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METHANE CONTROL IN UNITED STATES COAL MINES-1972 

by 

M. G. Zabetakis,' Maurice D e ~ l , ~  and M. L. Skow3 

ABSTRACT 

This  Bureau o f  Mines r e p o r t  p r e s e n t s  a  b r i e f  summary o f  t h e  e x p l o s i o n  1 
t r e n d s  i n  Uni ted  S t a t e s  c o a l  mines f o r  t h e  p a s t  160 y e a r s .  These t r e n d s  show 1 
t h a t  i n  s p i t e  o f  t h e  o v e r a l l  improvements i n  mine s a f e t y ,  t h e  number of f a t a l -  1 
i t i e s  from i g n i t i o n s  of  methane has  a c t u a l l y  i n c r e a s e d  i n  r e c e n t  y e a r s .  Sug- 1 
g e s t i o n s  a r e  made of procedures  t h a t  can  be u t i l i z e d  t o  r e v e r s e  t h i s  t r e n d .  

INTRODUCTION 

The Bureau o f  Mines h a s  been i n t e r e s t e d  i n  mine s a f e t y  s i n c e  i t s  incep-  
t i o n  i n  1910. I n  t h i s  c o n n e c t i o n ,  a  s e r i e s  of s t u d i e s  has  been under taken  i n  
r e c e n t  y e a r s  i n  an  a t t e m p t  t o  remove methane from underground mines i n  a  con- 
t r o l l e d  f a s h i o n  the reby  reduc ing  o r  e l i m i n a t i n g  t h e  hazards  a s s o c i a t e d  w i t h  
t h e  p resence  o f  t h i s  gas.  Th i s  r e p o r t  p r e s e n t s  a  summary o f  t h e  work con-  
duc ted  i n  1972. 

BACKGROUND 

Methane h a s  c r e a t e d  a  h a z a r d  i n  Uni ted  S t a t e s  c o a l  mines a lmost  a s  long  
a s  underground mining has  e x i s t e d .  While c o a l  was f i r s t  o b t a i n e d  from t h e  
o u t c r o p s  i n  V i r g i n i a  n e a r  t h e  t u r n  o f  t h e  1 8 t h  c e n t u r y ,  i t  was subsequen t ly  
removed from s h a f t s  a s  t h e  seam was fol lowed underground. The f i r s t  e x p l o s i o n  
from an  accumulat ion of methane r e p o r t e d l y  occur red  n e a r  Richmond about 
1810 ( 9 ) . 4  - Other e x p l o s i o n s  occur red  p e r i o d i c a l l y  u n t i l  mining was d i s c o n -  
t i n u e d ,  a s  open flames were used  both  f o r  i l l u m i n a t i o n  and t o  t e s t  f o r  t h e  
p resence  of  methane dur ing  t h i s  per iod.  With t h e  development of  t h e  flame 
s a f e t y  lamp i n  1815, methane c o u l d  be d e t e c t e d  wi thou t  t h e  h a z a r d s  a s s o c i a t e d  
w i t h  open flames.  However, even when t h i s  gas  was found i n  an  underground 
a r e a ,  l i t t l e  c o u l d  be done t o  c l e a r  i t  r e a d i l y .  During t h i s  p e r i o d ,  a  miner  
c o u l d  u s e  h i s  j a c k e t  t o  d i l u t e  t h e  methane by c r e a t i n g  a  c u r r e n t  o f  a i r  (2 ,  26) 

l S u p e r v i s o r y  r e s e a r c h  chemist .  
% u p e r v i s o r y  g e o l o g i s t .  
3 ~ t a f f  eng ineer .  
4Under l ined numbers i n  pa ren theses  r e f e r  t o  i tems i n  t h e  b i b l i o g r a p h y  preced-  

i n g  t h e  appendix.  



o r  he could  e l imina t e  t h e  gas by i g n i t i n g  i t  wi th  an open flame; need le s s  t o  
s ay ,  t h e  l a t t e r  procedure was extremely hazardous. Unfor tuna te ly ,  fo rced  ven- 
t i l a t i o n  was n o t  u t i l i z e d  ex t ens ive ly  a t  t h a t  time even i n  t h e  o l d e r  European 
mines. 

As mining r a t e s  and depths  i nc reased ,  t he  number of i g n i t i o n s ,  and conse- 
quent ly  t he  number of  explos ions  per y e a r ,  increased  markedly. The f i r s t  
recorded major explos ion  (one i n  which f i v e  o r  more persons were k i l l e d )  
occur red  i n  t he  Black Heath Mine near  Richmond, Va., i n  1839. Eleven more 
explos ions  occurred i n  t h e  next  36 yea r s  wi th  a  r e s u l t a n t  l o s s  of 280 l i v e s .  
During t h i s  same per iod  (1839-75),  c o a l  product ion ro se  from 2.07 m i l l i o n  t o  
52.8 m i l l i o n  tons  per yea r  (4). I n  t he  next  35 yea r s  t h e r e  were 180 major 
exp los ions ,  and t h e  r a t e  of occurrence ro se  t o  17 per yea r  i n  1909 and i n  1910. 
m L  ----I--- llle llU111"cL zlf f a t a l i t i e s  f ro=  iiia j o r  exploslo-iis r o se  frzlm 14 per yea r  in 1876 
t o  903 per year  i n  1907, while  c o a l  production ro se  t o  480 m i l l i o n  tons  i n  

FIGURE 1. - Underground coa l  production, man-shifts, and major coa I mine explos ions in 

United States mines between 1850 and 1970 (5Dyear averages). 



1907. The t r e n d  was unmistakable:  bo th  c o a l  p roduc t ion  and t h e  number o f  
exp los ions  were i n c r e a s i n g  r a p i d l y .  I n  e s s ence ,  t h e  i n c r e a s e  i n  c o a l  produc- 
t i o n  a t  g r e a t e r  depths  r e s u l t e d  i n  an  i n c r e a s e  i n  t h e  methane emiss ion r a t e ;  
t h i s  i n  t u r n  r e s u l t e d  i n  a n  i n c r e a s e  i n  t h e  number of a c c i d e n t a l  i g n i t i o n s  and 
gas and dus t  exp los ions .  

