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12.1. OVERVIEW AND ADDITIONAL PROPERTIES OF METHANE  
 
The major properties and behavioural characteristics of methane were outlined in Section 11.2.4. 
That Section should be reviewed as an introduction to the more detailed treatment given in this 
chapter.  
 
There are three primary reasons for giving particular attention to methane. First, it is the naturally 
occurring gas that most commonly appears in mined underground openings. Secondly, it has 
resulted in more explosions and related loss of life than any other cause throughout the recorded 
history of mining. The flammability characteristics of this gas have been studied since, at least, 
the time of Agricola in the 16th Century. The number and severity of coal dust explosions initiated 
by methane ignitions declined after the development of electric cap lamps and the replacement of 
shaft bottom furnaces with fans (Section 1.2.). However, the intensity and wider deployment of 
mechanized rock-breaking equipment resulted in a renewed incidence of frictional ignitions of 
methane following the 1960’s (Richmond et al, 1983). Fortunately, modern standards of 
ventilation and dust control prevent most of these from developing into the larger dust explosions 
and disastrous loss of life.  
 
The third reason for giving special attention to methane concerns the continued development of 
methane drainage technology. Although the primary reason for extracting methane at high 
concentration from the strata around mines continues to be the reduction of methane emissions 
into these mines, a growing incentive has been the drainage of methane to provide a fuel source 
in its own right. Methane drainage may now be undertaken for this purpose from strata where 
there is no known intention of subsequent mining.  
 
In this chapter we shall consider four broad areas; first, the manner in which methane is retained 
within the strata and the mechanisms of its release when the rock is disturbed by mine workings 
or boreholes. We shall also outline means of determining the gas content of carbonaceous strata.  
Secondly, we shall examine the migration of the gas from its geologic sources towards workings 
or boreholes. This will encompass an analysis of strata permeability and flow through fracture 
networks. The third consideration is the dynamic pattern of methane emission into active mine 
workings, varying from normal cyclic variations, through gas layering phenomena, to outburst 
activities.  
 
Finally, we shall classify the major techniques of methane drainage. No one of these has 
universal application and the selection of drainage method must be made with great care 
according to the geology of the area, the methods and layout of mining (if any) and the natural or 
induced physical properties of the rocks. 
 
First, however, let us list some further properties of methane in addition to those given in Table 
11.1. The data are referred, wherever applicable, to standard temperature and pressure of 0°C 
and 101.3 kPa.  
 
 
 
 molecular structure :  
 
 
 
melting point :     90.5 K  
boiling point :               111.3 K  
critical temperature and pressure :  190.5 K and 4.63 MPa  
latent heat of vaporization (at 111.3K) :  508.2 kJ/kg  
 

C 

H 

H H 
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latent heat of fusion (at 90.5 K) :  58.8 kJ/kg  
specific heat Cp :    2184 J/(kg K)  
specific heat Cv :    1680 J/(kg K)  
isentropic index :    1.300  
solubilitv in water :    55.6 litres per m3 of water (33.1 litres/m3 at 20°C)  
upper calorific value :    55.67 MJ/kg  
lower calorific value :    50.17 MJ/kg  
thermal conductivity :    0.0306 W/(m °C)  [0.0328 W/(m °C) at 20°C]  
dynamic viscosity :    (10.26 + 0.0305t) x 10-6 Ns/m2  
     (temperature t = 0 to 100°C)  
 
 
12.2. THE RETENTION AND RELEASE OF METHANE IN COAL  
 
In order to understand the manner in which methane is retained within coal and the mechanisms 
of its release, it is first necessary to comprehend the internal structures of coal. The existence of 
a large number of exceptionally small pores and the corresponding high internal surface area of 
coal has been recognized for many years and numerous conceptual models have been 
suggested. However, electron microscopy has revealed the actual structures that exist.  
 
Coal is not a single material but a complex mix of fossilised organic compounds and minerals. 
The composition and structure depend upon the nature of the original vegetation from which a 
given coal seam formed, the timing and turbidity of the water flows involved in the sedimentary 
processes of deposition and the metamorphic effects of pressure, temperature and tectonic 
stressing over geological time. Electron micrographs have, indeed, confirmed the existence of 
pores, many of which may not be interconnected. An example is shown on Plate 2. However, 
other areas may indicate amorphous, granular, sponge-like or fibrous structures, even within the 
same seam. Furthermore, the coal substance is intersected by a fracture network with apertures 
varying from those that are comparable to pore diameters through to some large enough to be 
seen with the naked eye.  
 
In this Section we shall concentrate on the manner in which methane is-held within the coal, the 
kinetics of its release when the geological equilibrium is disturbed by mining or drilling, and how 
the gas content of a seam may be determined. 
 
12.2.1. Gas retention in coal  
 
Methane exists within coal in two distinct forms, generally referred to as free gas and adsorbed 
gas. The free gas comprises molecules that are, indeed, free to move within the pores and 
fracture network. Porosities of coals have been reported from 1 to over 20 percent. However, 
those values depend upon the chosen definition of porosity and the manner in which it is 
measured. Absolute (or total) porosity is the total internal voidage divided by the bulk volume of a 
sample and may be difficult to measure accurately. Effective (or macroscopic) porosity is the ratio 
of interconnected void space to the bulk volume. The latter definition is more useful in the 
determination of recoverable gas from a seam. Unfortunately, the usual procedures of measuring 
porosity depend upon saturating the internal voidage with some permeating fluid. The probability 
of a gas molecule entering any pore or interconnection rises as its molecular diameter decreases 
or its mean free path increases. (The mean free path is the statistical average distance between 
collisions of the gaseous molecules.) Furthermore, any adsorptive bonding between the fluid and 
the solid may obstruct the narrower interconnections. The measured effective porosity is, 
therefore, dependent upon the permeating fluid. In order to handle the extremely small pores that 
exist in coal, the maximum value of effective porosity is obtained by using helium as the 
permeating fluid. Helium has a small molecular diameter (some 0.27 x 10-9 m), a relatively large 
mean free path (about 270 x 10-9 m at 20°C and atmospheric pressure) and is non-adsorptive 
with respect to coal. For comparison, pore diameters of eastern U.S. coals vary from over  
30x10-9 to less than 1x10-9 m (Gan, 1972).  
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An attractive force exists between the surfaces of some solids and a variety of gases. Coal 
surfaces attract molecules of methane, carbon dioxide, nitrogen, water vapour and several other 
gases. Those molecules adhere or are adsorbed onto the coal surface. When the adsorptive 
bond exceeds the short-distance repulsive force between gas molecules (Section 2.1.1.), then the 
adsorbed molecules will become packed together as a monomolecular layer on the surface. At 
very high gas pressures, a second layer will form with a weaker adsorptive bond (Jolly, 1968).  
 
Figure 12.1 illustrates the variation of both total and adsorbed methane with respect to gas 
pressure and at constant temperature. The curve illustrating adsorbed methane is known as the 
adsorption isotherm. Some 95 percent of the total gas will, typically, be in the adsorbed form, 
explaining the vast reserves of methane that are contained within many coal seams. 

Plate 2. Electron micrograph of a bituminous coal (after Harpalani). 
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The most widely used mathematical relationship to describe adsorption isotherms was developed 
by I. Langmuir (1916 and 1918) for a monomolecular layer. This may be expressed as 
 

 
bP

bP
q

q
+

=
1max

       (12.1) 

 
where  q  =  volume of gas adsorbed at any given pressure (m3/t at NTP)  
 qmax  =  the maximum amount of gas that can be adsorbed as a monomolecular  
   layer at the prevailing temperature (m3/t at NTP)  
 P  =  gas pressure (usually expressed in MPa)  
 b  =  Langmuir’s “constant” (MPa-1 ), a function of the adsorptive bond 
    between the gas and the surface (1/b is the pressure at which q/qmax = 1/2) 
 
The values of Langmuir’s constant depend upon the carbon, moisture and ash contents of the 
coal as well as the type of gas and prevailing temperature. Boxho et al (1980) reports values of b 
decreasing from 1.2 MPa-1 at a volatile content of 5 percent to 0.5 MPa-1 at a volatile content of 
40 percent. Figure 12.2(a) indicates the increased adsorptive capacities of the higher rank coals, 
these having greater values of carbon content. Values of qmax are shown to vary from about 14 to 
over 30 m3/t. The effect of the type of gas is illustrated on Figure 12.2(b). 
 
Adsorption isotherms are normally quoted on a dry, ash-free basis. The amount of methane 
adsorbed decreases markedly at small initial increases in moisture content of the coal. Most of 
this natural moisture is adsorbed on to the coal surfaces. However, adsorptive saturation of water 
molecules occurs at about 5 percent moisture above which there is little further decrease in 
methane content. A widely used approximation is given by Ettinger (1958):  
 

 
hq

q

dry

moist

31.01
1

+
=         (12.2)  

where  qmoist  =  gas content of moist coal (m3/t)  
 qdry  =  gas content of dried coal (m3/t)  
 h  =  moisture content (percent) in the range 0 to 5 percent.  
   (Assume 5 percent for greater moisture contents)  
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Figure 12.1  Examples of adsorbed, free and total gas isotherms for methane in coal. 
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Figure 12.2(b)  Adsorption isotherms for carbon dioxide,  methane and nitrogen in a  
             bituminous coal at 25°C. 
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The mineral matter that comprises the ash constituent of coal is essentially non-adsorbing. Hence 
the methane content decreases as the percentage of ash rises (Barker-Read, 1989). In order to 
express gas content on an ash-free basis, a simple correction may be applied.  
 
 ( )aqq freeashactual 01.01−= −        (12.3)  
 
where  a  =  ash content (percent 
 
 
12.2.2. The release of methane from coal  
 
In the undisturbed state, equilibrium exists between free gas and adsorbed gas in the pores and 
fracture networks of coal. If, however, the coal seam is intersected by a borehole, or disturbed by 
mining, then the gas pressure gradient that is created will result in flow through natural or stress-
induced fractures. The resulting reduced gas pressure in the pores will promote desorption. The 
process will move from right to left along the appropriate adsorption isotherm. A glance at Figures 
12.1 or 12.2 indicates that the rate of desorption with respect to gas pressure increases as the 
pressure falls. The migration of methane from its original location is retarded by narrow and 
tortuous interconnections between pores and microfractures, obstruction by adsorbed molecules 
and the resistance offered by the fracture network. 
 
 
12.2.2.1. Diffusion and Darcy flow. 
Current thinking is that two types of flow take place. Within the micropore structure, diffusion flow 
occurs while, in the fractures, laminar flow dominates. Let us first discuss diffusion flow. This 
occurs whenever a difference in concentration of molecules of a given gas occurs. The simplest 
means of quantifying diffusion flow is by Fick’s Law: 
 

  
x
CDux ∂
∂

−=   m/s      (12.4)  

where  ux  =  velocity of diffusion in the x direction (m/s)  
 D  =  coefficient of diffusion (m2/s but often quoted in cm2 /s)  
 C  =  concentration of the specific gas (m3/m3 of coal)  
(The negative sign is necessary as movement occurs in the direction of decreasing concentration.)  
 
Bulk diffusion is the normal gas-to-gas diffusion that occurs because of a concentration gradient 
in free space (see Appendix A15.4). However, within the confines of a micropore structure, two 
other forms of diffusion may become effective. Surface diffusion arises from lateral movement of 
the adsorbed layer of gas on the coal surfaces while Knudson diffusion occurs due to transient 
molecular interactions between the gas and the solid.  
 
Laminar flow in the fracture network follows Darcy’s Law (1856) for permeable media.  
 

 
x
Pku
∂
∂

=
µ

   m/s      (12.5)  

where u  =  gas velocity (m/s)  
 k  =  permeability (m2 )  
 µ =  dynamic viscosity (Ns/m2 )  
 ∂P/∂x  =  pressure gradient (Pa/m). 
 
(Note the analogy between Darcy’s Law and Fourier’s Law of heat conduction, equation (15.4).) 
Darcy’s Law is essentially empirical and assumes that the gas velocity at the surface is zero 
(Section 2.3.3). For narrow passages, slippage at the walls (surface diffusion) may become 
significant and can be taken into account by adjusting the value of permeability (Klinkenberg 
effect, Section 12.3.2.2.).  
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Controversy has existed on whether diffusion flow or Darcy flow predominates in coal. 
Disagreements in the findings of differing researchers are probably a consequence of the wide 
variations that exist in coal structure. It would appear that diffusion flow governs the rate of 
degassing coals of low permeability while Darcy flow in the fracture network is the dominant effect 
in high permeability coals.  
 
