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ABSTRACT 

The methane diffusion coefficient in coal matrix is one of the 

basic parameters required in simulation of gas transport in coalbeds. 

Its value has been ass\uned to be constant throughout the production life 

of a coalbed methane reservoir. The adequacy of this assumption, 

however, needs to be examined. The objective of this study is to 

conduct a experimental investigation in order to measure the micropore 

diffusion coefficient and examine its dependency on reservoir pressure, 

desorption of methane, and water saturation. The techniques used in 

previous studies are either inadequate or incapable of serving for this 

purpose. This investigation introduces the transient interflow method 

to measure D. A modeling equation is derived based on Fick1s Law and 

solved using the experimental results to obtain the value of D. The 

numerical solution evidently show that the diffusion coefficient is 

methane concentration, pressure and water saturation dependent. A 

continuous decrease in the value of D with decreasing methane 

concentration in coal is observed, and related to the changes of 

dominant flow mechanism in coal matrix and the shrinkage of coal matrix 

induced by desorption of methane. Results of the experiments conducted 

at different pressures indicate that the release of methane from coal at 

late time diffusion is much slower at a lower pressure. This may partly 

be attributable to the higher degree of coal matrix shrinkage at low 

pressures. The methane diffusion in coal matrix, therefore, should not 

be described by a unipore model or a single diffusion coefficient model. 

The experiment with a wet sample shows that the value of D is a strong 

function of water content in coal. The decrease in the value of D due 
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to the presence of water in coal also changes with mean concentration of 

methane in coal. The diffusion coefficient measured for a water content 

0.53% may be 30 times smaller than for the dry sample at late time 

diffusion. 
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CHAPTER 1 

INTRODUCTION 

Over the last decade, increased consideration has been given to 

coalbed methane as an energy resource. This is reflected by the booming 

of gas production from coal seams which increased from less than 1 MMCFD 

(Million Cubic Feet per Day) in 1980 to more than 130 MMCFD in 1988 and 

had grown to over 300 MMCFD at the end of 1989 in the U.S. (Kamal and 

Six, 1989). The rising interest in coalbed methane is attributable to 

the eroded confidence in oil during crises in the past several years, 

and the large amount of gas believed to be contained in coalbeds. 

According to the U.S. geological survey, unconventional natural gas 

(methane from tight sand, Devonian shales, geopressured aquifers and 

coal seams) estimated in U.S. coal reserves alone is in excess of 400 

trillion cu ft. (Mroz, 1983). When compared with the U.S. conventional 

natural gas (methane from gas or oil reservoirs) reserves of less than 

200 tcf, and annual consumption of 16 tcf (Petroleum Frontiers, 1986), 

this resource is of great significance. 

At the present, there are approximately 900 wells producing gas 

f rom coal basins in Alabama, Colorado and New Mexico. Despite 

significant advances towards designing systems for recovery of methane 

from coa1beds, potential uncertainties in production controls and 

deficiencies in state-of-the-art recovery techniques and their 

application represent barriers to more effective recovery of this vast 

resource (Anon, 1988). Although some of these difficulties are due to 

complexities of the processes involved, they are also caused due to 
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inadequate understanding of some of the phenomena involved in behavior 

of a coal seam as a gas reservoir. Coal seams show considerable 

differences in behavior from normal porous gas reservoir in both, the 

mode of gas storage and reservoir characteristics (Harpalani, 1989). 

To overcome these difficulties, extensive research has been done 

in development of new recovery techniques, improvement of simulation 

models for predicting methane production and determination of reservoir 

parameters to be used in the models. A new technique - nitrogen 

injection - is reported to increase the methane recovery by up to 38% in 

20 years (Duri and Yee, 1990). According to G. R. King (1989), over 35 

distinct models have been established since 1958 to simulate coalbed 

methane reservoirs. These models differ in the assumptions used in the 

formulation, the degree of rigor used in the solution, and the 

capabilities (exploration methods, complex geologies, etc.) considered 

by the models. Determination of reservoir parameters, although 

equally important for the purpose of simulation, has drawn relatively 

little attention. Methods currently employed in determination of some 

basic reservoir parameters are far from adequate. One such parameter is 

the micropore diffusion coefficient. 

This laboratory study is primarily meant to . introduce the 

transient interflow method in order to obtain a more accurate 

determination of micropore diffusion coefficient and examine its 

dependency on reservoir pressure, desorption of methane and water 

saturation. The transient interflow method also presents a good 

simulation of the new technique - nitrogen injection - which involves 

the same flow pattern used in this study. 

The primary questions concerned in this study are: (1) what are 

the flow mechanisms of gas migration in coal? (2) How can the transport 

process in experiments be isolated to a single mechanism, so that only 

one parameter governs the transport. (3) Are the assumptions used 
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adequate and results obtained representative? (4) Which model should be 

used for simulation. 

To answer these questions, a good understanding of basic reservoir 

properties and transport processes in coal is a prerequisite. Chapter 2 

is devoted to the background discussion of the various aspects of gas 

flow in coal. Based on this discussion, the purpose of this study is 

presented in Chapter 3. Chapter 4 gives a detailed discussion on the 

underlying principles of the experimental design. Chapter 5 is a brief 

review of the previous studies in laboratory determination of diffusion 

coefficient. Chapter 6 describes the experimental design, and the 

modeling equation. The experimental procedure and related calculations 

are included in Chapter 7. Chapter 8 deals with the experimental 

results and data analysis. This is followed by conclusions and 

recommendations for future study in Chapter 9. 
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CHAPTER 2 

BACKGROUND 

2.1. Coal Seams as Natural Gas Reservoirs 

2.1.1 Formation of Coal 

Coal is fossilized plant material. Vegetable tissues (wood, leaf, 

etc. ) are converted to one or several components of coal through a 

complicated chemical reaction process (coalification process) over long 

periods of geological time. Unlike quartz, coal is not a mineral of 

constant composition, but a rock, and an organic colloid at that, whose 

chemical composition changes as coalification advances (Krevelin, 1967). 

Coal is generally classified by its type and rank. The differences 

between coal types are due to differences in character of the parent 

materials. The distinction of ranks is based on the percentage of 

carbon and hydrogen present in coal. A coal seam is built up of a 

number of coal laminations, separated by rock bands of varying 

thickness. The characteristics of several U.S. coal seams are listed in 

Table 2.1. 

2.1.2 Pore Structure of Coal 

Coal as buried plant debris, has an extremely interesting fine 

structure, which can be examined by its porosity, internal surface, size 

and shape of pores. 



Gas Source 

Pittsburgh 

Pocahontas 
03 

Mary Lee 

Sunnyside 

Table 2.1 Domestic Coal Seam Characteristics 

(After Jones et all 

Virgin 
Adsorbed Reservoir 

Rank Geologic i~l':1 Overimnil'lI Gns Pressure 
(Feet) (ftJ/ron) (psi) 

High Volatile Pennsylvanian 500-900 218 275 
Bituminous Series 

(Carboniferous) 

Low Volatile Pennsylvanian 1600 430 650 
Bituminous Series 

(Carboniferous) 
I 

1Iigh Volatile Pennsylvanian 2100 512 750 
Bituminous Series 

(Carboniferous) 

High Volatile Hesaverde Group 2500 160 620 
Bituminous (Cretaceous) 

Perm!!nh I 11 ty 
(md) 

10 

2 to 9 

7 

I\) 

~ 
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Porosity 

The term "porosity" represents the percentage volume occupied by 

the pores. As a standard method, the porosity of coal can be calculated 

from density measurements using helium and mercury (or water) as 

displacement liquids (see Chapter 7 for the details). As the helium 

molecule, owing to its extreme small size, can penetrate into pores 

narrower than 3 angstroms, (1 A = 10-10 m) and has such a low heat of 

adsorption that the adsorption of this gas is negligible, the "helium 

density" is always considered as the true density. Mercury, on the 

other hand, is assumed not to penetrate into the pore system at all at 

atmospheric pressure if there are no pores larger than 10 microns, (1 ~ 

= 10- 6 m) in diameter. Porosity values, and thus the total pore 

volumes, calculated from the two density measurements for different type 

of coal are listed in Table 2.2. 

It is also possible, by working under pressure, to force the 

mercury into pores smaller than 10 ~ diameter. The higher the pressure, 

the smaller will be the minimum opening of the pores which the mercury 

can access. Thus, by measuring the mercury penetration as a function of 

pressure, information may be gathered on the distribution of the 

passages. However, a correction is necessary, particularly at high 

pressure, because of the rather high compressibility of solid coal as 

compared with other solid materials. 

A dual porosity nature of coal was found by investigations using 

the mercury penetration under pressure. According to Zwietering and Van 

Krevelen (1967) at higher pressures the amount of mercury entering into 

the sample appears to approach a constant value of 0.088 cm3 /g as shown 

in Figure 2.1. This corresponds to a pore volume considerably smaller 

than the total pore volume measured by helium and mercury displacement 

which, in this case, amounted to 0.134 cm3/g. 
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Table 2.2 Pore Structures of Same Coal 

(After Van Krevelen, 1967) 

Coal % Moistm'e Pore t'o//{IJ/e (cm 3,'g) 1l1te/'l1a/ 
(air dried Porosi!)' smjoce 

%c 01 II 
/0 coal) Total lUaCI'O J/iel'o m2/g 

78.0 4.5 7.5 0.194 0.1i6 0.073 0.103 181 
78.1 4.5 6.2 0.188 0.169 0.074 0.095 165 
84.7 4.9 2.7 0.139 0.121 0.039 0.082 120 
81.2 4.4 2.7 0.146 0.125 0.042 ··0.083 128 
80.5 2.7 0.142 0.120 0.06,4 0.056 131 
84.5 4.5 2.5 0.138 0.118 0.051 0.067 110 
82.3 2.1 0.100 0.090 0.052 0.038 90 
88.6 4.9 1.4 0.125 0.107 0.042 0.065 90 
88.0 4.8 1.3 0.120 0.102 0.043 0.059 82 
85.5 1.0 0.088 0.070 0.035 0.035 70 
87.6 4.5 0.9 0.097 0.073 0.043 0.030 84 
85.8 4.8 0.8 0.118 0.100 0.041 0.059 85 
85.7 0.6 0.070 0.058 0.038 0.020 40 



Figure 2.1 Mercury Penetration of Coal 

Corrected for Compressibility 

(After Van Krevelen, 1967) 
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From this, it must be concluded that coal contains two pore 

systems: a macropore system accessible to mercury under pressure, and a 

micropore system which, even at very high pressure, can not be permeated 

with mercury. There appears to exist no transitory system between the 

two (Krevelen, 1967). Table 2.2 lists the macropore and micropore 

volumes determined by the method discussed above. Based on this 

understanding, an assumption that the micropores generally are 

inaccessible to water, but completely accessible to methane at room 

temperature (at very low temperature, micropores are accessible only to 

small molecules such as helium) is used in later discussions. 

Internal Surface 

Internal surface is also called pore surface. A clear distinction 

must be made between pore volume and pore surface. A large pore volume 

need not necessarily imply that the pore surface is also large; the 

latter characteristic is closely related with the pore size. 

The internal surface can be derived from measurements of adsorbed 

quantities of gases. Table 2.2 lists the internal surface for different 

ranks of coal, which can be as large as 181 m2 /g. Further studies proved 

that it is the micropore system that determines the internal surface 

area and is primarily responsible for the properties such as capacity to 

adsorb gases and vapors, and swelling/shrinkage with adsorption and 

desorption of gas. It was estimated that rnicropores may account for 

about 95% of the internal surface (Jones et al, 19B7). 

Pore Size and Shape 

If pores are assumed to be cylindrical, an average diameter of 

rnicropore system can be calculated by the measurements of rnicropore 

volume and internal surface. Derived from the data in Table 2.2, 

regardless of different ranks of coal, the average diameter of micropore 
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system amounts to about 20 A. In other words, the composition of coal 

has little influen~e on the pore size of the micro-system. 

Maggs (1952) suggested a cage structure of micropre system which 

was supported by Bond (1958) who made the observation that a 

considerable proportion of the volume, as well as of the internal 

surface, is accessible only to molecules capable of passing through 

passages in the smaller size range. Bond, therefore, suggested that the 

ultrafine structure of coal consists of a system of cavities (possibly 

up to 40 A in height and probably flat in shape) separated by a network 

of narrower capillaries (under 10 A>, i. e., by the constrictions 

responsible for the molecular sieve behavior. 

The macropore system is primarily made up of volume occupied by 

the cracks or cleats. Two types of cleat are present in coal: face 

cleat and butt cleat. The face cleat is continuous throughout the seam, 

while the butt cleat in most cases is discontinuous, ending at an 

'intersection with the face cleat, generally at right angles. The cleat , 
spacing ranges from a fraction of an inch to several inches. The width 

of the cleats varies between hundreds of angstroms (A) to a few microns 

Ol) (King, 1985). 

The micropore system, as well as fine cracks or fissures, exist in 

the coal matrix between the seam cleats. These fissures are of the 

"dead end" type and their width may range from a few hundreds to 

thousands of angstroms. 

Nandi and Walker (1972) have studied the pore structure of a 

variety of eastern American coals, The results of the study indicate 

that many coals may exhibit a bidisperse pore structure with significant 

fractions of the total pore volume being found in the ranges of pore 

diameter greater than 300 A and less than 12 A. Also, similar structure 

was found with western American coal by other researchers (Smith, 1982). 
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It is, therefore, reasonable to assume that macropores are accessible to 

water, but micropores are not. 

Figure 2.2 shows the physical relationship between matrix and 

cleats. 

2.1.3 Gas Storage in Coal 

Coal gas, primarily composed of methane with trace amounts of 

higher molecular weight hydrocarbons and inorganic gases, such as carbon 

dioxide, oxygen, and nitrogen, is a by-product of the chemical reactions 

associated with the coalification process. The coal seam is, therefore, 

both the source rock and reservoir rock for the gas. As much as 46 MSCF 

(Million Standard Cubic Feet) of gas can be liberated during the 

formation of one ton of coal (Patching, 1970). 

Gas is primarily stored in coal in adsorbed form due to an 

extremely large area of internal surface. By the type of force which 

causes the gas molecules to adhere to the surface, the adsorption 

process can be classified as chemical adsorption or physical adsorption. 

(Gas molecule may also penetrate the surface and reside within the 

molecular lattice of coal. This is called an ahsorption process.) At 

room temperature, chemical adsorption (and ansorption) is negligible. 

Up to 95% of the total gas content stored in coal exists as a physically 

adsorbed, molecular monolayer. The rest of the total gas content exists 

mainly as free gas compressed in both the micro- and macro-pores of the 

coal seam. Figure 2.3 is a pictorial representation of methane 

molecules inside a coal pore. The free gas - compared to adsorbed gas -

may also be ignored in many cases for the sake of convenience of 

avoiding measurements of pore volumes. 

Adsorbed gas, as well as free gas stored in coal is basically a 

function of reservoir pressure and temperature,. although it has been 



Figure 2.2 Plan View of the Dual Porosity 

Nature of Coal 

(After King, 1983) 
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Figure 2.3 Pictorial Representation of Methane 

Molecule Inside a Coal Pore 

(After McPherson, 1986) 
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observed that the sorptive capacity of coal tends to decrease with 

increasing water vapor content and also tends to inc:>:ease with 

increasing coal rank. 

An adsorption isotherm is used to describe the quantity of gas 

adsorbed as a function of pressure at a given temperature. This 

function may take the form of Langmuir Equation, a theory by Langmuir 

for monolayer adsorption, which is considered to be appropriate for most 

coal seams. 

2.1.4. Langmuir Equation 

If the free gas content is ignored, the quantity of gas stored in 

coal at a certain temperature can be approximated using the Langmuir 

Equation. 

Langmuir's theory is based on the assumption that.the surface 

force has a very short range (electrostatic or Van der Waal's forces), 

and consequently, only molecules that strike the bare surface can stick 

to the surface for a certain time period. Molecules striking an already 

adsorbed molecule are elastically reflected back into the gas phase 

immediately. In this theory, it is the "residence time" which is the 

principle cause of adsorption. 

If the fraction of the surface occupied is at from the kinetic 

theory of gases, the rate at which gas molecules strike the bare surface 

is proportional to the free gas pressure, P, and the fraction of the 

surface not yet occupied, (1-9). The rate of adsorption, therefore, can 

be written as: 

q (2.1) 



34 

The evaporation of an adsorbed molecule from the surface is 

essentially an activated process in which the energy of activatation 

should be equal to the heat evolved when a molecule is adsorbed. The 

rate of evaporation or desorption is proportional to the fraction of 

surface occupied by the molecules, and 

(2.2) 

where, kl and k2 are proportionality constants. 

A state of dynamic equilibrium is ultimately reached in which the 

rate of adsorption equals the rate of desorption, so that 

or e = ~ = l+bP (2.3) 

The fraction of the surface occupied by adsorbed molecules can, 

therefore, be expressed as 

(2.4) 

where, VE(P) is the volume of gas adsorbed at equilibrium pressure, P, 

and VL is the monolayer capacity (sorptive capacity at infinite 

pressure) . 

Equating the two definitions of a, (2.3) and (2.4), yields: 

VE (P) .-£L = 
VL l+bP (2.5) 

or VE(P) = 
V~ 

(PL = 1.) 
PL+P b (2.6) 
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Eq. (2.6) is the familiar form of Langmuir Equation for monolayer' 

adsorption. The constant, VL, is the Langmuir Volume and is a measure 

of the maximum sorptive capacity of the surface. The constant, PL, is 

the Langmuir pressure or the pressure at which the adsorbed gas 

concentration is one-half of the maximum sorptive capacity. This 

becomes evident when P = PL in Eq. (2.5) and the fraction of adsorbed 

gas to the maximum capacity is 

q 1. 
2 

If the Langmuir Pressure is low, the number of molecules striking 

a unit area of the surface should be less, and in order to keep a one 

half concentration of the maximum capacity, the "residence tim~" of 

adsorbed molecules has to be longer. From this point of view, the 

Langmuir pressure constant is also a measure of the "residence time". 

In cases where the pressure range involved in the sorption process 

is much smaller than the Langmuir Pressure Constant (P « PL, PL+P = 

PL), the Langmuir Equation has a simpler form, called the Henry's Law 

or, H P (2.7) 

where H is the ratio of the Langmuir constants. 

Henry's Law is seldom used for simulation in coal seams, since the 

range of reservoir pressure can be as high as 1,000 psi or more. Figure 

2.4 shows a group of Langmuir sorption isotherms with increasing 

Langmuir Pressures. 