The s t e p s  t aken  by t h e  v a r i o u s  S t a t e s  and t h e  Fede ra l  Government t o  p re -  
v e n t  mine exp los ions  a r e  d i s cus sed  i n  d e t a i l  by Humphrey ( 9 ) .  These inc luded  
t h e  e l i m i n a t i o n  of a  number of  i g n i t i o n  sources  (open f l ames ,  b l ack  powder, 
and h igh  e x p l o s i v e s ) ,  improved v e n t i l a t i o n ,  gene ra l i z ed  rock  d u s t i n g ,  t h e  use  
of sp r ays  a t  t he  f a c e ,  educa t ion  of underground workers ,  and improved inspec-  
t i o n  procedures .  A d e t a i l e d  a n a l y s i s  of t h e  t r e n d s  observed t o  d a t e ,  and t h e  
i n f e r ences  t o  be drawn from t h e s e  t r ends  i n  view of  t h e  p r e sen t  demand f o r  
c o a i  a r e  eensi2cred i n  the fo l lowing  s e c t i o n s .  

M I N E  EXPLOSION TRENDS 

The major mine exp los ions  f requency-of-occurrence d a t a  inc luded  i n  
Humphrey's compi la t ion  (2) a r e  summarized i n  f i g u r e  1, a long  w i th  da t a  
ob t a ined  from more r e c e n t  Bureau of Mines r e p o r t s  f o r  t h e  per iod  1955-70. 
While t h e  gene ra l  t r e n d s  no ted  above a r e  ev iden t  ( t h a t  i s ,  a  low i n i t i a l  r a t e  
be fo r e  1875, fol lowed by an  exponen t i a l  r i s e  t o  about  1910, and t hen  a  g r adua l  
d e c l i n e ) ,  a  d e t a i l e d  a n a l y s i s  of t h e s e  da t a  i n d i c a t e s  cons ide r ab l e  v a r i a b i l i t y  
i n  t h e  r a t e  a t  which major exp los ions  have occur red  over  t h e  yea r s .  However, 
i f  t h e  t o t a l  number of major exp los ions  a g a i n s t  t ime ( f i g .  2 )  i s  p l o t t e d ,  a  
f i g u r e  i s  ob t a ined  t h a t  c an  be used t o  c o r r e l a t e  t h e s e  d a t a  by u s i n g  a  s e r i e s  
of  s t r a i g h t  l i n e s .  These l i n e s  d e f i n e  c e r t a i n  per iods  dur ing  which t h e  r a t e  
of occurrence i s  f a i r l y  cons t an t  ( t a b l e  1 ) .  Obviously,  t h e r e  a r e  f a c t o r s  such 
a s  methane l i b e r a t i o n  r a t e ,  c o a l  product ion r a t e ,  d u s t i n e s s ,  i g n i t i o n  s o u r c e s ,  
and behavior  of  workmen t h a t  a f f e c t  t h e  f requency w i th  which major exp los ions  
occur .  Presumably, dur ing  t h e  fou r  pe r i ods  no t ed  he r e  (1836-75; 1901-30; 
1931-50; 1951-70), t h e s e  f a c t o r s  i n t e r a c t e d  i n  such a  way a s  t o  y i e l d  a f a i r l y  

1830 1850 1870 1890 1910 1930 1950 1970 
FIGURE 2. - Cumulative major c o a l  mine explos ions (1840-1970). 



cons t an t  r a t e  over each s p e c i f i e d  i n t e r v a l .  This  idea  can be eva lua ted  s t a t i s -  
t i c a l l y  by determining t h e  n a t u r e  of  t h e  d i s t r i b u t i o n  of t h e s e  explos ions  wi th  
t ime ,  t h e  frequency of occurrence,  and s c a t t e r  of  t h e  da t a  ( s e e  appendix).  

TABLE 1. - M M  
s e l e c t e d  per iods from 1836-1970 

Major mine 
explosion r a t e  
(number /year)  

Period : 
1836-75................... 0.30k0.17 
1901-30................... 9.9321.17 
1931-50................... 3.702 .86 
1951-70................... 1.302 .53 

During t h e  30-year per iod from about 1875 t o  1905, major mine explosions 
occur red  a t  an annual r a t e ,  y l ,  given by t h e  r eg re s s ion  equa t ion :  

where X1 i s  t h e  coded time (yea r  - 1847.5)/5. This  r eg re s s ion  equa t ion  
accounts  f o r  91.8 percent  of t he  s c a t t e r  ( r  = 0.958) i n  t he  da t a  about t he  
average va lue  f o r  t h i s  period. During t h e  per iod  1885 t o  1920, t h e  number of 
man-sh i f t s  worked per year  ( i n  m i l l i o n s )  i s  given by t h e  express ion :  

where X, i s  t h e  coded time (yea r  - 1882.5)/5. This  equat ion accounts  f o r  
97 percent  of  t h e  s c a t t e r  ( r  = 0.985). An even b e t t e r  f i t  i s  ob ta ined  f o r  t h e  
c o a l  product ion r a t e  during t h e  per iod  1850 t o  1910 ( f i g .  1 ) .  Here we have: 

where X, = X1. This  equa t ion  accounts  f o r  99.6 percent  of t h e  s c a t t e r  
( r  = 0.998) i n  t h e  da ta  about t h e  average va lue .  

A l t e r n a t i v e l y  

yl = 0.263 exp (0.2950X1) major explosions per y e a r ,  ( 4 )  

y, = 49.6 exp (0.1952X2) m i l l i o n  man-shif ts  per y e a r ,  ( 5 )  

y, = 8.0 exp (0,3416X3) m i l l i o n  tons  per year .  ( 6 )  

The exponent ia l  r a t e  of i nc rease  i n  major explosions before  1905 almost equa ls  
t h e  r a t e  of i nc rease  i n  c o a l  product ion,  but each exceeds t h e  r a t e  of  i nc rease  
i n  underground exposure (man-sh i f t s ;  f i g .  1 ) .  Both underground exposure and 
c o a l  product ion increased  u n t i l  about 1920 before  dropping, whi le  t he  major 
explos ions  r a t e  dropped around 1910, tended t o  a  cons tan t  va lue  u n t i l  about 
1930 and then  dropped abrupt ly .  Subsequent changes i n  t he  major explosions 
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FIGURE 3. - United States coal mine fatality rate: 0, per 
thousand 300-day workers and h ,  per mi l l ion 
man-hours exposure. 

r a t e  o f  occurrence appear  t o  
p a r a l l e l  t he  underground 
exposure (man- sh i f t s ) ,  whi le  
c o a l  product ion has  remained 
a t  a r e l a t i v e l y  h igh  l e v e l  
s i n c e  t h e  mines have 
mechanized. 

