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AN IN-SITU DIFFUSION PARAMETER FOR THE PITTSBURGH 
AND POCAHONTAS NIO. 3 COALBEDS 

by 

Fred N. K i s s e l l  and  R. J. ~ i e l i c k i ~  

I n  t h i s  r e p o r t  t h e  importance of d i f f u s i o n  i n  c o n t r o l l i n g  t h e  emission of 
methane i n  mines i s  examined. An i n - s i t u  d i f f u s i o n  parameter i s  def ined  and 
c a l c u l a t e d  f o r  a  hypo the t i ca l  un f r ac tu red  lump of c o a l  i n  t h e  P i t t s b u r g h  and 
Pocahontas No. 3 coa lbeds .  The va lues  ob ta ined  a r e  s i m i l a r  t o  those  obtained 
wi th  lump c o a l  i n  l abo ra to ry  experiments .  

INTRODUCTION 

The flow of methane gas  i n  coalbeds has  been a  t o p i c  of Bureau of  Mines 
r e sea rch  f o r  many yea r s .  Methane, produced a s  a  byproduct of  t h e  c o a l i f i c a -  
t i o n  p roces s ,  i s  s t o r e d  i n  t h e  c o a l ,  f r equen t ly  i n  cons ide rab l e  q u a n t i t i e s .  
The gas  i s  r e l e a s e d  where the  coalbed i s  mined, and under some cond i t i ons ,  may 
p re sen t  cons ide rab l e  danger t o  those  working i n  t h e  mine. 

Unfractured "so l id"  c o a l  has  a  ve ry  low permeabi l i ty ;  however, bituminous 
coalbeds i n  p l ace  a r e  h igh ly  f r a c t u r e d .  The q u a n t i t y  of methane e n t e r i n g  a  
t y p i c a l l y  gassy  c o a l  mine i s  f a r  g r e a t e r  t han  could be imagined from any 
un f r ac tu red  coa lbed ,  and i t  i s  c l e a r  t h a t  v i r t u a l l y  a l l  of t h e  gas  e n t e r i n g  
t h e  mine has  come through f r a c t u r e s  both i n  t h e  c o a l  and i n  t he  ad j acen t  
s t r a t a .  

Not very  much i s  known about t h e  n a t u r e  of t he se  f r a c t u r e s ,  bu t  f o r  coa l  
two f a c t s  have been d e f i n i t e l y  e s t a b l i s h e d :  

1. The d e n s i t y  of f r a c t u r e s  v a r i e s  wi th  t h e  c o a l  rank;  f r i a b l e ,  low- 
v o l a t i l e  c o a l s  tend t o  be much more h igh ly  f r a c t u r e d .  

2 .  The f r a c t u r e s  i n  a  g iven  c o a l  a r e  no t  of uniform s i z e  o r  spacing.  I t  
has  been shown by mercury- in t rus ion  s t u d i e s  t h a t  t h e r e  a r e  f r a c t u r e s  o f  a l l  
s i z e s  from l e s s  than 100 A t o  s e v e r a l  microns i n  width (u) . 3  

I P h y s i c a l  r e sea rch  s c i e n t i s t .  
"phys i ca l  s c i ence  t echn ic i an .  
3 Underlined numbers i n  paren theses  r e f e r  t o  i tems i n  t h e  l i s t  of  r e f e r ences  a t  

t he  end of t h i s  r e p o r t .  



Because of  these  f r a c t u r e s ,  i t  has been assumed t h a t  the  gas flow from 
the  c o a l  i n t o  t h e  mine i s  a two-step process  (1). I n  the  f i r s t  s t e p ,  gas  
flows from lumps of un f rac tu red ,  s o l i d  coa l  i n t o  t h e  f r a c t u r e s  t h a t  surround 
and d e f i n e  these  lumps. The lumps may be deep w i t h i n  the  coalbed,  o r  they may 
be c l o s e  t o  the  mine working. I n  t h e  second s t e p ,  gas flows through the  f r a c -  
t u r e s  t o  t h e  mine. 

I n  a consecut ive  process  of t h i s  s o r t ,  i f  one of t hese  s t e p s  i s  cons ider -  
a b l y  slower than t h e  o t h e r ,  t h e  o v e r a l l  gas  flow r a t e  i s  determined by the  
speed of the  slow s t e p .  This i s  an  obvious s i m p l i f i c a t i o n  t o  make i n  analyz-  
ing the  problem, and both extremes have been taken.  For i n s t ance ,  Airey (1) 
has  assumed t h a t  the  coalbed is  a c o l l e c t i o n  of desorbing lumps, and t h a t  
r e s i s t a n c e  t o  flow encountered i n  t he  f r a c t u r e s  i s  n e g l i g i b l e .  This  means t h e  
f i r s t  s t e p  i s  the  slow one. On t h e  o the r  hand, K i s s e l l  (u) has c a l c u l a t e d  
some coalbed permeabi l i ty  va lues  by assuming the  second s t e p  was the  slow one. 
It does no t  fol low t h a t  one approach i s  c o r r e c t  and t h e  o t h e r  i s  no t .  Coal- 
beds a r e  s u f f i c i e n t l y  d i f f e r e n t  from one another  t h a t  i t  i s  e n t i r e l y  p l a u s i b l e  
t h a t  e i t h e r  may be reasonable depending on the  p r o p e r t i e s  of the  coalbed being 
t e s t e d .  Fu r the r ,  i t  fol lows t h a t  t h e r e  may be many coalbeds t h a t  a r e  interme- 
d i a t e  i n  na tu re ;  t h a t  i s ,  where both s t e p s  must be taken i n t o  account.  I n  
f a c t ,  experimental  evidence now sugges ts  t h a t  many coalbeds may be i n  t h i s  
ca tegory ,  and i t  i s  c l e a r  t h a t  any thorough t reatment  must take both s t e p s  
i n t o  account .  