Figure 2.4 Typical Langmuir Sorption Isotherms 

(After King, 1985) 
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Langmuir Volume and Langmuir Pressure have to be determined 

experimentally. (Experimental details are given in Chapter 7.) For 

convenient analyses of experimental results, the Langmuir Equation (2.6) 

can be rearranged into the form 

1 PL+P !:It(l) + .1... = = VdP) VLP VL P VL 
(2.8) 

P .1... p + !:It or, VE(P) = , 
VL VL 

This equation can be written in a general form, 

y .1... X + 
PL 

VL VL 
(2.9) 

where, 

y P 
X P = = 

VdP) 

Eq. (2.9) gives a linear equation with a slope 1/VL and a 

intercept PL/VL. Instead of directly using experimental result of VEep) 

vs P, their reciprocals are used to fit a straight line. The Langmuir 

Volume, VL, and Langmuir pressure, PL, are estimated from the slope and 

intercept of the line. 

It should be mentioned that the presence of a non-adsorptive gas, 

such as helium, along with methane has little impact on the sorption 

isotherm of methane (Reznik et al, 1984), simply because the "residence 

time" of helium is negligible. The only difference is that in a mixture 

of methane and helium, the partial pressure of methane should be used in 

the experimental measurements, and in the Langmuir Equation. 
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2 .2 Gas Transport in Coal Seams 

2.2.1 Two-phase Flow Regime 

Most virgin coalbed methane reservoirs are under hydrostatic 

pressure and completely saturated with water. Due to the 

inaccessibility of the micropore system to water, the total effective 

porosity to water is usually less than two percent (compared to the 

effective porosity to gas being as high as ten percent) (King, 1985). 

When a coalbed methane well begins to operate, it is common to encounter 

only single phase flow, i. e . , only water is produced. As water 

production continues and the hydrostatic pressure is reduced, methane 

begins to desorb from the surface of the coal matrix. The desorption of 

gas decreases the concentration of methane within the matrix, resulting 

in diffusion of methane molecules. Once diffusion is initiated, gas 

moves slowly towards the cleats and forms bubbles in the cleats. The 

bubbles block some of the paths which were originally available for flow 

of water, thus reducing relative permeability of coal to water. with 

continued pumping, the bubbles are connected forming a continuous 

pathway to the wellbore, and gas begins to flow too. The relative 

permeability to gas increases at the expense of the relative 

permeability to water. This sequence of stages (shown in Figure 2.5) 

progresses outward from wellbore into the formation over time. A two

phase flow regime is reached. 

2.2.2 Basic Laws 

Darcy's Law 

In the macropore flow system (cleat network in coal seams), a 

linear equation, Darcy's Law is used to describe both flows: water, as 



Figure 2.5 Three Stages of Coalbed Methane 

Production (After Koenig et al, 1989) 
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well as, gas. Darcy's Law holds only if the flowrate is low in such 

that the inertial force can be considered negligible. This may not be 

the case in the vicinity of a wellbnre where the pressure gradient is 

the highest. To include the effect of inertial force, a non-linear term 

has to be added. The simplicity of Darcy's Law, however, makes it 

preferable with the argument that darcian flow dominates due to very low 

permeability of coal seams. 

Ignoring the effect of gravity, the Darcy's Law for two-phase flow 

has the form: 

(2.10) 

where, Vj is velocity vector of phase j, k is absolute or intrinsic 

permeability of coal, krj is relative permeability of phase j, ~j is 

viscosity of phase j, VPj is pressure gradient of phase j. 

If the relative permeability krj = 1, Eq. (2.10) becomes the 

general form of Darcy's Law for a single phase 

k 
v = - - Vp (2.11) 

~ 

Fick'e Law 

Gas flow in micropore system of coal matrix is essentially 

diffusion process which is described by Fick's law. The molar flow rate 

of gas diffused from a coal matrix can be calculated through Fick IS 

First Law of diffusion in the form 

(2.12) 
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where, C is the average molar concentration of gas in a coal matrix (the 

mole number of gas currently adsorbed per unit volume of coal matrix). 

CE(P) is the equilibrium mole concentration of gas in coal matrix under 

the boundary (cleat) pressure and is governed by langmuir equation (Eq. 

2.6) • An equilibrium of the adsorbed gas and free gas phases is 

maintained at boundary surface of the matrix throughout time. t is the 

diffusion time defined by 

t =-1... (2.13) 
DO' 

where, D is the diffusion coefficient depending on pore geometry and 

size, property of gas, temperature and transport mechanism (detailed 

discussion is given in Chapter 4), cr is the shape factor which can be 

calculated for coal matrix elements with simple shapes. 

The mole outflow of gas diffused per unit volume of coal matrix, 

qd, can then be written as 

de 
qd = -(PF)mi dt (2.14) 

where (PF)mi is the geometric prefactor of a coal matrix element (cr and 

(PF)mi for simple matrix geometries are given in Table 2.3; detailed 

derivations of these two factors is given by King, 1985). 

To understand the physical significance of the diffusion time, t, 

Eq. (2.12) can be solved with the initial and boundary conditions: 

e o 
e = Cb for t ~ 0 

(Ci is the initial concentration) 

at boundary 

The solution of the Eq. (2.12) is then given by: 
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(2.15) 

At time t = ~, Eq. (2.15) may be rearranged to give 

0.63 (2.16) 

Since the concentration drop is an indication of mass outflow, Eq. 

(2.16) shows that at t = t, approximately 63% of gas contained between 

Ci and Cb has diffused to the boundary. 

The general fo~ of Fick's law describes a simple linear relation 

between mole flow rate (velocity vector) of diffusion, q, and mole 

concentration gradient of gas, Vc 

q = - D Vc (2.17) 

If mass flow rate, gm, is used instead of mole flow rate, q, Eq. (2.17) 

becomes 

qrn = - M D Vc (2.18) 

where, M is the molecular weight. 

The applications of Eq. (2.17) and Eq. (2.18) in the establishment 

of unsteady state flow models is discussed in following chapters. 

Real Gas Law 

Gas migrates in coal seams undergoing changes in pressure and 

temperature. Real gases behave as ideal gases only at low pressures. 

At high pressures strong deviation from ideal gas behavior may occur. 
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The pressure, P, volume, V, and temperature, T(absolute) relationship 

for real gases can be described by including in the Ideal Gas Law a 

correction factor denoted by Z, 

PV nZRT (2.19) 

where n is number of moles, R is the Universal Gas Constant. 

Z-factor (or compressibility factor) is dependent on the pressure, 

temperature and composition of the gas. 

For a single gas, methane, the compressibility factor, Z, can be 

found directly from the chart shown in Figure 2.6. 

2.3 Flow Mechanism of Gas in Porous Media 

2.3.1 Gas Slipage 

It is a basic assumption that when a liquid is flowing along a 

solid wall, the velocity of the layer next to the surface is equal to 

zero. This is used as a boundary condition in deriving Poiseuille' s 

Law, an equation describing the relationship between the pressure 

gradient and flow rate of a liquid in a cylindrical tube. This 

assumption, however, is not applicable to gases. It has been proved 

that there is gas slipage along a solid wall. In other words, the 

velocity of the gas layer in the immediate vicinity of the wall has a 

finite value which results in a larger quantity of gas flowing through a 

capillary than would be expected from poisuille's Law (Klinkenberg, 

1941) . In order to describe flow of gas in a capillary, Klinkenberg 

introduced a simple kinetic analysis of gas molecules relating the 

boundary layer velocity to the velocity gradient of the flow. The 

derivation of this relationship follows that of Klinkenberg's. 
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Let Wo be the velocity of the boundary layer with respect to the 

wall. Assuming a constant velocity gradient in the direction 

perpendicular to the wall dw/dz, the velocity at a distance z from the 

wall will be: 

dW 
Wz = Wo + z dz (2.20) 

The thickness of the boundary layer is considered to be thinner 

than the mean free path, A, of the gas molecules, so that a molecule 

does not collide with other molecules present in this layer. At a given 

moment, half of the gas molecules in this layer will have a velocity 

component moving towards the wall, the other half moving in the opposite 

direction. The molecules moving towards the wall have their last 

collision somewhere in the flow mass, and, therefore, will also have a 

velocity component in the direction of flow, which is described by Eq. 

(2.20). If z in Eq. (2.20) is replaced by z*, the average distance from 

the wall at which the last collision took place, Wz* will represent an 

average velocity component in the flow direction of those molecules 

moving towards the wall, namely 

* dW Wo + z -dz 
(2.21) 

This velocity component is assumed to be entirely lost in colliding with 

the wall, so that the average velocity component in the dir ction of 

flow of all the molecules contained in the boundary layer, ie Wo, will 

amount to half of Wz*, that is, 

Wo = 1 (Wo + z* dW) 
2 dz 



or * dW Wo = z -dz 
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(2.22) 

Since the average distance z* is proportional to the mean free path, A, 

of the gas molecules, z* = cA, in which c is a proportionality factor, 

Eq. (2.22) becomes 

Wo = CA. dW 
dz 

According to Klinkenberg, c is slightly less than 1. 

2.3.2 Gas Flow in a Straight Capillary 

(2.23) 

By balancing pressure and viscous force on a cylindrical shell of 

gas flowing in a straight capillary, the flow equation is established 

and solved using Eq. (2.23) as a boundary condition. 

flow rate, Q, at a given pressure, P, is given by . 

Q = 1tr4 p* IIp 

81l p L 

4cA.+ 
(1 + --) 

r 

The volumetric 

(2.24) 

where A* is the mean free path of gas molecules at mean pressure, p*, r 

is the radius of the capillary, L is the length of cylindrical shell, 

and i'1P is the difference between inflow and outflow pressure of the 

cylindrical shell. 

If the mean free path of the gas molecules is much smaller than 

the capillary diameter (A* « r), the slipage effect of boundary layer 

is negligible. Eq. (2.24) then reduces to Poiseuille's Law for gases: 

7tr4 p* IIp 
Q = 81l p L 

(2.25) 
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In the case of liquid, CA = 0 and Q is independent of pressure, 

By letting P = P* in Eq. (2.25), Poiseuille's Law for liquid is 

obtained: 

2.3.3 

where, 

Q = 
all L 

Klinkenberg Equation 

Eq. (2.24) can be written in a different form 

= ~ p* ~p 
q Il P L 

q = Q/1tr2 

r2 
kg = a 

4cA.* 
(1 + --) 

r 

(LIt) 

(2.26) 

(2.27) 

(2.28) 

(2.29) 

Eq. (2.27), in fact, is Darcy's Law used to calculate flow of gas in a 

capillary. kg, therefore, represents the permeability of the capillary 

to gas. 

If the same procedure is repeated using Eq. (2.26), the 

permeability of capillary to a liquid (absolute or intrinsic 

permeability) is given by 

= r2 
k a (2.30) 

Eq. (2.29) then becomes: 



4cA.* 
kg = k (1 + -r-) 
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(2.31) 

As the mean free path is inversely proportional to the mean gas 

pressure, p*, we may write 

4cA.* 
r 

=.Q.. 
p* 

where b is a constant called the slipage factor. 

(2.32) into Eq. (2.31) gives the following relationship 

b 
kg = k (1 + p*) 

(2.32) 

substituting Eq. 

(2.33 ) 

a relationship between the gas permeability (sometimes called apparent 

permeability) and the absolute permeability of a capillary. They become 

equal when the mean gas pressure, p*, goes to infinity. 

Klinkenberg's experimental data shows that the slipage factor, b, 

actually increases with increasing pressure. A detailed discussion of 

this is given later in Chapter 4. 

2.3.4 Dual-mechanism Flow of Gas 

As discussed earlier, when the mean free path of a gas molecule is 

much smaller than the diameter of a capillary tube, the flow of gas can 

be described by Poiseuille's Equation, (Eq. 2.25). The flow is called 

Poiseuille flow, or bulk flow. 

On the other hand, if the mean free path is large compared to the 

diameter of a capillary tube 0 .. * » 2r), the flow of gas .i.s described by 

Knudsen's equation: 



Q = i ~ 27tRT 
3 M 

r3 L\p 
P L 
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(2.34) 

where, Q is the volumetric flowrate measured at pressure P, and r is 

the radius of the capillary. The flow described by Eq. (2.34) is called 

Knudson diffusion (A detailed discussion on Knudson diffusion and the 

derivation of Eq. (2.34) is given in Chapter 4.). 

At certain intermediate range (macropores belong to this range), 

where the mean free path is comparable to the diameter of the capillary 

tube, the influence of Poiseuille flow and Knudsen diffusion may be 

regarded as overlapping to yield the approximate relation: (Rose, 1948) 

Q = 1tr4 p* L\p + c i if 2RT 
8~ p L 3 M 

r3 L\p 
P L (2.35) 

Eq. (2.35), in fact, can be derived directly from Eq. (2.24), if 

A+ is substituted by an approximate relationship, 

'\* = ~ .... rT ~ - fiT = 
II. 3 -'4 7t p* -" M 

~ _liT 
2.13 p* "\1M (2.36) 

This implies that the slippage of the boundary layer can be 

described by Knudsen diffusion. This becomes clearer after a detailed 

discussion on a binary interflow system in Chapter 4. 

The transport of gas through a capillary, therefore, is generally 

a dual-mechanism flow, in which Poiseuille's Equation (2.25) is used to 

describe a bulk flow with a stationary boundary layer just like in the 

case of liquid, and Knudsen equation (2.34) is used to describe the 

slipage of the boundary layer. Since the factor c in Eq. (2.35) is 

nearly unity, the two mechanisms simply overlap. In other words, the 
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flow of a gas can be visualized as a bulk flow superimposed by Knudsen 

diffusion. 

Eq. (2.36) is inconvenient to use in calculation of mean free 

path, )., ... , at a certain pressure, since the viscosity, ~, is also a 

function of pressure. An equation often used in calculation of ).,* is 

given by Bird (1960): 

A: 1 
(2.37) 

where, d is the diameter' of gas molecule, and N is the number of 

molecules per unit volume, N can be calculated by 

N 6.023 'I< 1023 * !l 
v 

(2.38) 

where, n is the mole number of gas in volume V. For coalbed methane at 

very high pressure, the Real Gas Law Eq. (2.19) is involved and Eq. 

(2.38) can be written as: 

N 6.023 * 1023 * ~ ZRT 

Replacing N in Eq. (2.37) gives 

ZRT 
6. 023*102H~1td2p 

(2.39) 

(2.40) 

where, Z-factor for pure methane is determined from the chart shown in 

Figure 2.6). The diameter of methane molecule, d, is taken to be 1.78 * 
10- 9 dm. Table 2.4 gives the mean free paths for pressures up to 100 

atm (1469 psi) at a temperature of 250 C, as well as the equation for 

the calculations. 
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Table 2.4 Mean Free Path of Methane 

A:1'= z x 0.082 x 298 
6.023 X 1023 x {2 1t x 1. 78 2 X 10-18 X P 

= 0.2882 X 10-5 

(atm) P (psia) Z 

z x
P 

'A.* (dIn) 'A.* (A) 
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-------------------------------------------------------

10 146.9 0.985 2.839 x 10-7 284 

20 293.8 0.965 1.391 x 10-7 139 

30 440.7 0.945 9.078 x 10-8 91 

40 587.6 0.925 6.665 x 10-8 67 

50 734.5 0.909 5.239 x 10-8 52 

60 881. 4 0.892 4.285 x 10-8 43 

70 1028.3 0.874 3.598 x 10-8 36 

80 1175.2 0.862 3.105 x 10-8 31 

90 1322.1 0.849 2.719 x 10-8 27 

100 1469.0 0.836 2.409 x 10-8 24 
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Since the mean free path of methane molecules at a pressure up to 

100 atm is still larger than the diameter of micropores, the transport 

of methane in micropores is generally assumed to be dominated by Knudsen 

diffusion. As far as macropores are concerned, the mean free path of 

molecules is generally smaller than, or comparable to, the size of 

macropores. A dual-mechanism flow, therefore, dominates. 

2.4 Changes in structure of Coal with Drainage 

2.4.1 Macropore Permeability 

The permeability of the cleat system in coal seams may vary with 

fluid flow in two basic ways. The first is by phase relative 

permeability effects, whereby the degree of saturation affects the gas 

and water relative permeabilities of the reservoir. The second, and 

probably more important is the permeability change due to changes in 

structure of coal induced by pressure drop. With pumping operation, the 

fluid pressure is reduced continuously. A direct effect of this is the 

increase in the effective stress, defined as the difference between 

external stress and the fluid pressure. This effect tends to close the 

cleats, thus reducing the permeability of coal. Another effect 

associated with the pressure drop is desorption of gas from coal matrix. 

According to the theory of physical adsorption, the process of 

adsorption causes a reduction in the free surface energy of the 

adsorbent. This reduction, in turn, causes an expansion of the 

adsorbent proportional to the decrease in the energy level (Flood, 

1967). An opposite effect of this is the shrinkage of adsorbent with 

desorption of gas. The shrinkage of coal matrix with desorption of 

methane, and its impact on the stress condition of the flow system has 
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been investigated recently. As indicated by I. Gray (1987), the 

shrinkage of coal matrix with desorption of methane "leads to a 

reduction of effective horizontal stress. This could lead to a complete 

loss of horizontal stress and the further opening of the cleats caused 

by continued shrinkage of the matrix" (This does not happen to effective 

vertical stress due to the constant overburden stress.) The 

permeability of coal, thus, increases.' The flow through the cleats is, 

therefore, influenced by these two opposing changes in permeability. 

These changes can be of several orders of magnitude. Where shrinkage is 

small, the permeability may reduce during drainage, while in the case of 

high shrinkage, the permeability may eventually increase. 

2.4.2 Coal Matrix Shrinkage 

The coal matrix shrinkage induced by release of adsorbed gas is 

directly related to the average concentration of adsorbed gas in the 

matrix. This average concentration is described in Eq. (2.15). A 

relationship between volumetric shrinkage of coal matrix and gas 

pressure in the immediate cleats is desired to describe the permeability 

change with the pressure drop in cleats. Such a relation, however, is 

generally difficult to find because the average concentration of 

adsorbed gas is a function of time and cleat pressure (cleat pressure is 

also a function of time). This becomes clear if Cb in Eq. (2.15) is 

replaced by the Langmuir Equation (2.6) 

C(t,P) (2.41) 

The second term in Eq. (2.41) represents the decay of gas 

concentration in coal matrix, which is generally very slow due to the 

slow rate of gas diffusion through coal matrix. (F'or an infinite time, t 
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~~, the second term vanishes. The concentration of gas, and therefore, 

the matrix shrinkage become solely cleat pressure dependent). The 

volumetric shrinkage of coal matrix therefore has to be described in 

terms of average concentration of adsorbed gas, C. The coefficient of 

matrix shrinkage, c s , is given by 

Cs 
AVm _1_ 
Vm C-Co 

(2.42) 

where Vm is the volume of matrix, Co is the initial concentration at the 

saturation pressure Po. 