 
12.2.2.2. Desorption kinetics  
 
A newly exposed coal surface will emit methane at a rate that decays with time. Figure 12.3(a) 
illustrates a desorption curve. This behaviour is analogous to the emission of heat (Section 
15.2.2.). A number of equations have been suggested depending, primarily, on the conceptual 
model adopted for the structure of coal. For a spherical and porous particle with single sized and 
non-connecting capillaries, work by Wheeler (1951) and Carslaw (1959) leads to the series  
 

 ( )
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where  
 q(t)  =  volume of gas (m3) emitted after time t (s)  
 qmax  =  total volume of gas in particle  
 D  =  coefficient of diffusion (m2/s)  
 d  =  equivalent diameter (m) of particle (= 6 x volume/surface area)  

 
A more practicable approximation is given by Boxho et al (1980) as follows: 
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Figure 12.3(a)  Example of a methane desorption curve plotted against time. 
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Both of these equations approximate to:  
 

 ( )
2

max

1212
d

tDtD
dq

tq
−≈

π
       (12.8)  

 
while for q(t)/qmax < 0.25, the relationship can be simplified further to       
 

 ( )
π

tD
dq

tq 12

max
≈        (12.9) 

 
This latter equation implies that during the early stages of desorption the emission rate is 
proportional to t . This is illustrated on Figure 12.3(b). Furthermore, plotting the initial emission 

rate against t  allows the corresponding value of the coefficient of diffusion, D, to be 
determined. 
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Figure 12.3(b)  A methane desorption curve plotted against the square root of time. 
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Unfortunately, there is a major problem associated with all of these equations. The coefficient of 
diffusion, D, is not a constant for any given sample. It is dependent upon  
 
• the size range of individual particles  
• the distribution of pore sizes  
• the number, sizes and tortuosity of fractures (this, in turn, depending upon the stress history 

of the sample) 
• temperature  
• pressure and current gas content. 

 
The latter factors are particularly troublesome as these, and hence D, will vary as the degassing 
proceeds.  Lama (1987) has suggested the relationship  
 

 
s

m2

o
o P

PDD =       (12.10)  

 
where  P  =  current value of pressure (Pa) and  
 Do  =  coefficient of diffusion at some original (seam)pressure, Po (m2/s)  
 
The variations in D contribute to the changes in apparent permeability of a coal sample when 
subjected to mechanical stress or variations in mean gas pressure (Section 12.3.2.). Considering 
the sensitivity of D to a significant number of variables, it is not altogether surprizing that a wide 
range of values have been reported, from 1 x 10-8 to 1 x 10-14 m2/s. In order to take the particle 
size into account, it has become common to express the diffusivity as the ratio D/a2 (s-1) where  
a = particle radius (m).  
 
A further weakness is that the fundamental equation (12.6) is based on uniformly sized 
capillaries. This leads to significant deviations between predicted and observed desorption rates 
at the longer times (q(t)/qmax > 0.6) as indicated on Figure 12.4 (Smith and Williams, 1984).  
 
The difficulties encountered in the derivation and general applicability of analytical desorption 
equations led E. M. Airey (1968) to propose an empirical relationship:. 
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where  t0  =  'time constant' = time for 63 percent of the gas to desorb (s) and  
 n  =  an index that varies from some 1/3 for bituminous coals to 1/2 for  
   anthracites and dependent, also, upon the degree of fracturing.  
 
Both t0 and n are influenced by the range and magnitude of particle sizes and, hence, should be 
quoted with reference to a specific size spectrum. For example, values of t0 for Welsh anthracite 
lie, typically, between 1500 and 2100 seconds for the size range 0.05 to 0.30 mm at 25 °C 
(Barker-Read, 1989). Smaller particles will give reduced values of both t0 and n.  
 
An improved desorption time parameter, τ , that is independent of the gas capacity of a sample 
has been proposed by Radchenko (1981) and Ettinger et al (1986) (see, also, Barker-Read and 
Radchenko (1989) and may be related to Airey's constants:  
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It can also be shown that  
 

 
D

a
36

2π
τ =     sec     (12.13)  

 
where a = radius of the particle (m)  
   
The value of τ  can be gained from the desorbed fraction v time  curve (e. g. Figure 12.3(b)):  
 
 τ     =    1/(initial slope)2   sec      (12.14)  
 
Equations (12.13 and 12.14) provide a ready means of determining D/a2 from a desorption test.  
 
 
12.2.3. Determination of gas content    
 
There are two reasons for measuring the methane contents of coal seams and associated strata. 
First, such data are required in the assessment of methane emissions into mine workings and, 
hence, the airflows required to dilute those emissions to concentrations that are safe and within 
mandatory threshold limit values (Sections 9.3.1. and 11.2.1.). Secondly, the gas content of the 
strata is a required input for computer models or other computational procedures to determine the 
gas flows that may be obtained from methane drainage systems.  
 
There are also two distinct approaches to the evaluation of gas content, the indirect method 
which employs adsorption isotherms and the direct measurement method which relies upon 
observations of gas release from newly obtained samples. Let us consider each of these in turn.  
 
 
12.2.3.1. Indirect method (adsorption isotherms)  
In this technique, representative chippings are obtained from the full thickness of the seam, mixed 
and ground to a powder of known particle size range. The sample is dried at a temperature of not 
more than 80°C and evacuated to remove the gases that remain in the pore structure. 
Unfortunately, the process of evacuation may alter the internal configuration of the pore structure 
due to the liquefaction of tars (Harpalani, 1984). The phenomenon can be overcome by 
evacuating at low temperature – submerging the sample container into liquid nitrogen (-150°C) 
prior to and during the evacuation.  
 
After returning to the desired ambient temperature, methane is admitted in stages and the gas 
pressure within the sample container recorded at each increment. The volume of gas admitted 
may be monitored at inlet (volumetric method) or by measuring the increase in weight of the 
sample and container (gravimetric method). After correcting for free space in the sample 
container, a plot of cumulative methane admitted against pressure provides the total gas 
isotherm. If the porosity of the sample has been determined separately (Section 12.2.1.), then the 
results can be divided into free gas and adsorbed gas as illustrated on Figure 12.1. The 
isotherms should, ideally, be determined at, or close to, the virgin rock temperature of the actual 
strata. If necessary, the curves can be corrected to seam temperature. At any given pressure, the 
quantity of gas adsorbed falls as the temperature increases. Starting at 26°C, the gas adsorbed 
decreases by some 0.8 percent per °C for bituminous coal and 0.6 percent per °C for anthracite 
(Boxho et al, 1980). The curves should also be corrected to the actual moisture content of the 
seam using Ettinger's formula, equation (12.2).  
 
In order to utilize the corrected gas isotherm, a borehole is drilled into the seam, either from the 
surface or from an underground location. In the latter case, the hole must be sufficiently long (10 
to 20 m) in order to penetrate beyond the zone of degassing into the mine openings. Seals are 
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emplaced in the borehole to encapsulate a representative length within the seam. A tube from the 
encapsulated length of borehole is attached to a pressure gauge and the rise in pressure is 
monitored. The rate of pressure rise will be greater for coals of higher permeability. The initial rate 
of pressure rise may be used in conjunction with open hole flowrates to determine in-situ 
permeability. However, for the purposes of assessing seam gas content, it is the maximum (or 
equilibrium) pressure that is required. Using this pressure, the gas content of the seam can be 
read from the corrected isotherm curve.  
 
An advantage of the indirect method is that it gives the total gas content of the seam. However, 
this is not indicative of the actual gas that may be emitted into mine workings or recoverable by 
methane drainage. Furthermore, the measured in-situ gas pressure will be influenced not only by 
methane but also by other gases that may be present and, particularly, by the presence of water.  
 
12.2.3.2. Direct measurement method. 
 This technique involves taking a sample of the seam from a borehole and placing it immediately 
into a hermetically sealed container. The gas is bled off to atmosphere in stages and its volume 
measured. The process is continued until further gas emissions are negligible.  
 
An early method of direct measurement of gas content was developed in France (Bertrard et al, 
1970). This utilized samples of small chippings from the borehole. Further research carried out by 
the U. S. Bureau of Mines during the 1970's led to a procedure that used complete cores 
(Diamond, 1981). Although developed primarily for surface boreholes, the technique is applicable 
also to horizontal holes drilled from mine workings. The sampling personnel must be present at 
the time the hole is drilled into the seam. A stopwatch is used to maintain an accurate record of 
the elapsed times between which the sample length of strata is penetrated, start of core retrieval, 
arrival of the sample at the mouth of the borehole and confinement within the sealed container.  
 
Each container should be capable of holding about 2 kg of core and some 35 to 40 cm in length. 
Longer cores should be subdivided as a precaution against major loss of data should one 
container suffer from leakage. The seals on containers must be capable of holding a gas 
pressure of 350 kPa without leaking. A pressure gauge should be fitted to each container.  
 
Gas is bled off from the container at intervals of time commencing at 15 minutes (or less if a rapid 
rise in container pressure is observed). The volume of gas emitted at each stage is measured, 
usually by water displacement, in a burette. The time intervals are increased progressively and 
the process allowed to continue until an average of not more than 10 cubic cm per day has been 
maintained for one week.  
 
There is, inevitably, some gas lost from the core between the time of seam penetration and its 
confinement in a sample container. The volume of lost gas may be assessed by plotting the 
cumulative gas emitted from the container against time . The initial straight line may be 
extrapolated backwards through the recorded elapsed time of core retrieval in order to quantify 
the lost gas. The retrieval time can be minimized by using wireline drilling. The technique is 
illustrated on Figure 12.4. The analytical background to the procedure is embodied in equation 
(12.9). [Should subsequent tests show that the rate of desorption follows a tn law where n 
deviates significantly from 0.5 (Equation (12.11)), then the appropriate plot may be constructed as 
gas evolved v tn in order to determine the lost gas.] 
 
Another method of estimating the lost gas, developed by Smith and Williams (1984) makes 
separate allowance for the elapsed times of drilling through the coal, core retrieval and period 
spent at the mouth of the borehole before containment. This more sophisticated technique is 
based on an analysis that takes account of the lack of uniformity in pore sizes (Smith and 
Williams (1984a), Close and Erwin, (1989).  
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The combination of measured gas and lost gas gives an estimate of the maximum amount of gas 
that may be emitted into mine workings or captured by methane drainage. (It may be much less 
than this.) However, following the termination of gas evolution measurements, the core will still 
contain some residual gas. This can be quantified, if required, by crushing the coal and continuing 
to measure the additional gas that is then liberated. The crushing process may take place in a 
separate sealed ball mill within a nitrogen atmosphere. However, steel balls in the sample 
container allow the crushing to take place without removing the sample from the container. 
Another method is to activate a steel hammer by electromagnetic means within the container in 
order to crush the sample through a fixed grid. In either case, the sample and evolved gas should 
be cooled to the original ambient temperature before the gas is bled off.  
 
A variation of the direct measurement method of gas content is the “desorbmeter” (Hucka, 1983) 
in which desorbing methane from coal chippings in a sample vessel pushes a small plug of fluid 
along a transparent spiral tube. An electronic version employing the same principle has been 
developed in Germany (Janas, 1980).  
 
 
12.3. MIGRATION OF METHANE  
 
Following release from its long term geologic home, methane will migrate through rock under the 
influence, primarily, of a gas pressure gradient. That movement will occur through the coal seam 
and if the gas pressure gradient is transverse to the seam, also through adjoining fractured or 
permeable strata. We assume that the flow paths and velocities are sufficiently small that laminar 
flow exists. Hence, Darcy's Law applies. This was introduced in its simplest form as equation 
(12.5). In this Section, we shall consider the further ramifications of Darcy’s Law.  
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12.3.1. Fluid Flow through a permeable medium.  
 
12.3.1.1. Incompressible flow  
Let us consider, first, an incompressible fluid (liquid) passing through a permeable medium in the 
direction x as illustrated on Figure 12.5. An elemental volume of the fluid within the medium has a 
thickness, dx, and an orthogonal area A. Two forces act upon the element.  
 
First, a force in the direction of flow is exerted because of the pressure differential, dP, across its 
two faces. Let us call this Fp, where. 
 
