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Summary. N um erical m odels used for m odeling o f  coalbed m ethane production are 
briefly presented in the paper. The num erical exam ple using com positional approach has been 
presented. The results o f  the num erical sim ulations are discussed for fictitious coal seam  to 
show  degassing efficiency depending on coal properties. It was show n that both instant and 
tim e depended sorption can be sim ulated using different values o f  the diffusion coefficient. 
The influence o f  ventilation on the com position o f  the produced gas has also been sim ulated.

MODELOWANIE SYMULACYJNE EKSPLOATACJI METANU  
Z POKŁADU WĘGLA

Streszczenie. W  pracy przedstaw iono dw a alternatyw ne m odele sym ulacyjne, 
um ożliw iające m odelow anie zjaw isk fizycznych zachodzących w  pokładzie w ęgla 
nasyconym  m etanem . Podano przykłady obliczeniow e procesu eksploatacji m etanu z pokładu 
w ęgla z uw zględnieniem  m odelow ania zm ian składu gazu w ynikających z w prow adzania 
pow ietrza w entylacyjnego. W skazano w pływ  w spółczynnika dyfuzji m etanu w  w ęglu na 
szybkość i efektyw ność odgazow ania pokładu.

1. Introduction

Providing safety o f  w ork  in hard  coal m ines during coal exploitation in high m ethane 

hazard  conditions requires em ploying various m ethods, as well as technical and prevention 

m easures, w ith focus on efficient m ethane rem oval. M ethane hazard  has influence on the 

safety o f  work. It m ay also lim it the level o f  coal extraction, thus influencing the econom ic 

effect o f  the m ine. O n the other hand, coalbed m ethane started to  grow  in econom ic



236 J. S topa et al.

significance as a valuable source o f  energy (S topa et al., 2008). T his is especially  im portant in 

Poland, w here the docum ented coalbed m ethane resources are com parable w ith natural gas 

resources in conventional fields. It should be rem em bered, how ever, that the efficiency of 

coalbed m ethane is m uch low er than  that o f  natural gas (Table 1).

Table 1
C oalbed m ethane vs. conventional natural gas resources 

in Poland, 1997 (N aw rat et al., 2008)

C oalbed m ethane, m id  m3 N atural gas m id m3

R esources 150 151
Production 0.289 4.2

V entila tion  to  the atm osphere 0.581 -

D esigning and m ethane rem oval processes in coal m ines have been  m ain ly  based  on 

practical experience, being one o f  the causes o f  low  efficiency o f  m ethane rem oval. The 

evaluation and m onitoring o f  m ethane rem oval processes, especially  in  tim e, also create 

significant problem s. The applied design m ethods are to  a great extent subjective, so the 

coalbed m ethane rem oval p rocesses cannot be optim ized (N aw rat et al., 2008).

Problem s re la ted  w ith designing and optim ization  o f  coal beds can be solved w ith the use 

o f  reservo ir engineering  m ethods, m ain ly  com puter sim ulations, as in  the case o f  conventional 

natural gas fields. O w ing to  specific coal properties, special m athem atical m odels and 

sim ulation  program s have to  be used.

2. Mathematical models of gas flow in coal beds

Coal bed, being a  flow  system , is a double porosity  and double perm eability  system  

(K ing, E rtekin, 1988). Tw o hydraulic system s can be d istinguished there: porous coal m atrix 

and a netw ork  o f  cracks, fractures o r larger pores w hich are e ither in terconnected  or 

discontinuous dead-ends. In a coal bed  m ethane m odel the pore volum e o f  the fractures has a 

d ifferent in terpretation  than  for an ordinary dual porosity  m odels; it gives the non-coal 

volum e o f  the sim ulation cell. I f  the coefficient o f  "fracture" porosity  equals to  0, then the 

coal substance volum e in a geom etrical unit o f  bed  is 1 -<(>. Thus defined coefficient o f  fracture 

porosity  m ay vary  in a vast range, so for the exploited beds it m ay have considerably h igher 

values than  for undistu rbed  coal seam s. The m ass is m ain ly  transported  by a  system  o f
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fractures, w here D arcy 's law  is operational; m atrix , w hich can be related w ith coal substance, 

has a considerable storing capacity, being a  "source o f  m ass" for the system  o f  fractures. 

Initially, in the natural state, these system s are in the state o f  hydrodynam ic equilibrium  under 

a  pressure exerted by the overburden. G as appears in the free and adsorbed form in the m atrix; 

how ever b igger gas resources are usually  accum ulated in the matrix. Its production results in 

the low ering o f  pressure in fractures, causing gas desorption and its flow  from the m atrix to 

the fractures. O w ing to  h igh perm eability  o f  the fracture system , the state o f  equilibrium  is 

shaken and the pressure inside o f  the m atrix  blocks m ay be h igher than in the fractures. Coal 

beds are frequently  w atered therefore gas flow  m ay be accom panied by  m ine's brines. 