Cervik (4) has  suggested t h a t  i n  t h e  f i r s t  s t e p ,  flow from t h e  s o l i d  
lumps takes  p lace  by d i f f u s i o n  and t h a t  i n  t h e  second s t e p ,  flow i n  the  f r a c -  
t u r e s  fol lows Darcy's law (laminar f low) .  Evidence does d e f i n i t e l y  suggest 
t h e  l a t t e r  i s  t r u e ;  c a l c u l a t e d  f r a c t u r e  widths and Reynolds numbers i n d i c a t e  
t h a t  gas  flow i n  the  f r a c t u r e s  i s  indeed laminar.  It is  l e s s  c e r t a i n  t h a t  t h e  
gas d i f f u s e s  from the  s o l i d  lumps; however, t h e r e  i s  evidence f o r  t h i s  i n  
Sevens t e r ' s  (14) l abo ra to ry  work on powdered c o a l  and coa l  lumps. The d e t e r -  
mining f a c t o r  w i l l  be  the  r a t i o  of passage width t o  t h e  mean f r e e  path of the  
gas  molecule.  However, i n  t h e  absence of  f u r t h e r  information,  a two-step pro- 
c e s s  based on d i f f u s i o n  and laminar flow appears  t o  be a good s t a r t i n g  po in t  
f o r  f u r t h e r  a n a l y s i s .  

IN-SITU DIFFUSION PARAMETER 

K i s s e l l  (13) has obta ined  some va lues  f o r  coalbed permeabi l i ty  by consid-  
e r i n g  coalbed gas p re s su res  and the  r a t e  a t  which methane flows i n t o  t h e  mine. 
These va lues  r ep re sen t  t he  permeabi l i ty  of t h e  f r a c t u r e s  through which t h e  

D flow i s  laminar.  Although t h e  d i f f u s i o n  parameter - of c o a l  powders and 
a2 

lumps has been measured i n  t he  l abo ra to ry ,  no e s t ima te  of an  i n - s i t u  d i f f u s i o n  
parameter of s o l i d  c o a l  underground has  eve r  been made. This  means t h a t  i t  
has  been impossible  t o  e s t ima te  a c c u r a t e l y  the  r a t e  of  t h e  f i r s t  flow s t e p  
compared wi th  t h e  second. 

This  r e p o r t  p r e s e n t s  a method of  ob ta in ing  a n  i n - s i t u  d i f f u s i o n  parameter.  
Although t h e  r e s u l t s  a r e  n o t  h igh ly  accu ra t e ,  neve r the l e s s  they  provide a 



reasonable  c o r r e l a t i o n  w i th  l abo ra to ry  d i f f u s i o n  parameters  and a l s o  some 
i n s i g h t  i n t o  how gas  mig ra t e s  i n  coa lbeds .  

RESIDUAL GAS --CALCULATION OF IN-SITU DIFF'U SION PARAMETER 

The Bureau of Mines h a s  been engaged i n  a  program of measuring methane 
p re s su re s  i n  coalbeds.  These p re s su re s  a r e  measured by d r i l l i n g  a  h o r i z o n t a l  
h o l e  i n t o  t he  working face  o r  a  r i b  and s e a l i n g  the  h o l e  wi th  i n f l a t a b l e  
packers  (g-2). A p re s su re  curve f o r  a  h o l e  160 f t  deep i s  shown i n  f i g u r e  1. 
Not only i s  the  p re s su re  a t  t h e  back of t h e  ho l e  measured, bu t  p r e s su re s  a t  
i n t e rmed ia t e  d i s t a n c e s  a l s o  a r e  ob ta ined .  These p re s su re s  r ep re sen t  t h e  p re s -  
s u r e  of gas  i n  the  f r a c t u r e s .  I f  the  f i r s t  flow s t e p  ( t h e  d i f f u s i o n  s t ep )  i s  f a s t  
compared wi th  t h e  second s t e p  ( t h e  f r a c t u r e  flow s t e p ) ,  these  p re s su re s  a l s o  
r ep re sen t  t h e  amount of gas  i n  t h e  c o a l  a t  any given depth.  However, i f  t h e  
two s t e p s  have a  comparable r a t e  o r  i f  t he  f i r s t  s t e p  i s  s lower,  t h e  amount 

DISTANCE INTO COAL-BED FROM FACE, f t  

FIGURE 1. - A Pressure Curve in Pocahontas No. 3 Coa lbed. 



of gas i n  t h e  coa l  a c t u a l l y  w i l l  exceed the  amount i nd ica t ed  by the  f r a c t u r e  
pressure .  

