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Study on the gas emission law of
cylinder-type coal cuttings based on
time-varying diffusion coefficient
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Abstract. Gas emission law of coal cuttings is a key calculation influence factor to direct
measurement of coal seam gas content, which is one of the basic parameters for gas disaster preven-
tion and coalbed methane exploitation in underground coal mines. Due to gas emission calculation
model error of coal cuttings in the direct method, the accurate determination of gas content remains
a difficult problem. Most of the calculations adopt the gas emission model based on spherical coal
cuttings. However, through the observation of the shapes of the coal cuttings after crushing and
screening, we found that most of the coal cuttings shapes were cylindrical. In the paper, the time-
varying characteristic of diffusion coefficient in the process of gas emission from coal cuttings was
analyzed, and then the gas diffusion equation of cylinder coal was established based on the time-
varying diffusion coefficient. At last, the reasonability of the analytical solution was verified by the
method of experiment. The result showed that the analytical solution more accord with the result
of the experiment test and make applicability more extensive compared with analytical solution of
spherical coal cuttings gas emission under the steady diffusion coefficient. Besides its theoretical
value, the analytical solution could be also served as a theory basis for accurate measurement of
the gas content in the coalbed.
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1. Introduction

The coalbed methane (CBM) resources, also known as gas, is abundant in China
and a new era of CBM exploitation will open up driven by favorable policies. Hence,
it is of significance to research on the gas diffusion law in coal seams, which con-
tributes to understand the CBM migration mechanism further, providing basis for its
exploiting project. At the same time, it is more helpful in the testing method of gas
content and prediction of coal and gas outburst in mines. Gas emission law of coal
cuttings is a key calculation influence factor to direct measurement of coal seam gas
content, which is one of the basic parameters for gas disaster prevention and coalbed
methane exploitation in underground coal mines. Due to gas emission calculation
model error of coal cuttings in the direct method, the accurate determination of gas
content remains a difficult problem.

Generally, methane gas exists in internal holes and cracks of coal body in “ad-
sorbed” and “free” forms[' ~2. However, once the original balanced state of “adsorption-
desorption” breaks down, the gas in holes transmits into crack tunnels of coal grad-
ually driven by the concentration gradient®=°). In researches of gas diffusion law of
coal cuttings, most of scholars adopted combined method of theoretic analysis and
experimental tests to investigate the diffusion behavior and effect of factors such as
temperaturel® | water, coal typel”, timel89 stress'?), vibration,etc. For example,
NandiPlestablished diffusion model of spherical coal cuttings and acquires theoretic
solution based on Fick’s law of diffusion, which built foundation of its research for
scholars. Afterwards, Charriere ¥ analyzed the micro-mechanism of gas diffusion
inside coal body and puts forward its pattern. Crank [Pltook the influence of interfa-
cial mass transfer into account and builds up corresponding mathematical diffusion
model with its analytical solutions obtained. Rangel-German!” analyzed the pore
features of gas-fat coal and coking coal, then investigates adsorption and desorption
characteristics of CH,/COymixed gas in coal body. Cui and Shil®*! pointed out that
the functions of gas diffusion coefficient is related to time and the time-dependent
rules of diffusion coefficient is gained by experiments.

Generally, the movement process of gas complies with Fick’s diffusion law that
diffusion speed is in direct proportion to concentration gradient. Whereas, coal is a
kind of porous medium itself, which means that its porous construction changes with
the decrease process of gas content!™]. Cui and Shil®*! verifies that diffusion coeffi-
cient is time variable during gas release of coal cuttings. Hence, it will reflect the real
situation of its gas release while the diffusion coefficient is set as a time-dependent pa-
rameter in the classic model in research of gas release rule. Additionally, the present
researches assume the coal cuttings as a sphere 891, While, the author found that
the coal cuttings are round or planer shaped and mostly cylinder and cuboid when
it’s observed by ThunisA688 scanner after coal’s crushing, which is shown in Figure
1. Therefore, it will definitely lead to a discrepancy between theoretic analysis and
experimental results without considering the influence of time-dependent diffusion
coefficient and the shape of coal cuttings. In the meantime, the shape of planer and
cuboid is close to cylinder, thus the gas release rule of cylinder shaped coal cuttings
is closer to real situation. Based on this finding, the paper analyses the time de-
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pendent features during gas release firstly, and establishes gas diffusion equation.
Secondly, the analytical solution is gained by method of mathematical physics, and
then the solution is further verified by experiment result. The research would bene-
fit the insight about diffusion behavior, and the quick determination of coalbed gas
content and predictive index of coal and gas outburst.