Therefore, theory  o f  relative perm eability , w idely applied in  the oil and  natural gas 

engineering, should be accounted for in the m athem atical m odel (Stopa, 1996).

In  a m ajority  o f  cases a  m athem atical m odel describing a tw o-phase flow  in coal, the so- 

called W arren-R oot m odel is operational (G uo et.al., 2003; Seidle, 1993, Rem ner, et al., 

1986). G as is treated as a hom ogeneous fluid, the properties o f  w hich depend only on 

pressure. In this m odel a coal bed  is characterized by tw o porosity system s, i.e. system  o f  

fractures and m atrix. The first o f  them  is w ater and gas perm eable, and the flow  is ruled by 

the D arcy's filtration law. It is assum ed that in the second case no m acroscopic flow  takes 

place. O nly m ass exchange betw een m atrix and the system  o f  fractures m ay take place. It is, 

how ever, frequently assum ed that sorption equilibrium  exists betw een the system  o f  fractures 

and the m atrix . T his state o f  equilibrium  is described by  a relation betw een the quantity o f 

adsorbed and free gas depending on pressure, the so-called L angm uir isotherm . A m ore 

advanced approach has been assum ed in  a m athem atical m odel w here the coalbed gas m ay be 

a m ixture of, e.g. m ethane, nitrogen, oxygen etc. as it is the case for com positional m odels 

know n from  petro leum  engineering. This enables one to  m odel the influence o f  bed 

ventilation and, e.g. evaluate the outburst hazard. S im plified exam ple o f  such m odeling for 

fictitious coal bed is presented  in the paper. C alculations w ere m ade w ith the use o f  a 

p rofessional com position sim ulator Schlum berger ECLIPSE300 (for details see the address in 

References). The m odelling  w as aim ed at analyzing the influence o f  intensity o f  time 

depended sorption on degassing o f  the bed. In the state o f  equilibrium  the sorption capacity o f  

i-th com ponent is described by an equation, being a generalized form o f  Langm uir isotherm  

(EC LIPSE Reference M anual, 2007):
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^ E j ( P > y i > - ^ N C)  =  frr

P

J=1

(1)

where:

V E,i -  volum e o f  i-th com ponent absorbed in a coal unit at equilibrium , sm 3/kg 

Vj =  L angm uir volum e constant for i-th  com ponent, m 3 (m axim um  sorption capacity)

Pi =  L angm uir p ressure constant for i-th  com ponent, Pa 

yi =  m olecular share o f  i-th  com ponent in  the gaseous phase 

p =  pressure, P a

T he m ulticom ponent adsorption  capacity  can be m ore conveniently  expressed in  m oles per 

unit o f  coal m ass, using the ideal gas law  (EC LIPSE R eference M anual, 2007):

L, (p ,y  l,...,yNc) = - ^ r - V EJ( p , y l ,...,yNc) (2)
K I sc

w here:

Psc =  norm al p ressure 

R =  universal gas constant 

T sc =  norm al tem perature

I f  the pressure in  fractures is changed, then diffusive exchange o f  m ass betw een  fractures and

m atrix  takes place. T he gas flow ing betw een the m atrix  and the fractures per unit o f  coal

volum e is described by  the follow ing equation (EC LIPSE R eference M anual, 2007):

Ft =  a  D c,i -*■" Sg -yr RFj yr(m , -  pcLi), [mole/(m3s)] (3)

w here:

Li = sorption  capacity  o f  coal for i-th com ponent in the state o f  equilibrium , m ole/kg  

(in m oles per kg o f  coal m ass) 

m, = m ole concentration  o f  i-th com ponent adsorbed in the m atrix , [m ole/m 3],

(per unit o f  coal volum e) 

cr =  coefficient o f  m ass exchange betw een  fractures and m atrix , [m 2], depending on 

characteristic size o f  the m atrix  b lock 

pc =  density  o f  coal, [kg/m 3]

DC i= coefficient o f  d iffusion  o f  i-th com ponent in coal, [m2/s]

RF, = coefficient o f  re-adsorp tion  for i-th com ponent, assum ed RFj=l
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Sg =  saturation w ith  gas, for desorption Sg =1

In the above equation p cL¡ represents average m ole density  o f  adsorption o f  i-th 

com ponent in the state o f  sorption equilibrium  calculated for a unit o f  coal volum e. In 

literature a coefficient o f  x¡ =  ( a  v- D ci) ' \  know n as sorption tim e constant, is frequently 

used. It is a m easure o f  how  quickly a state o f  equilibrium  betw een the m atrix and fractures is 

attained.