Fo r tuna te ly ,  a  simple method e x i s t s  f o r  t e s t i n g  which i s  t r u e .  The pres-  
su re  curve shown i n  f i g u r e  1 i n d i c a t e s  t h a t  t he  p re s su re  i n  t he  f r a c t u r e s  
w i th in  a  few f e e t  of the  working f a c e  i s  v i r t u a l l y  zero.  I f  d i f f u s i o n  i s  f a s t  
when compared with the  f r a c t u r e  flow, the  amount of gas  i n  a  sample c o l l e c t e d  
a t  t h e  working f ace  ( t h e  " res idua l  gas")" a l s o  w i l l  be  v i r t u a l l y  zero.  

One example i n  which t h e  r e s i d u a l  gas  was c l o s e  t o  zero  was i n  a  mine i n  
t he  Pocahontas No. 3 coalbed (2). A t  t h i s  mine, t h e  r e s i d u a l  gas amounted t o  

3 about 1 cm /g ,  whereas t he  o r i g i n a l  gas  concent ra t ion  before  mining was e s t i -  
mated t o  be 13 cm3/g. (Al l  gas  volumes have been co r rec t ed  t o  s tandard tem- 
p e r a t u r e  and p r e s s u r e . )  I t  i s  c l e a r  f o r  t h i s  coalbed t h a t  the  d i f f u s i o n  s t e p  
i s  f a s t  compared with t h e  f r a c t u r e  flow s t e p .  However, a t  a  mine i n  t h e  
P i t t sbu rgh  coalbed,  t h e  r e s i d u a l  gas  was approximately 4 cm3/g, whereas t he  

3 o r i g i n a l  gas  concen t r a t ion  was 6 t o  7 cm /g.  For t h e  P i t t sbu rgh  coalbed,  i t  
appears  t h a t  t h e  speed of t he  d i f f u s i o n  s t e p  i s  comparable with o r  l e s s  than 
t h a t  of t h e  f r a c t u r e  flow s t e p ,  and thus  cons ide ra t ion  of the  i n - s i t u  d i f f u -  
s ion  parameter i s  e s p e c i a l l y  important .  

The r e s i d u a l  gas  measurements p re sen t  a  unique way of e s t ima t ing  a  d i f f u -  
s i o n  parameter.  To accomplish t h i s ,  a  hypo the t i ca l  lump of coa l  i n  t he  coa l -  
bed can be considered.  I f  no mine opening i s  nearby, t h e  q u a n t i t y  of gas  i n  
t h e  lump i s  i n  equi l ibr ium with t h e  gas p re s su re  i n  the  f r a c t u r e s  surrounding 
t h e  lump. The quan t i t y -p re s su re  r e l a t i o n s h i p  w i l l  be  given by the  equi l ibr ium 
adsorp t ion  isotherm, which i s  t h e  curve r e l a t i n g  t h e  q u a n t i t y  of gas adsorbed 
i n  t h e  c o a l  t o  t h e  surrounding p re s su re  a t  cons t an t  temperature and under 
equi l ibr ium cond i t i ons .  Isotherm curves f o r  P i t t sbu rgh  and Pocahontas No. 3  
c o a l s  a r e  shown i n  f i g u r e  2 .  A s  a  mine working approaches the  hypo the t i ca l  
lump, gas  w i l l  seep i n t o  t h e  mine, and the  pressure  i n  t h e  f r a c t u r e s  surround- 
ing t h e  lump w i l l  decrease ,  causing d e s o r p t i o n o f g a s  f romthe  lump. Eventual ly,  
t he  mine working face  w i l l  reach t h e  hypo the t i ca l  lump, which then  may be c o l -  
l e c t e d  f o r  the  r e s i d u a l  gas  measurement. Two aspec t s  of t h i s  sequence a r e  
important :  

1. A "pressure h i s t o r y "  of t h e  hypo the t i ca l  lump may be deduced from t h e  
r a t e  of advance of mining, a  r e l a t e d  pressure  curve such a s  t h a t  i n  f i g u r e  1, 
and a n  e s t ima te  of  t h e  o r i g i n a l  gas  con ten t .  

4To o b t a i n  t h e  r e s i d u a l  gas ,  a  sample of  c o a l  i s  c o l l e c t e d  a t  a  working f ace  
t h a t  has been cont inuous ly  a c t i v e  and which pene t r a t e s  i n t o  a  v i r g i n  a r ea  
of t h e  coalbed.  The c o a l  i s  immediately enclosed i n  a  con ta ine r ,  and t h e  
q u a n t i t y  of gas  given o f f  over t h e  next  s eve ra l  weeks i s  measured. Then, 
t h e  coa l  i s  crushed t o  a t  l e a s t  200 mesh, and t h e  gas g iven  o f f  i n  t he  
c rushing  i s  measured. The gas given o f f  by the  coa l  while  i n  t h e  con ta ine r  
p lus  t h a t  from t h e  crushed sample is  t h e  r e s i d u a l  gas .  