DISCUSSION 

While only t h e  major 
mine explos ions  da t a  (gas  
and d u s t )  a r e  cons idered  i n  
t h e  preceding s e c t i o n ,  t he se  
have followed t h e  same 
t r ends  e x h i b i t e d  by o t h e r  
mine acc iden t  s t a t i s t i c s  
based on worker exposure.  
For example, a p l o t  (curve  5, 
f i g .  3) of t h e  United S t a t e s  

c o a l  mine f a t a l i t y  r a t e  per  thousand 300-day workers over  t he  per iod  1890- 
1968 (21) shows an i n c r e a s e  i n  t h i s  r a t e  u n t i l  about 1910 when t h e  Bureau of 
Mines was formed, an abrupt  drop t o  a r e l a t i v e l y  cons t an t  l e v e l  u n t i l  about 
1930, then  a g radua l  decrease  dur ing  t he  nex t  15 yea r s  ( a s  employee tu rnover  
decreased  and t h e  propor t ion  of exper ienced personnel  i nc r ea sed  (L)). Subse- 
quen t ly  t h e  annual  r a t e s  have f l u c t u a t e d  about  t h e  5-year  average. Unfortu-  
n a t e l y ,  t h e  a c t u a l  underground exposure t imes a r e  n o t  known with any degree of 
c e r t a i n t y  dur ing  t h i s  extended per iod.  Re l i ab l e  d a t a ,  a v a i l a b l e  on ly  f o r  t h e  
pe r iod  1930-72 ,6 a r e  inc luded  i n  curve  b, f i g u r e  3. The f a i r l y  cons t an t  
5-year average r a t e  dur ing t h e  per iod  1941-70 (about  1.36 f a t a l i t i e s  per  m i l -  
l i o n  man-hours underground exposure) i s  noteworthy d e s p i t e  t h e  f a c t  t h a t  t h e  
annual  r a t e s  ranged dur ing  t h i s  per iod  from a low of  0.98 i n  1969 t o  a h igh  of 
1.80 i n  1968 ( s t anda rd  d e v i a t i o n  = 0.20). The annual  r a t e  subsequent ly  
dropped t o  a low of  0.91 per m i l l i o n  man-hours underground exposure i n  1971 
and more r e c e n t l y  (1972) t o  a new low of  0.71. By comparison, t h e  f a t a l i t y  
r a t e s  a s s o c i a t e d  w i th  c o a l  mining ope ra t i ons  i n  genera l  were 0.72 and 0.56 per  
m i l l i o n  man-hours t o t a l  exposure i n  1971 and 1972, r e spec t i ve ly .  

Approximately one i n  e i g h t  of t h e  more than  90,000 f a t a l i t i e s  t h a t  have 
occur red  i n  t h e   ati ion's c o a l  mines dur ing  t h e  per iod  1906-68 were caused by 
gas  and dus t  explosions.  Despi te  improvements i n  o t h e r  a s p e c t s  o f  mine s a f e t y  
i n  r e c e n t  yea r s  ( f i g s .  1 and 3 ) ,  t h e  number of  f a t a l i t i e s  from i g n i t i o n s  of  
methane and from major exp los ions  has  a c t u a l l y  increased  s l i g h t l y  i n  r e c e n t  
y e a r s ,  but  t h e  f r a c t i o n  of t h e  i ndus t ry  t o t a l  a s c r ibed  t o  t h e s e  causes  has  
i nc r ea sed  markedly ( t a b l e  2).  Thus, i f  p r e sen t  t r e n d s  were t o  con t inue ,  t he  
number of f a t a l i t i e s  from i g n i t i o n s  of methane could be expected t o  i n c r e a s e  
s t i l l  f u r t h e r  when product ion of c o a l  from underground workings i nc r ea se s .  
Fo r tuna t e ly ,  t h i s  t r e n d  can  be reversed  by t h e  implementation of  c o a l  degas i -  
f i c a t i o n  techniques  developed he re  and abroad i n  r e c e n t  yea r s .  These 

6 ~ o m p i l e d  by Of f i ce  o f  A s s i s t a n t  Director--Technical  Support ,  Washington, D.C. 



techniques can be b e s t  descr ibed  i n  terms of t h e  bas i c  f a c t o r s  t h a t  govern t h e  
behavior  of  methane i n  coa l .  

TABLE 2. - F a t a l i t i e s  due t o  i g n i t i o n s  and explosions 
i n  underground workings of c o a l  mines 

Basic Fac tors  

Year 

1956-60............ 
1961-65............ 
1966-70.. .......... 

Methane i s  a  component p a r t  o f  c o a l  t h a t  i s  formed during t h e  c o a l i f i c a -  
t i o n  process  (23, 27, 33); according t o  Mott (g), approximately 3,000 cubic  
f e e t  o f  methane i s  produced i n  forming 1 ton  of medium rank bituminous c o a l  
(a long  wi th  copious q u a n t i t i e s  of carbon d ioxide  and wa te r ) .  I n  most United 
S t a t e s  mines, only a  f r a c t i o n  of t h i s  methane has  been r e t a i n e d  i n  t h e  c o a l  
s i n c e  t h e  balance i s  l o s t  t o  t h e  atmosphere. 

The amount of methane r e t a i n e d  by a  p a r t i c u l a r  c o a l  i s  determined i n  p a r t  
by t h e  h y d r o s t a t i c  p ressure  a t  t h e  depth below s u r f a c e  a t  which t h e  c o a l  i s  
found. Figure 4  g ives  t h e  shu t - in  pressures  measured a t  t h e  base of  a  number 
of v e r t i c a l  we l l s  d r i l l e d  r e c e n t l y  i n t o  c o a l  from t h e  su r f ace .  I n  gene ra l ,  

t h e s e  pressures  a r e  l e s s  
800 I 1 than t h e  h y d r o s t a t i c  head: 

Phyd = 0.435hy (7  

where h  i s  t h e  we l l  depth. 

600 - - Simi l a r  r e s u l t s  have been 
obta ined  from measurements 

u' . - made underground (8). For 
m 
a example, a  p lo t  of p r e s su re  

a g a i n s t  h o r i z o n t a l  d i s t ance  - from t h e  f ace  shows a  r a t h e r  
s t e e p  pressure  g rad i en t  near  
t h e  f a c e ,  but t h i s  g r ad i en t  
decreases  r a p i d l y  wi th  depth 
of pene t r a t i on  and f i n a l l y  - t h e  pressure  approaches t h e  
h y d r o s t a t i c  va lue  ( f i g .  5 ) .  

The volume of gas 
adsorbed by a  c o a l  a t  a  

0 500 1,000 f i xed  temperature  i s  given 
1,500 2,000 by theLangmuir  isotherm: 

WELL DEPTH (h), f t  

FIGURE 4. - Shut-in pressure versus well depth (h) .  
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FIGURE 6 ,  - Methane liberation rates of various mines in 
the Pittsburgh coa lbed; Vad for Pittsburgh 
coa I in  its normal water-saturated state, 

where V, i s  t h e  s a t u r a t i o n  
(monolayer) volume, 

b  i s  a  c o n s t a n t ,  

and P i s  t h e  equ i l i b r i um 
p re s su re  i n  p s i a .  