Fig. 1. Observation graphic of cinder

2. Theoretic analysis of gas release features based on
time-dependent diffusion

The spread of gas in coal cuttings is a result of random motion of gas molecule
essentially, in which it transfers from high concentration zone to the lower driven
by concentration gradient. The essence of diffusion coefficient reflects the migration
restriction which gas molecule moves in coal cuttings. In the early period of release,
there exists a discontinuous potential difference along the travel direction of gas
molecule. Afterwards, the concentration distribution reaches a continuous balanced
state with the movement and collision of gas molecule.

At first, gas in coal cuttings is assumes as ideal one and the collision of gas
molecule in coal’s faces is elastic specular reflection. Thus, the mean velocity is as
followed.

o = \/8RT/7M (1)

Where, R represents gas phase constant; T represents thermodynamic tempera-
ture; M represents gas molecule weight.

Suppose that a square shaped diffusion element exists in coal cuttings, and the
volume that gas molecule pass through the section of A area per unit time is 7 A.
Moreover, make an assumption that the number density of gas molecule is n,, and
its movement probability is equal in 6 directions, then the molecule flow through
this section is J = %T)Anw per unit time. The essence of Fick’s diffusion rule is
to describe the macro statistic features that shows during gas movement, that is
J = Ddg—lwA = %EAnw. As a result, during gas release, the gas molecule density
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and gradient value will drop along diffusion direction. However, the drop rate of the
former is bigger than the latter and consequently the macro statistic features shows
that gas diffusion coefficient decreases constantly. While in the later period, the gas
molecule density has dropped to the minimum value and its variation rate is close to
a constant one, thus the corresponding gradient value along diffusion direction tends
to be a limit one. Therefore, the gas diffusion coefficient tends to reach a constant
value with the extension of time.

3. Gas release model of cylinder shaped coal cuttings

The coal cuttings are supposed to be a homogeneous cylinder with a radius of
Ry and a height of 2hy. The gas concentration in coal cuttings is Cj in the state
of balanced adsorption. Then, the concentration on the faces of coal cuttings is
C; while the atmosphere drops to 1 bar suddenly. In that case, the gas diffuses
toward the ring and axial direction of cylinder from the inside, in which the diffusion
coefficient Dt is related to time. As shown in Figure 2.

Fig. 2. Sketch map of cinder gas emission of cylinder coal

The mathematical model of gas release is :

D 8r2 + 5 r or = 8(97?

C (r,2,0) = C’o, C (+Ry, £ho,t) = C4 (2)
ac =0: =0

or lr=0 ’ 82 2=0

To simplify the solution process, C yis defined as C'y=C-C1which is then taken
into equation (2) and the same integral transform processing is made on time-
dependent diffusion coefficient D;in equation (2). Suppose f (¢ fo D,dt then

D, =% (t) and the original equation turns into:

22Cy L 19Cn | 2 C’N) _ 9Cx

or2 r Or - of
CN (T,Z,O) :Co—cl (3)
or lr=0 " 77 9z lz=0

Assume that the solution of C yin equation (3) meets the form:C y=S(r).H(z).L(f)
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and S(r)H(z) L(f) is merely the function about r zf. In addition, take C y=5(r).H(z).L(f)
into equation(3) and obtain that:

19*°S 10S 10*°H 10L
=55t + = =—-— (4)
Sor2  Sror H 022 Lof

If equation (4) holds up, the both sides equal to a constant. If it is set as -2and
the solution about f can be acquired:

L(f)=Age™=! ()