 Fp   =   -A dP   N       (12.15)  
 
(negative because P decreases in the x direction). 
 
 Secondly, a vertical downward force, Fv, exists due to gravitational pull:  
 
 Fv   =   m g  
 
where the mass of the element (density ρ, x volume Adx)  
 
 m = ρ A dx  
 

giving  
 
 Fv = ρ g A dx  

Ө 

Ө 

P1

P2

Fp

Fv 

X 

x 

dx 

Figure 12.5  Forces on an elemental volume of fluid, Adx, within a permeable medium. 
        Total force in the x  direction, Ft =  Fp + Fv cos Ө.
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If the direction of flow is at an angle Ө to the vertical then the component of Fv in the x direction is 
 
  Fv cos Ө   =    ρg A cos Ө  dx       N    (12.16)  
   
(Note that Ө  is also the inclination of the permeable medium to the horizontal.)  
 
The total force on the element in the direction of flow is then  
 
 Ft   =   Fp + Fv cos Ө    =   -AdP + ρg A cos Ө dx   N   (12.17)  
 
This can be expressed as force per unit volume  
 

 
3m

Ncosθρ g
dx
dP

Adx
Ft +−=      (12.18)  

 
This is a fuller version of the pressure gradient xP ∂−∂ /  in Darcy's Law, equation (12.5).  
 
Hence, we can rewrite Darcy's Law for an incompressible fluid in a non-horizontal flow field as  
 

  
s
mcos







 −−= θρ

µ
g

dx
dPkux     (12.19)  

 
where  ux =  fluid velocity in the x direction (m/s)  
 k  =  permeability of medium (m2 )  
 µ =  dynamic viscosity of fluid (Ns/m2 ) 
and  dP is negative in the x direction.  
 
In the case of horizontal flow (cos Ө = 0) or where the fluid density is small, then equation (12.19) 
reverts to the simple form of Darcy's Law.  
 

 
dx
dPku

µ
−=    m/s      (12.20)  

 
As the fluid is incompressible, then u remains constant and we can integrate directly between the 
bounding walls shown on Figure 12.5, giving  
 

 
( ) ( )

X
PPk

X
PPku 2112 −

=
−

−=
µµ

  m/s   (12.21)  

 
or, flowrate, Q, across a given orthogonal area, A becomes  
 

 
( )

s
m3

21

X
PP

AkAuQ
−

==
µ

     (12.22)  
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12.3.1.2. Compressible flow  
For gases the fluid density is, indeed, low and the gravitational term may be neglected even for 
non-horizontal flow. However, the gas will expand as it progresses along the flowpaths due to the 
reduction in pressure. Hence the flowrate, Q, and gas velocity, u, will both increase.  
 

 
s

m3

dx
dPAkAuQ

µ
==       (12.23)  

 
where A = given orthogonal area across which the flow occurs (m2)  
 
As Q is a variable, we can no longer integrate directly. However, if we write the equation in terms 
of a steady-state (constant) mass flow, M (kg/s), then  
 

 
s

kg
dx
dPAkQM ρ

µ
ρ −==     (12.24)  

 

But density 
3m

kg
RT
P

=ρ  (General Gas Law, equation 3.11)  

 
where R = gas constant (J/(kg K)) and T = absolute temperature (K)  
 

giving  
s

kg
dx
dPP

RT
AkM

µ
−=      (12.25) 

 
 
As M is constant, we can integrate across the full thickness of the medium (Figure 12.5) to give  
 

 
( )

s
kg

2

2
2

2
1

X
PP

RT
AkM

−
=

µ
    (12.26) 

 
This can be converted to a volume flow, Q, at any given density. In particular, at the density, ρm, 
corresponding to the arithmetic mean pressure, the flow becomes  
 

 
s

m3

m
m

MQ
ρ

=        (12.27) 

 
However, equation (12.26) can be written as 
 

( ) ( )
s

kg
2

2121

X
PPPP

RT
AkM

−+
=

µ
    (12.28) 
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s
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X
PP
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( )

s
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X
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   (12.29) 
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Combining equations (12.27 and 12.29) gives  
 

 
( )

s
kg21

X
PP

AkQm
−

=
µ

     (12.30)  

 
Comparing this with equation (12.22) shows that the volume flow of a gas at the position of mean 
pressure is given by the same expression as for an incompressible fluid.  
 
At any other density, ρ, the volume flowrate, Q, is given by  
 

 
s

m3

ρ
ρm

mQQ =        (12.31)  

 
If the flow is isothermal (constant temperature) then this correction can be expressed in terms of 
pressure  
 

 
s

m3

P
P

QQ m
m=        (12.32)  

 
( )

s
m

2

3
21

P
PP

Qm
+

=       (12.33) 

 
 
12.3.1.3. Radial flow of gas  
Figure 12.6 illustrates a borehole of radius rb intersecting a gas bearing horizon of thickness h. 
The gas pressure in the borehole at the seam is Pb while, at some greater radius rs into the seam, 
the gas pressure is Ps.  
 

P

Pb drr

rs 

rb

Ps

Figure 12.6  Radial flow into a borehole.



Chapter 12  Methane                                                                                    Malcolm J. McPherson  

                                                                                                                                             12 -  18

 
Consider the elemental cylinder of radius r and thickness dr, at which the gas pressure is P. 
Then, from equation (12.25)  
 

 
s

kg
dr
dPP

RT
AkM

µ
−=  

 
where  A   =   2 π r h   m2  
 

giving  
s

kg2
dr
rdPP

RT
hkM π

µ
−=   

or 

 
s
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r

drM π
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Integrating between rs and rb gives  
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But as  
( )

m
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2
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PP
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    (12.36)  

 
Equations (12.31 and 12.33) can again be used to give the flowrate at any other density or 
pressure.  
 
 
12.3.1.4. Transient radial flow 
The previous Section assumed a steady-state distribution in gas pressure throughout the 
medium. This is not, of course, the real situation in practice. As a given source bed is drained, the 
gas pressure will decline with time. An analysis analogous to that given for heat flow (Section 
15.2.5.) leads to the time transient equation for a non-adsorbing medium:  
 

 
s

Pa1
2

2

t
P

r
P

rr
PPk

∂
∂

=












∂
∂

+
∂

∂
φµ

    (12.37)  

 
where  Φ  =  rock porosity (dimensionless)  
and  t  =  time (s)  
 
For methane in coal, gas will be generated by desorption as the gas pressure falls (Figure 12.1) 
and, hence, retard the rate of pressure decline very significantly. The gas desorption equations of 
Section 12.2.2.2. must be coupled with equation (12.37) to track the combined effects of drainage 
and desorption.  
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12.3.2. The permeability of coal  
 
In the previous section, it was assumed that the permeability, k, of the rock remained constant. 
Unfortunately, in some cases including coal, this no longer holds. The anisotropy of the material 
causes the natural permeability to vary with direction. Furthermore, the permeability changes with 
respect to mechanical stress, gas pressure and the presence of liquids. We shall examine each 
of these three effects in turn. First, however, let us clarify the concept of permeability and its 
dimensions in the SI system of units.  
 
Permeability, k, may be construed as the conductance of a given porous medium to a fluid of 
known viscosity, µ. That conductance must depend only upon the geometry of the internal 
flowpaths. In a rational system of units, the permeability must, therefore, be expressed in terms of 
the length dimension. This can be illustrated by re-expressing Darcy's Law, equation (12.5) as  
 

 2
2

2
m

s
mm

m
Ns

s
m

=
∂
∂

−=
P
xuk µ  

 
The units of permeability in the SI system are, therefore, m2 . However, the older units of Darcys 
(or millidarcies, md) remain in common use. The Darcy was defined as "the permeability of a 
medium that passes a single-phase fluid of dynamic viscosity 1 centipoise (0.01 Ns/m2 ) in 
laminar flow at a rate of 1 cm3/s through each cm2 of cross-sectional area and under a pressure 
gradient of 1 atmosphere (101 324 Pa) per cm". Such definitions make us grateful for the 
simplicity of the SI system. The conversion between the unit systems is given as  
 
 1 md = 0.98693 x 10-15   m2      (12.38). 
 
 
12.3.2.1. Effect of mechanical stress  
Many researchers have reported tests on the response of coal permeability to applied loading 
(e.g. Somerton, 1974; Gawuga, 1979; Harpalani, 1984). Such tests consist of delicate machining 
of coal into sample cylinders of 30 to 50 mm in diameter and a length/diameter ratio of about 2 
(Obert, 1967), then placing a sample into a triaxial permeameter. This device allows a liquid or 
gas to be passed while the sample is subjected to axial loading (by a stiff compression machine) 
and radial stressing (by oil pressure exerted on a synthetic rubber sleeve around the sample). 
 
 Such tests on coal have revealed the following phenomena during non-destructive loading. 
 
• Permeability reduces during loading and recovers during unloading. However, there may be 

a significant hysteresis effect with lower permeabilities during unloading, particularly when 
the axial and radial stresses are unequal.  

• Samples left under a constant applied stress exhibit a creep effect. The permeability 
reduces with time down to a limiting value.  

• Following a loading test, a sample may not recover its initial permeability. Furthermore, 
repeated loading tests will give progressively reduced permeabilities.  

 
These observations suggest that coals exhibit a combination of elasticity and non-recoverable 
strain. The latter is thought to be caused by permanent damage to the weaker bridges between 
pores.  
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Figure 12.7 shows the results 
of hydrostatic loading (axial 
and radial stresses remaining 
equal) on the permeability of a 
bituminous coal. Hydrostatic 
stressing appears to minimize 
the hysteresis effect. Two 
load/unload cycles are shown. 
After completion of the first 
test, the sample was left for 18 
hours in the triaxial cell at a 
holding stress of slightly more 
than 2 MPa. The creep 
reduction in permeability 
before commencement of the 
second test shows clearly.  
 
It appears from such tests that 
the indicated permeability of a 
coal sample measured during 
a laboratory test depends 
upon the stress history of the 
sample. That is, the cycles of 
loading and unloading caused 
by mining close to the original 
location of the sample, and the 
method of recovering that 
sample. However, for any 
given laboratory test, the coal 
permeability falls 
logarithmically with respect to 
applied hydrostatic stress, i. e. 
the relationship is of the form  
 
 

 
 ( ) 2mexp σBAk =       (12.39)  
 
where  σ    =   effective stress (MPa) = applied hydrostatic stress - pore (mean gas) pressure  
 A   =   constant (m2 )  
 B    =  constant (1/MPa). 
 
The value of A is the theoretical permeability at zero stress and depends not only upon the coal 
structure but also the stress history of the sample. Values of B from -1.5 to -2.5 (1/MPa) have 
been reported for bituminous coal.  
 
For comparison, Figure 12.7 includes a similar test on shale. The reduction in permeability with 
applied stress is much less marked than that for coal.  
 

Figure 12.7  The variation of permeability with hydrostatic 
stress for two load/unload tests of a bituminous coal,  After 
the completion of test 1 the sample was left lightly loaded for 
18 hours before commencing test 2. 

  stressing 
   destressing 

coal 

shale

test 1 test 2 
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12.3.2.2. Effect of gas pressure  
For most rocks, the permeability increases as the pore pressure exerted by a saturating gas 
decreases. The effect was investigated by Klinkenberg (1941) who proposed the relationship  
 

 2m1 




 +=
P
akk liq       (12.40)  

 
where  kliq    =   permeability of the medium to a single phase liquid, or permeability at a very high 
  gas pressure (m2 )  
and  a      =   constant depending upon the gas (Pa)  
 
The values of kliq and a may be determined by plotting experimentally determined values of k 
against 1/P.  
 
It is thought that the Klinkenberg effect is caused by surface diffusion, i. e. slippage of gas 
molecules along the internal surfaces of the medium (Section 12.2.2.1.). However, in the case of 
coal, a straight line relationship is not found when measured values of k are plotted against 1/P. 
Hence, there is no longer any advantage in plotting the variables in that way.  
 
Researchers have reported both rising and falling permeabilities with respect to mean gas 
pressure during laboratory tests on coal. Figure 12.8 illustrates a typical set of results and shows 
the effects of gas pressure and applied hydrostatic stress. Curve fitting exercises show that such 
curves take the form  
 

 ( ) 2
43

2
1 mexp CPC

P
C

Ck −++=   (12.41)  

    Klinkenberg effect  +   dilation of flowpaths  
 
where C1, C2, C3 and C4 are constants for the curve.  
 