For convenient incorporation of experimental results, Sawyer 

(1990) uses the concept of a negative matrix compressibility, cm*, to 

describe the matrix shrinkage. The matrix (or grain) compressibility, 

cm, is defined as: 

cm*, thereby, is defined as 

Cm* 

AVm _1_ 
Vm P-Po 

AVm _1_ 
Vm P-Po 

(2.43) 

(2.44 ) 

where, 6Vm/Vm is the relative volume change of a matrix with pressure 

drop measured at an infinite time. The pressure, P, is applied at both 

the external and internal surfaces. 

Both c m and cm * can be determined experimentally. A detailed 

discussion on the experimental design and procedures were given by 

Harpalani and Zhao (1989). The variation of the volumetric strain of 

coal matrix with decreasing gas pressure is shown in Figure 2.7. The 

matrix compressibility is calculated from the experimental result using 



Figure 2.7 Volumetric Strain of the Coal Matrix 
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helium as working gas. The matrix shrinkage, whereby, is represented by 

the effective shrinkage obtained from the experiments using helium and 

methane. 

2.4.3 Importance of Volumetric Strains 

The permeability of the cleat system in coal can be very sensitive 

to both changes in internal stress and the release of gas from the coal 

matrix. In order to evaluate the sensitivity of gas production to the 

volumetric strains of coal matrix, the experimental results were used in 

a set of computer simulation runs using the COMETPC 3-D model. The 

effect of macropore compressibility, cp, and matrix shrinkage 

compressibility, cm*' was studied on gas production for a five year 

period. (Based on laboratory data, cp = 4.5 x 10-5 psi- i , cm* = 6.2 x 

10-6 psi -1) • 

Figure 2.8. 

The results are tabulated in Table 2.5, and shown in 

Using Case 1 as a basis of comparison, case 2 shows that the 

production can be underestimated by considering the macropore 

compressibility and not the matrix shrinkage compressibility. On the 

other hand, case 4 shows an overestimation by considering only the 

matrix shrinkage compressibility. Case 3 shows that matrix shrinkage 

can more than offset the reduction in permeability due to the 

macroporevolume co~pressibility and the resultant increase in production 

can be fairly significant. The volumetric strain of coal matrix is, 

therefore, an important parameter and must be considered together with 

cleat contraction due to reservoir pressure drop in order to accurately 

simulate and forecast long-term gas production from coalbed methane 

wells. 
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Table 2.5 Simulation Results on the Effect of Coal 

Matrix Strain on Gas Production Performance 

Case 
. 

Gas Production change c p ·-1 em 
PSl. psi-1 (5-Yrs) (Mcf) 

1 0.0 0.0 80,400 0.0 
(base case) 

2 4.5 X 10-5 0.0 69,100 -14.1% 

3 4.5 X 10-5 6.2 X 10-s 105,800 31. 6% 

4 0.0 6.2 X 10-s 127,900 59.1% . 
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2 • 5 T~1o-phase flow modeling 

2.5.1. Idealized Reservoir Structure 

The reservoir structure of coal is both heterogeneous and anisotropic. 

For the purpose of flow modeling, the coal seam structure needs to be 

simplified. As discussed earlier, the coal seam can be treated as a 

dual porosity reservoir. The micropore flow system is assumed to be 

composed of capillaries which are of the same diameter and are oriented 

at random throughout the coal matrix (unipore model). In other words, 

the micropore flow system is assumed to be homogeneous and isotropic so 

that it becomes much simpler to describe the micropore flow 

quantitatively as a universally distributed source in the model. The 

macropore flow system consists of the face and butt cleats. The face 

cleat, in most cases, is continuous and the butt cleat is not, as shown 

in Figure 2.2. The permeability in the direction of face cleat, 

therefore, is higher than that in the direction of butt cleat. The 

permeability may also vary from place to place. The degree of 

heterogeneity and anisotropy in coal, however, is small compared to that 

in most rocks due to a much higher density of cleats and fractures in 

coal. Basically, mathematical models used to simulate coalbed methane 

reservoir describe the flow system in coal as homogeneous. The 

anisotropy of the macropore flow system can be considered in terms of 

elliptical coordinates. 

Figure 2.9 diagrammatically shows an idealized coal seam 

structure. The rectangular blocks represent the matrix subelements 

which contain the micropores, while the space between these blocks 

represents the cleat system. It should be emphasized that the matrix 

subelements do not necessarily have to be rectang~lar; they could be of 



Figure 2.9 Reservoir Model For Coal Seams 
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any regular geometric shape (slab, cylinder, or sphere), as long as the 

quantity of gas transferred from matrix subelements to the cleat system 

is the same. 

2.5.2 Flow Modeling Equations 

G. R. King (1985) gave a detailed discussion on the establishment 

of flow modeling equations. Basically, the equations governing the 

unsteady state flow of water and gas through macropore system of a coal 

seam can be derived by performing a mass balance for both phases on an 

elemental volume of the reservoir. The micropore/macropore fluid 

transfer is presented in the gas phase equation as a source term which 

is described by the Fick I s first law of diffusion (non-equilibrium, 

pseudo-steady state model) . 

The equation set (U.S. Steel Model) describing the transport of 

water and gas (denoted by subscript wand g) through dual porosity coal 

seam are given as follows: 

s!9.m.i = 
dt 

(2.45) 

(2.46) 

(2.47) 

(2.48) 

(2.49) 



where Sw + Sg = 1 

kr9 (S9) k ma 

Ilg 
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(2.50) 

(2.51) 

(2.52) 

(2.53) 

The subscript ma/mi indicates macropore/micropore flow system, sc 

represents standard condition, S is the saturation of related phases, Bw 

is the water phase formation volume factor, qd is the volumetric 

flowrate of gas on the basis of unit volume of bulk coal, C is the 

volumetric concentration, and a is the unit conversion constant. 

~ is called mobility which is a function of saturation, P cgw is 

the capillary pressure between gas and water phase. Eq. (2.51) shows 

that the difference in the pressures of the two phases depends on the 

saturation of gas phase. 

A sufficiently large, closed drainage, area is considered for the 

simulation. The "sufficiently large area" is defined as a area in which 

the pressure transient created by the drainage does not come into 

contact with the external boundary during the life of the simulation. 

The initial and boundary conditions for the simulation are given 

by 

I.C. t o over the reservoir volume 



B.C. 

or 

t > 0 

Pg = Pwf (t) 

qgsc = qgsc (t) 

t > 0 

on the internal boundary (wellbore) 

(flowing well pressure) 

(volumetric production rate of 

gas at standard conditions) 

on the external boundary 
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The main assumptions used in the derivation of the modeling 

equation are as follows: 

1. Water is a slightly compressible fluid; water transport in 

coal obeys Darcy's Law. 

2. Methane is a real gas; gas transport obeys Darcy's Law in 

macropores and Fick's Law in micropores. 

3. Methane diffusion through the micropores is in the 

pseudosteady-state regime. 

4. Flow is isothermal. 

5. The macropore permeability and micropore diffusion coefficient 

are assumed to be constant over the life of gas production. 

Contrary to the last assumption, as discussed earlier, the 

macropore permeability to gas is a function of reservoir pressure, gas 

desorption and water saturation. This study is primarily concerned with 

the micropore diffusion co~fficient as a function of these factors. 

Both of them should be considered to be variables in the formulation of 

the modeling equations. 
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CHAPTER 3 

PURPOSE OF THIS STUDY 

The macropore permeability to gas and the micropore diffusion 

coefficient are the two basic parameters governing the flow of gas in 

coal seams. 

As discussed in Chapter 2, the macropore permeability to gas is 

reservoir pressure, desorption and water saturation dependent. 

Research has been carried out in the past to investigate the effects of 

effective stress, water saturation, matrix shrinkage, and gas slippage 

on flow of methane in macropores or cleats. As for the micropore 

diffusion, little effort has been devoted to the examination of its 

dependency on these factors. Three techniques: Particle Method, Steady

state Flow Method and Counter Diffusion Method have been used in the 

previous investigations. Despite the failure of a single diffusion 

coefficient model used to describe late time diffusion in coal particles 

and the large discrepancy involved in the measurements of diffusion 

coefficient from powdered coal (in the order of 10-14 to 10-16 cm2 /sec 

according to Nandi, 1970) and a solid coal (in the order of 10-6 cm2 /sec 

according to Thimons, 1973), the micropore diffusion coefficient has 

long been assumed to be a constant over the entire period of desorption 

and subsequent diffusion. A constant diffusion coefficient, therefore, 

has been used in the flow models to simulate short-term operations and 

predict long-term gas production. 

The assumption of a constant diffusion coefficient is true, 

however, only if the following conditions are satisfied: 
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(1) Knudsen diffusion (independent of pressure) dominates the flow 

in micropores (see Chapter 4 for a detailed discussion) 

(2) The pore size is uniform, and the structure of pores does not 

change with desorption of gas over long-term production. 

(3) The effect of water saturation can be ignored. 

These conditions ensure a pure diffusion flow with a constant 

diffusion coefficient. These required conditions, however, have not 

been proved to exist. Knudsen diffusion may not dominate if pore size 

is large and reservoir pressure is high. The shrinkage of coal matrix 

may result in a changed pore structure. Although micropores are assumed 

to be inaccessible to water, it is likely that water film on the surface 

of coal matrix and in "dead end" fractures acts as a resistance to the 

gas movement. Experimental investigation is, therefore, necessary to 

determine the micropore diffusion coefficient and examine its dependency 

on reservoir pressure, desorption of methane, and water saturation. 

This study is primarily meant to introduce the transient interflow 

method to measure diffusion coefficient and examine the variation in its 

value. The objectives of this experimental study include: 

(1) determination of micropore diffusion coefficient and 

examination of its dependency on methane concentration in coal by 

transient interflow method. 

(2) examination of the dependency of micropore diffusion 

coefficient on reservoir pressure and the pore structure change induced 

by desorption of gas. 

(3) examination of the dp-pendency of micropore diffusion on water 

saturation by using wet samples. 

The following sections of this study detail both related theories 

and experimental tasks outlined above. 
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CHAPTER 4 

GASEOUS DIFFUSION IN POROUS MEDIA 

Before examining previous work and presenting this experimental 

study, a complete understanding of gas diffusion in porous media is 

necessary. This is because the diffusion process can not be treated as 

a simple isolated transport mechanism. It requires a knowledge of 

Molecular Diffusion, Knudsen Diffusion, Surface Diffusion and viscous 

flow, which are four distinct transport mechanisms. This chapter 

discusses each of them in turn, and then the general result by combining 

these together. 

4.1 Molecular Diffusion 

Fick's law of diffusion (Eq. 2.l7) provides a relation between 

gas molar flux and concentration gradient. Since two gases (methane and 

helium) and a binary counter diffusion is involved in this experimental 

study, Fick's Law is written as: 

and (4.l) 

where, m m m m 
ql' q2 are the molar flux of gas land 2, 012' 021 are the 
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molecular diffusion coefficient of gas 1 in 2, or 2 in 1. The 

superscript, m, indicates molecular diffusion. 

It should be noted that Eq. 4.1 is valid only in the following 

situations: 

(1) The system is isothermal. 

(2) The net flux is zero in a stationary coordinate system. 

(If the system as a whole is in motion, Eq. 4.1 can be used to 

describe only diffusion relative to the mean molar velocity) 

Under these conditions, since 

and VCl + VC2 = Vc = 0 

or, 

m m it is easy to see that D12 D21 . 

Unfortunately, in most cases, evan if the flow system in porous 

media is isothermal and isobaric, the net flux is not zero due to 

different molecular 'weights of the two flow components. 

By the argument that the total momentum transferred to the wall by 

all the molecular collisions is zero, if there is no pressure gradient, 

it is easy to derive the following relation: 

(4.2) 

where, Ml and M2 is the molecular weights of gases 1 and 2. 
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Suppose two gases at same temperature are put into communication 

through a small tube as indicated in Figure 4.1. The gas pressure at 

both ends is kept constant throughout the process. As diffusion' 

proceeds, according to Eq. 4.2, light molecules tend to get through the 

tube more quickly than'the heavy ones. The net flux, therefore, is not 

zero. However, in the case of Figure 4.2, the diffusion occurs in an 

isolated system, and the situation becomes different. At first, there 

will be an initial net flux of lighter molecules into bulb B through the 

small tube. This flux will continue until sufficient pressure builds up 

in bulb B to the point that the viscous flux from B to A exactly 

balances the total diffusion flux from A to B, or the net flux through 

the tube is zero. At this time, the Fick's Law, Eq. 4.1 becomes valid. 

For the first case shown in Figure 4.1, the diffusion process can 

still be described by the same diffusion coefficients, D~2 or D~l' as in 

Eq 4.1, provided we allow for the net diffusion flux by including an 

extra term that apportions the flux. Thus, 

where, 

D
m Vc + x2qm 21 2 

Xl, X2 are the mole fractions of gases 1, or 2 

Xl = Cl/C, X2 = CdC 

Xl + X2 = 1, Cl + C2 = C 

(4.3) 

Eq. 4.3 defines a pure diffusive transport in the form of 

molecular diffusion. Since there is no pressure gradient, the viscous 
m 

transport is zero. Another way of looking at Eq. 4.3 is to say that D12 
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m or D21 is defined in a coordinate system moving with the a velocity 

corresponding to the average velocity associated with the net flux, qrn. 

From the point of view of momentum transfer, the molecular 

diffusion shown in Figure 4.2 involves momentum transfer between gas 

molecules, as well as momentum transfer between gas molecules and pore 

walls. If the diameter of the tube is much lager than the mean free 

path of the gas molecule, the wall effect is considered to be negligible 

compared to the momentum transfer between the gas molecules. In other 

words, the resistance to diffusion comes mainly from collisions between 
m 

different gas molecules. It is, therefore, easy to understand that D12 

m 
or D21 will be inversely proportional to pressure. 

4.2 Knudsen Diffusion 

Knudsen Diffusion occurs under such conditions that the pore size 

or capillary diameter of the medium is sufficiently small, or pressure 

of gas is sufficiently low, so that gas molecules collide only with pore 

walls and never experience collisions with other gas molecules. More 

precisely, the capillary diameter is less than the mean free path of the 

gas molecules. In this case, the resistance to diffusion comes only 

from collisions of molecules with pore walls. 

system is assumed in the following discussions. 

Again, an isothermal 

Under these conditions, the governing equation for a pure Knudsen 

diffusion looks quite similar to Eq. 4.1: 

(4.4) 

where the superscript k indicates Knudsen diffusion. 
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There are two very important differences between molecular 

diffusion and Knudsen diffusion: 

(1) In Knudsen diffusion, the fluxes of gases 1 and 2 in a counter 

diffusion system are independent, because the gas molecules never 'see' 

each other (Thorstenson, 1989). Therefore, the two equations (4.4) can 

be treated separately (leading to a single subscript of the diffusion 

coefficient), or simply written as: 

(4.5) 

(2) The Knudsen diffusion coefficient, Ok, is independent of 

pressure. In fact, Ok is proportional to the average molecular 

velocity, v*, and the pore radius, r, and 

2 
Dk = r v* 

3 (4.6) 

According to the kinetic theory of molecules 

(4.7) 

substituting Eq. 4.7 into Eq. 4.6, the equation used to calculate 

Ok becomes: 

Dk = i - r-ii: r - IT. 
3 -" X ~ M 

(4.8) 

This means that Ok depends only on the pore structure of the 

porous media and the property of the gas involved. In the dual-porosity 

model of gas flow in coal seams, it is this second character of Knudsen 

flow that allow us to model the migration of gas in two distinct flow 

regimes. In other words, we can define a pure diffusion flow in the 
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micropore system without considering the influence of pressure 

fluctuation in the macropore system in which viscous flow dominates. 

For a single gas flowing along a cylindrical pore, substituting 

Eq. 4.8 in Eq. 4.5 yields 

qk = _ .i ~ 2RT r Vc 
3 7tM 

or, ~ 
A 

or, _ .i ~ 27tRT r3 Vc 
3 M (4.9) 

where, Ok is the mole flow rate of Knudsen diffusion, A is the cross

sectional area of the cylindrical pore .. 

Combined with Eq. 4.9, Ideal Gas Law is used to derive the 

following relations: 

= _ .i ~ 27tRT 
3 M r3 RT Vc 

Since for an ideal gas, CRT P, and the volumetric flow rate, 0 

E~. 4.10 can be written as: 

Q = _ .i ~ 27tRT 
3 M 

r3 Vp 
p 

Eq. 4.11 is identical to Eq. 2.35 (VP 

(4.10) 

v/t, 

(4.11) 
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4.3. Surface Diffusion 

The mobility of adsorbed molecules was first noticed when gas 

fluxes higher than those predicted for viscous, transition or Knudsen 

regimes were observed. The surface flux, qS, (for adsorbed phase) can 

also be defined in term of Fickls-type law (Smith, 1980): 

(4.12) 

where, CS is the molar surface concentration of adsorbed gas per unit 

volume of sorbent. 

It should be noted that the surface concentration, cS
, is defined 

differently from that free gas in pores. However, the two 

concentrations are closely related, since an equilibrium reaches between 

the gaseous and adsorbed phases, and the exchange rate between the 

gaseous and adsorbed molecules is much higher than the rate of surface 

migration. 

OS is mainly a function of absolute temperature, T, and is 

described by (Smith, 1980): 

nS = Ae-Es / RT (4.13) 

where, A is a constant and Es is the activation energy. 

For the purpose of this study, it is convenient to consider 

Knudsen diffusion and surface diffusion together for the following 

reasons: 

(1) Both governing equations have similar form, 

(2) Both OS and Ok are independent of pressure, and 

(3) At room temperature, OS is much smaller compared to Ok and Om. 



75 

Therefore, surface diffusion will not be discussed separately in 

the following sections. 

4 .4. Viscous or Bulk Flow 

Viscous flow implies the portion of gas flow in the laminar flow 

regime caused by a pressure gradient. The flow behavior is described by 

the gas viscosity,~. If multiplied by the molar concentration of gas, 

C, Darcy's Law can be used to calculate the viscous molar flux, qV, in 

the form 

4.5. 

qV = _ aCk VP 

J.l 

Combined Transport 

(4.14) 

It has already been stated that both molecular diffusion and 

Knudsen diffusion are related to the collisions either with walls or 

with other gas molecules. It is natural to combine their flows by 

additivity of momentum transfer. The combination of diffusive and 

viscous flows, however, requires additivity of fluxes. (Mason, 1969) 

Eq. 4.2 can be rearranged to emphasize the momentum transfer 

rather than the flux 
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(4.15) 

The same is repeated for Eq. 4.4: 

(4.16) 

If we visualize -Vel as a kind of driving force, similar to the 

voltage in electrical circuits, and 1/D~ or 1/D~ as a kind of resistance 

to the flow, all the equations in 4.15 and 4.16 are of the Ohm's Law 

type in electric circuits, V = RI. Since the same driving force causes 
d 

two distinct momentum transfers simultaneously, if we define q1 as 

effective coupling flux of diffusion for gas 1, 

similarly define q~, and net flux qd, (qd d d combine Eq. q1 + q2)' we can 

4.15 and Eq. 4.16 like two resistances in series (voltage drops add). 

d d 
x1qd q1 q1 -

- VC1 = + 
Ok m 

1 0 12 

d d 
x2qd q2 q2 -

- VC2 = 
Ok 

+ (4.17) m 
2 0 21 
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Eq. 4.17 is derived based on a simple tube geometry. The 

molecular diffusion in a real porous media (in which the pores are 

described by porosity, ~, and tortuosity, ;,) is found to obey transport 

equation of the same form as Eq. 4.17, but with an effective diffusion 
e e m m 

coefficient, 012 (or 021)' proportional to 012 (or 021) 

(4.18) 

where, the porosity/tortuosity factor, ~/;, has to be determined 

experimentally. For Knudsen diffusion, however, no such distinction 

exists between simple geometry of tube and real porous media. (For 

convenience, in the following chapters, ° is simply used to represent 

the effective diffusion coefficient of coal.) 