Where, Asis integration constant.
Suppose that -u2brings equation (6) into existence:

1®H  , 105 185
Ho2 ~ ° Gor Som -V (©)
Then:
H = Bj cos (uz) + By sin (uz) (7

Where, B177Bsis are integration constants.
Bring the solution of H(z)L(f) into C n then:

Cy=e<71 [Bs cos (p1z) + By sin (uz)] .S (r) (8)

Where B3?7B,is the product of A2 and B177 B2 separately.
Take the boundary conditions of equation (3) into (8), it follows that B4=0. So,
C nis gained:

Cn = e =71 .Bscos (uz) .S (r) (9)

Because the value of p can be innumerable, and it can be acquired according to
the theory of solution’s linear superposition:

Cn = Z e 1 By, cos (nz) .S (1) (10)

n=1

The first item in the right side of equation (6) can be written as:

95 198 .,
w+;a+(€ 7,Lln)S—O (].1)

Equation (11) is a typical zero-order Bessel equation and its general solution is:
S (7") =N Jy (\/52 - ,U%’I") + N2Yy (\/ €2 — ,LL%’/‘) (12)
Where, Ny Nyare the integral constants; Jy (\/52 — M%T)Yb («/52 — ;L?Lr) are the

first and second kind of zero-order Bessel equation.
While r=0, the value of the second kind zero-order Bessel equation shall tend
to be infinite in equation (12). This will definitely lead to a disagreement with the
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actual initial conditions. So, the integral constant Ny should be set as 0. Then:

Cn = Z e*EQf.Bgn cos (pn2) N1Jo (\/52_7/%217“) (13)
n=1

Likewise, it can be obtained according to the theory of solution’s linear superpo-
sition:

Cn = i i Bsn.Nlme—ng,coS (unz) .Jo (MT) (14)

n=1m=1

Take the initial conditions in equation (3) into (14). Then,

Co—Ch = Z Z Bsy, . N1ip,. cos (finz) .Jo <\/52 - /1,72717) (15)

n=1m=1

Make integral treatment on equation (15):

— 2 in( nh )
Bsn-Nim = (Co = C1). [thDJFSin?HngO)-[éos(ﬂnho)] :

241 (\/==nZ,Ro) (16)
Vei2, R I3 (\/e=nZ,Ro ) + 3 (v/e=nZ o) |
Bring equation (16) into (14) and it is the gas concentration distribution of
cylinder shaped coal cuttings during release process. Take the radius and height of
coal cuttings into the analytical solutions of concentration distribution and the gas
release amount according to different time can be obtained.

4. Experimental verification

As shown in Figure 1, the shape of coal cuttings is multiple after the crushing
and screening of coal sample and it is mostly cylinder or cuboid instead of spherical.
Literaturel*? confirms that the statistical distribution of particle size of crushed
coal is a skewed one. When the weight of coal sample is over 15kg, the statistical
particle size tends to be stable. The coal sample used in this article is taken from
27131 working face in Mazhuang cokes mine in Henan Province, whose ash content is
17.52%, volatile component is 8.74%, true density is 1.65g/cm3, apparent density is
1.57g/cm?, utmost adsorbed amount is 43.6851cm? /g and the adsorption constant b
is1.6471 MPa~!. After the crushing and screening operation, the coal cuttings with
the grain size of 0.270.25mm is adopted and its total weight is 20.003kg. Afterwards,
apply the statistical plot function in MATLAB software to conduct Weibull distribu-
tion inspection and solve the related parameters about it by square estimation and
empirical method. As a result, the stable shape of coal cuttings is a cylinder with
a diameter of 0.18mm and a length of 0.24mm. In this experiment, the balanced
adsorption pressure is 0.83MPa and the experimental temperature is 3077. More-
over, the testing method is identical with literature [°!, so there is no need to make
a statement here. Additionally, the computation method of diffusion coefficient is
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similar to that of spherical coal’s gas diffusion coefficient. However, the difference
is that the diffusion coefficient of cylinder shaped coal cuttings is supposed to be a
constant at first. Then, it can be figured out by the obtained concentration distri-
bution and ultimate gas release amount. It will not be introduced owning to a space
limit. The experiment result is displayed in Figure 3.
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Fig. 3. Emission rate and diffusion coefficient in different time