It will be observed that (C1 + C2/P) has the form of the Klinkenberg effect and is dominant at low 

gas pressures. As the 
gas pressure rises 
through this phase, 
surface diffusion 
reduces and, adsorbed 
molecules begin to 
obstruct the flowpaths. 
Hence, the permeability 
falls. However, with 
further increases in gas 
pressure, the 
exponential term in 
equation (12.41) 
becomes dominant 
causing the 
permeability to rise 
again. One hypothesis 
is that a sufficiently 
high pore pressure 
results in compression 
of the coal substance 
and unconnected pores 
while the flowpaths 
become dilated. 

Figure 12.8  In addition to the effects of mechanical stress, the 
permeability of coal is also a function of the internal gas pressure. 
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12.3.2.3. Two phase flow  
The pores and fracture networks of strata are often occupied by a mixture of fluids. In petroleum 
reservoirs, three phase flow may occur with oil, gas and water as the occupying fluids. In most 
other cases, including coal, two phase flow takes place as a mixture of gases and water.  
 
The presence of water greatly inhibits the flow of gas and vice versa and, hence, reduces the 
permeability of the rock to both phases. The effect is described quantitatively in terms of the 
relative permeabilities kr,g and kr,w for gas and water respectively:  
 

 
sg

g
gr k

k
k =,   (dimensionless)      (12.42)  

 

and   
sw

w
wr k

k
k =,    (dimensionless)      (12.43)  

 
where  kg and kw are the effective permeabilities of the rock to gas and water respectively, m2  
      (dependent on degree of saturation)  
 ksg   =   permeability of the rock to gas when saturated by gas, m2 (no water present)  
and  ksw  =   permeability of the rock to water when saturated by water, m2 (no gas present)  
 
In the petroleum industry, it is often assumed that ksg = ksw for the sandstones and limestones that 
are typical of petroleum reservoir rocks. However, the effects of adsorption and gas pressure 
indicate that this may not hold for coal.  

Figure 12.9 illustrates a 
typical behaviour of 
relative permeabilities 
with respect to 
saturations of water and 
gas. The actual loci of 
the relative permeability 
curves depend upon 
whether the coal 
substance is wetted 
preferentially by the 
water or the gas. This, 
in turn, varies with the 
proportion of coal 
constituents, vitrain and 
clarain tending to prefer 
the gas while durain and 
fusain are more easily 
wetted by water.  
 
The curves on Figure 
12.9 suggest a net 
hydrophobic coal, i.e. 
the gas is the preferred 
wetting phase. The 
water will, therefore, 
tend to reside in the 
larger openings within 
the matrix and inhibit 

kr,g kr,w 
kr,w 

gas becomes 
mobile 

kr,g 

Figure 12.9  The relative permeabilities to gas, kr,g, and water kr,w  
depend upon the degree of rock saturation by the two fluids. 
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migration of the gas which exists in the smaller interstices. Hence, as indicated on Figure 12.9, 
the gas will not become mobile until the water saturation has fallen significantly below 100 
percent. This explains why considerable volumes of water may be produced from a borehole 
before gas flows appear. 
 
 

12.4. EMISSION PATTERNS INTO MINE WORKINGS 
 

The rates at which methane are emitted into mine workings vary from near steady-state, through 
cycles that mimic rates of mineral production, to the dangerous phenomena of gas outbursts or 
"sudden large emissions". In general, the rate of gas emission into the mine ventilation system 
depends upon: 
 

• initial gas content of the coal  
• degree of prior degassing by methane drainage or mine workings  
• method of mining  
• thickness of the worked seam and proximity of other seams  
• coal production rate 
• panel width (of longwalls) and depth below surface 
• conveyor speeds 
• the natural permeability of the strata and, in particular, the dynamic variations in 

permeability caused by mining  
• comminution of the coal.  

 
 
12.4.1. Sources of methane in coal mines 
 

Variations in methane emissions into mines are influenced strongly by the dominant sources of 
the gas. In room and pillar workings, gas will be produced from faces, ribsides and the pillars of 
the seam being worked. While exposed pillars may be degassed fairly quickly (dependent upon 
the coal permeability), ribside gas may continue to be troublesome for considerable periods of 
time. In such cases, it is preferable for ribsides that border on virgin coal to be ventilated by return 
air (Figure 4.7a). Peaks of gas emission will, in general, occur at the faces of the rooms due to 
the high rate of comminution caused by mechanized coal winning. This will be moderated by the 
degree of earlier degassing, either by methane drainage or by gas migration towards the 
workings. The latter is enhanced by high coal permeability and a low rate of advance.  
 

In addition to ribsides, the major sources of methane in longwall mines are the working faces and 
roof and floor strata. Ribside gas tends to be a slow and near constant source. It is convenient to 
classify the other sources of methane in a longwall mine into face (or coal front) gas and gob gas. 
Peak emissions occur at coal-winning machines due to rapid fragmentation of the coal. It is this 
emission that gives rise to frictional ignitions at the pick point (Section 12.1). The peak emission 
moves along a longwall face with the machine. However, the freshly exposed coal front will also 
emit methane - rapidly at first and decaying with time until the machine passes that point again. 
Coal front gas is an immediate and direct load on the district ventilation system. Figure 12.10 is 
an example of a smoothed record of methane concentration in air returning from a longwall face. 
In this example, coal was produced on two out of three shifts for five days per week. The 
correlation of methane make with face activity shows clearly, decaying down to a background 
level over the weekend. 
 

The gas flow into the gob area behind a longwall face originates from any roof or floor coal that 
has not been mined from the worked seam, but more particularly from source beds within the roof 
or floor strata. Any coal seams or carbonaceous bands within a range of some 200 m above to 
100 m below the working horizon are liable to release methane that will migrate through the 
relaxed strata into the gob area. If methane drainage is not practiced, then that methane will 
subsequently be emitted into the mine ventilation system. Figure 12.11 illustrates the variations in 
stress-induced permeability of roof and floor strata that create enhanced migration paths for the 
gas.  
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Figure 12.10  Recordings of airflow and methane flow in an airway returning from a 
           longwall face. 

recompaction of strata 
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and/or fissures 
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stress relief transition stressed 

zone 

floor source bed 

Figure 12.11  The migration of gas from roof and flow source beds toward the working 
          horizon occurs because of the large increase in permeability of adjacent 
          strata in the stress relief zone immediately behind a longwall face. 
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As fragmented coal is transported out of the mine, it will continue to emit methane. The gas make 
depends upon the degree of fragmentation, gas content of the cut coal on leaving the face, the 
tonnage and the time spent during transportation. The desorption equations given in Section 
12.2.2.2. allow estimates of the transport gas to be made. Precautions should continue to be 
taken against accumulations of methane after the coal has left the mine. Gas explosions have 
occurred in surface hoppers and in the holds of coal transport ships.  
 
 
12.4.2. Methane layering 
 
Methane emitted from the strata into a mine opening will often be at concentrations in excess of 
90 percent. While being diluted down to safe general body concentrations, the methane will, 
inevitably, pass through the 5 to 15 percent range during which time it is explosive. It is, therefore, 
important that the time and space in which the explosive mixture exists are kept as small as 
possible. This can be achieved by good mixing of the methane and air at the points of emission. 
Unfortunately, the buoyancy of methane with respect to air (specific gravity 0.554) produces a 
tendency for concentrated methane to collect in roof cavities and to layer along the roofs of 
airways or working faces.  
 
In level and ascentionally ventilated airways with inadequate airflow, the layer will stream along 
the roof in the direction of airflow, increasing in thickness and decreasing in concentration as it 
proceeds (Figure 12.12(a)),. Multiple feeders of gas will, of course, tend to maintain the 
concentration at a high level close to the roof.  
 
There are two main hazards associated with methane layers. First, they extend greatly the zones 
within which ignitions of the gas can occur. Secondly, when such an ignition has taken place, a 
methane layer acts very effectively as a fuse along which the flame can propagate -perhaps 
leading to much larger accumulations in roof cavities or gob areas.  

(a) 

(b) 

Figure 12.12 Methane layering in (a) a level airway 
      (b) a descentionally ventilated airway. 

methane feeder 

methane feeder 
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Figure 12.12(b) indicates that in a descentionally ventilated airway, the buoyant methane layer 
may stream uphill close to the roof and against the direction of the airflow. However, at the fringe 
between gas and air, viscous drag and eddy action will cause the gas/air mixture to turn in the 
same direction as the airflow. The result is that explosive mixtures may be drawn down into the 
airway upstream from points of emission. 
 
Although the layering phenomenum of methane in mines was all too obvious during the Industrial 
Revolution (Section 1.2), systematic research on the topic seems not to have been well organized 
until the 1930's (Coward, 1937). A combination of analytical and experimental work at the Safety 
in Mines Research Establishment, England in the early 'sixties led to a quantification of the 
important parameters (Bakke and Leach, 1962). These were  
 
• velocity of the ventilating airstream, u (m/s)  
• rate of gas emission, Qg (m3 /s)  
• width of airway W (m)  
• inclination of airway  
• relative densities of the air and gas  
• roughness of the roof above the layer.  

 
Although a rough lining will promote better mixing than a smooth one (except for free-streaming 
layers), the effect of roughness is fairly weak (Raine, 1960). Bakke and Leach found that the 
characteristic behaviour of a gas layer was proportional to the dimensionless group 
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where ∆ρ/ρ is the difference in relative densities of the two gases.  (1 - 0.554 =0.446 for air and 
methane)  
 
Using a value of g = 9.81 m/s2 gives the dimensionless number for methane layers in air to be  
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The dimensionless group, L, is known as the Layering Number and is of fundamental significance 
in the behaviour of methane layers. Examination of equation (12.45) indicates that the air velocity 
is the most sensitive parameter in governing the Layering Number and, hence, the length and 
mixing characteristics of the layer. Although u is, theoretically, the air velocity immediately under 
the layer, the mean value in the upper third of the airway may be used. For non-rectangular 
airways, W may be taken as some three quarters of the roadway width. The power of 1/3 in 
equation (12.45) reduces the effects of errors in estimated values of W and Qg. 
 
Experimental data from Bakke and Leach have been employed to produce Figure 12.13 for level 
airways. For any given gas make and roadway width, the horizontal axis may be scaled in terms 
of air velocity. It can be seen from this graph that at low Layering Numbers (and, hence, low 
velocity) the layer is affected very little by small additional increases in velocity. Indeed, in an 
ascentional airway, the layer will actually lengthen as the airspeed increases from zero to the 
free-streaming velocity of the methane. The mixing process is primarily due to turbulent eddies.  
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The efficiency of mixing increases as the relative velocity between the methane and air rises. 
However, as the air velocity continues to increase giving Layering Numbers of over 1.5 the layer 
shortens rapidly. On the basis of such results, it can be recommended that Layering Numbers 
should be not less than 5 in level airways.  
 
Similar experiments in inclined airways have led to the recommended minimum layering numbers 
shown in Table 12.1 in order to inhibit the formation of methane layers. 
 

.  
Angle to horizontal (deg.) 
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4.8 

7.8 
4.9 

 
      Table 12.1. Recommended minimum Layering Numbers at various roadway inclinations. 

 
 Methane layers can be detected by taking methanometer readings or siting monitors at roof 
level. The most probable locations are in bleeder airways or return roadways close to a longwall 
face. On detecting a methane layer, an immediate temporary remedy is to erect a hurdle cloth, 
that is, a brattice cloth attached to the sides and floor but leaving a gap at the top. The size of the 
opening should be such that the increased air velocity near the roof disperses the layer. The 
hurdle cloth may need to extend some three quarters of the height of the airway. However, 

Figure 12.13  Variation of layer length with Layering Number for level airways. 
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anemometer readings should be taken to ensure that the overall volume flow of air through the 
area is not reduced significantly. Compressed air venturis or other forms of air movers can be 
used to disperse methane layers provided that they are earthed against electrostatic sparking.  
 
The longer term solutions are to (a) increase the airflow and, hence, the air velocities through the 
affected panel; (b) reduce the rate of methane emission, or a combination of the two. Ventilation 
network analyses should be employed to investigate means of increasing the airflow (Chapter 7). 
These may include adjusting the settings of regulators or fans, and controlled partial recirculation 
(Section 4.5.). The methane emissions can most effectively be reduced by installing a system of 
methane drainage (Section 12.5.).  
 