Eq. 4.17 is, thus, revised for porous media as: 

(4.19) 

Eq. 4.19 can be rearranged to obtain the effective coupling flux 

of diffusion for gas 1, q~ , and written as: 

d 
q1 = - D1VC1 + x1~hqd (4.20) 

where l = l + .l 
D1 D~ e 

D12 
(4.21) 
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Dk1 e + D12 

(4.22) 

d 
A similar equation holds for q2 with corresponding definition of 

Based on the characteristics of molecular and Knudsen diffusion 
e 

coefficients, if pressure is very low, 0 12 becomes very large. From Eq. 

k 
4.21 and 4.22, we know that this would result in 01 = 0 1 , 81 O. The 

Eq. 4.20 reduces to Eq. 4.4. On the other hand, if pressure is very 

high, O~ becomes very large compared to 0~2 and Jl is negligible, thus 
Ok 

1 

suggesting that 01 1. Eq. 4.20 reduces to the same 

form as Eq. 4.3. 

The viscous flow components 
v 

and 
v 

can than be added as q1 q2 

d 
+ 

v 
ql q1 ql 

d 
+ v 

(4.23) q2 = q2 % 

Notice that 

q 

and, 

The combined flux of the three components can be put in the 

following form: 
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(4.24) 

Let 
Dkl e + D12 

and substituting Eq. 4.14 into Eq. 4.24 yields 

(4.25) 

A similar equation holds for q2 with corresponding definition of 

'(2 • 

In coal seams, a single gas moves under the influence of a 

pressure gradient in macropores. Eq. 4.25 can be simplified for a 

single gas flow by setting Xl = 1, q1 = q and subsequently 

'Y1 = 'Y = 1 - B 

Eq. 4.25 is, thus, reduced as 

(4.26) 

Eq. 4.26 indicates that the flow of gas can be visualized as a 

viscous flow superimposed by a Knudsen diffusion as discussed in Chapter 

2. 

For a real gas, the Real Gas Law (Eq. 2.19) can be arranged as 

following 
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(4.27) 

Under isothermal condition, its derivative along x direction is 

written as 

aC ..1..~ P 
ax = ax [z (P) ] RT 

or, 
ac 1 [1. ap 1 az ap 
ax = RT Z ax - P Z2 ap ax] 

--L [1. 1. az] ap 
= ax ZRT p Z ap (4.28) 

1 1 az cg = Z ap p Let (4.29) 

where Cg is the real gas compressibility. Eq. 4.28 can then be written 

in a general form: 

Vc = PCg VP 
ZRT 

Substituting Eq. 4.28 in Eq. 4.26 yields 

q = 1. 
11 

+ aZRTCk 
ZRT ) VP 

(4.30) 

If volumetric flux q' is used instead of molar flux q, Eq. 4.31 becomes 

q' = 1. 
11 

OkPCg + aZRTCk ) VP 
ZRTC 
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ak 
1 + Q Vp or, q' = ( ) (4.32) 

Jl. 
p 

or, q' = 
akg 

Vp (4.33 ) 
Jl. 

where kg = k (1 + Q) (4.34 ) 
P 

Jl.PC Dk 
b = 

g 
(4.35) 

ak 

Eq. 4.32 is the well known Oarcy's Law with the correction for gas 

slippage, and Eq. 4.34 is the Klinkenberg equation (Eq. 4.34 is 

identical to Eq. 2.34). The slippage factor, b, is related to the 

Knudsen diffusion coefficient, Ok, by Eq. 4.35. It is, therefore, 

confirmed that the slippage of the boundary layer is governed by Knudsen 

diffusion. A simple reason for this is that the thickness of boundary 

layer is so thin that gas molecules collide only with pore walls and 

never experience collisions with other gas molecules in the layer - a 

condition that allows Knudsen diffusion to occur. 

According to Ertekin and King (1986), for real gases, the value of 

PCg~ in Eq. 4.35 increases with increasing pressure, as does the value 

of b; for ideal gases, the compressibility Cg is equal to the reciprocal 

pressure (dZ/dP = 0 in Eq. 4.29). Eq. 4.35, then, becomes 

b 
Jl.Dk 

ak 
(4.36) 

Since ~, Ok and k are constant for ideal gases, b becomes constant. In 

the case of simultaneous flow of gas and water, the slippage factor, b, 

in Eq. 4.35 also becomes water saturation dependent. 



82 

4.6 Diffusion Coefficient as a Function of Pore Size 

Fig. 4.3 shows that diffusion coefficient is a function of pore 

size. As discussed earlier, molecular or regular diffusion occurs if 

the pore size is large compared to the mean free path of molecules. The 

diffusion coefficient is inversely proportional to the pressure in this 

case. If, on the other hand, the pore size is smaller than the mean 

free path of molecules, the flow becomes Knudsen diffusion. If the pore 

size is extremely small (less than 1 nm or 10 A) such that no space for 

free molecules to pass through, the flow becomes surface (or 

configurational) diffusion. 



Figure 4.3 Diffusion Coefficient as a 

Function of Pore Size 
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CHAPTER 5 

PREVIOUS STUDIES 

Three primary types of techniques have been used in measuring 

diffusion coefficient of coal matrix: Particle Method, Steady-state Flow 

Method, and Counter Diffusion Method. 

5.1 Particle Method 

This method is extensively used in the catalyst study in Chemical 

Engineering. When applied to determine the diffusion coefficient of 

coal matrix, coal specimen is first ground finely enough so that the 

cracks or macropores are completely eliminated. The powdered specimen 

is then pressured with methane in a sample container, and the unsteady 

state release of gas is measured after undergoing a step-change in 

surface concentration, achieved usually by dropping the pressure to 

atmospheric. Since methane is physically adsorbed on the internal 

surface of coal, it has generally been assumed that the rate of methane 

released from a single coal particle is controlled by the diffusion of 

methane through the micropore structure of coal. Depending on the 

physical model used, different modeling equations have been established. 

Based on the "unipore" model, which describes a porous particle as 

a solid with a system of parallel, non-connecting cylindrical pores, the 

fraction of gas released from spherical particles as a function of time 
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at constant surface concentration is described by the following equation 

(Smith, 1982; Nandi and Walker, 1970) 

.&... 00 1 -Dn 27t2t 
= 1 - 2 ~""2 exp ( ro2 ) 

7t na1 n 
(5.1) 

For early time measurements (the measurements of flow are carried 

out far from equilibrium), the following approximation is normally used: 

(5.2) 

where, Vt and V~ denote the gas volumes desorbed at time t = t and t = 

~. ro is the diffusion path length. By plotting the fraction desorbed, 

Vt/V~, versus -rt, {D/r o is calculated from the slope in the linear 

region. 

Van Krevelen (1967) presented a similar equation used in early 

time which involves measurements of the surface area of particles, A, 

and the specific volume of the specimen, v s • The equation has the 

following form: 

Vt = 2A (Dt/7t) 1/2 
Voo Vs 

(5.3) 

Airey (1968), however, found that the solution of the diffusion 

equation for the unipore model was inadequate to describe the rate of 

diffusion over the period of interest. 

equation of the form: 

1 - (t/to) n - e 

He employed an empirical 

(5.4) 
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where, n and to are constants determined experimentally. Two 

conclusions concerning the water and moisture contents in coal arrived 

at in his study were: 

(1) The moisture content of coal had no effect on the rate of 

desorption. 

(2) The quantity of methane adsorbed was independent of particle 

size, but a strong function of water content. 

In order to examine the unipore model, an experimental study was 

conducted (Smith, 1982). The experimental results for the two samples 

were plotted as shown in Figure 5.1. The experimental data were found 

to agree well with the model prediction for Vt/Voo < O.S (actually, the 

shifting started for ratios between 0.3 and 0.4), but significant 

deviation occurred at large Vt/Voo values. Also, for each sample, the 

unipore model underpredicts the time required for complete desorption 

(Vt/Voo> 0.99) by, at the minimum, an order of magnitude. 

The failure of the unipore model for large time periods was 

attributed to the restrictive assumption of a single pore size. A more 

sophisticated model - Bidisperse Pore Model - was, therefore, presented. 

The basis for this model is that a spherical particle is comprised of an 

agglomeration of many small microporous spheres with macropores formed 

around the micro-particles. (Please note that the definitions of 

macropore and micropore here are different from those used in this 

study). In other words, a dual porosity model is established within the 

coal particles. The physical structure of the model is shown 

schematically in Figure 5.2. Reportedly, a better fit to the 

experimental data is achieved. Mavor, Owen and Pratt (1990) in their 

recent work indicated that "the use of a single diffusion coefficient 

model seems more applicable to the high pressure steps of the isotherm 



Figure 5.1 Comparison of Experimental Desorption 

and Unipore Model (After Smith, 1982) 
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Figure 5.2 Physical Representation, Bidisperse 

Pore Model (After Smith, 1982) 
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rather than all of the steps. For complete analysis it may be necessary 

to apply a dual diffusion coefficient model, or a model which treats the 

diffusion coefficient as a function of concentration." 

As discussed in Chapter 2, the desorption of gas causes coal 

matrix to shrink. This factor, however, was not considered in these 

models. The deviation of the unipore model from the experimental data 

for later part of the experimental results shown in Figure 5.1 may, 

probably, also be attributed to the change of pore structure induced by 

desorption of gas. Since the magnitude of diffusion coefficient is 

denoted by the slope of the experimental curve (Figure 5.1 shows a 

decrease in the slope with time), it is reasonable to assume that the 

shrinkage of coal matrix causes a reduction of pore size which decreases 

the diffusion coefficient of coal. This assumption, nevertheless, needs 

to be confirmed further, because using powdered coal specimen in the 

experiments is an improper way of representing the coal matrix of the 

micropore system. 

5.2 Steady State Flow Method 

This technique is similar to the standard method for permeability 

testing in hydrology. It involves flow of methane through a solid coal 

plug. With the measured concentration drop, and steady state flow rate, 

a diffusion coefficient is obtained. The apparatus used by Thimons and 

Kissell (1973) in their testing of methane diffusion through coal is 

shown in Figure 5.3. The entire system was evacuated first. The part 

of the system to the left of the sample remained evacuated, while dry 

methane was introduced on the right side to create a pressure 

differential across the sample. The gas flow rate across the sample was 



Figure 5.3 Schematic of Testing Apparatus 

Used in Steady State Measurements 

Vacuum 
pump 

Thermocouple 
vacuum gauge 

(After Thirnons and Kissell, 1973) 

Pressure 
transducer 

Sample 

Pressure 
indicator 
0-10000 

Hg 

Volve 
N"2 

Vacuum 
pump 

Methane or 
helium tank 

90 



91 

obtained by measuring the pressure build-up on the left side, as 

indicated by a thermocouple vacuum gauge. The pressure on the left side 

was kept below 0.05 rom Hg by periodically opening valve 1 and re

evacuating. The pressure on the left side of the system was so low that 

it was assumed to be at vacuum pressure with respect to the right side 

of the system when the pressure differential across the sample was 

calculated. The flow of gas across the sample was recorded until it 

became steady. 

The experiments were repeated at different pressure differentials 

and the results were plotted as shown in Figure 5.4 and Figure 5.5. 

Figure 5.4 shows the flow of gas through an uncracked sample (coal 

matrix) where the transport of methane is by Knudsen flow. Since the 

Knudsen permeability, kk (Dk can be derived from kk), is denoted by the 

slope of the experimental curve, Figure 5.4 shows a constant kk, or kk 

is independent of pressure as discussed in Chapter 4. Figure 5.5, 

however, shows flow of gas through a cracked sample (a combined flow was 

involved in the macropores as discussed in Chapter 4). kk becomes a 

function of pressure as indicated by the change in slope of the plot of 

experimental results. 

The effect of moisture on methane diffusion was also investigated 

in the study. Contrary to Airey's conclusion, water vapour decreases 

Knudsen permeability by a factor of 3 to 25. Table 5.1 gives these 

experimental results. 

The methane diffusion coefficient in coal derived from this 

technique is in the order of 1 x 10-6 cm2/sec, which is much higher than 

that obtained by the particle method. According to Nandi (1970), D is 

in the order of 1 x 10-14 to 1 x 10-16 cm2 / sec. The large discrepancy 

between the two techniques may partly be attributed to the effect of 

particle size. As indicated by Smith (1982), the value of D can be 

expected to be a strong function of particle size. 



Figure 5.4 Flow vs. Pressure For an unfractured 

Coal Sample (After Thimons and Kissell, 1973) 
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Figure 5.5 Flow vs. Pressure For an fractured 

Coal Sample (After Thimons and Kissell, 1973) 
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Table 5.1 Comparison of Permeabilities For Dry 

Methane and Methane Saturated with Water 

(After Thimons and Kissell, 1973) 

1 ()6 Kk for 
106 Kk for CH4- H20 

Sample Coalbed CH 4 (cm2/s) (cm2/s) 

11 Pittsburgh 0'79 0'09 
14 Pittsburgh 1'7 0'20 
15 Pittsburgh 1·8 0'27 
8 Pocahontas 23 1'8 
9 Pocahontas 25 1 ·1 

10 Pocahontas 15 2'9 
18 Pocahontas 14 0'90 
21 Hartshorne 13 4·9 
23 Hartshorne 16 5·5 
26 Hartshorne 9·1 2'6 
27 Hartshorne 16 5·9 

94 
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The main problem with this method was that it was hard to tell if 

the flow of gas had reached steady state or not, because the 

establishment of sorption equilibrium in a chunk of coal is a very slow 

process. To ensure a steady state flow, according to Thimons, "testing 

a single sample could take several months". In such a long period of 

time, it is difficult to keep constant experimental conditions. Also, 

"the steady-state diffusion coefficient can be as much as 50 times 

greater than the transient coefficient", since the large pores will, for 

the most part, determine the steady-state flow through coal (Thimons, 

1973) . 

5.3 Counter Diffusion Method 

For measurement of Knudsen diffusion in coal matrix, the steady 

state flow method is valid only if all the cleats or macropores are 

excluded from the specimen so that the flow is purely of the Knudsen 

type (independent of pressure). This is, however, not easy to achieve 

in practice. It should be realized that very small pressure gradients 

can produce viscous flow in macropores much greater than the diffusion 

flow. To overcome this difficulty, an improvement over the steady state 

flow method is the constant pressure, counter diffusion method. In this 

method, an adsorbing gas and a non-adsorbing gas are passed over the 

opposite faces of a coal disc such that no pressure gradient occurs 

across the sample. By measuring the flowrate and outlet concentration 

of each stream at steady state, the flux of each component across the 

sample is determined. The diffusion coefficient and its dependence on 

pressure can be det.ermined thereafter. The experimental apparatus used 

by Smith (1986) is shown schematically in Figure 5.6. 
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This technique is also based on establishing a steady-state flow 

through the co~l sample. The difficulty due to the long period of time 

needed to reach equilibrium still exists. The main advantage of this 

method is the elimination of total pressure gradient in the flow system. 

But it is difficult to keep a constant gas pressure on both sides of the 

sample for a long period of time. The pressure gradient in the system, 

therefore, may not be eliminated entirely leading to a possible viscous 

flow in macropores. Since two gases are involved in this experiment, as 

discussed in Chapter 4, a net flow is present in macropores due to 

different molecular weights, as indicated in Eq. 4.3. In a strict 

sense, these factors have to be considered in calculation of diffusion 

coefficient. 

Another problem of this method is that the experiments can only be 

carried out at low pressure range. The results obtained, thus, have to 

be extrapolated to pressures associated with coalbed methane, which are 

significantly higher. 
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CHAPTER 6 

EXPERIMENTAL DESIGN AND PRINCIPLES 

6.1 Experimental Design 

To overcome the difficulties encountered in previous studies, a 

new technique is used in this study to examine the flow mechanism of 

diffusion in coal matrix. 

The experimental design for measurement of diffusion coefficient 

is based on the principle and mechanism of binary counter diffusion in 

transient flow. Desorption of methane is treated as universally 

distributed within the sample, and is described by Langmuir's Equation. 

Langmuir constants, VL and PL, are determined experimentally prior to 

diffusion experiments. The experimental setup is diagrammatically shown 

in Figure 6.1. To measure the diffusion coefficient, a cylindrical coal 

sample is first saturated with methane at high pressure in the sample 

container. The initial concentration of methane in the sample container 

is, therefore, known. Helium is then injected into the sample container 

at the same pressure (This pressure is kept constant while injection by 

bleeding mixed gas out of the sample container into the fixed volume at 

same time. A detailed discussion will be given along with the 

experimental procedure in Chapter 7.) A concentration difference 

between inside and outside the sample is thus established, and diffusion 

of gas is, consequently, initiated. The flow of gas from within the 
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specimen increases the pressure in the container. The total pressure -

sum of partial pressure of methane and helium - in the sample container 

is maintained constant throughout the experiment by bleeding the gas out 

of the sample container periodically. Since helium is non-adsorptive, 

the increase in total gas pressure in the sample container is due to an 

increase in partial pressure of methane resulting from desorption and 

diffusion. The variation in total pressure monitored, therefore, 

reflects the change in partial pressure of methane with time. Also, the 

concentration of methane in the gas bled out is measured using a gas 

chromatograph, presenting another way to monitor the variation in 

partial pressure of methane. The entire experiment is done at constant 

temperature which ensures isothermal flow conditions. A constant 

temperature water bath is used for this purpose. The established 

partial pressure (or concentration) vs time relationship serves as the 

boundary condition for the diffusion equation derived. Using the Finite 

Difference Method, the equation is solved and the value of diffusion 

coefficient, D, is obtained for each time step. The experiment is 

performed at different pressure levels, and using wet samples, to 

examine the influence of pressure, desorption, and water saturation on 

diffusion of methane. 

