t o  t h e  face.  

The Bureau of  Mines has c o l l e c t e d  some coa l  lumps a t  an a c t i v e  face  i n  
the  Federal  No. 2 mine and sea l ed  them i n  a  conta iner .  The methane given o f f  
from t h e  conta iner  f o r  t he  next  2 months was measured. During t h i s  time the  
coa l  gave o f f  an amount of methane equiva len t  t o  4 cubic cent imeters  per gram 
of coa l .  This amount of methane corresponds t o  an equi l ibr ium adsorp t ion  
pressure  of about 50 pounds per square  inch ,  abso lu t e .  On the  o the r  hand, 
whi le  t he  sample was i n  the  i n t a c t  f ace ,  i t  was subjec ted  t o  only  1 atmosphere 
of pressure .  It appears then t h a t  t he re  i s  more gas i n  t he  P i t t sbu rgh  coa l  
than the  pressure  i n  t h e  f r a c t u r e s  would i n d i c a t e .  This would no t  a f f e c t  t h e  
computed coalbed permeabi l i ty  because permeabil i ty  i s  def ined  i n  terms of  t he  
pressure  curve and t h e  observed emission r a t e .  However, i t  would cause the  
s o r p t i o n  capac i ty  t o  be lower than t h a t  expected from l abora to ry  s o r p t i o n  
experiments,  which a r e  done only under equi l ibr ium condi t ions .  

Another way of s t a t i n g  t h e  same th ing  would be t o  s a y  the  Pocahontas 
No. 3 coalbed has a  good i n t e r n a l  equi l ibr ium;  t h a t  i s ,  deep i n  t h e  coalbed 

. t he  amountofadsorbed gas is i n  equi l ibr ium wi th  the  gas pressure  i n  t he  
cracks.  I t  follows t h a t  t he  computed s o r p t i o n  capac i ty  i s  c l o s e  t o  values 
obta ined  from equi l ibr ium l abora to ry  measurements. On the  o t h e r  hand, the  
P i t t sbu rgh  coalbed does no t  have good i n t e r n a l  equi l ibr ium.  Some gas i s  
r e t a ined  i n  t h e  coa l  a s  t h e  f r a c t u r e  pressure  f a l l s ,  and the  r e s u l t  i s  a  
lowered s o r p t i o n  capac i ty .  



3. Another assumption i s  t h a t  t h e  s o r p t i o n  c a p a c i t y ;  t h a t  i s ,  t h e  

[ per i s  c o n s t a n t .  A c o n s t a n t  s o r p t i o n  c a p a c i t y  
volume of c o a l  I 

would mean t h e  e q u i l i b r i u m  a d s o r p t i o n  i so therm i s  l i n e a r ,  when i n  f a c t  i t  is  
known t h e  methane-coal i so therm i s  n o t  l i n e a r ,  but  fo l lows  t h e  Langrnuir 
equa t ion .  Dry Pocahontas No. 3  c o a l  adsorbs  10  cub ic  c en t ime t e r s  per  gram of 
methane a t  10  atmospheres p r e s su re .  (Al l  volumes a r e  g iven  a t  s t anda rd  
tempera ture  and p r e s s u r e . )  I f  a  c o a l  d e n s i t y  of  1 . 3  grams per cub i c  c e n t i -  
meter  i s  assumed, t h i s  corresponds t o  a  s o r p t i o n  c a p a c i t y  o f  1 . 3 .  A t  
20 a tmospheres ,  1 3  cub ic  c e n t i m e t e r s  per  gram is adsorbed,  and t h i s  c o r r e -  
sponds t o  a  s o r p t i o n  c a p a c i t y  of 0.84. The Hartshorne coa l  i s  s i m i l a r .  

J u s t  a  few percen t  mo i s tu r e  i n  c o a l  cons ide r ab ly  dec r ea se s  t h e  amount 
adsorbed,  t h e r e f o r e  i t  i s  n o t  s u r p r i s i n g  t h a t  t h e  i n - s i t u  s o r p t i o n  c a p a c i t y  
f o r  Pocahontas No. 3  c o a l  should be 0.56.  I n  any ca se ,  an i n c r e a s e  i n  t h e  
s o r p t i o n  c a p a c i t y ,  S,  a s  t h e  p r e s su re  f a l l s  i s  no t  l i k e l y  t o  e x p l a i n  why t h e  
q u a n t i t y  K/S r i s e s  w i t h  t ime. 

4. A more e x a c t  s o l u t i o n  t o  t h e  Darcy equa t i on  f o r  u n s t e a d y - s t a t e  gas  
flow is  a v a i l a b l e  (6 ,  p. 421 ) ,  and,  i f  i t  i s  used t h e  c a l c u l a t e d  permeabil-  
i t i e s  a r e  somewhat Tower. However, t h e  major conc lus ions  about t h e  crushed 
zone,  d i r e c t i o n a l  a n i s o t r o p y ,  pe rmeabi l i ty  i n c r e a s e ,  and s o  f o r t h ,  a r e  a l l  
unchanged. 