Both s t e p s  a r e  performed a t  1 atm pressure .  A f t e r  crushing,  t h e  c o a l  s t i l l  
w i l l  r e t a i n  some methane un le s s  t he  atmospheric p re s su re  i s  reduced t o  
zero .  This  r e t a i n e d  gas i s  no t  included i n  t h e  " r e s idua l  gas . "  



5 cm3 /g  i s  adsorbed ( f i g .  2 ) .  I f  the  dens i ty  of coa l  i s  assumed t o  be 1 .3 ,  
3 

t h i s  corresponds t o  2.9 X moles/cm of c o a l .  A t  t he  f ace ,  t he  absolu te  
pressure  i s  1 atm, and 0.44 X moles/cm3 of coa l  i s  adsorbed. I t  follows 
t h a t  i n  t h e  2-week period t h e  su r face  concent ra t ion  of t he  lump i s  reduced by 
2.46 X l o m 4  moles/cm3 of c o a l .  

A t y p i c a l  va lue  fo r  r e s i d u a l  gas i n  Pi t ts 'burgh coal  i s  about 4  cm3 /g .  
This means t h a t  only about 20 pc t  of t he  o r i g i n a l  gas i s  l o s t  from the  c o a l ,  
o r  0.20 x 2 .9  x moles/cm3 = 0.58 X lo-' m o l e s / c d .  

Crank (5) - gives  so lu t ions  t o  the  d i f f u s i o n  equat ion f o r  va r ious  shapes 
under d i f f e r e n t  boundary condi t ions .  For a  sphere whose su r face  concent ra t ion  
v a r i e s  l i n e a r l y  with time [Q(t) = k t ]  t he  solu. t ion i s  

c.2 
~ n " + t  - 

a" 

M t  - -  - ( t  -GI+- 'a' 1 e  
4  rr4 D 7rm3 k  n= 1 

D 1 
where - =  t he  d i f f u s i o n  parameter (z) , a" 

a  = sphere r ad ius  (cm), 

D = d i f f u s i o n  c o e f f i c i e n t  (g ) , 
t = time (sec) , 

Mt = amount sorbed o r  desorbed (moles) a t  time t ,  

M, amount sorbed o r  desorbed 
- -  - 
4rra3 u n i t  volume 
3  

and Q ( t )  k  = cons t  = - 
t 

I f  i t  i s  assumed t h a t  the hypothe t ica l  lump i s  a  sphere of r ad ius  a ,  t h a t  
t h i s  sphere has a  su r face  concent ra t ion  t h a t  v a r i e s  l i n e a r l y  a t  t he  r a t e  of 

2.46 X l o m 4  L E k 2  
c o r  k  = 2.03 X 10-lo , and t h a t  t he  amount desorbed i s  

2  weeks c d  sec 
D 0 .58 X l o m 4  moles/cm3, then - = 1 .3  X l o m 8 .  Note t h a t  t h i s  quan t i ty  i s  D I P ,  
a" 

not  D.  This i s  not  s u r p r i s i n g ,  f o r  t he  s i z e  of t he  hypo the t i ca l  lump i s  j u s t  
a s  important a s  t he  d i f f u s i o n  c o e f f i c i e n t ,  and where i n - s i t u  c o a l  i s  concerned, 
a  D a lone would be meaningless,  simply because the  lump s i z e  i s  unknown. It 
should be pointed out  t h a t  both the  r e s i d u a l  gas and the  pressure  curve w i l l  
va ry  somewhat from loca t ion  t o  loca t ion  i n  the  mine, depending on the  r a t e  of 
advance and o ther  f a c t o r s  (12-13). However, t he  d i f f u s i o n  parameter i s  not  
very  s e n s i t i v e  t o  minor changes i n  any of these .  



2. The d i f f e r e n c e  between t h e  o r i g i n a l  gas  content  and t h e  r e s i d u a l  gas  
i s  t h e  amount of gas  l o s t  from t h e  hypo the t i ca l  lump. 

This  information may be i n s e r t e d  i n t o  a  s tandard s o l u t i o n  f o r  t h e  d i f f u -  
s i o n  equat ion  t o  o b t a i n  a d i f f u s i o n  parameter f o r  t h e  hypo the t i ca l  lump. 

Ca lcu la t ion  f o r  P i t t sbu rgh  Coalbed 

I n  a mine i n  t h e  P i t t sbu rgh  coalbed t h a t  w a s  t h e  sub jec t  of a previous 
s tudy u), t h e  p re s su re  i n  t h e  undisturbed coalbed was assumed t o  be 120 p s i a .  
The g r a d i e n t  of  a t y p i c a l  p re s su re  curve i n  t h i s  coalbed w a s  about  60 p s i  per  
100 f t ,  and a  t y p i c a l  advance i n  t he  s e c t i o n  under s tudy was about 100 f t  per  
week. The e lapsed  time f o r  t h e  lump t o  "reach" t h e  f a c e  from t h e  undisturbed 

coalbed was 2 weeks. Thus, 
f o r  2 weeks the  p re s su re  i n  
t h e  f r a c t u r e s  surrounding 
t h e  hypo the t i ca l  lump f e l l  

16 - - a t  a  r a t e  of 60 p s i  per  week. 
This  i s  t h e  p re s su re  h i s t o r y  

Pocohontos No. coo',dry of t h e  hypo the t i ca l  lump. 