As mentioned earlier, it is not easy in practice to exclude all 

the macropores (cleat and fractures) from coal samples. The macropore 

flow, therefore, has to be considered in the tests. The advantage of 

this method is that the influence of macropore flow on the determination 

of micropore diffusion coefficient is minimum. In this experimental 

design, the flow pattern in macropores is similar to the case shown in 

Figure 4.2. Initially, a net flow in the macropores occurs inwards the 

coal sample due to the lighter molecular weight of helium, and is soon 

balanced by the pressure build-up inside the sample. The flow is then 

governed by Eq. 4.1 which has the same form as the governing equation in 
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the micropore flow (Eq. 4.4). In other words, Fick's Law can be used to 

describe flow of diffusion in macropores as well as mic~opores. This 

makes the diffusion flow modeling in coal much easier. Since macropore 

diffusion takes a very small portion (compared to micropore diffusion), 

and there is no viscous flow involved, the diffusion coefficient derived 

from this experimental results basically represents the micropore 

diffusion. 

Based on the assumptions that the changes of effective stress with 

decreasing fluid pressure mainly affect the macropore volume, not the 

volume of coal matrix, the influence of effective stress is not 

considered in the experimental design. 

6.2 Establishment of Modeling Equation 

Now that Fick's Law can be used to describe the flow of diffusion 

either in micropores or in macropores, a simple model is established 

based on the assumption that the coal sample is homogeneous and 

isotropic. In binary inter-diffusion system under constant pressure, 

Fick's Law can be written in terms of the diffusion velocity, v, and 

fractional concentration of gas, N, to describe the flow of methane as 

v = - D VN (6.1) 

The fractional concentration of gas, N (unitless), can be further 

expressed in terms of total pressure (absolute), Pt and partial pressure 

of methane (absolute), Pp 

(6.2) 
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Two gases - methane and helium - are involved in the testing. The 

total pressure, therefore, is the sum of the partial pressures of 

methane and helium. Since a constant Pt is maintained throughout the 

experiment, Eq. 6.1 can be written as 

v = ..Q.. v 
P Pp 

t 
(6.3) 

As discussed in Chapter 2, the quantity of methane adsorbed in 

coal is governed by Langmuir Equation, 

VLP p 
(6.4) 

where, Pp is used instead of P in Eq. 2.6, since the quantity of 

adsorbed methane in coal becomes a function of partial pressure of 

methane. Vst(Pp ) is the standard volume of adsorbed methane per unit 

mass of coal at equilibrium partial pressure of methane, Pp • VL is the 

maximum adsorptive capacity (in standard volume) per unit mass of coal. 

PL is the partial pressure (absolute) of methane at which adsorbed 

concentration is one-half the maximum. 

The coal specimen used for measurement of diffusion flow is shown 

in Figure 6.2. The flow modeling is further simplified by sealing the 

two end faces with rubber cement, thus ensuring flow of gas in radial 

direction only. The establishment of modeling equation is then based on 

a mass balance on the cylindrical element shell shown in Figure 6.2, 

which has a volume 2xrHdr. 

The equilibrium volume of adsorbed methane within the element 

shell, Vad(Pp ), measured under a total pressure, Pt, therefore, is given 

by 



Figure 6.2 Coal Specimen for Measurement 

of D Using Transient Method 
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(G.S) 

where, Pst is the standard atmospheric pressure (= 14.69 psi), Zt is 

the compressibility factor at total pressure Pt, Pc is the density of 

the coal specimen. The factor Pc (PstZ/Pt> transfers Vst (Pp) from a 

standard volume of adsorbed methane per unit ~ of coal to a volume of 

adsorbed methane per unit vo*ume of coal measured at P~. 

Substituting Eq. G.4 into Eq. G.S yields 

~ P
t 

Pc 27trHdr (G.G) 

The volume of free methane compressed under the total pressure, 

Pt, in the element shell, Vfr, is given by 

= N <l> 27trHdr 
P 

= ~ <l> 27trHdr (G.7) 

The sum of adsorbed methane and free methane, Vt, gives the total 

content of methane stored in the element shell under the total 

pressure, Pt 

(G.8) 

The difference between the diffusion flow of methane going in, and 

that coming out of the element shell under constant total pressure, Pt, 

is derived as (see Appendix A for detailed derivations) 

D 1 dP p d2Pp - (- + ) 27trHdr 
P t r dr dr2 



105 

According to the principle of mass conservation for unit time, the 

difference between the amount of methane going in, and that coming out 

of the element volume must be equal to the rate of change of the methane 

content within. Therefore 

lL (1. app a2p 
+ Trf) 21trHdr Pt r ar 

.Q.. !:e. VLPstZtPc 
+ <\»] 21trHdr = at [pt 

( 
PL + Pp 

1. app 
+ 

a2pp = f (Pp) 
app 

r ar ar2 at or (6.9) 

f (Pp) 1. VLPLPstZtPc 
+ <\>] = [(PL + Pp) 2 D 

Since the quantity of free gas compressed in pores (less than 5% 

of the total gas content) is much smaller compared to the quantity of 

adsorbed gas in coal, in many cases the free gas content is ignored. If 

so, the Eq. 6.9 remains unchanged while Eq. 6.10 becomes 

(6.11) 

Eq. 6.9 is the final form of equation used in flow modeling of 

methane diffusion in coal matrix. Eq. 6.9 is subject to the following 

initial and boundary conditions 

Initial Condition: 

t = 0, 
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where, Pi is the initial saturation gas pressure (absolute) in the 

sample. 

Boundary Conditions: 

t > 0, 

and o 

where, Pb(t) is the monitored change in partial pressure (absolute) of 

methane in the sample container. 

With predetermined constants VL, PL, Pc' and 41, Eq. 6.9 can be 

solved using the Finite Difference Method. 

6.3 Numerical Solution 

Eq. 6.9 is a non-linear partial differential equation, which can 

be be solved by numerical method. The derivation of the finite 

difference equation (Eq. 6.9) is given in Appendix B. The solution of 

the equation requires that a value of D be first assumed. Using the 

initial saturation pressure and the boundary condition, the partial 

pressure distribution in the sample at future time (based on the assumed 

value of D) is obtained by an iterative procedure. The average partial 

pressure of methane in the sample at that time, therefore, becomes 

known. The quantity of methane desorbed during this time period is then 

calculated using the Langmuir Equation. Based on this calculated 

quantity, the increase in partial pressure of methane in the container 

can also be calculated .. This calculated increase (based on the assumed 
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value of D) is compared with the measured increase in the partial 

pressure of methane in the container (boundary condition). The 

difference between the two - calculated and measured values - is used to 

adjust the value of the assumed D. This procedure is repeated until the 

difference between the two falls within a preassigned error bound. The 

diffusion coefficient, D, for this time step at the calculated mean 

partial pressure of methane in the sample is thus obtained. The next 

time step is now considered and the entire procedure repeated. This is 

done for the entire duration of the experiment. The variation in the 

value of 0 over time - D vs partial pressure, or concentration of 

methane - is thus obtained. 

The flowchart shown in Figure 6.3 shows the different steps 

involved in computation of D. The computer program for the numerical 

simulation is attached in Appendix C. 
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Figure 6.3 Program Flowchart 
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CBAP'l'ER 7 

EXPERIMENTAL PROCEDURES AND CALCULATIONS 

7.1 Determination of Density and Porosity of Coal. 

7.1.1 Density of bulk coal 

The water displacement method was used to measure the bulk density 

of coal, Pc. Four samples taken from the Pittsburgh seam were evacuated 

first to remove moisture and weighed. The samples were then immersed in 

water for two days for saturation. After drying the surfaces, the bulk 

volume of the samples was measured by the water displacement technique 

(assuming that no more water is soaked by the sample). The results are 

listed in Table 7.1. 

7.1.2 Porosity of coal 

To determine the porosity of coal, the true density (helium 

density) of the sample was measured using the helium expansion method. 

The sample was ground to powder in order to shorten the time needed for 

the gas to get into the coal pores. The experimental setup is shown in 

Figure 7.1. A standard cylinder (500 ml) was used as Fixed Volume (FV). 

The helium expansion from the Fixed Volume to the Sample Container (SC) 

was first done for the empty sample container, and then with the sample 

in it. The volume of the sample container, Vsc, and the void volume, 

Vv, in the container after placing the sample were determined using the 
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Table 7.1 Bulk Density Measurement 

Sample * 1 2 3 4 

Weight (g) 
(after vacuum) 7.64 6.74 5.44 4.18 

Bulk Volume (ml) 
(after saturation) 5.7 5.0 4.0 3.1 

Bulk Density 
(g/rol) 1.34 1.35 1. 36 1.35 

Average 
(g/rol) 1.35 

Table 7.2 Determination of SC Volume 

1 2 3 4 

Pl (psi) 118.6 98.9 114.1 112.8 

P2 (psi) 61.8 51. 6 59.5 58.8 

Vsc (rol) 459.5 458.3 458.8 459.2 

Average 459 ml 

Table 7.3 Determination of Void Volume (Vv ) in SC 

1 2 3 

Pl (psi) 120.7 119.6 118.8 

66.0 65.5 65.0 

Vv (rol) 414.4 413.0 413.8 

Average 413.7 rol 
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measured pressures, PI and P2 (Table 7.2 and 7.3). The true volume of 

the sample was, therefore, the difference of Vsc and Vv. This volume 

divided by the mass of the sample (63.5 grn) gave the. true specific 

volume of the powdered sample: Vs = 0.713 ml/grn. 

From Table 7.1, the bulk density of coal was calculated to be 1.35 

grn/ml or the bulk specific volume of coal: 

Vbs = l/pc = 0.741 ml/grn 

The porosity of coal, $, was then calculated as: 

cj> = 0.741 - 0.713 
0.741 = 3.8 % 

7 .2 Determination of Langmuir Constants 

7.2.1 Standard Method 

Experimental Procedure 

The same experimental apparatus (Figure 7.1) and the same sample 

(powdered coal) as described in determination of $ were used to obtain 

the adsorption/desorption isotherms. This involved the following steps: 

(1) The whole setup, FV and SC, was evacuated first to remove all 

the air and moisture out. 

(2) With valve B closed, methane was led into FV, and PI was 

measured. 

(3) Valve B was then opened (with A and C closed). with 

adsorption of gas, a steady decrease in gas pressure was observed. 

After equilibrium between adsorbed gas and free gas was reached, P2 was 

measured. 
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(4) Valve B was closed, A opened, and more gas was led in. Again, 

Pl was measured (the increment of Pl was about 100 psi) . 

(5) Steps 2 to 4 were repeated until the equilibrium pressure, P2, 

reached approximetely 1,000 psia. The adsorption part of the experiment 

now ended. 

(6) with valve B closed, valve A was opened to bleed some gas out, 

and the pressure in FV was brought down by about 100 psi. Pl was 

measured. 

(7) With valve A and C closed, valve B was opened. The desorption 

of gas initiated and a steady increase in gas pressure was observed. 

After equilibrium between adsorbed gas and free gas was reached, P2 was 

measured. 

(8) Valve B was closed, A opened, more gas was bled out. Again, 

the pressure in FV was brought down by about 100 psi, and Pl was 

measured. 

(9) Steps 7 and 8 were repeated until the equilibrium gas pressure 

became very low (approximately 50 psia) . 

The temperature was kept constant during the entire experiment by 

placing the experimental setup in a constant temperature water bath. 

The experimental data and details of calculations to obtain the 

adsorption/desorption isotherms are given in Appendix D. The isotherms 

are shown in Figure 7.2. 

Langmuir Curve Fitting 

Theoretically, at a certain pressure and a constant temperature, 

the quantity of gas physically adsorbed is certain. In other words, the 

physical adsorption process is reversible. The experimental results 

(see Figure 7.2), however, showed a hysteresis between the adsorption 

and desorption isotherms. This may be caused by a small degree of 

ab.sorption (penetration of gas into the molecular lattice of coal) 
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Figure 7.2 Adsorption and Desorption Isotherms 
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and/ or chemisorption both of which are irreversible. Langmuir curve 

fitting, therefore, was done for both adsorption and desorption 

isotherms (Figures 7.3 and 7.4). 

The fitting equations for 

and 

adsorption: 

desorption: 

P/V = 0.0418 P + 18.604 

p/V = 0.0488 P + 12.538 

According to Eq (2.9) 

for adsorption: VL = 1/0.0418 = 23.92 ml 

PL = 18.604 X 23.92 = 445.07 

for desorption: VL = 1/0.0488 = 20.49 ml 

PL = 12.538 X 20.49 = 256.90 

psia 

psia 

Since desorption of gas is of primary interest in this study, the 

Langmuir constants for desorption isotherm were used in the computer 

simulation. 

7.2.2 Partial Pressure Method 

Two gases, methane and helium, are involved in the testing of 

diffusion coefficient of coal. Theoretically, the presence of a non

adsorptive gas, such as helium, in methane has little impact on the 

sorption isotherm of coal. To confirm this, an experiment was designed 

to bring down the partial pressure of methane in a mixture of methane 

and helium, so that a desorption isotherm could be obtained. Figure 7.5 

shows the experimental setup, slightly modified from Figure 7.1, for 

this purpose. The same sample used in the standard method was reused in 

this test for easy comparison of the results. 



116 

Figure 7,3 Langmuir Plot of Adsorption Isotherm 
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Figure 7.4 Langmuir Plot of Desorption Isotherm 
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Figure 7.5 Experimental Apparatus for Establishment of 
Desorption Isotherm (Partial Pressure Method) 
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Experimental Procedure 

(1) The entire setup, FV and SC, was evacuated first. With valve 

B closed, the sample was saturated with methane at a pressure very close 

to the highest pressure (approximetely 1,000 psia) for the adsorption 

i~otherm previously obtained. 

(2) To bring down the partial pressure of methane in SC, the 

helium regulator was first adjusted to the same pressure as in the SC. 

Valve D opened with E and F closed. Valve B was then opened slightly to 

bleed some mixed gas into FV. Valves Band D were closed in order so 

that the gas pressure in SC was about the same as before. 

(3) The desorption of gas initiated immediately after the 

injection of helium due to the decrease of partial pressure of methane 

in SC. This was indicated by a gradual increase in the total pressure in 

SC. After equilibrium between adsorbed methane and free methane was 

established (the total pressure became stable), the total pressure in 

SC, Psc, was recorded. By opening valve F slightly, the concentration 

of methane in SC was measured using a gas chromatograph (GC). 

(4) The total pressure in FV, PFV, was read and the concentration 

of methane in FV was measured by opening valve A leading to GC. FV was 

then evacuated again. 

(5) Step 2 to 4 were repeated until the concentration of methane 

in SC became very low (less than 3%) . 

The experimental data and details of calculations to obtain the 

desorption isotherms are given in Appendix D. The desorption isotherm 

is shown in Figure 7.6. 

In order to compare the two experimental methods, the two 

desorption isotherms are plotted in Figure 7.7 which shows a good 

agreement of the two. The Langmuir curve fitting is, therefore, 

unnecessary for the desorption isotherm obtained from the partial 

pressure method. 
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Figure 7.7 Comparison of Desorption Isotherms 

With and Without Presence of Helium 
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7.3 Determination of Diffusion Coefficient 

As discussed in Chapter 6, these experiments were designed to 

monitor the changes of partial pressure of methane with time in the 

sample container. The monitored values were used as boundary condition 

to solve the modeling equation derived in Chapter 6, and the diffusion 

coefficient, D, was determined. 

Figure 6.1. 

The experimental setup is shown in 

7.3.1 Experimental Procedure 

Dry Sample 

(1) The cylindrical sample was weighed and measured. No major 

fractures were found. The end faces of the sample were coated with 

rubber glue. Basic information about the sample is listed below: 

Sample: Pittsburgh Seam - 8001 

Weight: 261.9 grn (dry) 

diameter: 5.1 cm 

Length: 9.5 cm 

Volume: 194 ml 

density: 1.35 g/cm3 

(2) The sample was placed in the sample container and evacuated 

for 24 hours, and then saturated with methane for another 24 hrs at high 

pressure. This pressure is termed the saturation pressure. 

(3) The regulator on the helium cylinder was adjusted to about 5 

psi higher the saturation pressure (Valve B was closed at this time). 

This pressure is termed injection pressure. 
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(4) With D and F closed, E and G open, FV was evacuated. E was 

then closed. 

(5) B was opened first and D was then opened to FV slowly and 

slightly. This ensured that the pressure in SC did not become lower 

than the saturation pressure (when gas is in motion, the static pressure 

becomes lower). The starting time of injection was recorded. D and B 

were closed in order, and the pressure in FV was recorded. 

(6) The pressure in SC started increasing steadily due to 

desorption and diffusion of methane. This increase was monitored over 

time. When this increase became above 0.5 psi, gas was bled out of SC 

by opening D to GC slowly to bring the pressure in SC down to the 

original gas pressure. Every time gas was bled out, the concentration 

of methane was measured using GC. This was done until the pressure 

increase in SC became very slow. 

(7) After the last reading, the concentration of methane in SC was 

measured three times to obtain an average and precise value. 

(8) Concentration of methane in FV was then measured. Once again, 

three measurements were taken for precision. 

It should be noted that the concentration measured by GC at early 

time in step 6 may not represent the concentration at boundary of the 

sample because the diffusion rate is high, and the gas in Sc may not be 

well mixed. At late time, however, the total pressure change is very 

difficult to monitor, since the diffusion rate becomes very low. The 

variation of methane concentration, therefore, has to be measured using 

the GC. 

Wet Sample 

Wet sample was also used in the experiments. The experimental 

setup and procedure was the same as for the dry sample except for the 
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measurement of the moisture content in the sample, which involved the 

following steps: 

(1) The sample was evacuated for 24 hrs in a desiccator to remove 

moisture and then weighed (261.9 grn) • 

(2) The sample was placed in a container shown in Figure 7.8 and 

evacuated again fo~ 24 hrs with valve B closed. 

(3) With A closed, B was opened to allow water to immerse the 

sample (making sure that no air got into the container). 

(4) A hydrostatic pressure, 50 psi, was applied to the water in SC 

by a injector. 

(5) After a week, the sample was assumed to be fully saturated 

with water. The sample was taken out, its surfaces were dried, and the 

sample was weighed again (264.1 grn) 

The water in the sample at 100% saturation, therefore, was 

264.1 - 261.9 = 2.2 grn 

(6) The sample was placed in SC and evacuated for 3 hours prior 

to saturating it with methane. After the experiment finished, the 

sample was once again weighed (262.93 grn) • 

The water content that remained in the sample was calculated: 

262 .93 - 261. 9 1.03 grn or 1.03 

or the moisture content in the sample was 

1.03 / 194 (volume of sample) = 0.53 % 

Since moist gas was used for wet sample testing, the amount of 

moisture corning out from the sample with diffusion of methane was very 
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limited, this value (0.53 %) was considered to be the moisture content 

in the sample during the experiment. 