For example, V a d  f o r  P i t t s -  
burgh c o a l  i n  i t s  normal 
wa te r - s a tu r a t ed  s t a t e  i s  
given approximately by t h e  
express  ion (11) : 

where P i s  i n  p s i a .  Taking 
P t o  be t h e  h y d r o s t a t i c  p res -  
s u r e ,  t h i s  can be w r i t t e n  a s :  

where h  i s  t h e  coalbed depth 
i n  f e e t ,  A p lo t  of V,, 
a g a i n s t  h  i s  given i n  f i g -  
u r e  6 ,  a long  with  da t a  on 
gross  methane l i b e r a t  ion  
r a t e s  per t on  of c o a l  mined 
(MLR)' i n  a  number of  com- 
merc ia l  mines i n  t h e  P i t t s -  
burgh coalbed (10). With 
few except ions ,  more methane 
i s  emi t ted  than  t h a t  con- 
t a ined  (adsorbed)  i n  t h e  
mined c o a l  under s a t u r a t i o n  
c o n d i t i o n s ,  and dev i a t i ons  
from V a d  appear t o  i n c r e a s e  
wi th  i n c r e a s e  i n  mine depth.  
Thus whi le  t h e  r a t e  of 
change of adsorbed gas w i th  
depth (dV/dh) i s  approxi-  
mately 0.67 cubic  f e e t  per 

ap his i s  a c t u a l l y  a  f i c t i -  
t i o u s  f i g u r e  but i s  now 
commonly used a s  a  mea- 
s u r e  o f  ga s s ine s s  dur ing  
per iods  of a c t i v e  mining. 



FIGURE 7. - E f fec t  of an  id le  per iod on the methane emiss ion  ra te  of an  operat ing mine 
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t on  o f  c o a l  per foo t  depth near  t h e  s u r f a c e ,  t h e  r a t e  of change i n  t h e  methane 
l i b e r a t i o n  r a t e  ( d ~ ~ ~ l d h )  i s  a c t u a l l y  2.5 cubic  f e e t  per  ton  per  foo t  depth 
f o r  t h e  more gassy mines. This g ives  a  r a t i o  MLR:Vad of 3.75 f o r  shal low 
mines; and an even l a r g e r  r a t i o  f o r  t h e  deeper and more gassy mines. Such 
behavior  r e s u l t s  from t h e  f a c t  t h a t  a mine i s  a dynamic system; t h e  gas 
emi t ted  comes not  only from t h e  e x t r a c t e d  c o a l  but i n  p r a c t i c e  a s  much a s  70 
t o  80 percent  o f  t h e  methane e n t e r s  t h e  mine atmosphere from t h e  exposed r i b s  
and ad j acen t  s t r a t a .  A s t r i k i n g  example i s  presented i n  f i g u r e  7 which shows 
t h e  e f f e c t  o f  a  7-112-week s t r i ke - induced  i d l e  per iod on t h e  methane emission 
i n  an ope ra t i ng  mine (10) where t h e  methane emission r a t e  (MER) of about 
1 m i l l i o n  cubic  f e e t  per day before  t h e  s t r i k e  dropped only t o  about 0.7 m i l -  
l i o n  cub ic  f e e t  per day during t h e  s t r i k e .  Assumizlg t h a t  t h e  decrease  r e p r e -  
s e n t s  t h e  adsorbed gas normally r e l ea sed  dur ing  mining, then an MLR:V,, r a t i o  
of approximately 3.3 r e s u l t s ;  t h i s  means t h a t  nea r ly  70 percent  of t he  gas 
e n t e r s  t h e  mine workings from t h e  r i b s  and ad jacent  s t r a t a .  Admit tedly,  some 
of t h e  gas l i b e r a t e d  during t h e  s t r i k e  would have en t e r ed  t h e  mine a s  desorbed 
gas from t h e  mined coa l  s o  t h a t  t h i s  r a t i o  (3 .3)  may be a  l i t t l e  high. 
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Assuming t h a t  a  f i x e d  propor t ion  p of t h e  t o t a l  methane e n t e r s  a  mine 
through t h e  exposed r i b s  and ad jacent  s t r a t a ,  then  the  methane l i b e r a t i o n  r a t e  
can be p red i c t ed  by determining t h e  gas conten t  of t h e  coa l  from a co re  sample. 
For example, i f  p  i s  0.75 then:  

10 15 2 0  2 5  30 5 10 15 2 0  2 5  31 5 10 15 2 0  2 5  30 5 10 15 d--- 5ept 1971 0ct  1971 d NO" 1971 d ~ e c  19714 

vad = 4 vld f t 3 / t o n l  MLR = - 
1-P 

(11)  

I n  a  r ecen t  s tudy of cores  ob ta ined  from a number of r a t h e r  gassy mines i n  t h e  
P i t t s b u r g h ,  Pocahontas, I l l i n o i s  No. 5 ,  and Hartshorne coa lbeds ,  K i s s e l l  (14)  
a c t u a l l y  found average MLR:Vad r a t i o s  above 6. 

Methane Control  Techniaues 

The c o n t r o l  techniques cons idered  t o  d a t e  f o r  use i n  coa l  mines can be 
d iv ided  i n t o  t h r e e  c a t e g o r i e s  : 