14 - - 
Next, from t h i s  pres -  

s u r e  h i s t o r y  t h e  v a r i a t i o n  
i n  t h e  s u r f a c e  concent ra t ion  

- 12 - of t h e  hypo the t i ca l  lump may 
0 
0 
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be c a l c u l a t e d  i f  it can be 
"- 
0 

assumed t h a t  t h e  su r f ace  
concen t r a t ion  i s  i n  e q u i l i b -  

Pittsburgh cool, dry - 
rium wi th  t h e  f r a c t u r e  
p re s su res .  

Through a  personal  com- 
munication with T. C.  ~ u ~ ~ e l '  
equi l ibr ium adsorp t ion  i s o -  
therms have been obtained 
f o r  d r y  and moist P i t t sbu rgh  
and Pocahontas No. 3 c o a l s .  
I n - s i t u  c o a l  always con ta ins  
moisture,  and moist c o a l  - 
adsorbs l e s s  gas  than  d r y  
c o a l .  This  mois ture  e f f e c t  
w a s  f i r s t  observed by 

- E t t inger  (i) . 
I f  t h e  coalbed i s  

assumed t o  con ta in  1 . 5  p c t  
0 10 20 30 40 50 60 moisture a t  120 p s i a ,  
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FIGURE 2. - Equilibrium Adsorption Isotherms for Pitts- burgh Energy Research 
burgh and Pocahontas No. 3 Coals. Center .  



Calcu la t i on  f o r  Pocahontas No. 3  Coalbed 

A p re s su re  curve f o r  a  deep mine (12) i n  thePocahontasNo.  3  coalbed i s  
shown i n  f i g u r e  1. It i s  much s t eepe r  than t h e  curve f o r  t h e  P i t t s b u r g h  coa l -  
bed, and t h e  o r i g i n a l  coalbed p re s su re  i s  reached i n  about  100 f t .  Thus, t he  
p re s su re  around t h e  hypo the t i ca l  lump drops from 680 p s i a  t o  15 p s i a  i n  j u s t  
1 week. I f  the  c o a l s  were s i m i l a r ,  t h e  r e s i d u a l  gas  conten t  would be q u i t e  
h igh ,  bu t  t h e  oppos i t e  i s  t r u e .  The r e s i d u a l  gas  i s  only 1 t o  1 . 5  cm31g, 
whereas Ruppel ' s  adso rp t ion  curve g i v e s  13 .1  cmaIg f o r  t h e  o r i g i n a l  c o a l ,  
assuming 1 . 5  p c t  mois ture .  This  means t h a t  n e a r l y  90 p c t  of t h e  o r i g i n a l  gas  
i s  gone, whereas f o r  t he  P i t t s b u r g h  c o a l  i t  was only 20 p c t .  

Applying t h e  same a n a l y s i s  used p rev ious ly ,  k  = 11.3 X 1 0 - l o ,  t he  amount 

desorbed = 6.14 X l o e 4 ,  and = 1.05 X This  i s  100 t imes l a r g e r  than 
a2 

D t h e  - f o r  P i t t s b u r g h  c o a l .  Whether i t  i s  due t o  a  l a r g e r  D o r  a  smal le r  a  i s  
a2 

immater ia l ,  bu t  l a t e r  f i nd ings  i n d i c a t e  t h a t  i t  i s  probably a  combination of 
both.  

COMPARISON WITH LABORATORY AND OTHER FIELD DATA 

Another way t o  o b t a i n  D/a2 f o r  a  lump of c o a l  i s  t o  p r e s s u r i z e  t h e  lump 
with methane i n  t h e  l abo ra to ry .  A f t e r  t h e  c o a l  i s  e q u i l i b r a t e d ,  t h e  p re s su re  
i s  reduced a b r u p t l y ,  and t h e  r a t e  of emission of gas  from t h e  c o a l  i s  measured. 
From the  emission r a t e ,  D/a2 i s  c a l c u l a t e d .  The a u t h o r s  have obta ined  a  num- 
b e r  of emission curves  f o r  d i f f e r e n t  s i z e  lumps of both P i t t sbu rgh  and 
Pocahontas c o a l s ;  t he se  w i l l  be publ ished elsewhere.  However, a  few t y p i c a l  
r e s u l t s  a r e  given i n  f i g u r e  3 .  