7.3.2 Establishment of the Boundary Condition 

using the concentration of methane in SC at the end of the 

experiment, and the monitored increments of total pressure in SC (i.e. 

the increments of partial pressure of methane), the variation in the 

partial pressure of methane with time in SC (or the boundary condition 

for the solution of the equation) was determined. 

To demonstrate the technique, the results of an experiment carried 

out at total pressure, 977.5 psia, are used. The experimental data for 

this experiment is listed in Table 7.4. The following parameters are 

useful for calculations: 

Volume of FV: VFV = 506 ml 

Volume of SC: Vsc 705 ml 

Void Space in SC: Vv = 512 ml 

Since the sum of the total pressure increments was 11.9 psi, and 

the final concentration of methane in SC is 60.14%, the partial pressure 

of methane in SC at the moment when monitoring started (3.5 minutes) was 

calculated as shown below: 

(Total Pressure in SC) x (Final Concentration of CH4) - (Sum of 

the Pressure Increments), or 

977.5 X 60.14% - 11.9 = 576.0 psia 

Similarly the partial pressure of methane in SC was calculated for 



Table 7.4 Experimental Data (1) 

Sample (dry) : Pittsburgh Seam 

Temperature: 24.5° C (76° 

Saturation Pressure: 973.3 

Total Pressure in SC: 977.5 

Pressure in FV: 571.0 

Conc. of CH4 in FV: 

Final Conc. of CH4 in SC: 

Cum. Time 
(min) 

Increment in Pt 

(psi) 

o 
3.5 
8 
15 
35 
64 
102 
215 
340 
658 
975 
1540 
2020 

2.8 
2.6 
1.8 
1.3 
0.8 
0.9 
0.8 
0.6 
0.2 
0.1 
0.0 

- 8001 

F) 

75.32 

60.14 

psia 

psia 

psia 

% 

% 

Pp of CH4 
(psia) 

568.2 
576.0 
578.8 
581.4 
583.2 
584.5 
585.3 
586.2 
587.0 
587.6 
587.8 
587.9 
587.9 
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each time interval, thus giving the boundary condition for the modeling 

equation. 

It should be noted that the desorption and diffusion of methane 

are initiated inunediately after the helium is injected into SC. The 

above boundary condition derived from the monitored pressure change, 

however, 

complete. 

starts only from the moment after injection of helium is 

Although the injection time is less than one minute, the 

quantity of methane desorbed during this period may be very large. This 

is because the diffusion of gas in pores is a strong function of gas 

velocity on the surface. Compared with diffusion in motionless gas, the 

diffusion velocity with a moving surface is much faster. The 

fluctuations of pressure in SC with injection of helium may also 

contribute to this quantity. This quantity, therefore, should not be 

ignored. This means that an starting concentration (or partial 

pressure) of methane in SC needs to be established so that the 

saturation pressure (973.3 psia) can be used as the initial condition 

for the simulation exercise. 

Since the total pressure of gas and the concentration of methane 

in FV were known, the quantity of methane bled out from SC with 

injection of helium was calculated. If it is assumed that the quantity 

of methane bled into FV comes from only the free gas in the void space 

in SC, a concentration of methane in SC can be estimated. This is not a 

true starting concentration in SC, but can be used for the simulation 

without loss of significant accuracy (the result will be affected only 

for the first few minutes of the simulation). 

The calculations for the starting concentration of methane in SC 

were carried out as follows 

(1) From Table 7.4, the concentration of methane in FV is 75.32%. 

The volume of methane bled into FV (at the pressure 571.0 psia, and 

temperature 24.5° C) is 
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Vb = 506 x 75.32% = 381.1 ml 

(2) This volume is converted into standard condition using the 

Real Gas Law (Z = 0.937 for 571.0 psia) 

571.0 X 381.1 X 273 
= 0.937 X 14.69 X 297.5 = 14508.1 ml 

(3) The volume of methane in the void space in SC at saturation 

pressure, 973.3 psia, is converted to standard condition (Z = 0.893 for 

973.3 psia) 

VVST 
973.3 X 512 X 273 

= = 0.893 X 14.69 X 297.5 34859.3 ml 

(4) The standard volume of methane remaining in the void space in 

SC after injection of helium (assuming that no desorption or diffusion 

occur while injection) 

V rST = VVST - VbST 

= 34859.3 - 14508.1 

= 20351.2 ml 

(5) This volume is converted back to the volume at the total 

pressure 977.5 psia and temperature 24.5° C (Z = 0.893) 

Vr = 20351.2 X 14.69 X 0.893 X 297.5 
977.5 X 273 = 297.6 ml 

(6) The starting concentration of methane in the void space in SC 

after injection of helium, therefore, must be approximately: 
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N = 297.6 / 512 = 0.5813 

(7) The starting partial pressure of methane in SC, therefore, is 

Pp = Pt N = 977.5 X 0.5813 = 568.2 psia 

Combining this calculated starting partial pressure with the 

monitored partial pressure change in SC, a complete set of boundary 

condition for the simulation is obtained (Table 7.4. Partial Pressure of 

CH4 in SC vs. Cumulative Time). The partial pressure change with time in 

SC is shown in Figure 7.9. 

7.3.3 Curve Fitting Equation 

The following equation was considered to be adequate to represent 

the boundary condition 

P = Po + Pl * e-a/tb (7.1 ) 

where P is the partial pressure of methane in SC, Po is the starting 

value of partial pressure at boundary (calculated from the quantity of 

methane bled into FV during the helium injection), t is the diffusion 

time, Pl, a, and b are constants determined by curve fitting. 

At time t = a P Po 

t = 00 P = Po + Pl 

Eq. 7.1 can be re-written as: 
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Figure 7.9 Monitored Increase in Pp of CH4 in SC (1) 
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In(P - Po) = In Pl - a*t-b 

or, y = A - BX (7.2) 

where Y = In (P-Po) 

A = In Pl 

B = a 

X = t-b 

with a properly chosen constant b (b = 0.5 for the experiments 

reported), the partial pressure change with time can be fitted into a 

straight line as described by Eq.7.2. The constants, a and Pl, are then 

easily determined. Figure 7.10 presents the curve fitting for the 

experiment performed at a total pressure 977.5 psia. 

In order to examine the effects of reservoir pressure and water 

saturation on diffusion, the experiments were repeated on different 

pressure levels (total pressure: 725.1, and 511. 2 psia), as well as 

using a wet coal sample (total pressure 980.1 psia). The relevant data 

and graphs are included in Appendix E. 

7 • 4 Paramet.ers Used in t.he Simulat.ion 

Based on above experimental results, following parameters were 

used in the computer simulation: 

Volume of Sample: Vs = 194 

Volume of Void Space in SC: 

Density of Coal: Pc = 1.35 

ml 

Vv = 512 

gm/ml 

ml 



Figure 7.10 Curve Fitting (1) 
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Porosity of Coal: $ = 3.8 % "" 4 % 

Langmuir Pressure: PL = 256.9 psia 

Langmuir Volume: VL = 20.49 ml 
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CHAPTER 8 

RESULTS AND ANALYSES 

8.1 The Profil.es of Methane Concentration Within the 

Sample 

The increase in partial pressure of methane in SC was monitored 

for over 20 hours in the experiments. Based on these measurements, 

computer simulation for each experiment was conducted for a time period 

which allowed the mean partial pressure of methane within the sample to 

drop to about 5 psi above the boundary value. Figures 8.1 to 8.3 give 

the profiles of simulated concentration changes within the sample for 

the three experiments performed at different total pressures. The data 

used in these plots are presented in Appendix E. These simulations 

clearly show that the drop of methane concentration in coal is much 

faster for high experimental pressures. 

8.2 The Diffusion Coefficient Changes with Methane 

Concentration in Coal 

The variations in the value of diffusion coefficient with mean 

partial pressure of methane in coal are plotted in Figures 8.4 to 8.7. 

The data used in these plots are presented in Appendix E. 
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Figure 8.1 Distribution of Pp within the Sample (1) 
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Figure B.2 Distribution of Pp Within the Sample (2) 
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Figure 8.3 Distribution of Pp Within the Sample (3) 
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Figure 8.4 variation in D with Mean Pp of CH4 (1) 
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Figure 8.5 Variation in D with Mean Pp of CH4 (2) 
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Figure 8.6 Variation in D with Mean Pp of CH4 (3) 
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Figure 8.7 Variation in D with Mean Pp of CH4 (4) 

(wet sample) 
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Figure S.B Comparison of the Experiments Performed 

at Different Pressures 
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A continuous decrease in the value of D with decreasing mean 

concentration of methane in coal is a cornmon feature in all four 

experiments performed at different pressures and using a wet sample. 

Two effects may be responsible for this decrease. The first is the 

change of flow mechanism with decreasing methane concentration in coal. 

After undergoing a step change of partial pressure of methane in SC, the 

outflow of methane may first be dominated by molecular diffusion in fine 

fractures or very large pores (no major cleats were found on the sample) 

since the mean free path of molecules may be comparable or smaller than 

the pore size at high pressures. The diffusion coefficient, th~refore, 

is high and the quantity of methane released in this stage is very 

large. With the depletion of methane in fractures and large pores, the 

flow is soon controlled by Knudsen diffusion in smaller pores since 

diffusion in these pores is much slower. Finally, the flow may be 

controlled by surface diffusion in very tiny pores where there is no 

space for free gas to flow. The diffusion coefficient, therefore, is 

significantly reduced. The second effect is the ·coal matrix shrinkage 

induced by desorption of gas. This shrinkage may result in reduced pore 

sizes, and subsequently, a decrease in the value of the diffusion 

coefficient in coal. 

Based on this understanding, it is not surprising to see the 

similarity between Figures 8.4 to 8.7 and Figure 4.3. It is also easy 

to understand the large discrepancy between the measured values of D 

using powdered coal and a solid coal plug (Chapter 5). The values 

obtained from powdered coal most likely represent the diffusion in very 

small pores, since the large pores are destroyed during the process of 

pulverization. The values of D measured from powdered coal, therefore, 

are very low (in the order of 1 x 10-14 to 1 x 10-16 cm2 /sec according to 

Nandi,. 1970) compared to the values measured using a coal plug (in the 

order of 1 x 10-6 crn2 /sec according to Thirnons, 1973). As indicated by 
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Smith (1982), the value of 0 can be expected to be a strong function of 

particle size. As di.scussed in Chapter 5, the unipore model fails to 

describe the late time diffusion in coal particles. This also indicates 

the existence of varying pore sizes in coal, which are primarily 

responsible for the changes in flow mechanism with decreasing methane 

concentration in coal. 

8.3 The Diffusion Coefficient Changes with Reservoir 

Pressure 

Figure 8.8 gives the comparison of the results obtained from 

experiments performed at three different pressures. At lower pressures, 

the decrease in the value of 0 with mean concentration of methane in 

coal is steeper. This can be explained by the fact that the quantity of 

gas stored in fractures and pores is less and the mean free path of 

molecules is longer at a lower pressure. The change of dominant flow 

mechanism from molecular diffusion (bulk diffusion) to Knudsen diffusion 

or from Knudsen diffusion to surface diffusion, therefore, takes place 

faster. As indicated in Figure 2.8, the coal matrix shrinkage with 

desorption of methane is higher at lower pressures. This effect may 

also be contributing to the steeper decrease in the value of the 

diffusion coefficient of methane at low pressures. 

The variations in the value of D with time at three experimental 

pressures are compared as shown in Figure 8.9 (the data are included in 

Appendix D), which clearly indicates that at late time diffusion, 0 is a 

function of pressure. At low pressures, the release of methane from 

coal matrix at late time becomes so slow that it may take several weeks 

to reach equilibrium. 
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It should be noted that the above discussion is based on a binary 

counter diffusion flow of methane and helium in coal matrix, which is 

not the case in coal seams. The presence of helium in the experiments, 

however, has little effect either on the adsorption/desorption of 

methane or on the diffusion in micropores (except for the bulk diffusion 

in fractures and large pores), simply because helium is a non-adsorptive 

gas and the flow of methane and helium in Knudsen diffusion are 

independent. 

practice. 

The above discussion, therefore, is meaningful in 

8.4 The Diffusion Coefficient Changes with Degree of 

Water Saturation 

The wet sample (moisture content: 0.53%) was used to examine the 

dependency of diffusion on the degree of water saturation. The results 

from this experiment are compared with the results ·of the dry sample at 

approximately the same experimental conditions. The two are shown in 

Figures 8.10 and 8.11. The data used in these plots are included in 

Appendix D. 

The water content in the sample at 100 % saturation was measured 

to be 2.2 gm or 2.2 cm3 at standard condition, and the volume of the 

sample is 194 cm3 • The macropore or water porosity (measured by water 

imbibition), therefore, is 1.1 %. The true porosity (measured by helium 

displacement) is 3.8 %. The difference of these two porosities gives 

the micropore porosity of the coal sample 

3.8 % - 1.1 % = 2.7 % 
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This suggests that over 70% of the void space in the sample is 

inaccessible to water. Basically, water is stored in cleats or 

fractures. The Langmuir constants derived from the experiment using dry 

sample can thus be utilized for the simulation of gas transport in the 

wet sample. 

Figure B.10 indicates that for the wet sample, the decrease in the 

value of D with mean concentration of methane is much steeper than that 

for the dry sample. The difference between dry and wet in the value of 

D, consequently, changes with mean concentration of methane in coal. As 

shown in Figure B.11, the diffusion coefficient for the wet sample may 

be 30 times smaller than that for dry sample at late time diffusion 

(water content 0.53%). This decrease is probably due to the presence of 

water in fractures or the effect of moisture adsorbed in pores. The 

distribution of partial pressure of methane within the wet sample is 

presented in Figure B.12. (The data used in this figure is included in 

Appendix E) . 

The diffusion coefficient of methane in coal, therefore, is also 

water saturation dependent. 
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Figure 8,12 Distribution of Pp Within the Sample (4) 

(wet Sample) 

1000 
t=O min. 

ctS 'w 
Co t::3 min. 
ai' 900 
c: 
ctS ..c: -Q) 

~ 
'0 800 
e 
:l 
(/) t=10S min. (/) e 
a. 
m 700 t=290S min. 
t: 
ctS a. 

Pt = 980.1 psia 

sao 
0.0 0.2 0.4 O.S 0.8 1.0 

Distance from the center of the specimen, in 



152 

CHAPTER 9 

CONCLUSIONS AND FUTURE WORK 

9.1 Conclusions 

(1) The diffusion coefficient of methane in coal matrix is methane 

concentration dependent. with desorption of methane, the value of 

diffusion coefficient decreases continuously. 

(2) The changes of dominant flow mechanism from bulk diffusion to 

Knudsen diffusion or from Knudsen diffusion to surface diffusion, and 

the shrinkage of coal matrix with desorption of methane may primarily be 

responsible for the decrease in the value of D with decreasing methane 

concentration in coal. 

(3) The range of pore size in coal may vary from a few A to 

several hundreds of A which allows bulk diffusion, Knudsen diffusion, 

and surface diffusion to occur at high pressures. The pore size may 

also change due to coal matrix shrinkage with desorption of methane. 

The methane diffusion in coal matrix, therefore, should not be described 

by a unipore model or a single diffusion coefficient model. 

(4) The diffusion coefficient measured using powdered coal 

specimen most likely represent the diffusion in very small pores. Using 

powdered coal specimen in the experiments, therefore, is an improper way 

of representing the coal matrix of the micropore system. 

(5) The diffusion coefficient of methane in coal matrix is 

reservoir pressure dependent. At late time diffusion, D is lower at a 
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lower pressure. This may probably due to the higher rate of coal matrix 

shrinkage at a lower pressure. 

(6) The diffusion coefficient of methane in coal matrix is water 

saturation dependent. The decrease in the value of D for the wet sample 

changes with mean concentration of methane in coal. The diffusion 

coefficient measured for the wet sample with a moisture content 0.53% 

was 30 times smaller than that for the dry sample at late time 

diffusion. 

(7) The macropore porosity of coal (Pittsburgh Seam) measured by 

water imbibition method is 1.1 % and the true porosity measured by 

helium displacement is 3.8 %, suggesting that over 70% of the void space 

in coal is inaccessible to water. 

9.2 Future Work 

(1) A relationship between the shrinkage of coal matrix and 

decreasing diffusion coefficient should be established experimentally. 

The results would help clearly defining a variable value of D. 

(2) More experimental work is necessary to examine the variation 

in diffusion coefficient with the degree of water saturation. 

(3) The diffusion coefficient of methane in coal matrix is also a 

function of temperature. The experiments should be carried out at 

different temperatures to understand the temperature dependency of D. 
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APPENDIX A 

MASS BALANCE ON ELEMENT VOLUME 



( r + dr) de 

aVr 
Vr+ ar a 
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The mass balance on a small portion of the cylindrical element 

(control volume) is shown above. The volume of gas getting in is 

Vr r H de + va H dr 

The volume of gas leaving out is 

~r e ~ (vr + ar dr) (r + dr) H d + (va + ae de) H dr 

The difference is 

e 
aVr ava 

- Vr H dr d - ar r H dr de - ae H de dr 

aVr - H (dr)2 de 
ar (1) 

where the last term is negligible due to the higher order of 

infinitesimal. 