1. Cont ro l led  d i l u t i o n  with a i r  ( v e n t i l a t i o n ) .  

2. Blocking o r  d i v e r t i n g  gas flow i n  t h e  coalbed by means of adequate 
s e a l s .  

3. Removal of pure o r  d i l u t e d  methane through boreholes .  

The f i r s t  and most widely used technique involves t h e  use  of v e n t i l a t i o n  a i r  
t o  reduce t h e  concent ra t ion  of methane t o  a  s a f e  l eve l .  It i s  t he  only one 
used u n i v e r s a l l y  i n  underground mines and i s  a  requirement of Sec t ion  303 of 
t h e  Federal  Coal Mine Health and Safe ty  Act of 1969 (2). T i t l e  30, U.S. Code 
o f  Federal  Regulat ions,  Subchapter 0 ,  Par t  75, Subpart D--Ventilation (2) 
con ta ins  t h e  s t a t u t o r y  provis ions  and mandatory s tandards  r e l a t e d  t o  t h e  ven- 
t i l a t i o n  of mines. Bthsr  methane c o n t r o l  techniques can be considered under 
t h e  provis ions  of Sec t ion  301(b) of t h e  Federal  c o a l  Mine Health and Safe ty  
Act and Sec t ion  75.316 of the  mandatory s a f e t y  s tandards  i n  T i t l e  30, 
U.S. Code of Federal  Regulations.  While a  few mines have employed o the r  con- 
t r o l  procedures (2-6, 12, 17-18, E-g, 2 8 ) ,  most mine ope ra to r s  have been 
r a t h e r  r e l u c t a n t  t o  at tempt  anything t h a t  might change t h e i r  mining p l ans ,  
t h i s  desp i t e  t h e  f a c t  t h a t  many of t h e  new procedures w i l l  decrease v e n t i l a -  
t i o n  a i r  requirements whi le  i nc reas ing  p roduc t iv i ty  by e l imina t ing  much of t he  
methane from t h e  a c t i v e  face a r e a s  (33). The genera l  tendency t o  da t e  has  
been t o  use a d d i t i o n a l  q u a n t i t i e s  of v e n t i l a t i o n  a i r  a s  methane emission 
increases .  Thus, t h e  l a r g e  mines i n  t he  P i t t sbu rgh  coalbed c i r c u l a t e  between 
4 and 15 tons  of a i r  per ton  of c o a l  ex t r ac t ed .  I n  most cases  t h i s  i s  ade- 
qua te  t o  keep the  methane concent ra t ion  a t  the  exhaust below 0.5 percent .  
However, an examination of r ecen t  Federal  mine in spec t ion  r e p o r t s  shows t h a t  
some mines exhaust a i r  con ta in ing  from 0.7 t o  1.0 percent  methane a t  the  fan  
o u t l e t s .  Although on t h e  average t h i s  meets t h e  s t a t u t o r y  requirements ,  t h e  
d i s t r i b u t i o n  of v e n t i l a t i o n  a i r  through a  mine i s  such t h a t  t he re  a r e  probably 
a r e a s  of such a  mine where the  methane concent ra t ion  i s  wel l  over 1 percent.  
This  i s  p a r t i c u l a r l y  t r u e  i n  newly developing mines o r  i n  mines which a r e  
d r i v i n g  development headings i n t o  v i r g i n  coa l .  Under t hese  circumstances 
v e n t i l a t i o n  alone i s  u sua l ly  not  adequate ,  and development i s  c u r t a i l e d  o r  
stopped. Furthermore, a s  the  methane emission r a t e  depends on both t h e  c o a l  
product ion r a t e  and depth (g), i t  would be expected t h a t  even more a i r  w i l l  
be needed a s  mining r a t e s  and depths increase  un le s s  some of t h e  methane i s  
removed before mining proceeds. 

The techniques considered t o  da t e  i n  our a t tempts  t o  prevent t he  e n t r y  of 
methane i n t o  t h e  v e n t i l a t i n g  a i r s t r e a m  a r e  summarized i n  t a b l e  3. B r i e f l y ,  
t h e r e  a r e  four reg ions  of i n t e r e s t g o t h e  working space ,  t he  gob, t h e  c o a l  seam, 
and the  ad j acen t  s t r a t a ;  t he  l a t t e r  regions a r e  considered because they can 
and do inf luence  t h e  atmosphere i n  t he  working space. Furthermore, a s  those  
reg ions  r ep re sen t  t h e  s e a t  of t he  problem, they have been the  focus of a l l  t h e  
i n i t i a l  methane c o n t r o l  procedures considered by the  Bureau i n  r ecen t  months. 
I n  p a r t i c u l a r ,  a t tempts  a r e  being made t o  remove the  methane before  i t  e n t e r s  
t h e  working space. To da t e ,  v e r t i c a l  and ho r i zon ta l  boreholes ,  water  s e a l s ,  
i s o l a t i o n  techniques ,  improved b l eede r s ,  t r a c e r  gases ,  and va r ious  combina- 
t i o n s  t o  determine t h e  bes t  method of gas c o n t r o l  i n  any p a r t i c u l a r  circum- 
s t ance  have been used. For example, i n  recent  months, we have found t h a t  a s  



much a s  25 percent  of t h e  a v a i l a b l e  methane can be removed from a  longwall  gob 
i n  a n  ope ra t i ng  mine i n  t he  Pocahontas No. 3  coalbed by the  use  of a  s i n g l e  
p a r t i a l l y  s l o t t e d  v e r t i c a l  pipe (2); approximately 180 m i l l i o n  cubic  f e e t  of 
gas was removed i n  t h e  f i r s t  15 months. A summary of t o t a l  methane flow 
before  and a f t e r  borehole i n t e r s e c t i o n  on November 9 ,  1970, i s  given i n  
f i g u r e  8. A t  l e a s t  t h r e e  c o a l  mining f i rms a r e  experimenting wi th  such pipes  
i n  gob a r ea s .  

TABLE 3. - Methane c o n t r o l  techniques cons idered  f o r  underground use  

2. Gob............ 

Region 

1. Working space..  

........... 3. Coal 

Methane c o n t r o l  technique 

Coal... . . . . . . . .  

D i lu t i ng  wi th  a i r  
V e n t i l a t e  ; i s o l a t e  

and v e n t i l a t e .  

V e n t i l a t e ;  b l eede r s  

V e r t i c a l  s u r f a c e  
boreholes  ; hor izon-  
t a l  and s loped  
underground bore - 
h o l e s ;  mult ipurpose 
borehole.  

4. Adjacent s t r a t a  I - I ~ t r a t a  . . . . . . . . . I  Boreholes. 

Sea l i n g  

Water i n f u s i o n ;  
g rout  ; p l a s t i c  
s e a l .  

Gob............ 

I n  a  s e r i e s  of experiments i n  t h e  P i t t sbu rgh  coalbed,  i t  was found t h a t  
t he  bu lk  of t he  gas e n t e r i n g  the  face  a r e a  i n  a  very  gassy mine can be 
d i v e r t e d  by in fus ing  t h e  face  with water  ( 3 ) ;  a  summary of t h e  methane flow a t  
two l o c a t i o n s  before  and a f t e r  i n fus ion  of an a c t i v e  face  i n  t h i s  mine i s  
given i n  f i g u r e  9. I n  a  companion s tudy ,  t h e  method of moving averages was 
used t o  show the  e f f e c t s  of  o i l  and gas we l l s  on t h e  methane flow i n t o  t h e  
same mine (3). Figure 10 shows t h e  methane flow r a t e  and t h e  r a t e  of change 
of t h i s  r a t e  wi th  d i s t ance  a long  an e n t r y  i n  t he  v i c i n i t y  of two abandoned 
we1 1s. 