A simple procedure used by Hofer,  Bayer, and Anderson (10) can be used t o  
c a l c u l a t e  D/a2 from t h e s e  curves .  The equa t ion  f o r  d i f f u s i o n  from a  sphere i s  
app l i ed  aga in  except  t h a t  t he  boundary cond i t i ons  a r e  d i f f e r e n t  [cons tan t  con- 
c e n t r a t i o n  a t  t = 0  and s u r f a c e  concen t r a t i on  = 0  f o r  t>0]. A s o l u t i o n  v a l i d  
f o r  s h o r t  t imes (2) i s  

and D I P  i s  found r e a d i l y  by p l o t t i n g  Mt 1% a g a i n s t  t1I2 . Using t h i s  proce- 
D du re ,  we obta ined  - = 1 . 4  X f o r  114- t o  112-in s i z e  range P i t t s b u r g h  
a2 

D c o a l  and - = 0.5  X f o r  114- t o  112-in s i z e  range Pocahontas c o a l .  
a2 

I t  i s  known t h a t  D/a2 w i l l  va ry  w i th  lump s i z e  only i f  t h e  lump s i z e  i s  
smal le r  than t h e  f i s s u r e  network of t h e  c o a l  (2) . For Pocahontas c o a l ,  lumps 
114 t o  112 i n  i n  s i z e  a l r e a d y  a r e  l a r g e r  tlhan t h e  f i s s u r e  network a s  measured 
i n  t h e  l abo ra to ry ,  and D/a2 does n o t  change i f  t h e  lump s i z e  i s  inc reased  
beyond t h i s .  Such i s  n o t  t h e  c a s e  f o r  P i t t s b u r g h  c o a l ;  D/a2 w i l l  decrease  
s l i g h t l y  w i th  a n  i n c r e a s e  i n  lump s i z e ,  but  D/a2 s t i l l  w i l l  be approximately 
l o - .  
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FIGURE 3. - Emission Curves for Pittsburgh and Pocahontas No. 3 Coals. 

Another va lue  of D/a2 f o r  P i t t sbu rgh  c o a l  was obtained r e c e n t l y  by f i e l d  
experiment. A v e r t i c a l  w e l l  was d r i l l e d  from t h e  su r f ace  i n t o  t h e  P i t t sbu rgh  
coalbed nea r  Amity, Pa., and a 4-in-diam co re  was brought t o  the  su r f ace .  The 
core  was enclosed immediately i n  a v e s s e l ,  and t h e  emission r a t e  was measured 
( f i g .  3 ) .  Some of t h e  da t a  a r e  missing owing t o  t h e  amount of time (150 min) 
requi red  t o  c u t  t h e  co re  and b r ing  i t  t o  the  s u r f a c e ,  bu t  a p l o t  of $/Moo 
a g a i n s t  t1i2 s t i l l  could be made, and D/a2 was c a l c u l a t e d  t o  be 4.95 X 

These r e s u l t s  may be summarized a s  fol lows:  For t h e  P i t t sbu rgh  coalbed, 
t he  i n - s i t u  D/a2 = 1 . 3  X Lumps i n  t he  labora tory  gave D/a2 = 1.4  X lo- ' ,  
and a c o r e  from a v e r t i c a l  w e l l  gave D/a2 = 4.95 X lo- ' .  For Pocahontas No. 3 
c o a l ,  t h e  i n - s i t u  D/a2 = 1.05 X and lumps i n  t h e  l abo ra to ry  gave 
D / a 2  = 0.5 X l o -= .  

COMPUTATION OF IN-SITU FRACTURE SPACING 

It i s  p o s s i b l e  t o  compute a n  i n - s i t u  f r a c t u r e  spacing from the  D/a2 v a l -  
ues  obta ined .  E.  D. ~himons '  (personal  communication) has  obtained va lues  f o r  

G P h y s i c i s t ,  P i t t sbu rgh  Mining and Safe ty  Research Center.  



t h e  t r a n s i e n t  d i f f u s i o n  c o e f f i c i e n t  D f o r  P i t t sbu rgh  and Pocahontas No. 3  c o a l  
i n  t h e  l abo ra to ry  by flowing dry methane through small  d i s k s  of c o a l .  Thimons 
obtained 1 . 3  X f o r  P i t t sbu rgh  c o a l  and 70 X lo-" f o r  Pocahontas No. 3  
c o a l .  He a l s o  found t h a t  i f  t he  methane was s a t u r a t e d  with water  vapor ( t h i s  
i s  more r e a l i s t i c  than us ing  dry  methane) t h e  c o e f f i c i e n t  f o r  P i t t s b u r g h  coa l  
was reduced by a  f a c t o r  of 8 ,  and f o r  Pocahontas c o a l  t h e  c o e f f i c i e n t  was 
reduced by a  f a c t o r  of 14. This  g ives  more r e a l i s t i c  va lues  of D = 1 . 6  X lo-' 
f o r  P i t t sbu rgh  c o a l  and D = 5  X f o r  Pocahontas No. 3  c o a l .  Now i f  

(% t t , s b u r g h  

2 

and ( 5 I,. . .ho ,, , a. lo -" ,  then 2api t t a b u r  g h  = 8  cm 

and Zap, ,., = 4 .5  cm, where 2a i s  t he  diameter  of t h e  hypo the t i ca l  sphere .  