While methane layering was once a common occurrence in gassy coal mines, well designed 
systems of ventilation and gas drainage are capable of eliminating this hazard from modern 
mines. However, if stoppings or other ventilation controls are disrupted by any incidents in gassy 
mines the reduction in airflows can result in the formation of methane layers and the possibility of 
gas explosions. 
 
 
12.4.3. Gas outbursts 
 
The most dramatic mode of gas emission into mine workings is the release of an abnormally 
large volume of gas from the strata in a short period of time. Such incidents have caused 
considerable loss of life. In many cases, the rate of emission has been explosive in its violence, 
fracturing the strata and ejecting large quantities of solid material into the workings. Gas outbursts 
are quite different from rock bursts that are caused by high strata loadings. However, the 
probability of a disruptive gas release from adjacent strata is enhanced in areas of abnormally 
high stress such as a pillar edge in overlying or underlying workings.  
 
There are two distinct types of gas outbursts, in-seam bursts and sudden large emissions from 
roof and floor. Each of these will be discussed in turn.  
 
12.4.3.1. In-seam outbursts  
As the name implies, these are outbursts of gas and solids from the seam that is currently being 
mined. They have occurred in many countries, particularly in coal and salt (or potash) mines. The 
geologic conditions that lead to in-seam outbursts appear to be quite varied. The one common 
feature is the existence of mechanically weakened pockets of mineral within the seam and which 
also contain gas at high pressure. Methane, carbon dioxide and mixtures of the two have been 
reported from in-seam outbursts in coal mines while nitrogen may be the major component in 
potash mines (Robinson et al, 1981).  
 
The genesis and mechanisms of in-seam gas outbursts have been a matter of some controversy. 
A current hypothesis is that the structure of the material within outburst pockets has been altered 
by tectonic stressing over geological time. Seam outbursts in coal mines have been known to 
eject up to 5000 t of dust, much of it comprised of particles less than 10 µm in diameter (Evans 
and Brown, 1973). This can be accompanied by several hundred thousand cubic metres of gas 
(Campoli, 1985). It is thought that pulverization of the coal has been caused by very high shear 
forces. Laboratory tests have shown that a sample of normal anthracite can be reduced to the 
fragile "outburst" anthracite by such means. Coal mines located in areas that have been subject 
to thrust faulting are more prone to in-seam outbursts. A sample of "outburst" coal is, typically, 
severely slickensided and friable to the extent that it may crumble to dust particles by squeezing it 
in the hand. The seam is often heavily contorted in the vicinity of the outburst pocket - again, 
evidence of the excessive tectonic stressing to which it has been subjected.  
 
If the overlying caprock had maintained a low permeability during and since the pulverization of 
the coal, then the entrained methane will remain within the zone. However, the small size of the 
particles ensures that desorption of the gas can occur very quickly if the pressure is relieved 
(equation (12.9)).  
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When a heading or face approaches an outburst zone that contains highly compressed coal dust 
and gas, stress increases on the narrowing barrier of normal coal that lies between the free face 
and the hidden outburst pocket (Sheng and Otuonye, 1988). At some critical stage, the barrier will 
begin to fracture. This causes audible noise that has been variously described as "cracking, 
popping" or "like a two-stroke engine". When the force exerted by gas pressure in the outburst 
pocket exceeds the resistance of the failing barrier, the coal front bursts outwards explosively. 
The blast of expanding gas may initiate shock waves throughout the ventilation system of the 
mine. A wave of decompression also passes back through the pulverized coal. The expansion of 
the gas, reinforced by rapid desorption of large volumes of methane expels the mass of dust into 
the airway. Although the outburst may last only a few seconds, the desorbing gas causes the dust 
to behave as a fluidized bed. This can flow along the airway, almost filling it and engulfing 
equipment and personnel for a distance that can exceed 100 m (Williams and Morris, 1972). The 
cavities that remain in the seam following an outburst may, themselves, indicate slickensides. 
Several cavities that are interconnected can contribute to a single outburst. The volume of dust 
subsequently removed from the airway or face has often appeared too large for the cavity from 
which it was apparently expelled.  
 
The dangers associated with gas outbursts in mines are, first, the asphyxiation of miners by both 
gas and dust. Compressed air 'lifelines' may be maintained on, or close to, faces that are prone to 
in-seam outbursts. These are racks of flexible tubes connected to a compressed air pipe, and 
with valves that open automatically when picked up. Such devices can save the lives of miners 
who become engulfed in outburst dust. A second hazard is that the violence of the outburst may 
damage equipment and cause sparking that can ignite the highly flammable gas/dust/air mixture. 
Spontaneous ignitions of methane during outbursts in a salt mine have also been reported 
(Schatzel and Dunsbier, 1989). Thirdly, the sudden expansion of a large volume of gas can cause 
disruption of the ventilation system of a mine.  
 
Precautionary measures against in-seam gas outbursts include forward drilling of exploratory 
boreholes. However, pre-drainage of outburst pockets has met with limited success due to rapid 
blockage of the boreholes. Similarly, testing samples of coal for strength or structure is uncertain 
as normal coal may exist very close to an outburst pocket. Monitoring for unusual micro-seismic 
activity is a preferred warning technique (Campoli, 1985). When it is suspected that a face or 
heading is approaching an outburst pocket, then machine mining should be replaced by drill and 
blast methods (volley firing), clearing the mine of personnel before each blast. This should be 
continued until an outburst is induced or the dangerous area has been mined through.  
 
 
12.4.3.2. Outbursts from roof and floor  
These are most likely to occur in longwall mines. As discussed in Section 12.4.1. and illustrated 
on Figure 12.11, methane will migrate from higher or lower source beds towards the working 
horizon behind the working face. Strata in the stress relief zone normally exhibit a substantial 
increase in permeability due to relaxation of the fracture network. The migration of gas then 
proceeds through the overlying and underlying strata at a rate that follows cyclic face operations 
and, under normal conditions, is quite controlled. However, a band of strong and low permeability 
rock (caprock) existing in the strata sequence between the source beds and the working horizon 
may inhibit the passage of gas. This can result in a reservoir of pressurized gas accumulating 
beyond the caprock. Any sudden failure of this retention band will then produce a large and rapid 
inundation of gas into the working horizon (Wolstenholme et al, 1969).  
 
Figure 12.14 illustrates the development of a potential outburst from the floor. In Figure 12.14(a), 
relaxation of the strata allows gas to be evolved from the source bed and migrate upwards.          
A strong intervening bed of sufficiently high natural permeability or which contains induced 
fractures allows the gas to pass through. 
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 However, Figure 12.14(b) illustrates a condition in which a strong low permeability bed has failed 
to fracture. Gas accumulates under this bed which is then subjected to an intensified gas 
pressure gradient. This is the potential outburst situation. The rate at which gas accumulates in 
the reservoir rock depends upon the relative rates of gas make from the source seam and gas 
leakage through the caprock. Either an increase in the gas make from the source seam or a 
decrease in flow through the caprock can produce the potential outburst condition.  
 
Resistance to gas flow through the fracture network of the caprock may occur by increases in its 
strength or thickness. Furthermore, a porous bed such as a fine-grained sandstone may suffer a 
large decrease in relative permeability to gas if it becomes partially saturated by water (Figure 
12.9).  
 
There are considerable differences between the sudden large emissions that occur from roof and 
floor strata. Strata above the worked seam are subjected to larger vertical movement due to 
subsidence of the rock mass. This creates greater voidage in which gas can accumulate. Bed 
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Figure 12.14  Development of a gas outburst condition under a longwall panel. 
 

(a) Safe condition: Isobars distributed; strong bed sufficiently permeable (or 
fractured) allowing gas to migrate through in a controlled manner. 

(b) Potential outburst condition: reduced permeability of the strong bed 
resulting in an increased pressure gradient across this bed and high 
pressure gas accumulations under it. 
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separation also promotes flowpaths parallel to the strata. Very large gas reservoirs may, 
therefore, develop in the overlying rocks. However, fracturing of low permeability beds is more 
probable and high pressures are less likely to develop in the gas reservoir rocks. For these 
reasons, sudden emissions from the roof have usually been characterized by large flows that may 
last from a few hours to several months (Morris, 1974). However, the initiation of the emission is 
unlikely to be accompanied by violent dislocation of the immediate roof strata.  
 
In contrast, gas outbursts from the floor are usually of shorter duration but more violent - even to 
the extent of rupturing the floor strata upwards with ejection of solid material. The reduced 
deformation in the floor sequence enables a caprock to resist induced enlargement of fractures. 
This leads to high pressure accumulations of gas. However, the extent of the gas reservoir is 
likely to be much less than one in roof strata. Morris (1974) reported methane emissions as large 
as 140 000 m3 from floor outbursts, but over 8 x 106 m3 from sudden roof emissions.  
 
Gas outbursts from roof or floor are often preceded by smaller increases in general body gas 
concentrations, often intermittent in nature, during the hours before the major flow occurs. This is 
probably caused by increasing strain within the caprocks and interconnection of bed separation 
voidages before the main failure. Continuous gas monitors can detect such warnings. 
Immediately before the burst, severe weighting on the roof supports and caving in the gob may 
occur. Roof and floor outbursts are more likely to occur along planes of maximum shear stress in 
the strata, i.e. in bleeders or airways bordering gob areas, or on the longwall face itself. Roof 
outbursts may occur due to the initial failure of an overlying caprock within some two face lengths 
of the initial starting-off line of the longwall. Similarly, passing under or over old pillar edges in 
other seams can promote sudden failure of caprocks. However, previous workings may have 
caused partially degassing of source beds. Most floor outbursts have occurred when no previous 
mining has taken place at a lower level.  
 
The most effective means of preventing roof and floor outbursts is regular drilling of methane 
drainage holes wherever any potential caprock may exist. The holes should be angled over or 
under the caved area and should penetrate beyond the caprock to the source bed(s). The 
spacing between holes should be dictated by local conditions but may be as little as 10 m. It is 
particularly important that the drilling pattern be maintained close up to the face. All holes should 
be connected into a methane drainage system (Section 12.5.5.). In outburst prone areas, it is 
essential that drilling takes place through a stuffing box in order that the flow can be diverted 
immediately into the pipe range should a high pressure accumulation be penetrated.  
 
It is often the case that routine floor boreholes produce very little gas. However, in areas liable to 
floor outbursts, these holes should continue to be drilled as a precautionary measure. Tests 
should be made of open-hole flow rates and rate of pressure build-up on the closed hole. When 
both of these tests show higher than normal values, then it is probable that an outburst condition 
is developing (Oldroyd et al, 1971). In the event of any indication that a gas reservoir is 
accumulating in roof or floor strata, then additional methane drainage holes should be drilled 
immediately to relieve that pressure and to capture the gas into the drainage pipe system.  
 
 
12.4.4 Prediction of methane emissions into the ventilation system 
 
As indicated earlier in Section 12.4 a considerable number of variables affect the rate at which 
methane is emitted into the ventilation systems of coal mines or captured by methane drainage. 
The non-linear interaction of the variables renders it difficult to apply analytical means to the 
problem of predicting methane emissions. For this reason numerous numerical and empirical 
models have been developed and utilized in several countries (e.g. Durucan et al (1992)). 
 
Older empirical methods of predicting gas emissions into coal mines varied from curve fitting 
procedures to pocket calculators (e.g. Creedy et al (1988); CEC (1988)). The continued 
enhancement of computing power on desk and portable machines has promoted the utilization of 
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sophisticated data processing software. This has resulted in improved reliability of predicting 
methane emissions from data that are often difficult to correlate (e.g. Lunarzewski (1998). One 
such procedure utilizes artificial neural networks (Karacan (2007)). This technique seeks patterns 
and relationships between groups of input data that have appear to have obscure inter-
relationships from conventional mathematical or statistical methodologies.  
 
A feature of artificial neural network software is that it can “learn” as more data is added, so 
increasing its accuracy of prediction. Nevertheless, we are reminded that the reliability of all 
empirical models is dependent on the range, quality and detail of of the measurements on which 
the model is based. Hence, it is the responsibility of the user to ascertain that any given model is 
applicable to the mine under consideration. 
 
 
12.5. METHANE DRAINAGE 
 
The organized extraction of methane from carboniferous strata may be practiced in order to (a) 
produce a gaseous fuel, (b) reduce methane emissions into mine workings or (c) a combination of 
the two. If the intent is to provide a fuel for sale or local consumption, then it is important that the 
drained gas remain within prescribed ranges of purity and flowrates.  
 