Removal of CH, 

Chemical process  ; 
phys ica l  process  ; 
b i o l o g i c a l  process .  

Surface boreholes .  

More r e c e n t l y ,  i n  a  n a t u r a l  drainage experiment i n  t h e  P i t t sbu rgh  coa lbed ,  
i t  was found t h a t  long h o r i z o n t a l  ho l e s  t h a t  pass near  o l d  w e l l s  f r equen t ly  
produce much more gas than  those  t h a t  pene t r a t e  t he  same coalbed i n  a r e a s  f r e e  
of w e l l s .  A schematic of t h e  arrangement used i n  t he se  s t u d i e s  i s  given i n  
f i g u r e  11 (1). Eight  3-inch-diameter h o r i z o n t a l  ho l e s  were d r i l l e d  i n t o  t h e  
coa l  from t h e  base of a  cased  v e r t i c a l  borehole.  One h o l e  was used t o  measure 
t he  gas  pressure  i n  t he  coa lbed ,  and t h e  o t h e r  ho l e s  were used t o  d r a i n  water  
and gas ( f i g .  12) .  The l a t t e r  ho l e s  ranged i n  depth from 500 t o  850 f e e t ;  i n i -  
t i a l  gas flow r a t e s  f o r  t h e  i nd iv idua l  b leeder  ho l e s  a r e  given i n  f i g u r e  13. 
I f  we assume t h a t  ho l e s  7 ,  8 ,  and 1 a r e  sh i e lded  from t h e  w e l l s  by t h e  o t h e r  
h o l e s  ( p a r t i c u l a r l y  2 and 6 ) ,  then  the  i n i t i a l  gas ( p r i m a r i l y  methane) flow 
r a t e  (GFR) i n  t h e  absence of t he  w e l l s  would be given by the  equa t ion :  

GFR = (0.18 - cos 28) c f m / f t 2 ,  (12)  
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where 0 i s  the  angle ( d i s -  
placement) measured clock-  
wise from t h e  face  c l e a t  
loca ted  between holes  2 and 
4. A p lo t  of equat ion 12 
i s  included i n  f i g u r e  13  
which s t r i k i n g l y  i l l u s t r a t e s  
the  e f f e c t s  of d i r e c t i o n a l  
permeabil i ty  on the  flow; 
i n  the  absence of w e l l s ,  t he  
maximum flow i s  from ho les  
d r i l l e d  along t h e  b u t t  
c l e a t s  ( B )  and perpendicular  
t o  t h e  face  c l e a t s  ( F j .  How- 
eve r ,  s ince  boreholes t h a t  
pass near  we l l s  may have 
flow r a t e s  above t h e  pre-  
d i c t e d  va lues ,  i t  i s  not  
s u r p r i s i n g  t o  f i n d  t h a t  t he  
i n i t i a l  flow r a t e s  from 
holes  2 and 4 were approxi-  
mately twice a s  high a s  
those t o  be expected from 
equat ion 12. Furthermore, 
comparing the  flows from 

DISTANCE (XI,  f t be seen t h a t  t he  flow from 
ho le  4 which passes near  a  

FIGURE 10. - Methane flow rates near abandoned wells. gas we l l  was about 2.5 times 
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wel l .  This supports  e a r l i e r  f indings  of  t h e  Bureau on t h e  e f f e c t s  of o i l  and 
- - 

gas we l l s  on emission of methane i n  coa l  mines (34). 

Af te r  t he  i n i t i a l  flow r a t e s  were measured, t h e  seven b leeder  holes  were 
connected t o  a  common manifold. The t o t a l  methane emission from these  holes  
f e l l  f o r  approximately 50 days and then began t o  increase  ( f i g .  14) .  I n t e r -  
e s t i n g l y ,  t he  emission r a t e  f e l l  only by a  f a c t o r  of 2 while the  gas pressure  
i n  t h e  coalbed f e l l  by a  f a c t o r  of 20. However, during t h i s  period,  water  was 
removed continuously from the  coa l  ( t h e  average i n i t i a l  water  flow r a t e  was 
6.2 gpm per ho le ;  i n  50 days t h i s  f igu re  f e l l  * to  0.5 gpm per h o l e ) ,  and t h e  
gas permeabil i ty  of t he  coa l  increased. A s  a  f i r s t  approximation, t he  i n i t i a l  
gas emission r a t e s  (GER) were found t o  be propor t ional  t o  the  inverse  of t h e  
square roo t  of t he  elapsed time, t (30) : 

GER = 970y000 c f d ;  0  5 t 5 40 days. a + t / 1 0  

This simple equat ion y i e l d s  va lues  wi th in  about 5 percent  of t h e  smoothed 
(curve)  da ta  given i n  f igu re  14. 



To fan 

FIGURE 11. - Perspective view of multipurpose borehole. 

I n  a d d i t i o n ,  t h e  Bureau i s  p re sen t ly  eva lua t ing  the  e f f e c t s  of  c l a y  ve ins  
and f a u l t s  on methane flow. The r e s u l t s  of t hese  s t u d i e s  and of o the r s  on t h e  
dra inage  of gas from i s o l a t e d  panels  and v e r t i c a l  and ho r i zon ta l  ho les  should 
be availab1.e soon. I n  a  few years  t he  r e s u l t s  of a  s e r i e s  of r e c e n t l y  s t a r t e d  
s t u d i e s  should be a v a i l a b l e  on the  flow of gas from gob a r e a s ,  t h e  design of 
e f f e c t i v e  b leeders ,  and the  improvement of  v e n t i l a t i o n  a t  t he  f ace ,  However, 
even prel iminary r e s u l t s  show t h a t  technology is  now a v a i l a b l e  t o  permit a  
more r e a l i s t i c  approach t o  methane c o n t r o l  i n  most of  t h e  Nat ion ' s  coa l  mines. 
Toward t h i s  end, a  program was i n i t i a t e d  l a t e  i n  1972 t o  demonstrate t h a t  a  
complete mine can be e f f e c t i v e l y  degas i f i ed  wi th  a  concomitant improvement i n  
s a f e t y  and production. The i n i t i a l  r e s u l t s  of t h i s  work a l s o  should be a v a i l -  
a b l e  w i th in  a  few yea r s .  
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FIGURE 13. - In i t i a l  gas f low rates from horizontal  holes gas flow r a t e s  when bore-  
ho l e s  a r e  d r i l l e d  dur ing  

dr i l led in  v i rg in  coal. 
e x p l o r a t i o n  and by d e t e r -  

F B F B F Recommended Procedures 

mining t h e  gas con t en t  of 
t h e  c o a l  (V,,) u s ing  t h e  
d i r e c t  method of Ber ta rd  (2). - 
B r i e f l y ,  t h i s  involves  t h e  
t ak ing  of a  c o a l  c o r e  from a - 
v e r t i c a l  ho l e  and measuring 
t h e  volume of gas t h a t  i s  - 
desorbed a t  a tmospheric  p res -  
su r e .  A 1  t e r n a  t i v e l y  , V,, - 
can be c a l c u l a t e d  from t h e  
Langmuir i so therm (equa-  
t i o n  8)  i f  t h e  pressure  and 
temperature  o f  t h e  gas i n  