These va lues  seem l a r g e ,  e s p e c i a l l y  s ince  t he  l abo ra to ry  lump emissions 
r e s u l t s  d i scussed  prev ious ly  i n d i c a t e  t h a t  t h e  f i s s u r e  spacing of P i t t sbu rgh  
coa l  i s  c l o s e r  t o  2  cm and t h a t  of Pocaho~ntas c o a l  i s  approximately 1 mm. 
However, i t  must be remembered t h a t  c o a l  i n  t h e  l abo ra to ry  has  been t r e a t e d  
r a t h e r  h a r s h l y .  The con f in ing  f o r c e s  t h a t  squeeze t h e  c o a l  underground have 
been removed, and i t  has  been t o r n  from t h e  coalbed by the  mining machine. It  
has  been s i eved ,  evacuated,  and d r i e d  i n  ithe desorp t ion  experiment.  J u s t  dry-, 
ing a  lump of c o a l  w i l l  c r ack  i t ;  t h e r e f o r e ,  i t  i s  no t  s u r p r i s i n g  t h a t  a  f i s -  
s u r e  spacing i n  t h e  l abo ra to ry  w i l l  be much l e s s  than  t h a t  found underground. 

USING DIFFUSION PARAMETER TO FIND SLOW STEP 

Prev ious ly ,  we poin ted  out  t h a t  t h e  flow of gas from a  coalbed could be 
viewed a s  a  two-step p roces s ,  and t h a t  t h e  a n a l y s i s  could be cons iderab ly  
s i m p l i f i e d  i f  one s t e p  could be considered much slower than  t h e  o t h e r .  I n  
p a r t i c u l a r ,  i t  has  been assumed (12-13) t h a t  i n  t h e  Pocahontas No. 3 coalbed 
the  second s t e p  ( laminar  flow) i s  much slower than  the  f i r s t  s t e p  ( t h e  d i f f u -  
s i o n  from lumps). Since a  v a l u e  f o r  ~ / a ~  i s  a v a i l a b l e  now, t h i s  hypothes i s  
can be t e s t e d .  

The e a s i e s t  way t o  do t h i s  i s  t o  compare t h e  time r equ i r ed  f o r  t h e  hypo- 
t h e t i c a l  lump t o  l o s e  h a l f  t h e  o r i g i n a l  gas by d i f f u s i o n  wi th  a  s i m i l a r  time 
r equ i r ed  f o r  a  hypo the t i ca l  lump some d i s t a n c e  back i n  a  homogeneous coalbed.  
Using t h e  equa t ion  v a l i d  f o r  s h o r t  t imes ,  

I f  M,/& = 0 .5  and ~ / a ~  = then t = 6 h r .  This should be t h e  time 
requi red  f o r  t h e  hypo the t i ca l  lump of Pocahontas No. 3 c o a l  t o  l o s e  h a l f  of 
i t s  o r i g i n a l  gas  by d i f f u s i o n  from t h e  lump. 

The foregoing may be compared wi th  a  h y p o t h e t i c a l  lump i n  a  homogeneous 
coalbed where t h e r e  i s  no d i f f u s i o n  s t e p  and t h e  flow i s  e n t i r e l y  laminar and 
fol lows t h e  Darcy equa t ion ,  

8p3 - 1s a? 
- - - -  
ax" ~ ~ a t  



Here, P i s  t h e  gas p re s su re  (atm), x i s  t h e  d i s t a n c e  i n t o  the  coalbed from t h e  
working f ace  (cm), 7 i s  t he  v i s c o s i t y  of methane (cp) ,  K i s  the  permeabi l i ty  
of t h e  c o a l  (darcy) ,  S i s  t h e  so rp t ion  capac i ty  of t h e  c o a l  

volume adsorbed per  atmosphere , and is time (set) 
volume of coa l  

An approximate s o l u t i o n  i s  given by t h e  fol lowing equat ion  (g): 

p2 ( x , t )  - $seam 1 
= e r f c  

2td1Ia ' P a t m  - p a s a m  

where e r f c  is t h e  complementary e r r o r  func t ion ,  and e r f c  = 1 minus the  proba- 
b i l i t y  i n t e g r a l .  Values of t h e  p r o b a b i l i t y  i n t e g r a l  may be obtained from s t a n -  

t, FK 
dard t a b l e s .  Here td i s  equal  t o  dimensionless time = - , P(x, t )  i s  t he  

19 s 
pressure  i n  t h e  coalbed a t  po in t  x  and time t ,  Psea ,  i s  t h e  gas p re s su re  i n  
the  undisturbed coalbed,  Pat, i s  atmospheric p re s su re ,  t, i s  t he  elapsed time 
s i n c e  t h e  working f ace  was mined and gas  began t o  flow, and 7 i s  t h e  average 
pressure  a t  x .  A t  t, = 0 ,  t h e  coalbed i s  assumed t o  be a t  uniform p res su re  
Pseam 

I n  a  previous paper (g), t he  r a t i o  of t h e  permeabi l i ty  of t h e  coa l  t o  
t he  so rp t ion  capac i ty  of the  c o a l ,  KIS, f o r  the  Pocahontas No. 3  coalbed was 
found t o  be  0.57 X darcy 15 days a f  t e r  mining and 3 .6  X darcy 30 

days a f t e r  mining. I f  we use  the  30-day va lue  f o r  K/S, P(x,t)= 0 . 5 ,  PS, , ,  - - 
Ps earn 

46 atm, 7 = 20 atm, and i f  we assume t h e  hypo the t i ca l  lump i s  50 f t  i n t o  t he  
coalbed from t h e  working f ace ,  then t, = 523 h r .  I t  should be noted t h a t  t h e  
boundary condi t ions  a r e  t he  same i n  each case .  I n  o t h e r  words, a t  t = 0 the  
e n t i r e  hypo the t i ca l  lump o r  coalbed i s  a t  uniform concent ra t ion  o r  p re s su re .  
Then, a t  t>O t h e  s u r f a c e  of t h e  lump o r  working f ace  of  t he  coalbed has "zero" 
concen t r a t ion  o r  p re s su re .  