There is no single preferred technique of methane drainage. The major parameters that influence 
the choice of method include  
 
• the natural or induced permeability of the source seam(s) and associated strata  
• the reason for draining the gas  
• the method of mining (if any).  

 
In this Section, we shall outline methods of methane drainage, the infrastructure of pipe ranges 
and ancillary equipment, methods of predicting gas flows and conclude with a summary of the 
procedure for planning a methane drainage system. 
 
 
12.5.1. In-seam drainage 
 
 Drainage of methane by means of boreholes drilled into a coal seam is successful only if the coal 
has a sufficiently high natural permeability or where a fracture network is induced in the seam by 
artificial methods. Hence, for example, while in-seam drainage can be practiced in some North 
American coalfields, it has met with very limited success in the low permeability coals of the 
United Kingdom or Western Europe. A knowledge of coalbed permeability is necessary before in-
seam drainage can be contemplated (Section 12.3.2).   
 
Advances in drilling technology have increased the performance potential of in-seam gas 
drainage (Schwoebel, 1987). Using down-the-hole motors and steering mechanisms, boreholes 
may be drilled to lengths exceeding 1600 m within the seam (Brunner (2006). Provided that the 
coal permeability is sufficiently high, methane flows into mine workings can be reduced very 
significantly by pre-draining the seam to be worked. Gas capture efficiencies up to 50 percent are 
not uncommon, where  
  

100
nventilatiointoemittedgascapturedGas

drainagemethanebycapturedGasefficiencycaptureGas ×
+

=
   (12.46)  
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In gassy and permeable seams, ribsides bordering on solid coal are prolific sources of gas. 
Figure 12.15 illustrates flanking boreholes used to drain gas from the coal ahead of headings that 
are advancing into a virgin area. On the other hand, previously driven headings or workings may 
have degassed the area to a very considerable extent.  

 
 
In-seam gas drainage can also be effective in permeable seams that are worked by the retreating 
longwall system (Mills and Stevenson, 1989; Ely and Bethard, 1989). Figure 12.16 illustrates the 
layout. Boreholes are drilled into the seam from a return airway and connect into the methane 
drainage pipe system. The preferred spacing of the holes depends upon the permeability of the 
seam and may vary from 10 to over 80 m. The distance from the end of each borehole and the 
opposite airway should be about half the spacing between holes. The application of suction on 
the boreholes is often unnecessary but may be required for coals of marginal permeability or to 
increase the zone of influence of each borehole.  

Figure 12.16.  In-seam boreholes draining methane from a coal seam in a two-entry retreating longwall. 

Figure 12.15  In-seam drainage boreholes to reduce methane flow into advancing 
          headings, applicable only where the coal is sufficiently permeable. 
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The time allowed for drainage should be at least six months and, preferably, over one year. 
Hence, the holes should be drilled during the development of what will become the tailgate of the 
longwall.  
 
Spalling of coal into the borehole can be a problem, especially in the more friable coals. This may 
be reduced by employing smooth drill rods. Drill chippings can be removed by means of a 
continuous water flush. Additionally, augers may be used to remove spalled coal from the 
boreholes. The internal diameter of some sections of finished borehole may be considerably 
larger than the drill bit. Perforated plastic liners can be inserted in order to maintain the holes 
open, subject to the governing legislation. The first 5 to 10 m of each borehole are typically drilled 
at 100 mm diameter. A standpipe is cemented into place and connected through a stuffing box 
into the methane drainage pipeline (Section 12.5.5.1.). The remainder of the hole is drilled 
through the standpipe at a diameter of some 75 mm.  
 
 
The flowrate of gas from a gas drainage borehole will vary with time. Figure 12.17 illustrates a 
typical life cycle for an in-seam borehole. A high initial flow occurs from the expansion and 
desorption of gas in the immediate vicinity of the hole. This may diminish fairly rapidly but then 
increase again as the zone of influence is dewatered, hence, increasing the relative permeability 
of the coal to gas (Figure 12.9). This, in turn, is followed by a decay as the zone of influence is 
depleted of gas.  
 
In-seam boreholes drilled into outcrops or from surface mines may produce little methane. The 
gas content of coal seams tends to increase with depth. It is probable that seams near the 
surface have lost most of their mobile gas. However, multiple boreholes drilled with directional 
control from a surface drill rig can be guided to follow a coal seam for distances that produce 
acceptable flowrates.  
 

Vertical holes drilled from the 
surface to intersect coal 
seams are likely to produce 
very little gas because of the 
short length of hole exposed 
to any given seam. However, 
hydraulic stimulation or 
hydrofracturinq can be used 
to enhance the flowrates. This 
involves injecting water or 
foam containing sand 
particles into the seam. Other 
sections of the borehole are 
cased. The objective is to 
dilate the fracture network of 
the seam by hydraulic 
pressure. The sand particles 
are intended to maintain the 
flowpaths open when injection 
ceases. The success of 
hydrofracturing depends upon 
the natural fracture network 
that exists within the seam 
and the absence of clays that 

swell when wetted. Friable coals are more likely to respond well to hydrofracturing. On the other 
hand, in stronger coals, induced fractures may be concentrated along discrete bedding planes 

Figure 12.17  Typical life cycle of a gas drainage borehole in coal.
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and give a poor recovery of gas. In the majority of cases, water must be pumped from surface 
boreholes before gas flows can be attained.  
 
Another means of in-seam gas drainage is to sink a small diameter shaft to intersect the coal bed 
(U. S. Bureau of Mines, 1980). Long multiple boreholes are drilled radially outwards from the 
shaft into the seam and connected into a methane drainage line that rises to the surface. This 
method may be considered when a shaft is to be sunk at a later date at that location for mine 
ventilation or service access. This enables degassing of an area for several years prior to mining.  
 
 
12.5.2. Gob drainage by surface boreholes 
 
 The relaxation of strata above and below the caved zone in a longwall panel creates voidage 
within which methane can accumulate at high concentration, particularly when other coal beds 
exist within those strata. If this gas is not removed, then it will migrate towards the working 
horizon and become a load on the ventilation system of the mine (Figure 12.11). Capture of this 
"gob gas" may be accomplished either underground by cross-measures drainage (Section 
12.5.3.) or by drilling boreholes from the surface.  

 
Figure 12.18 depicts methane drainage from the gob of a longwall panel by surface boreholes. 
This is a method that is favoured in the United States. Typically, three or four holes are drilled 
from surface rigs at intervals of 500 to 600 m along the centreline of the panel and ahead of the 
coal face. The holes may be 200 to 250 mm in diameter and drilled to within some 8 to 10 m of 
the top of the coal seam (Mills and Stevenson, 1989). The holes should be cased from the 
surface to a depth that is dictated by the local geology and, in particular, to extend below any 
beds that are likely to act as bridging caprocks. A perforated liner can be employed in the rest of 
the hole to inhibit closure from lateral shear.  

to gas pump 

Figure 12.18  Gob drainage of a longwall panel. Each hole becomes productive 
          after passage of the faceline. 



Chapter 12  Methane                                                                                    Malcolm J. McPherson  

                                                                                                                                             12 -  36

 
The initial gas made from the surface holes is likely to be small. However, as the face passes 
under each borehole, the methane that accumulates in the caved area will be drawn towards that 
borehole. Bed separation assists drainage from across the complete gob area. The first borehole 
should be located far enough from the face start line (typically about 150 m) to ensure that it 
connects into the caved zone. When a hole becomes active, the rate of gas production increases 
sharply and may yield over 50 000 m3 /day of commercial quality methane for a period of several 
months, depending upon the rate of mining. The more gradual decay is a result of reconsolidation  
of the caved strata. Gas drainage pumps located on surface ensure that the gas flow remains in 
the correct direction and may be employed to control both the rate of flow and gas purity. If the 
applied suction is too great, then ventilating air will be drawn into the gob and may cause 
excessive dilution of the drained methane.  
 
In addition to longwall panels, gob drainage by surface boreholes can be utilized in pillar 
extraction ares. In both cases, the technique can result in very significant reductions in emissions 
of methane into mine workings.  
 
 
12.5.3. Cross-measures methane drainage 
 
Where the depth of coal workings precludes the drilling of methane drainage holes from surface, 
the extraction of methane from relaxed strata can be accomplished by drilling from underground 
airways. The principle of cross-measures drainage is illustrated on Figure 12.19. Capture 
efficiencies in the range 20 to 70 percent have been reported for this technique, depending upon 
the design and control of the system. Boreholes are drilled into the roof and, if necessary, also 
the floor strata. The holes are normally drilled parallel to the plane of the coal face but inclined 
over or under the waste. This is the dominant method of methane drainage in Europe and is 
particularly applicable to advancing longwall panels. However, the technique can also be 
employed for multiple-entry retreat systems.  

Figure 12.19  Cross-measures methane drainage in an advancing longwall panel. 
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The angle, length and spacing of boreholes must be decided on a site-specific basis. In general, 
the holes should intersect the major gas emitting horizons. The spacing between holes should be 
such that their zones of influence overlap slightly. Significant increases in general body methane 
concentration along the airway is indicative of too great a distance between boreholes.  
Conversely, if closing a borehole causes a rapid increase in the flowrate from neighbouring holes, 
then the boreholes may be too close together. The hardness of the strata or other difficulties of 
drilling will also influence the spacing. Typical spacings lie in the range 10 to 25 m between 
boreholes.  
 
Computer modelling procedures have been developed to assist in planning an optimum layout of 
cross-measures boreholes (e. g. O'Shaughnessy, 1980). However, a practical study of the local 
geology followed by a period of experimentation remains the most pragmatic means of 
establishing a successful drilling pattern.  
 

The boreholes are normally drilled from a return airway. However, in particularly gassy situations, 
boreholes may be required on both sides of the panel. Although cross-measures methane 
drainage is usually carried out from the current working horizon, a variation is to drill from airways 
that exist in either overlying or underlying strata. Dewatering is facilitated by upward holes.  
 

Routine underground drilling may require boreholes of smaller diameter than surface holes. 
Cross-measures drainage holes are normally in the range 50 to 100 mm diameter. However, it is 
necessary to employ standpipes in order to prevent excessive amounts of air being drawn into 
the system. For any given degree of suction applied to a borehole, the purity of the extracted gas 
will vary with the length of the standpipe. Hence, to ensure a high concentration, the standpipe 
may need to be extended to within a few metres of the main gas-producing horizon. Standpipes 
may be grouted into place with cement or resin, while rubber and sealing compounds have also 
been used (Boxho et al, 1980).  
 

The suction applied to gob drainage holes, whether drilled from the surface or underground, is a 
sensitive means of controlling both the flowrate and the purity of the drained gas. The suction to 
be applied on each individual borehole is a function of the gas pump duties, the geometry of the 
network of pipes and settings of borehole valves. In general, increasing the suction applied to an 
active borehole will increase the flow but decrease the purity. Borehole tests may be employed to 
determine the optimum suction when the mass flow of methane attains a maximum value.  
 

If the suction is too high, then the concentration of methane in the pipelines may fall below 15 
percent when it becomes explosive. It is prudent to decrease the suction automatically when the 
concentration falls to 30 percent. Much higher cut-off concentrations may be imposed by local 
regulations or where the gas is utilized as a fuel. If the applied suction is too low, then excessive 
emissions of methane can occur into the mine ventilation system. The optimum suction required 
increases with respect to the rate of gas make from the source beds. A pragmatic approach is to 
ensure that the interface between the air and methane remains in the strata above the level of the 
airways. Although a borehole suction of some 10 kPa is fairly typical of cross-measures drainage 
systems, large variations occur in practice. Indeed, as indicated in Section 12.4.3.2., gas may exit 
the borehole at a positive pressure. 
 
 
12.5.4. Drainage from worked-out areas 
 
 Although the rate of gas emission from any given source decays with time, an abandoned area 
of a coal mine is likely to be surrounded by a large envelope of fragmented and relaxed strata. 
The total make of gas may be considerable and continue for an extended period. In cases where 
fragmentation has occurred across coal beds and between multiple seam workings, such 
emissions of gas may go on for several years. In order to reduce pollution of a current ventilation 
system, methane drainage pipes can be inserted through stoppings and gas drained from the old 
workings. The pipes should extend beyond the stoppings to a point that is not affected by air 
penetration during a period of rising barometer. The objective is to extract the gas at 
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approximately the same rate as it is produced. However, additional suction may be applied when 
the barometer is falling. Pressure balance chambers assist in reducing leakage across stoppings 
(Section 21.5.5.).  
 