T his approach enables m odelling o f  a num ber o f  phenom ena, e.g. variability  o f  gas 

com position, preferred sorption o f  certain com ponents, e.g. carbon dioxide vs. m ethane, or 

delaying desorption o f  m ethane from  the m atrix  in relation to  the change o f  pressure in 

fractures.

3. Example of numerical modelling of sorption in a coal bed

T o analyze the influence o f  sorption on the rate o f  gaseous exchange betw een coal matrix 

and the system  o f  fractures, a com posite num erical m odel consisting o f  three elem ents: N2, 

0 2  and CH 4, and accounting for double porosity  o f  the bed, has been w orked out. The model 

assum ed im perm eable coal m atrix  and perm eable fractures (ca. 500 mD). Two w ells were 

used in the model: the production well and air injection well (representing a ventilation 

system ).

The basic param eters o f  the m odel are listed in Table 2.

Table 2

B asic param eters o f  the m odel

M agnitude o f  the m odel 50m  X 50m x 18m

Perm eability  o f  fractures 500 mD

Porosity  o f  fractures 0.1 %

Initial pressure in the bed 20 bar

N um ber o f  w ells 2

L angm uir pressure constant 46.885 bar

L angm uir volum e constant 0.01180736 nnvVkg

Exploitation well control bottom -hole pressure 0.9 bar

Injection well control bottom -hole pressure 1.1 bar
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C alculations w ere perform ed for various d iffusion coefficients, and for the simplicity 

sake, identical for all gas com ponents:

V ariant 1 -  Dcj =  11 O'10 m 2/day;

V ariant 2 -  DCii =  11 O'4 m 2/day;

V ariant 3 -  Dcj =  1T0"3 m 2/day.

Identical L angm uir iso therm  coefficients w ere assum ed for all com ponents as initially 

only m ethane is p resented  in  the bed, w hereas air is in troduced and rem oved at a  pressure 

close to atm ospheric. T his causes that in  this particular case the air sorption/desorption 

processes are neglig ib le and the m odel is p ractically  insensitive to  the changes o f  Langmuir 

num bers for these com ponents. C hem ical reactions betw een coal and air (and possible 

tem perature effects) are neglected.

C hanges o f  gas quantity  in the m atrix  and the system  o f  fractures during modeled 

exploitation  are p resented  in  F ig  1.

In  varian t 1 at very  low  diffusion coefficient, no gaseous exchange is observed betw een 

m atrix  and the fractures. T he produced m ethane m ostly  com es from  fractures. For the



C om positional sim ulation o f  coalbed m ethane reservoirs 241

diffision coefficient equal to  11 0 ‘4 m 2/day, gas starts to  gradually flow  from  m atrix  to  the 

fractures, w here after prior rapid drop o f  m ethane content, caused by exploitation, its content 

slightly increases. This m eans that the gas outflow  from  the m atrix is slightly bigger than the 

yield o f  the production w ell. In variant 3, for diffusion coefficient o f  1 ' 1 O’3 m 2/day the drop o f  

m ethane content in  the m atrix  is notable. A nalogous to  variant 2, m ethane content in the 

fractures rapid ly  drops at the initial stage o f  production, w hen the bed is degassed, to  slightly 

increase later on. A s in all variants the production w as controlled by m aintaining constant 

bottom -hole pressure; considerable degassing o f  the m atrix  is a p ro o f o f  increased gas 

efficiency in  this variant (Fig. 2). M ethane yield is presented in  Fig. 3.

Rys. 2. Uzysk gazu z otworu eksploatacyjnego

Rys. 3. Uzysk metanu z otworu eksploatacyjnego
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4. Conclusions

T he gas flow  betw een coal m atrix  and a  system  o f  fractures strongly depends on the 

physical p roperties o f  coal. The d iffusion coefficient, controlling the tim e depended 

desorption , p lays an  im portant role in th is process. W hen the coal bed is degassed, at low 

diffusion values, the tim e o f  gain ing sorption equilibrium  m ay be very  long, and 

consequently , gas m ay  be rem oved only from  the system  o f  fractures, w here the pressure will 

considerably  low er. The m ethane concentration  in  m atrix  m ay rem ain h igh  and at higher 

pressure. T his situation  causes long-term  m ethane em ission, creating  outburst hazard  during 

m ining operations.

Performed within the own research program (Faculty of Drilling, Oil and Gas, AGH UST).
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