It can be seen t h a t  d i f f u s i o n  of h a l f  of t h e  gas out  of t he  hypo the t i ca l  
lump requ i r e s  6 h r ,  whereas a  lump i n  a  homogeneous coalbed with only laminar 
flow through cracks  w i l l  l o se  h a l f  of i t s  gas  i n  523 h r  i f  t h a t  lump i s  50 f t  
from the  working face .  It  i s  c l e a r  t h a t  t he  f i r s t  s t e p  ( t h e  d i f f u s i o n  s t ep )  
i s  much f a s t e r  than the  second. The low r e s i d u a l  gas  content  of  Pocahontas 
No. 3  coa l  v e r i f i e s  t h i s .  

I n  P i t t sbu rgh  c o a l ,  t h e  r e s i d u a l  gas  content  i s  h igh ,  and so i t  seems t h e  
f i r s t  s t e p  may not  be t h e  f a s t  one. Repeating the  same procedure t h a t  was 
used f o r  Pocahontas No. 3 c o a l ,  i f  D/a2 = h a l f  t he  gas has d i f fused  from 
t h e  hypo the t i ca l  lump i n  600 h r .  For t h e  - lump i n  t h e  homogeneous coalbed,  K/S 
i s  assumed t o  be 50 X darcy (l3), P i s  5  atm, and then t, = 150 h r  f o r  a  
lump 50 f t  from t h e  working f ace .  Here i t  may be seen t h e  f i r s t  s t e p  i s  
s l i g h t l y  slower than  t h e  second s t ep .  

These c a l c u l a t i o n s  a r e  very  approximate. For example, i t  may be seen 
t h a t  f o r  t h e  lump i n  the  homogeneous coalbed,  trn depends on t h e  d i s t a n c e  from 



t he  lump t o  t h e  f a c e .  As t he  lump-to-face d i s t a n c e  dec rea se s ,  then t, 
dec rea se s  a l s o .  This  makes no d i f f e r e n c e  f o r  most of t h e  Pocahontas No. 3 
coa lbed ,  bu t  i n  t h e  P i t t s b u r g h  coalbed where t h e  two s t e p s  a r e  comparable, 
c o n s i d e r a t i o n  of  t h e  dep th  i s  impor tan t .  For example, a t  100 f t ,  t, = 600 h r ,  
and both s t e p s  w i l l  proceed a t  t h e  same r a t e .  A t  d i s t a n c e s  g r e a t e r  than 
100 f t ,  t he  f i r s t  s t e p  becomes f a s t e r  than t he  second s t e p ,  which i s  t h e  oppo- 
s i t e  of what p r e v a i l e d  a t  l e s s  than  100 f t .  

CONCLUSIONS 

An i n - s i t u  d i f f u s i o n  parameter  has  been c a l c u l a t e d  f o r  t h e  P i t t s b u r g h  and 
Pocahontas No. 3 coa lbeds  u s ing  t y p i c a l  v a l u e s  f o r  r e s i d u a l  ga s  and t y p i c a l  
p ressure-dep th  cu rves .  A two-step process  c o n s i s t i n g  of d i f f u s i o n  and flow 
through f r a c t u r e s  o u t  of t he  coalbed was assumed. I t  was found t h a t  t h e  d i f -  
f u s i o n  s t e p  was much f a s t e r  i n  t h e  Pocaho~i tas  No. 3 coa lbed ,  whereas t he  two 
s t e p s  were comparable i n  t h e  P i t t s b u r g h  coalbed.  

The q u a n t i t y  ob ta ined  was ~ / a ~ ,  no t  I), f o r  i f  d i f f u s i o n  i s  tak ing  p l ace  
from some h y p o t h e t i c a l  s o l i d  lump w i t h i n  t h e  coa lbed ,  t h e  s i z e  of t h a t  lump i s  
a s  important  a s  t h e  d i f f u s i o n  c o e f f i c i e n t .  

I n - s i t u  f r a c t u r e  spac ings  were comput:ed t o  be 8 cm and 4 .5  cm f o r  t h e  
P i t t s b u r g h  and Pocahontas No. 3 coa lbeds ,  r e s p e c t i v e l y .  These seem l a r g e  com- 
pared w i t h  l a b o r a t o r y  r e s u l t s ,  bu t  t h e  breakage o f  c o a l  t h a t  t akes  p l a c e  dur -  
i ng  mining may i n  p a r t  account  f o r  t h i s  d i f f e r e n c e .  Given t h e  approximate 
n a t u r e  of  t h e  c a l c u l a t i o n s ,  t h e s e  r e s u l t s  may be regarded a s  s a t i s f a c t o r y .  
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