Gas drainage can also be practiced when a gassy mine is abandoned. Again, pipes are left in the 
seals on shafts or adits. This type of drainage may prevent seepages of methane escaping to the 
surface and, possibly, creating a hazard in the basements of buildings. Drainage pipes that are 
vented to the surface atmosphere should be elevated above ground level, well fenced against 
unauthorised approach and provided with notices giving warning of inflammable gas. However, 
as methane is a “greenhouse gas” discharging it to the surface atmosphere should be 
discouraged. 
 
 
12.5.5. Components of a methane drainage system 
 
The methane that is produced from drainage boreholes must be transported safely to the required 
point of delivery at surface level. The infrastructure that is necessary comprises five sets of 
components:  
• pipe ranges  
• monitors  
• safety devices  
• controls  
• extractor pumps (if required)  

 
12.5.5.1. Pipe ranges  
The standpipe of each borehole connects into a branch pipe via a flexible hose, a valve and a 
water trap. In the case of methane drainage in an underground mine, the branch pipes from each 
district or section connect into main or trunk gas lines. Each main leads to a surface-connecting 
pipe. Devices for monitoring, safety and control are located at strategic positions throughout the 
system.  
 
Both steel and high density polyethylene have been used as materials for methane drainage 
pipes. Steel has the advantage of mechanical strength. However, it must be galvanized or 
otherwise protected against corrosion on both the inner and outer surfaces. Where permitted by 
legislation, heavy duty plastic piping may be preferred because of its lighter weight and ease of 
installation (Thakur and Dahl, 1982). Polyethylene tubing up to some 75 mm in diameter may be 
brought into the mine on reels, eliminating most of the joints that are required every five or six 
metres with steel pipes. Pipes are sized according to the gas flows expected and vary from 75 
mm to 600 mm in diameter. All pipes should be colour coded for easy recognition and in 
correspondence with the relevant mine plan.  
 
Pipes that are installed in underground airways should be suspended from the roof to reduce the 
impact of falling objects. Where steel pipes are employed the joints should be capable of flexing 
in order to accommodate airway convergence or other strata movements. Methane drainage 
pipes should not be located in any airway where electrical sparking might occur such as a trolley 
locomotive road. In any event, pipes should be earthed against a build-up of electrostatic 
charges. Following the installation of a new length of pipe, it should be pressure tested either by 
suction or by compressed air at a pressure of some 5000 kPa. All pipework should be inspected 
regularly for corrosion and damage.  
 
Pipes should be installed with a uniform gradient and water traps installed at unavoidable low 
points including the base of a vertical or inclined surface connecting branch. Steel is preferred for 
the main pipe. This may be located within an existing shaft. It is prudent to choose an upcast 
shaft and this may, indeed, be enforced by law. Shaft pipes should be fitted with telescopic joints 
to accommodate expansion and contraction. However, an alternative is to position a vertical pipe 
in a dedicated surface connecting borehole. This method is attractive for the shallower mines and 
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is the common technique within the United States. If necessary, surface pipes should be 
protected against frost damage, either by thermal insulation or heated cladding.  
 
12.5.5.2. Monitors 
There are, essentially, three types of parameters that should be monitored in a gas drainage 
system; pressure, flow and gas concentration. Pressure measurements are made at the mouths 
of boreholes, across orifice plates to indicate flow and at strategic locations within the pipe 
network. For boreholes that penetrate relaxed strata (Sections 12.5.2. and 12.5.3.) there may be 
a sensitive relationship between borehole pressure, gas flowrate and concentration of the drained 
gas, particularly where extractor pumps are used to maintain a negative gauge pressure at the 
mouth of each borehole. Pressure differential indicators may vary from simple U tubes (Section 
2.2.4.2.) containing water or mercury to sophisticated capsule or diaphragm gauges (Boxho et al, 
1980). The latter may be capable of transmitting signals to remote recorders, alarms or control 
centres. A simpler arrangement employs mechanical regulators to maintain set pressures at each 
chosen location.  
 
A variety of devices are used to indicate the rate of flow in gas pipes, including both swinging 
vane or rotating vane anemometers and pitot tubes. However, the most popular method is to 
monitor the pressure drop across an orifice plate (Figure A5.8). The gas flowrate, Q (m3/s) at pipe 
pressure) and the pressure drop across the orifice, p, are related as shown by equation (2.50), 
i.e.  
 

 2QRp t ρ=    (Pa)  
 
where  Rt  =  rational turbulent resistance of the orifice (m-4 ) and 
 ρ =  density of the gas (kg/m3 ).  
 
Furthermore, the rational turbulent resistance is given by equation (5.18) as  
 

 
22 A

XRt =    

 
where  X  =  shock loss factor for the orifice (dimensionless) and  
 A  =  cross-sectional area of the pipe (m2 ).  
 
Combining these two equations gives  
 

 
ρ
p

X
AQ 2

=   m3 /s      (12.47)  

 
where the pressure drop, p, is measured in Pascals.  
 
An estimate for the value of X may be made from Figure A5.8 (Appendix to Chapter 5) for a clean 
sharp-edged orifice plate, or from the corresponding equations:  
 

 












−






= 11 4

2 d
D

C
X

c

        (12.48)  

 
where  D  =  diameter of pipe  
 d  =  diameter of orifice  
and the orifice coefficient Cc is given by  
  
 ( ) 6.0/48.0 25.4 += DdCc       (12.49)  
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For greater precision, further multiplying factors may be incorporated into equation (12.47) to 
account for variations in Reynolds Number, gas viscosity and, in particular, the roughness of the 
edge of the orifice.  
 
Spot measurements of gas concentrations in methane drainage networks may be made by 
inserting probes through ports into the gas line and using high-range methanometers. Permanent 
transducers are used to transmit signals of methane concentration at fixed locations to a remote 
monitoring or control centre. 
 
While the majority of methanometers described in Section 11.4.2 are intended for measurements 
made in the subsurface airflow system, those employed in methane drainage pipes must be 
capable of indicating gas concentrations up to 100 percent. The most popular instruments used 
for this purpose are based on the variation of thermal conductivity with respect to gas 
concentration (Section 11.4.2.3.). Interferometers and acoustic methanometers are also 
employed while infrared gas analyzers may be used at permanent monitoring stations (Section 
11.4.2.4.).  
 
12.5.5.3. Controls and safety devices 
The primary means of controlling an installed methane drainage system is by valves located in all 
main and branch lines as well as at the mouth of each borehole. Manually operated isolating 
valves are usually of the gate type in order to minimize pressure losses when fully open. These 
are employed to facilitate extension of the system and pressure tests on specific lengths of 
pipeline.  
 
Diaphragm or other types of activated valves may be employed to react to control or alarm 
signals. These might be used to vary the gas pressure at the mouth of each borehole in response 
to changes in pipeline gas concentration. Abnormally high (or rapidly increasing) signals from a 
general body methane monitor located in an airway that carries a gas pipeline may be used to cut 
off gas flow into that branch. A simple but effective technique that is popular in the United States 
is to attach a length of mechanically weak plastic tubing along the upper surface of each gas 
pipe. The tubing is pressurized by compressed air or nitrogen which also holds open one or more 
mechanically activated valves. Any fall of roof or other incident that damages the pipe is likely 
also to fracture the monitoring tube. The resulting loss of air or nitrogen pressure causes 
immediate closure of the corresponding valves.  
 
The gas mixture that flows through methane drainage pipes is usually saturated with water 
vapour. Liquid water is introduced into the system from the strata, by condensation and, perhaps, 
following the connection of a borehole that has been drilled using a water flush. In order not to 
impede the flow of gas, it is necessary to locate a water trap in the connection between each 
borehole and the branch pipe, and also at all low points throughout the network. Water traps vary 
from simple U-tube arrangements to automated devices. The latter consist essentially of a 
compressed air or electric pump, activated by a float within a water reservoir. The size of the 
reservoir and the settings of the high and low water levels are chosen according to the make of 
water expected.  
 
It is prudent to locate a lightening conductor close to any surface point of gas discharge. 
Furthermore, flame traps should be inserted into the surface pipeline to prevent any ignition from 
propagating into the subsurface system. Flame traps are devices that allow rapid absorption or 
dissipation of heat without introducing an unacceptable pressure drop. Alternative designs include 
closely spaced parallel plates, corrugated metal sheets or a series of wire gauze discs. A device 
that is popular in Germany consists of a vessel containing glass spheres (Boxho et al.1980). 
Flame traps are liable to be affected by dust deposits and should be designed for easy inspection 
and maintenance. It is useful to locate a pressure differential transducer across the flame trap to 
monitor for an unduly high resistance. If burning continues for any length of time at one end of a 
flame trap, then the device can lose its effectiveness. Flame extinguishers may be used in 
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conjunction with flame traps. These are pressurized containers that pulse an extinguishing 
powder into the pipeline when activated by a temperature sensor.  
 
The methane drainage network of a mine can be incorporated into an electronic environmental 
surveillance and control system (Section 9.6.3.). This has a number of significant advantages. 
The characteristic behaviour of the system can be investigated very readily from a control centre 
by varying valve openings at chosen boreholes and observing the effect on gas flow and 
concentration. Optimum settings can be determined and site-specific control policies established 
for automatic control under the supervision of a computer. A fully monitored system also allows 
the rapid detection and location of problem areas such as blockages, abnormal flows, fractured 
pipes or faulty components.  
 
12.5.5.4. Extractor Pumps 
If in-seam gas drainage is practiced (Section 12.5.1.) and the coal bed has a high natural 
permeability, then a satisfactory degree of degassification of the coal may be attained from the in-
situ gas pressure and without the use of extractor pumps. However, for gob or cross-measures 
drainage (Sections 12.5.2. and 12.5.3.), it is usually necessary to apply controlled suction at the 
boreholes in order to achieve a satisfactory balance between flowrate, gas concentration and 
methane emissions into the mine.  
 
There are two major types of gas extractor pumps used in methane drainage systems. Water seal 
extractors take the form of a curved, forward bladed centrifugal impeller located either 
eccentrically within a circular casing or centrally within an elliptical casing. In both cases, one or 
two zones occur around the impeller where the casing approaches closely, but does not touch, 
the impeller. In the remaining zones the casing widens away from the impeller. During rotation, 
the water is thrown radially outwards by centrifugal action in the wide zones, drawing in a pocket 
of gas from a central inlet port; then, as the impeller continues to turn, the water is forced inwards 
by the converging casing, causing the pocket of trapped gas to be discharged into a conveniently 
located central discharge port. Figure 12.20 illustrates a typical pressure volume characteristic 
curve for a water seal extractor.  

Figure 12.20  A typical pressure-volume characteristic curve for a wet-seal extractor pump.
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The major advantage of water seal extractors is that a gas seal is maintained without any contact 
between moving and stationary components. Hence, there is little risk of igniting the gas or 
propagating a flame. Water seal extractors have proved to be reliable and robust in practice, and 
may be employed in banks of parallel machines to increase capacity. The temperature rise 
across each unit is small, enabling the machines to be used in continuous or automatic operation. 
However, periodic maintenance is required to remove any scaling or to guard against corrosive 
action of the water. 
 
 
The second family of gas pumps is the dry extractor. These may be reciprocating machines or 
take the form of two lemniscate (dumb bell) shaped cams that rotate against each other within an 
elliptical casing. This action encapsulates pockets of gas from the inlet port and transports them 
across to the discharge port. Dry extractors are compact and, for any given speed, produce a 
flowrate that is near independent of pressure differential. However, these devices are subject to 
wear, create a substantial temperature rise in the gas and may produce considerable noise.  
 
In the majority of cases, extractor pumps are located on the surface of a mine and, indeed, this 
may be mandated by legislation. In some situations where the amount of drained gas is small, it 
may be possible to site the extractor pumps underground and to release the gas into a well 
ventilated return airway (if permitted by law or special exemption). A section of the airway around 
the point of emission should be caged in and free from equipment to ensure that the gas has 
been diluted to permissible limits before it enters any areas of activity.  
 