According to Eq. (6.1) and (6.2) 



- Dr 
aN Dr app 

Vr = ar = ar Pt 

and 
aN De app 

ve = - De -- = -
rae Pt ae 

substituting (2) and (3) into (1) 

~ app a ~ app 
P

t 
ar H dr de + ar [p

t 
ar] r H dr de 

+.£. De app] H de dr 
as [pt ae 

Since Pp varies only in r direction 

and Dr = D 

Integrating (4) for the whole cylindrical element 

21t 

f D ap paD ap p e 
[p

t 
ar H dr + ar (p

t 
ar) r H dr] d 

o 

__ 12.. 1 app a2pp (- + ) 21trH dr P t r ar ar2 
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(2) 

(3) 

(4) 
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APPENDIX B 

FINITE DIFFERENCE EQUATION 
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The finite difference equivalent of the partial differential 

equation, Eq. (6.9), is written as 

or 

or 

1 
2 

where: 

k+1 2pki+1 k+1 
Pi+1 - + P i - 1 

k+1 k+1 
P i+1 - P i-1 

+ Jl ______ ~------ + 
ri 2 (~r) (~r) 2 

+ Jl ______ ~------
ri 2 (~r) 

A k+1 4ri(~r)2 fk+-21 )pk
i

+1 
(2ri - L.lr)P i _1 + (-4ri -

~t i 

k+1 k+1 k+1 
Ai; i-1 p i-1 + Ai; i Pi + Ai; i+1 P i+1 = Bi 

Ai;i 

Bi 

k + (-2ri - ~r)Pi+1 

and according to Eq. (6.10) 

(1) 

(2) 

(3) 
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The radius of the cylindrical specimen is divided into 10 equal 

parts by 9 nodes. The inside and outside boundaries, therefore, are 

represented by the node #0 and #10. Since the radius of the specimen is 

one inch 

6r = R / 10 = 0.1 in 

ri = i 6r 

and for the two boundaries 

P
k+1 k+l 
o P1 

P
k+1 
10 = Pb (monitored partial pressure in Se) 

combining these boundary conditions into (2) and (3) yields 

4r1 (6r) 2 1 
A1;1 = -2r1 - 6r - 6t 

fk+2' 
1 

4rl (6r) 2 1 
) P~ k 

B1 = (2r1 + 6r - 6t 
fk+2' + (-2r1 - 6r) P2 

1 

Bg A k 4rg(6r)2 f k+-21 )pk = (ur - 2rg)Pa + (4rg - ~t 9 9 

( 2 A ) k 2 _ Ar) P
b
k+1 + - rg - ur Pb + (- rg u 

The matrix A is symmetric 
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APPENDIX C 

COMPUTER PROGRAM 
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SOEBUG 

C PROGRAM FOMO 
C THIS IS A PROGRAM USING FDM TO CALCULATE OIFFUSION COEFF. OF COAL 

C*************************************************************************** 
C* VARIABLE OECLARATION * 
C*************************************************************************** 

OIMENSION A(9,9),PI(9),PII(9),B(9),R(9),PP(9),ER(9),PP1(9) 
OOUBLE PRECISION A,PI,PII,B,R,PP,ER,PPl 
COMMON /OAT/O,PL,VL,ZT,ROC,FI 

c*************************************·************************************* 
C* OPEN INPUT ANO OUTPUT FILES * 
C*************************************************************************** 

OPEN(l,FILE='INPUT.OAT',STATUS='OLO') 
C OPEN(7,FILE='OUT3.0AT',STATUS='NEW') 
C OPEN(B,FILE='OUT4.0AT',STATUS='NEW') 
C OPEN(9,FILE='OUT5.DAT',STATUS='NEW') 

OPEN(10,FILE='OUT1.0AT',STATUS='NEW') 
OPEN(11,FILE='OUT2.0AT',STATUS='NEW') 

C*************************************************************************** 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 
C* 

INPUT VARIABES: 
OAO - INITIALLY ASSUMEO MINIMUM OIFFUSION COEFFICIENT (SQ.CM/SEC). 
OAl - INITIALLY ASSUMEO MAXIMUM OIFFUSION COEFFICIENT (SQ.CM/SEC). 
PBO - THE INITIAL BOUNDARY PARTIAL PRESSURE. 
Cl, C2, PWW - COEFFICIENTS OF CURVE FITTING EQUATION. 
PL, VL - LANGMUIR PRESSURE AND LANGMUIR VOLUME (PSI AND CU.CM/G). 
PS - SATURATION PRESSURE IN THE SAMPLE (PSI). 
PT - TOTAL PRESSURE IN THE SAMPLE CONTAINER (PSI). 
DR - INCREMENT IN THE R DIRECTION (CM). 
ROC - COAL SAMPLE DENSITY (G/CU.CM). 
VS - VOLUME OF SAMPLE (CU.CM). 
VV - VOIO VOLUME IN THE SAMPLE CONTAINER (CU.CM). 
FI - POROSITY OF THE SAMPLE. 
TEMP - TEMPERATURE. 
Tl, T2, T3, T4, - TIME AT WHICH TIME STEP CHANGES (MIN). 
OT1, DT2, DT3, DT4, OT5 - TIME STEPS (MIN). 
TT - TOTAL TIME (MIN). 
El, E2, E3, E4 - ITERATION ERROW BOUNO (PSI). 

* 
* --* 
-
* 
-* 
-----
* 

--* 
C*************************************************************************** 

REAO(1,499) 01l0,OAl 
REAO(l,*) PBO,Cl,C2,PWW 
REAO(l,*) PL,VL 
REAO(l,*) PS,PT 
REAO(l,*) OR,ROC,VS,VV,FI,TEMP 
REAO(l,*) T1,T2,T3,T4,OT1,OT2,OT3,OT4,OT5,TT 
REAO(l,*) E1,E2,E3,E4 

WRITE(*,501) OAO,OA1 
WRITE(*,-) PBO,C1,C2,PWW 
WRITE(*,*) PL,VL 
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WRITE(*,*) PS,PT 
WRITE(*,*) DR,ROC,VS,VV,FI,TEMP 
WRITE(*,*) T1,T2,T3,T4,DT1,DT2,DT3,DT4,DT5,TT 
WRITE(*,*) E1,E2,E3,E4 
PAUSE 

c**************************··**********************************************. 
C* INITIALIZATION OF WORKING VARIABLES * 
C·****************************************************.*.******************* 

DTaDT1 
T=DT1 
DASOaDAO*60. 
DAS1=DA1*60. 
D=DASO 
M=O 

G=EXP (C1) 
PBI=PBO 
XT=-C2/ (TUPWW) 
PBII=PBO+G*EXP(XT) 
WRITE(*,*) PBI,PBII 

DO 1 J=1,9 
R(J)=J*DR 

1 PI(J)=PS 

ZT=1.0012-(1.1200E-4)*PT 

WRITE(ll,*) 
WRITE (11, *) 

TIME', , 
(MIN) ',' 

2 W=T-DT1 
WA=ABS(W) 
IF(WA.LT.0.000001) THEN 

DO 3 J=1,9 
3 PP(J)=PI(J) 

ELSE 
DO 333 J=1,9 

333 PP(J)=PP1(J) 
END IF 

4 N=O 
DSEC=D/60. 
WRITE(*,506) T,DSEC 

6 DO 10 1=1,9 
DO 10 J=1,9 

10 A(I,J)=O. 

AVER. P. PR.',' 
(PSIA) " , 

DIFF. COEFF.' 
(SQ.CM/SEC) , 

c·************************************···************************.********** 
C* ESTABLISHMENT OF MATRIX A * 
c**************************************··************************* •• **** •• ** 

20 DO 30 J=l,S 
A(J,J+1)=2.*R(J)+DR 

30 A(J+1,J)=A(J,J+1) 
DO 50 J=2,9 



50 A(J,J)--4.*R(J)-4.*R(J)*F(PP(J»*DR*DR/DT 
A(1,1)=-2.*R(1)-DR-4.*R(1)*F(PP(1»*DR*DR/DT 
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C********************************************************************* •• **** 
C ESTABLISHMENT OF VECTOR B * 
c**********************************************·*****************.***.*.*.*. 

DO 60 J=2,B 
60 B(J)=(DR-2.*R(J»*PI(J-1)+(4.*R(J)-4.*R(J)*F(PP(J»*DR*DR/DT) 

* *PI(J)+(-2.*R(J)-DR)*PI(J+1) 
B(1)=(2.*R(1)+DR-4.*R(1)*F(PP(1»*DR*DR/DT) 

* *PI(1)+(-2.*R(1)-DR)*PI(2) 
B(9)=(DR-2.*R(9»*PI(B)+(4.*R(9)-4.*R(9)*F(PP(9»*DR*DR/DT) 

* *PI(9)+(-2.*R(9)-DR)*PBI-(2.*R(9)+DR)*PBII 

c************************···*···******************************************** 
C* PRINT OUT MATRIX A AND VECTOR B * 
c********************************************··******************.********_. 

C WRITE(7,502) T 
C WRITE(B,502) T 
C WRITE(7,503) N 
C WRITE(B,503) N 
C WRITE(7,*) MATRIX A' 
C WRITE (B, *) VECTOR B' 
C DO 61 1=1,9 
C WRITE(7,504) (A(I,J) ,J=l, 9) 
C WRITE(B,505) B(I) 
C 61 CONTINUE 

C*************************************************************************** 
C* SOLVE THE EQUATION USING SUBROUTINE GAUSSJ * 
C*************************************************************************** 

CALL GAUSSJ(A,9,9,B,1,1) 

C WRITE(*,503) N 
IF(N.NE.O) GO TO BO 

65 N=N+1 
DO 70 J=1,9 
PI! (J) =B (J) 

70 PP(J)=(PI(J)+PII(J»/2. 
GO TO 6 

c***************************·*****************·******·***.* •• *************** 
C* 
C* 

TEST FOR HALF TIME PRESSURE ESTIMATE, TO SEE WHETHER IT FALLS 
BETWEEN ERROW BOUND E1 

* 
* 

c*·····*······***·*·*··**·**·*****···**·*******··***·*** •• ************.**.** 

BO CONTINUE 
C WRITE(9,502) T 
C WRITE(9,503) N 

DO 90 J=1,9 
ER(J)=ABS(B(J)-PII(J» 

C WRITE(9,505) ER(J) 
IF(ER(J) .GE.E1) GO TO 65 

90 CONTINUE 

DO 100 J=1,9 
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100 PI! (J)=B (J) 

c**********************************···*·*********·************ ••• ********.*. 
C* QUANTITY OF GAS COMING OUT OF THE SAMPLE IS CALCULATED AND COMPARED * 
C* WITH BOUNDARY VALUE * 
C****************************************************************.*.*.****.* 

SMI=3.14*DR*DR*PI(1) 
SMII=3.14*DR*DR*PII(1) 
DO 105 J=1,9 
SMlaSMI+PI(J)*3.14*«(J+1)*DR)**2-(J*DR)**2) 

105 SMII=SMII+PII(J)*3.14*«(J+1)*DR)**2-(J*DR) **2) 
API=SMI/(3.14*100.*DR*DR) 
DFRNS=API-PBI 
IF(DFRNS.LT.E4) THEN 

WRITE(*,*) 'AVE.P.PR. LT. B.P.PR' 
GO TO 1000 

END IF 
APII=SMII/(3.14*100.*DR*DR) 

VD=(VL*API/(PL+API)-VL*APII/(PL+APII))*ROC*VS 
VF=VS*FI*(API-APII)/PT 
VFS=VF*PT*273./(14.69*ZT*(TEMP+273.)) 
VO=VV*PBI*273./(14.69*ZT*(TEMP+273.)) 
VSM=VD+VO+VFS 
PSM=VSM*14.69*ZT*(TEMP+273.)/(VV*273.) 
PDF=PSM-PBII 
PDFA=ABS(PDF) 
IF(PDFA.LT.E2) THEN 

WRITE(10,s02) T 
WRITE(10,50s) (PII(J),J=1,9) 
WRITE(10,505) PBII 
DOUT=D/60. 
WRITE(11,s07) T,APII,DOUT 
GO TO 108 

END IF 

C*******************************************************************.***.*.* 
C* CALCULATION OF A NEW 0 * 
c**********··******************************************.*.****** •••• **.* •• *. 

IF(M.EQ.O) THEN 
YO=PDF 
XO=D 
D=DAS1 
M=M+1 
GO TO 2 

END IF 

IF(M.EQ.1) THEN 
Y1=PDF 
Xl=D 

END IF 

IF(M.GT.1) THEN 
Y2=PDF 
GO TO 555 

END IF 



IF(YO.EQ.SIGN(YO,Yl» THEN 
D=D*2.0 
GO TO 2 

END IF 

444 X2-XO-YO*(XO-Xl)/(YO-Yl) 
D=X2 
M=M+l 
GO TO 2 

555 IF(YO.NE.SIGN(YO,Y2» GO TO 666 
XO=X2 
YO=Y2 
GO TO 444 

666 Xl=X2 
Yl=Y2 
GO TO 444 

108 IF(T.GT.Tl) DT=DT2 
IF(T.GT.T2) DT=DT3 
IF(T.GT.T3) DT=DT4 
IF(T.GT.T4) DT=DT5 
T=T+DT 
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c********************************************************************.*.**** 
C* SET UP NEW BOUNDARY CONDITION AND START A NEW TIME STEP * 
C*************************************************************************** 

IF(T.GE.TT) GO TO 1000 
PBI=PBII 
XT=-C2/(T**PWW) 
PBII=PBO+G*EXP(XT) 
WRITE(*,*) PBI,PBII 
PBDIFF=PBII-PBI 
IF(PBDIFF.LT.E3) THEN 
WRITE(*,*) 'TOO SMALL CHANGE OF B.P.PR' 
GO TO 1000 
END IF 

DO 110 J=1,9 
PP(J)=(3.*PII(J)-PI(J»/2. 
PP1(J)=PP(J) 

110 PI(J)=PII(J) 
PAS1=D 
D=DASO 
M=O 
GO TO 4 

499 FORMAT(2E15.5) 
501 FORMAT(lX,2E15.5) 
502 FORMAT (lX, 'T=',F7.1) 
503 FORMAT (lX, , N=',I5) 
504 FORMAT(lX,10F7.2) 
505 FORMAT(lX,F20.7) 
506 FORMAT (lX, , T=',F7.l,' 
50") FORMAT (lX, , T=',F7.l,' 

1000 STOP 

D=',E15.7) 
APP=' , F") • 1, , D=' ,E15. 7) 



END 

FUNCTION F(P) 
COMMON /DAT/D,PL,VL,ZT,ROC,FI 
DOUBLE PRECISION P 
F=(14.69*VL*PL*ROC*ZT/«PL+P)*(PL+P))+FI)/D 
RETURN 
END 
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c****************************************************·.*.* •• **************. 
C* SUBROUTINE GAUSSJ * 
c·*********************************************************************.*** 

SUBROUTINE GAUSSJ(A,N,NP,B,M,MP) 
PARAMETER (NMAX=50) 
DIMENSION A(NP,NP),B(NP,MP),IPIV(NMAX),INDXR(NMAX),INDXC(NMAX) 
DOUBLE PRECISION A,B 
DO 11 J=l, N 

IPIV(J)=O 
11 CONTINUE 

DO 22 I=l,N 
BIG=O. 
DO 13 J=l,N 

IF(IPIV(J) .NE.1)THEN 
DO 12 K=l,N 

IF (IPIV(K) .EQ.O) THEN 
IF (ABS(A(J,K)) .GE.BIG)THEN 

BIG=ABS(A(J,K)) 
IROW=J 
ICOL=K 

ENDIF 
ELSE IF (IPIV(K) .GT.1) THEN 

PAUSE 'Singular matrix' 
ENDIF 

12 CONTINUE 
ENDIF 

13 CONTINUE 
IPIV(ICOL)=IPIV(ICOL)+l 

IF (IROW.NE.ICOL) THEN 
DO 14 L=l,N 

DUM=A (IROW, L) 
A(IROW,L)=A(ICOL,L) 
A (ICOL, L) =DUM 

14 CONTINUE 
DO 15 L=l,M 

DUM=B (IROW, L) 
B(IROW,L)=B(ICOL,L) 
B(ICOL,L)=DUM 

15 CONTINUE 
ENDIF 
INDXR(I)=IROW 
INDXC(I)=ICOL 
IF (A(ICOL,ICOL) .EQ.O.) PAUSE 'Singular matrix.' 
PIVINV=l./A(ICOL,ICOL) 
A (ICOL, ICOL) =1. 
DO 16 L=l,N 

A(ICOL,L)=A(ICOL,L)*PIVINV 
16 CONTINUE 

DO 17 L=l,M 



B(ICOL,L)=B(ICOL,L)*PIVINV 
17 CONTINUE 

DO 21 LLc 1,N 
IF (LL.NE. ICOL) THEN 

DUMcA (LL, ICOL) 
A(LL,ICOL)=O. 
DO 19 L-1,N 

A(LL,L)=A(LL,L)-A(ICOL,L)*DUM 
19 CONTINUE 

DO 19 L=l,M 
B(LL,L)=B(LL,L)-B(ICOL,L)*DUM 

19 CONTINUE 
ENDIF 

21 CONTINUE 
22 CONTINUE 

DO 24 L=N,l,-l 
IF(INDXR(L) .NE.INDXC(L»THEN 

DO 23 K=l,N 
DUM=A(K,INDXR(L» 
A(K,INDXR(L»=A(K,INDXC(L» 
A(K,INDXC(L»=DUM 

23 CONTINUE 
ENDIF 

24 CONTINUE 
RETURN 
END 
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APPENDIX D 

CALCULATIONS FOR 

ADSORPTION/DESORPTION ISOTHERMS 

168 



Standard Method 

Following parameters were used in the calculations: 

Volume of FV: 

Volume of SC: 

VFV = 500 ml 

Vsc = 454.6 ml 

Void Volume in SC: Vv = 409.3 ml 
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(VSC and Vv are slightly different for each experiment due to 

change of tubing and valves) 

Sample Weight: 63.5 gm 

Temperature: (this temperature was about 10 c higher 

than room temperature) 

The measured pressures for adsorption and desorption isotherms are 

given in Table D.1 and D.2. 

(1) Adsorption Isotherm 

For the first value of Pl and P2 (119.2 and 62.3 psia), the volume 

of gas in FV was converted to standard conditions using the real gas law 

(The compressibility factor, Z, was determined from Figure 2.6). 

= 
500 x 273 x 119.2 

297 x 14.69 x 0.988 

= 3774.58 ml 

After the gas was allowed to expand, the pressure of gas in FV 

became P2. Similarly, at standard conditions: 
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Table D.1 Calculations For Adsorption Isotherm 

P1 (psla) P2 (Psla) Oads (ml/g) Cum. Oads (ml/g) 

119.2 62.3 3.509 3.509 
225.4 149.7 2.552 6.061 
333.9 249.4 2.106 8.167 
415.9 339.6 1.968 10.136 
523.4 440.7 1.2 11.336 
624.2 540.7 1.284 12.62 
707.2 631.1 1.458 14.078 
832 742.5 0.723 14.801 
914 837.5 0.682 15.483 

980.6 916.8 0.69 16.173 
976.1 950.2 0.387 16.56 
987.5 971.3 0.286 16.846 

Table D.2 Calculations For Desorption Isotherm 

P1 (psla) P2 (psia) Odes (mllg) Orem (ml/g) 

971.8 16.846 
875.1 920 0.072 16.773 
826.4 868 0.69 16.155 
770.2 815.3 1.477 15.369 
719.9 763 1.763 15.083 
669.4 711.7 2.037 14.809 
612.6 658.6 2.087 14.759 
565.8 607.3 2.193 14.653 
514.1 557.6 2.57 14.276 
450 499.7 3.987 12.859 

404.9 447.7 4.077 12.769 
354.1 397.1 4.835 12.01 
296.9 342.9 5.724 11.121 
251.4 293.5 6.336 10.51 
176.3 230.8 7.263 9.583 
110 166.3 8.671 8.175 
59.8 11 0.1 10.515 6.331 
15 59.6 11.995 4.851 
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VrST (at P2) 
500 x 273 x 62.3 = 297 x 14.69 x 0.998 

= 1953.02 ml 

The volume of gas that left FV is the difference: 

3774.58 - 1953.02 = 1821.56 ml 

At pressure P2, the volume of gas in the void space in sc was 

converted to standard conditions as 

VVST (at P2) = 

= 409.3 x 273 X 62.3 
297 X 14.69 X 0.998 

= 1598.76 ml 

Of the 1821.56 ml of methane that left FV, 1598.76 ml appeared as 

free gas. The quantity of adsorbed gas is, therefore, the difference 

Vads = 1821.56 - 1598.76 

= 222.80 ml 

This volume is divided by the mass of sample (63.5 grn) giving the 

standard volume of methane adsorbed per unit mass of coal at the 

equilibrium pressure, 62.3 psia. 