0 20 40 60 80 loo t h e  coalbed a r e  measured. 
ELAPSED TIME, days The approximate methane l i b -  

cq 0.4 
C v- 
\ 
E 
u- u . 3 -  

2 -  
LL 

W 
z 
a - 1  
I 

b 

e r a t i o n  r a t e  (MLR) can then 
FIGURE 14. - To ta l  f low (gas emission) from seven horizon- be ob ta ined  from equa t ion  11. 

t a l  holes d r i l l ed  in  v i rg in  coal. 
Where V,, and P a r e  no t  

known, an idea  of  t h e  

= 0 90 180 270 360 encountered i n  mining can be 
f o r e c a s t  by f i r s t  measuring 

DiSPikCEMEriT, e ,  beg gas r e s e r v o i r  p r e s su re s  and 
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expected MLR can be ob ta ined  by combining equa t ions  such a s  t hose  given h e r e  
f o r  t h e  P i t t sbu rgh  coalbed.  For example, from equa t ions  10 and 11 we can  

From t h e  work conducted 
t o d a t e ,  i t  i s s t r o n g l y  
recommended t h a t  adequate  
methane c o n t r o l  procedures 
be i nco rpo ra t ed  i n  a l l  
phases of underground mining, 
beginning w i th  i n i t i a l  explo-  
r a t i o n  and con t inu ing  u n t i l  
mining i s  completed. The 
problems t h a t  w i l l  be 

o b t a i n  an approximate measure of  t h e  methane l i b e r a t i o n  r a t e  f o r  t h e  P i t t s -  
burgh coalbed.  This  i s  p l o t t e d  i n  f i g u r e  15 a s  4 V,, a long  w i th  t h e  MLR pre-  
d i c t i o n  curve  de r ived  e a r l i e r  from t h e  average methane emission r a t e  da ta  
ob t a ined  i n  a  number of mines i n  t h i s  coalbed. While t h e r e  appears  t o  be a  
f a i r l y  good c o r r e l a t i o n ,  i t  must be recognized t h a t  t h e s e  procedures a r e  based 
on averages  and t h a t  t he  presence of  gas and o i l  w e l l s  i n  t h e  a r e a  of an 
a c t i v e  mine may t end  t o  i nc r ea se  t h e  ave rages ,  whi le  b a r r i e r s  t o  f r e e  flow 
such a s  c l a y  v e i n s ,  f a u l t s ,  and nearby abandoned workings may decrease  them. 

Once V,, o r  MLR i s  ob t a ined ,  some thought must be given t o  t h e  proper 
cho i ce  of c o n t r o l  procedures.  As a  rule-of- thumb,  we propose t h a t  where t h e  



pro j ec t ed  methane l i b e r a t i o n  
r a t e  (MLR) approaches 
400 cfm per t on  o f  c o a l  
mined, v e n t i l a t i o n  a lone  
w i l l  be inadequa te  and t h a t  
d i r e c t  methane c o n t r o l  pro-  
cedures  should be u t i l i z e d .  
These inc lude  t h e  u s e  o f  v e r -  
t i c a l  and h o r i z o n t a l  ho l e s  
t o  dewater and degas i fy  a n  

200 400 600 800 1000 
a r e a  before  t h e  onse t  of  min- 
i n g ;  t h e  use  of h o r i z o n t a l  

DEPTH (h), f t  ho le s  t o  i n f u s e  a n  a c t i v e  

I=lcl lDI= 15. _ Methane iibzrGticE rztes =c(sorbed nnc  
f ace  w i th  water  and thus  

I IVUI\I- YU4 d i v e r t  t h e  flow of  methane; 
volumes for mines in the Pit tsburgh coal -  t he  use of long horizontal  
bed versus depth (h). h o l e s  t o  dewater and degas-  

i f y  a  s e c t i o n  during mining; 
improvement o f  b l eede r  e n t r i e s ;  t h e  use  of v e r t i c a l  ho l e s  and s l o t t e d  p ipes  t o  
d r a i n  a  gob a r e a ;  t h e  o u t l i n i n g  of i s o l a t e d  panels  t o  degas i fy  t he  panels  
p r i o r  t o  mining; hydrof rac ing  a  block of  c o a l  t o  i n c r e a s e  i t s  permeabi l i ty ;  
and r a p i d  d i l u t i o n  of methane w i t h  a i r  a s  i t  e n t e r s  t h e  mine. De t a i l ed  proce-  
dures  can  be found i n  a  number of  r e f e r ences  inc luded  i n  t he  b ib l iography .  

CONCLUSIONS 

While s i g n i f i c a n t  advances have been made i n  reducing t h e  hazards  a s s o c i -  
a t e d  w i t h  t he  mining of  c o a l ,  t h e  i g n i t i o n  and explos ion  hazards  a s s o c i a t e d  
wi th  t h e  presence of methane and o t h e r  combust ibles  have a c t u a l l y  increased .  
From t h e  d a t a  ob ta ined  i n  r ecen t  y e a r s ,  i t  can be expected t h a t  a d d i t i o n a l  
problems w i l l  a r i s e  a s  mining r a t e s  and depths  a r e  increased .  Accordingly,  
s p e c i a l  emphasis must be given t o  t h e  use of  e s t a b l i s h e d  methane c o n t r o l  pro-  
cedures  i n  a l l  phases of underground mining and t o  t h e  ref inement  o f  t h e s e  
techniques  by a  l a r g e r  number of  mining companies through a p p l i c a t i o n  and 
innova t ion. 
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APPENDIX 