 
12.5.6. Planning a methane drainage system 
 
The detailed design and planning of a methane drainage system consists of two major phases. 
First, a variety of data must be collated and analysed in order to estimate the gas flows that will 
pass through the network of pipes. These flows provide the necessary input for the second 
phase, the design of the actual network itself, including the dimensions of pipes and the duties 
and locations of all ancillary components.  
 
12.5.6.1. Data collection and estimation of gas capture 
The data requirements and corresponding analyses for in-seam methane drainage (Section 
12.5.1.) differ from those involved in gob drainage or cross-measures systems (Sections 12.5.2. 
and 12.5.3.). However, a common first requirement is to obtain samples of coal from all source 
beds and to determine the corresponding gas contents (Section 12.2.3.).  
 
If particularly heavy emissions of methane occur from the worked horizon in headings, faces and 
ribsides in virgin areas, then in-seam drainage may be practicable. In this case, it is vital that 
permeability tests be carried out. Laboratory investigations are helpful in tracking the variations in 
permeability with respect to stress, gas pressure and two phase flow (Section 12.3.2.). However, 
in-situ tests provide the most reliable estimates of the actual permeabilities that will be 
encountered. These involve one or more boreholes fitted with packers that encapsulate a length 
within the seam of interest. Pressure build-up and draw-down tests indicate the transient increase 
in pressure when the hole is shut in and the subsequent flow behaviour when it is re-opened. 
Analysis of that time transient data allows the in-situ permeability to be determined (Section 
12.3.1.4.). A simpler method that can be employed in beds of higher permeability is the slug test 
(GRT, 1988). In this technique, a surface borehole is drilled to intersect the coal bed. A packer is 
inserted above the seam through which passes a column into which is introduced a head of 
water. A pressure transducer monitors the time transient variation in pressure and, hence, water 
flowrate as the water enters the seam and the level in the column falls. Again, the transient radial 
flow equation given in Section 12.3.1.4. is used as the basis of a computer algorithm to indicate 
in-situ permeability.  
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The coal samples should also be used to conduct adsorption and desorption tests (Sections 
12.2.3.1. and 12.2.2.2.). The adsorption isotherm (Figure 12.1) can be employed to determine the 
volume of gas that will be produced from a given area of coal reserves as the seam gas pressure 
declines from its initial value to an estimated final state. The desorption tests provide data on the 
variation of diffusion characteristics with respect to gas pressure and particle size.  
 
Computer simulation programs have been developed that accept these various items of data and 
model the flow of methane through coal beds towards boreholes or mine workings (e.g. Mavor 
and Schwoebel, (1991); Patton et al (1994)). The models are based on interactions between the 
relationships for gas release and migration given in Sections 12.2 and 12.3. Such programs can 
most helpful in estimating the amount of gas that may be captured with differing sizes and 
locations of in-seam boreholes.  
 
Where a methane drainage system is to be designed for an existing mine, the emission patterns 
into the mine workings should be established for all working areas, bleeder airways, development 
headings and old workings. This is particularly important where the method is to be gob or cross-
measures drainage. Let us now turn to data collection and estimation of gas capture that are 
pertinent to these systems.  
 
Historical records of monitored data are very helpful but should be related to the corresponding 
stratigraphy, mining layout and methods of working. The gas captured by gob and cross-
measures methane drainage is released primarily because of the stress relaxation and 
fragmentation of source beds above and below the working horizon (Figures 12.11, 12.18 and 
12.19). The natural permeability of those seams prior to mining may, therefore, have little 
relevance to the subsequent rates of gas emission. However, the permeability-stress tests 
described in Section 12.3.2.1. give an indication of the increased permeabilities induced by stress 
relaxation. These, coupled with gas content data, desorption kinetics and the gas migration 
relationships allow predictions to be made of future gas makes. Here again, computer models 
have been developed to assist in such analyses (King and Ertekin, 1988). Several methods have 
also been produced that allow hand calculations of predicted methane emissions from relaxed 
roof and floor source beds (Dunmore, 1980).  
 
In predicting gas production from future workings, it is important to take into account any changes 
in the mine layout and the method and rate of coal extraction. In multi-seam areas, 
degassification by earlier workings within some 200 m above or below the current horizon is likely 
to result in a significant decrease in the gas available for drainage. Strata sequences should also 
be examined for gas outburst potential (Section 12.4.3.). 
 
12.5.6.2. Design of the drainage network 
The first task in designing the hardware configuration of a methane drainage system is to draw a 
line schematic of the layout. The network should be shown at its future maximum extent. The 
locations of boreholes at that time and the corresponding predicted flowrates should be indicated 
for all branches of the pipe network.  
 
First estimates of pipe diameters can be made at this time (Section 12.5.5.1.). Gas velocities in 
the range 8 to 12 m/s are suggested but, in any event, should not be greater than 15 m/s. Pipes 
that are undersized for a future enhanced system will reduce the amount of gas that can be 
drained or necessitate higher duties of the extractor pumps.  
 
A number of methods are available for assessing the pressure distribution throughout the 
network. Slide rules to assist in pipe network design are helpful (Boxho, 1980). A number of 
computer programs have been produced for this purpose varying from single branch assessment 
to full network analysis employing compressible flow relationships (Section 7.2.2.). These 
programs can also be used for compressed air networks and allow the consequences of 
changing pipe sizes, network layout or other design parameters to be assessed very rapidly.  
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Significant changes in pressure and, hence, density occur as gas proceeds through the pipes of a 
methane drainage system. It is, indeed, necessary to employ compressible flow relationships for 
all but the simplest systems in order to determine frictional pressure drops. A methodology for 
hand calculations can be derived from equations (2.50) and (2.51)  
 
 2Qrp t ρ=    Pa  from equation (2.50)       
 
where  p  =  frictional pressure drop (Pa)  
 ρ =  gas density (kg/m3 )  
 Q  =  flowrate (m3/s)  
and  rt  =  rational turbulent resistance of the pipe (m-4 )  
(We are using lower case rt for rational resistance here to avoid confusion with gas constants).  
 
Now from equation (2.51) 
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where  f  =  coefficient of friction (dimensionless)  
 L  =  length (m)  
and  d  =  diameter of pipe. 
 
In order to take compressibility into account, let us replace volume flow, Q, (m3/s) by mass flow  
M = Q ρ  (kg/s) in equation (2.50) giving  
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2Mrp t=    Pa      (12.51)  

But  
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P
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where  P  =  absolute pressure (Pa) 
 R  =  gas constant (J/kg K)  
and  T  =  absolute temperature (K) of the gas  
 
giving  RTMrpP t

2=   (Pa)2      (12.53)  
 
If we consider a very short length of horizontal pipe, dL, having a resistance (drt ) and pressure 
drop dp, then equation (12.53) becomes  
 
 ( )tdrRTMdpP 2=    (Pa)2      (12.54)  
 
However, for a horizontal pipe, dp = -dP, and we may rewrite equation (12.54) as  
 
 )(2

tdrRTMdPP =−   (Pa)2      (12.55)  
 
Integrating over the complete length of pipe (stations 1 and 2) and assuming isothermal 
conditions (T = constant), gives  
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Substituting for rt from equation (12.50),  
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Hence, if the pressure at one end of the pipe is known, then the pressure at the other end can be 
determined.  
 
Example  
A methane/air mixture containing 45 percent methane enters an extractor pump at a pressure of 
P2 = 50 kPa. The connecting pipe is 1000 m long, 300 mm in diameter and has a coefficient of 
friction, f = 0.004. If the volume flowrate is 1 m3/s at standard atmospheric pressure and 
temperature while the actual mean temperature of the gas is 25 °C, determine the gas pressure, 
P1, entering the pipe.  
 
 
Solution  
First, let us establish the values of the parameters required by equation (12.57)  
 
P2 = 50 000 Pa;   f = 0.004;    d = 0.3 m;    L = 1000 m;    T = 273 +25 = 298 K  
 
To establish the gas constant and mass flow of the mixture, we utilize the fractional components 
of 0.45 (methane) and 0.55 (air)  
 
 For methane:  Rm = 518.35 J/(kg K) (Table 11.1);      
 for air:   Ra = 287.04 J/(kg K)  
and for the mixture:  R = (0.45 x 518.35) + (0.55 x 287.04) = 391.13 J/(kg K).  
 
The flowrate is given as Q = 1 m3/s at standard conditions. As the density of air at those same 
conditions is 1.2 kg/m3 and the relative density of methane is 0.554 (dimensionless, Table 11.1) 
then the corresponding density of the mixture is:  
 
 ρ   =  (0.45 x 0.554 + 0.55 x 1) 1.2 = 0.959 kg/m3. 
 
giving mass flow M   =  ρ Q   =   1 x 0.959 = 0.959 kg/s  
 
Substituting for the known values in equation (12.57) gives  
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giving   P1   =   60 368 Pa   or   60.37 kPa  
 
This technique can be used, branch by branch, to determine the effective pressures (producing 
flow) throughout the network. If an extractor pump is used, then the starting point will be the 
absolute pressure at the pump inlet. On the other hand, the analysis may commence from a given 
borehole pressure and proceed through the network in the direction of flow. This indicates the 
suction pressure required to generate any desired flowrate. Iterative exercises can be carried out 
to determine optimum pipe sizes. Allowance must be made for the pressure drops that occur at 
all bends, valves, monitors and other fittings. Such assessments can normally be made from 
tables or charts, provided by manufacturers.  
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The buoyancy pressure, pbuoy, that assists gas flow in vertical pipes may be estimated simply as  
 
 pbuoy   =   (ρ a - ρ g) g ∆Z   Pa      (12.58)  
 
where  ρa  =  mean density of air in shafts (kg/m3)  
 ρg  =  mean density of gas mixture in the vertical pipe (kg/m3)  
 g  =  gravitational acceleration (m/s2) and  
 ∆Z  =  length of vertical pipe (m)  
 
Where extractor pumps are employed, the buoyancy pressure is often ignored for design 
purposes. However, if no pumps are used, it becomes a significant factor affecting gas flowrate.  
 
The selection of the network monitoring system, transducers and safety devices should be 
considered most carefully. Such choices must be made in accord with any national or state 
legislation appertaining to gas pipelines.  
 
Finally, a colour coded mine plan should be prepared showing the positions, dimensions and 
other specifications of all pipes, control points, monitors, safety devices and extractor pumps. 
This plan should be kept up to date as the system is extended. 
 
 
12.5.7. Utilization of drained gas 
 
Much of the methane produced from mines is passed into the surface atmosphere either via the 
mine ventilation system or by venting the gas directly to the atmosphere from methane drainage 
systems. Not only is this a waste of a valuable fuel resource but may have long-term global 
environmental repercussions.  
 
Where coalbed methane drainage is practiced, the production of gas of a consistent quantity and 
quality may enable it to be employed in gas distribution facilities for sale to industrial or domestic 
users. For other methods of methane drainage, variations in purity are likely to restrict utilization 
of the gas to more local purposes. The simplest use of drained gas is for heating. Gas-fired 
boilers or furnaces can provide hot water, steam or heated air for low cost district heating 
schemes. Surface buildings on the mine and local communities can benefit from such systems. 
Mineral processing plants may utilize the heat for drying purposes or to facilitate chemical 
reactions. Variations in the purity of the gas fed to burners can be monitored continuously and 
automatic adjustment of air: fuel ratios employed to maintain the required heat output.  
 
Gas-fired turbines can be employed to produce electricity. Units are available that will develop 
mine site electrical power from drained gas (Boxho et al, 1980, Owen and Esbeck, 1988). These 
turbines can act as excellent co-generators producing not only several megawatts of electrical 
power but also useful heat from the exhaust gases. Gas is normally delivered to the site of the 
engines at relatively low pressure but is compressed to a pressure of 1000 to 1400 kPa before 
injection into the combustion chambers. A supply of some 0.7 m3/s (standard pressure and 
temperature) at 50 percent methane and 50 percent air can produce up to 4 MW of electrical 
power and 9 MW of useable heat from a mine site gas turbine. Dual units may accept either 
methane or fuel oil.  
 
Other uses that have been found for drained methane include the firing of furnaces in local 
metallurgical plants, kilns, coke ovens and for the synthesis of chemicals. In very gassy mines, 
the methane concentration in the ventilating air returned to surface may be as high as 0.8 
percent. Where furnaces are used on the mine site, then fuel savings may be achieved by 
feeding those furnaces with return air. 
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