Qads = 222.8 / 63.5 = 3.51 m1/grn 



Similarly, for the second value of Pl and P2 

vrST (at Pl) = 7210.50 ml 

VrsT (at P2) = 4754.84 ml 

The volume (ST) that left FV = 7210.50 - 4754.84 

= 2455.66 ml 

VVST (at P2) = 3892.35 ml 

Previous gas volume (ST) that remained in SC 

VVST (Old) = 1598.76 ml 

VVST (entered) = 3892.35 - 1598.76 

2293.59 ml 

Of the 2455.66 ml, 2293.59 ml appeared as free gas 

Vads = 2455.66 - 2293.59 

= 162.07 ml 

Qads = 162.07/63.5 2.55 ml/gm 
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The standard volume of methane adsorbed per unit mass of coal at 

the equilibrium pressure 149.7 psia is, therefore, the sum 

3.51 + 2.55 = 6.06 ml/gm 

This procedure was repeated for every value of Pl and P2, and the 

adsorption isotherm was obtained. The calculated values are presented 

in Table 0.1. The results are shown in Figure 7.2. 
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(2) Desorption Isotherm 

The volume of gas in FV at pressure Pl and P2 (875 and 920 psia) 

are converted to standard conditions: 

VrST (at P2) 

P, Vry TST 
T PST Zl 

875.1 x 500 x 273 
297 x 14.69 x 0.904 

30285.82 rnl 

31981. 24 rnl 

The quantity of gas that carne out of SC is the difference between 

these two volumes: 

31981.24 - 30285.82 1695.43 ml 

The volumes of free gas in SC before and after opening valve B (at 

971.8 psia and 920 psia) are converted to standard conditions: 

VysT(before opening B) = 409.3 x 273 x 971.8 
297 x 14.69 x 0.893 

27870.96 rnl 

VYST(after opening B) 26180.13 ml 

The quantity of free gas that left SC is the difference between 

these two volumes (ST) 
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27870.96 - 26180.13 1690.83 ml 

Of 1695.43 ml, 1690.83 ml was the free gas component. The quantity 

of desorbed gas is, therefore, the difference: 

V des = 1695. 43 - 1690. 83 

= 4.6 ml 

The standard volume desorbed per unit mass of coal at the 

equilibrium pressure 920 psia is given by 

Qdes = 4. 6 / 63.5 0.07 ml/grn 

Since the total amount of gas adsorbed was 16.85 ml/grn (from table 

D.l), the amount of gas remaining in adsorbed form, Qrem, therefore, is 

16.85 - 0.07 16.78 ml/grn 

This procedure was continued, and the desorption isotherm 

obtained. The calculated values are presented in Table D. 2. The 

resulting isotherm is shown in Figure 7.2. 

Partial Pressure Method 

Following parameters are used for the calculations: 

Volume of FV: 

Volume of SC: 

VFV = 500 ml 

Vsc 458.3 ml 

void Volume in sc: Vv '"' 413 ml 
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(Vsc and Vy are slightly different from the last experiment due to 

changes of tubing and valves) 

Sample Weight: 63.5 gm 

Temperature: 

The measured pressures are presented in Table D.3. 

The quantity of methane bled into FV during the first injection 

(converted to standard conditions) is: 

TST VFY PFY N 
T PST Z 

= 273 x 500 (399 x 0.777) 
297 x 14.69 0.955 

10157.72 ml 

The quantity of free methane in the SC before the first injection 

of helium (converted to standard conditions) is: 

= TST Vy N Psc 
T PST Z 

= 273 x 413 (969.8 x 1) 
297 x 14.69 0.892 

= 25.84 x 969.8 
0.892 

= 28093.76 ml 

Similarly, the quantity of free methane in SC after reaching the 

equilibrium (converted to standard conditions) is: 



Table D.3 Calculations For Desorption Isotherm 

(Partial Pressure Method) 
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P(FV), psla Conc.(FV) P(SC), psia Conc.(SC) Odes, mllg Orem, mllg 

969.8 1 
399 0.777 966.9 0.646 2.492 14.353 

414.8 0.512 969 0.4 1.569 12.784 
416.4 0.344 966.4 0.239 2.532 10.252 
466.3 0.223 967.9 0.123 2.879 7.373 
464.8 0.124 971.2 0.059 1.724 5.649 
430.1 0.069 964.6 0.026 0.645 5.003 



25.84 x (966.9 x 0.646) 
0.892 

18094.30 ml 

The quantity of free methane that left SC is, therefore, 

28093.76 - 18094.30 9999.46 ml 
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Of 10157.72 ml, 9999.46 ml appeared as free methane. The quantity 

of desorbed gas is, therefore, the difference: 

Vdes = 10157.72 - 9999.46 

= 158.26 ml 

The standard volume desorbed per unit mass of coal at the 

equilibrium partial pressure (966.9 x 0.646 = 624.62 psia) is given by: 

158.26 / 63.5 2.49 ml/grn 

Since the total amount of gas adsorbed was 16.85 ml/grn (from Table 

7.4), the remaining gas in adsorbed form, Qrem' is 

16.85 - 2.49 14.35 rnl/grn 

This procedure was continued, and the desorption isotherm 

. obtained. The calculated values are presented in Table D.3 and shown 

graphically in Figure 7.6. 
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APPENDIX E 

EXPERIMENTAL DATA AND GRAPHS 



Table E.l Experimental Data (2) 

Sample (dry): Pittsburgh Seam - 8001 

Temperature: 24.5° C 

Saturation Pressure: 721. 6 

Total Pressure in SC: 725.1 

Pressure in FV: 424.6 

Conc. of CH4 in FV: 

Final Conc. of CH4 in SC: 

Cum. Time 
(min) 

Increment in Pt 
(psi) 

o 
4.5 
11 
26 
48 
85 
140 
235 
470 
883 
1655 

2.9 
1.9 
1.8 
1.3 
0.9 
0.6 
0.3 
0.1 
0.0 

psia 

psia 

psia 

63.60 % 

66.17 % 

Pp of CH4 
(psia) 

464.2 
469 . .8 
472.7 
474.6 
476.4 
477.7 
478.6 
479.2 
479.7 
479.8 
479.8 
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Table E.2 Experimental Data (3) 

Sample (dry): Pittsburgh Seam - 8001 

Temperature: 24.5° C 

Saturation Pressure: 507.3 

Total Pressure in SC: 511.2 

Pressure in FV: 258.4 

Cone. of CH4 in FV: 

Final Cone. of CH4 in SC: 

Cum. Time 
(min) 

Increment in Pt 

(psi) 

o 
5.2 
12.5 
30 
65 
110.5 
185 
290 
505 
730 
1470 

1.9 
1.5 
1.0 
0.7 
0.5 
0.4 
0.2 
0.1 
0.1 

psia 

psia 

psia 

50.35 % 

76.70 % 

Pp of CH 4 
(psia) 

382.3 
385.8 
387.7 
389.2 
390.2 
390.9 
391.4 
391. 8 
392.0 
392.1 
392.1 
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Table E.3 Experimental Data (4) 

Sample (wet): pittsburgh Seam - 8001 

Temperature: 24.5° C 

Saturation Pressure: 975.6 

Total Pressure in SC: 980.1 

Pressure in FV: 516.7 

Cone. of CHI} in FV: 

Final Cone. of CH4 in SC: 

Moisture content: 0.53 

Cum. Time 
(min) 

Increment in Pt 
(psi) 

o 
6 
14 
36 
89 
215 
435 
680 
950 

2.7 
1.9 
1.3 
0.8 
0.6 
0.2 
0.0 

62.19 

70.12 

% 

psia 

psia 

psia 

% 

% 

Pp of CH4 
(psia) 

674.2 
679. B 
682.5 
684.4 
685.7 
686.5 
687.1 
687.3 
687.3 

181 



182 

Table E.4 Data Used in Figure 8.1 

T= 1.0 T= 10.0 T= 1706.0 
973.07 854.41 595.83 
972.89 845.46 595.52 
972.39 829.42 594.98 
971.09 806.72 594.24 
967.74 777.'77 593.33 
958.91 743.49 592.30 
935.37 705.34 591.19 
871.66 662.68 590.07 
694.45 621. 09 588.95 
571.51 579.76 587.92 

T= 3. (J T:= 106.0 
958.04 671.43 
952.87 668.20 
942.10 662.51 
923.35 654.65 
893.47 644.98 
850.01 \~33. 92 
794.32 621. 81 
7:::::3.57 609.44 
649.05 597.04 
575.37 585.46 



Table E.S Data Used in Figure 8.2 

T= 3. c) T= 1(16.(1 
720.49 559.18 
719.70 556.13 
717.68 550.74 
713.13 543.31 
703.43 534.15 
684.31 523.65 
650.94 512.23 
602.81 500.41 
538.82 488.73 
468.58 477.76 

T= 10.0 T= 3506.0 
687.07 490.39 
681.36 490.00 
670.84 489.33 
655.35 488.40 
634.68 
608.77 
578.20 
543.81 
507.69 
472.30 

487.28 
486.00 
484.63 
483.23 
481. 86 
480.58 
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Table E.G Data Used in Figure 8.3 

T== 

T= 

3. () 
507.20 
507.09 
506.76 
505.85 
5(.3.43 
497.43 
484.24 
460.52 
425.74 
384.80 

10.0 
499.58 
497.38 
493. 10 
486.31 
476.54 
463.46 
447.12 
428.06 
407.48 
387.16 

T= 106.0 
442.18 
440.22 
436.78 
432. ()3 
426.21 
419.54 
412.33 
404.90 
397.60 
390.78 

T== 6506.0 
402.73 
402.34 
401. 65 
400.71 
399.57 
398.27 
396.89 
395.47 
394.09 
392.81 
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Table E.7 Data Used in Figure 8.12 

T= 

T= 

3. () 
971.76 
969.76 
965.15 
956.02 
939.14 
910.52 
867.86 
815.24 
746.61 
678.55 

10.0 
916.28 
909.13 
896.21 
877.68 
853.67 
824.57 
791.50 
754.92 
717.82 
681.59' 

T= 106.0 
769.12 
765.96 
760.41 
752.76 
743.36 
732.61 
720.92 
708.88 
696.94 
685.72 

T= 2906.0 
697.28 
696.91 
696.25 
695.36 
694.26 
693.02 
691. 68 
690.31 
688.97 
687.71 
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Table E.S Results of Simulation (1) 

TINE AVER. P. PRo DIFF. COEFF. 
(1"11 N) (PSIA) (SQ.CM/SEC) 

-------------------------------~-----------------
T= 2.0 AF'P= 842.8 D= •. 2707189E-03 
T= 3.0 APP= 811. (I D= • 2204234E-03 
T= 4.0 AF'P= 788.9 D= • 1947259E-03 
T= 7.0 APP= 748.7 D= • 1466216E-03 
T= 1,0.0 AF'P= 725.8 Dc: .10973'71E-03 
T= 13.0 AF'F'= 710.4 D= • 8761442E-04 
T= :LCJ .. O APF'= 69(.7.1 D= • 7374396E-04 
T= 46.0 APP= 653.5 D= .4178199E-04 
T= 71::.1.0 APP= e)37.9 D= • 2359782E-04 
T= 106.0 APP= 629.2 D= .1690371E-04 
T:= 206.0 APF'::: 615.5 D= • 1104480E-04 
T= 306.0 AF'P= 609.1 D= • 7453195E-05 
T:= 406.0 APP= ,-::'05.2 D= • 5838'719E-05 
T:= 506.0 AF'P= 602.5 D= • 4913245E-05 
T::: 80(:l0 0 AF'P= 597.7 D= • 3907155E-05 
T= 1106.0 AF'P= 595.0 D= • 3238758E-05 
T= 140,'S.O APP= 593.2 D= • 29784·16E -(15 
T= 1706.0 APP= 591.9 D::: • 2932331E-05 
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Table E.g Results of Simulation (2) 

'. 
TIME AVER. P. PR. DIFF. COEFF. 

(l'lIN) (PSIA) (Stl.CM/SEC) 

-------------------------------------------------
T= 2.0 APP= 666.6 D= • 1964912E-03 
T= 3. () APP= 648.1 D= • 1950315E-03 
T= 4.0 APP= 634.4 D= • 1794167E-03 
T= 7.0 APP= 608.0 D= • 1468916E-03 
T= 10.0 APP= 592.1 D= • 1152306E-03 
T= 13.0 APP= 581.1 D= .9412631E-04 
T= 16.0 APP= 572.9 D= • 7980924E-04 
T= 46.0 APP= 538.4 D= • 4590851E-04 
T= 76.0 AF'P= 526.1 D= • 2570352E-04 
T= 1 Of,). 0 APP= 519.2 D= • 1810930E-04 
T= 20e).0 APP= 508.1 D= • 1148800E-04 
T= 306.0 APP= 502.9 D= • 7359449E-05 
T= 406.0 APP= 499.7 D== • 5497977E-05 
T= 506.(1 APP= 497.5 D= • 4427254E-05 
T= 806.0 APP= 493.6 D= • 3256456E-05 
T= 1106.0 APP= 491.3 D::: • 2359444E-05 
T= 14(16.0 APP= 489.8 D= • 1882051E-05 
T= 170£1. (I AF'P::: 4·88.7 D= .158:5265E-05 
T= 2006.0 APP= 487.9 D= • 1378750E-05 
T::: 2:;;06. (I APP= 487.3 D= • 1232460E-05 
T= 26(16.0 AF'P= 486.7 D= • 1118635E-05 
T:::: 290l,. (I AF'P= 486.2 D= .1031451E-05 
T:::: 3206.0 APF':: 485.8 D= • 9588592E-06 
T= 3!:"j06.0 APF'= 485.5 D= • 8999314E-06 
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Table E.10 Results of Simulation (3) 

TIME AVER. P. PRo DIFF. COEFF. 
(MIN) (PSIA) (SQ.CM/SEC) 

-------------------------------------------------
T= 2.0 APF'= 486.4 D= • 1969641E-03 
T= 3.0 APP= 478.5 D= .2037434E-03 
T= 4.0 AF'F'= 472.5 D= • 1925197E-03 
T= 7.0 AF'F'= 460.5 D= • 1632186E-03 
T= 10.0 APF'= 453.1 D= • 1319179E-03 
T= 13.0 AF'F'= 447.8 D= .1088137E-03 
T= 16.0 APP= 443.8 D= • 9251705E-04 
T= 46.0 AF'F'= 426.7 D= • 5297030E-04 
T= 76.0 APP= 420.4 D= .288908/.:1E-04 
T= 106.0 APP= 416.8 D= • 1986206E-04 
T= 206.0 AF'P= 411.0 D= • 1216576E-04 
T= 306.0 AF'F'= 408.2 D= • 7403468E-05 
T= 406.0 AF'P= 406.5 D= • 5316823E-05 
T= 506.0 AF'F'= 405.4 D= • 4137425E-05 
T= 806.0 AF'P= 403.2 D= • 2889785E-05 
T= 1 i.06. (I APF'= 402.0 D= • 1942382E-05 
T= 1406.0 APF'= 401.2 D= • 1454729E-05 
T= 1706.0 AF'P= 400.6 D= • 1156821E-05 
T= 2006.0 AF'F'= 400.2 D= • 9569083E-06 
T= 2306.0 AF'F'= 399.8 D= • 8125669E-06 
T= 2606.0 AF'F'= 399.5 D= .7076527E-06 
T= 2906.0 AF'F'= 399.-3 D= • 6228281E-06 
T= 3206.0 AF'F'= 399.1 D= • 5554706E-06 
T= 3506.0 AF'F'= 398.9 D= • 4999529E-06 
T= 3806.0 AF'P= 398.'7 D= • 4557303E-06 
T= 4106.0 AF'F'= 398.6 D= • 4173627E-06 
T= 4406.0 AF'F'= 398.4 D= • 3837558E-06 
T= 4706.0 AF'F'= 398.3 D= • 3561306E-06 
T= 5006.0 APF'= 398.2 D= • 3313793E-06 
T= 5306.0 AF'F'= 398.1 D= .3086448E-06 
T= 5606.0 APP= 398.0 D= • 2903325E-06 
T= 5906.0 AF'P= 397.9 D= • 2737658E-06 
T= 6206.0 APF'= 397.9 D= .2578113E-06 
T= 6506.0 APP= 397.8 D= • 2461762E-06 
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Table E.ll Results of Simulation (4) 

TIME AVER. F'. PRo DIFF. COEFF. 
(NIN) (PSIA) (SQ.CM/SEC) 

-------------------------------------------------
T= 2.0 APP= 895.9 D= • 1887506E-03 
T= 3.0 APF'= 873.3 D= • 1698852E-03 
T= 4.0 APF'= 857.0 D= • 1515601E-03 
T= 7.0 APF'= 826.4 D= .1183426E--03 
T= 10.0 APP= 808.4 D= • 8977494E-04 
T= 13.0 AF'P= 796.1 D= • 7207199E-04 
T= 16.0 APP= 786.9 D= .6052306E-04 
T= 46.0 APF'== 749.0 D= • 3410560E-04 
T= 76.0 APP= 735.6 D= • 1876056E-04 
T= 106.0 AF'F'= 728.l. D= • 1316926E-04 
T= 206.0 AF'P= 716.1 D= • 8345888E-05 
T= 306.0 AF'P= 710.5 D= • 5364765E-05 
T= 406.0 APF'= 707.1 D= .4029563E-05 
T= ~j06. 0 AF'P= 704.7 D= • 3262089E-05 
T= 806.0 APP= 700.4 D= • 2425291E-05 
T= 1106.0 APP= e198.0 D:= • 1788724·E-·05 
T= 1406.0 APF'= 696.4 D= • 1452342E-05 
T== 1706.0 APP= 695.2 D:= .1.244513E-05 
T= 21)06.0 APP= 694.3 D= • 1102091E-05 
T= 2306.0 APP== 69:3.6 D= • 100 1952E-(l5 
T= 2606.0 APP= 693.0 D= • 9285715E-06 
T== 2906.0 AF'P= 692.5 D= • 8706138E-06 
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Figure E.l Monitored Increase in Pp of CH4 in SC (2) 
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Figure E.2 Monitored Increase in Pp of CH4 in SC (3) 
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Figure E.3 Monitored Increase in Pp of CH4 in SC (4) 
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Figure E.4 Curve Fitting (2) 
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Figure E.S Curve Fitting (3) 
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Figure E.6 Curve Fitting (4) 
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