Assuming t h a t  a major mine e x p l o s i o n i s  a r a r e  and random event unaf fec ted  
by t h e  occurrence of any o the r  s i m i l a r  even t ,  then  the  p r o b a b i l i t y  t h a t  k such 
explos ions  w i l l  occur i n  a given per iod  ( f o r  example, 1 yea r )  i s  given by the  
Poisson d i s t r i b u t i o n  func t ion:  

where i s  t he  average number of such explosions t h a t  occur i n  a u n i t  i n t e r v a l  
of time. For example, during t h e  period 1836-75, t h e  average number of major 
explosions (x) was found t o  be 12/40 o r  0.3 per year .  I f  u i s  es t imated  by 
then t h e  expected frequency f, with which 0 ,  1, 2 ... explosions should occur 
per year  during t h e  40-year per iod can be computed. These expected frequen- 
c i e s  a r e  l i s t e d  i n  t a b l e  A - 1  a long  wi th  t h e  observed frequency f, . Simi lar  
da ta  a r e  given f o r  the  o t h e r  per iods of i n t e r e s t  (1901-30; 1931-50; 1951-70). 
It should be noted t h a t  t h e  u n i t  i n t e r v a l  r ep re sen t s  the  time during which 
observa t ions  a r e  made i n  each case.  This i n t e r v a l  was taken as  1 year  during 
the  period 1836-75 so  t h a t  f, and f, a r e  t h e  number of years  i n  which 0 ,  1, 
o r  2 o r  more explosions occurred ;  however, when the  i n t e r v a l  i s  1 month, f, 
and f, a r e  t h e  number of months i n  which 0 ,  1, 2 ... explosions occurred. 
There appears  t o  be a good c o r r e l a t i o n  between f, and f, i n  most cases .  This 
can be checked by computing x2. For example, f o r  t he  period 1836-75, we have : 

where t h e  second subsc r ip t  ( i )  r e f e r s  t o  t h e  i t h  va lues  i n  the  sum ( t h a t  i s ,  
f, and f, r e f e r  t o  the  f i r s t  observed and expected f requencies ,  respec t ive ly ,  
and s o  f o r t h ) .  As the  c a l c u l a t e d  X2 i s  l e s s  than the  t abu la t ed  va lue  

(x2 .05 = 3.841), t h e r e  i s  no reason t o  r e j e c t  the  hypothesis  t h a t  major mine 
explosions occurred i n  a random fash ion  during the  period 1836-75 wi th  an 
annual p robab i l i t y  of occurrence of 0.3. Furthermore, a s  t h i s  i s  a Poisson 
d i s t r i b u t i o n ,  t h e  var iance  (2) a l s o  should be approximately 0.3. Using t h i s  
v a l u e ,  approximate 95-percent confidence l i m i t s  f o r  u were computed by use  of  
t he  express ion  x +2/x/n; these  l i m i t s  a r e  included i n  t a b l e  1 of t he  main t e x t  
( f o r  example, 0.3k0.17). S imi la r  da ta  a r e  given f o r  t h e  o the r  per iods con- 
s i d e r e d ,  and t h e  averages and measures of  s c a t t e r  a r e  included i n  f i g u r e  1 of 
t he  main t e x t .  From these  i t  can be seen t h a t  t h e  averages d i f f e r  markedly 
from neighboring va lues  a t  t h e  0.05 s i g n i f i c a n c e  l e v e l  i n  each case.  



TABLE A - 1 .  - Observed and expected occurrence of major c o a l  mine explosions 
i n  t h e  United S t a t e s  during t h e  ~ e r i o d  1836-1970 

Period ( i n t e r v a l )  

1836-75 ( 1  y e a r )  ............. 

1951-70 ( 1  month)....... ..... 

......... 1901-30 ( 1  month)... 

0  
1 
2  

3  o r  more 

0  
1 

2  o r  more 

f, f, 

29.6 29 
8.9 10 
1.5 1 

X2 = 0 .0407~  

.8275 

A l t e r n a t i v e l y ,  we can cons ider  t h e  time i n t e r v a l s  between major explo-  
s i o n s  r a t h e r  than  t h e i r  r a t e  of occurrence (16). During any per iod i n  which 
the  explos ion  r a t e  i s  c o n s t a n t ,  t h e  p r o b a b i l i t y  dens i ty  func t ion  of time 
i n t e r v a l  between major explosions should be given by t h e  express ion :  

Pr (k)  

0.7408 
.2222 
.0369 

~1 

0.30 

0  
1 
2  

3  o r  more 

f ( t )  = E exp ( - E t ) ,  (A-3) 

Explosions, k ,  
( u n i t  i n t e r v a l )  

0  
1 

2  o r  more 

where E i s  t he  expect ion of a  major explosion i n  a  given time i n t e r v a l  ( f o r  exam- 
p l e , l  month). For example, i f  t h e  74 major explosions t h a t  occurred i n  United 
S t a t e s  c o a l  mines during t h e  per iod 1931-50 a r e  cons idered  ( 9 ,  pp. 40-41, 168) ,  
a  l i s t  of 73 time i n t e r v a l s  t h a t  e lapsed  between explos ions  can be genera ted  
( t a b l e  A-2). From these  time i n t e r v a l s  a  his togram can be cons t ruc ted  
( f i g .  A-1). Then, t ak ing  E t o  be l /f ,  we can w r i t e :  

f ( t )  = 0.36 exp (-0.36 t ) ,  (A-4) 

where t i s  t he  t ime i n  months ( a c t u a l l y ,  30-day i n t e r v a l s ) .  This  curve i s  
included i n  f i g u r e  A-1 .  As expected,  t h e  exponent ia l  equa t ion  follows t h e  
t r end  of t h e  his togram f a i r l y  wel l .  Again, t he  X2 d i s t r i b u t i o n  can be used 
t o  eva lua t e  t he  goodness of f i t .  This same ( x 2 )  d i s t r i b u t i o n  can be used t o  
e s t a b l i s h  a  confidence i n t e r v a l  f o r  E o r  1 / ~ .  For example (16): 



s o  t h a t  i n  t h i s  c a s e ,  w i th  90 percent  p r o b a b i l i t y ,  1 / E  l i e s  between 2.31 and 
3.40 (f = 2.771 months). By computing t h i s  i n t e r v a l  f o r  two succes s ive  
pe r iods ,  we can determine i f  a s t a t i s t i c a l l y  s i g n i f i c a n t  change has  t aken  
p lace  i n  t he  p r o b a b i l i t y  of having a  major exp los ion  i n  a  given t ime i n t e r v a l .  

TABLE A - 2 .  - Time i n t e r v a l s ,  t ( i n  days) ,  between succes s ive  major exp los ions  
i n  Uni ted S t a t e s  c o a l  mines dur ing  t h e  per iod 1931-501 

> 0.4 I I I I I I I I I I I  
- 
- 
- 
- 
- 
- 
- 
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F I G U R E  A-1. - Histogram of t ime inter-  
va Is between success ive 

ma lor exp los ion d isasters  

in  United States c o a l  

mines for the period 1931- 
5 0. 