From figure 3, it can be seen that the gas diffusion coefficient of coal sample
takes on a decline feature with the extension of release time, which conforms to the
research findings of predecessors. And it is found that both of them comply to a
function by fitting diffusion coefficient at different time:

D (t) = Do exp (1) (17)

Where, Dois the initial diffusion coefficient and its value is 8.76x10~%cm?.s71.¢

is the attenuation coefficient and its value is -1.012x1073.s7 1.

Equation (17) is consistent with the dynamic diffusion coefficient proposed by lit-
erature %), Furthermore, inspect and compare the spherical coal’s gas release rules
according to the time-dependent diffusion coefficient represented by equation (17).
The compared spherical coal cuttings is 0.2mm?770.25mm in diameter and the results
is shown in Figure 4.

From Figure 4, the change characteristic of computed diffusion coefficient of
spherical coal cuttings which are 0.2mm?70.25mm in diameter is same with that
of the cylinder. Whereas, the concrete number is different where the computed
diffusion coefficient of 2.0 diameter spherical coal grain is the biggest and that of
cylinder is the second to it. Moreover, the computed release amount by spherical
coal cuttings has a big deviation from the actual one and that of the cylinder model
based on time diffusion coefficient proposed by this article is more in line with the
actual. It indicates that the pick of coal’s shape influences the computed gas diffusion
coefficient and the physical property parameter affects more on its grain size and
shape after its crushing and screening. Thus, its shape should get strictly divided
while studying the gas release rule of coal cuttings. In that case, the theory results
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Fig. 4. Comparison curves of cinder diffusion with cylinder and sphere coal

can be closer to real situation and it is beneficial for the improvement of gas diffusion
theory further. What’s more, it is of great significance for the research of quick gas
content determination method in coal seamsand predictive index of coal and gas
outburst.

5. Conclusions

(1) Tt is found that most of coal cuttings are spherical, planar or cuboid from
images of the crushed cuttings. Owning to that the shape of a plate or cuboid is
close to cylinder, gas release law of cylinder coal cuttings shall more accord with real
situation.

(2)The mathematical model of cylinder shaped coal cuttings based on time-
dependent diffusion coefficient is established, and its analytical solution is obtained
by method of mathematical physics. This can be used to fit experimental statics
and provide theory basis of gas determination method under the shaft.

(3) The obtained analytical solution is verified by experiments in laboratory and
the results show that the gas diffusion model of cylinder shaped coal cuttings based
on time-dependent diffusion coefficient is closer to real situation compared to that
of the spherical one. Therefore, in research of gas release rules of coal cuttings, a
rational pickup of mathematical model should be made according to the shape of
crushed coal to help uncover mechanism of gas release further.

(4) As the gas emission behaviour of coal is affected by kinds of factors, the
research based on the new shape assumption in the paper is just a beginning of
series of research. Based on new shape assumption, the gas diffusion research under
the combination effect of factors such as temperature, water and coal type etc.
should be the future study direction to reveal diffusion mechanism and to describe
precisely the gas diffusion behaviour.



STUDY ON THE GAS EMISSION LAW 161

References

[1] M.V.KURLENYA, S.V.SERDYUKOV: Methane desorption and migration in thermos
dynamic in equilibrium coal beds. Journal of Mining Science 46 (2010), No. 1, 50-56.

[2] G.J.HARLOFF: Underground coal gasification research. Energy resource and technol-
ogy 105 (1983), No. 6, 165-169.

[3] S.P.Nanbp1, P. L. WALKER: Activated diffusion of methane in coal. Fuel /9 (1970),
No. 3, 309-323.

[4] D. CHARRIERE, Z.POKRYSZKA, P.BEHRA: Effect of pressure and temperature on
diffusion of CO2 and CHy into coal from the Lorraine Basin. International Journal of
Coal Geology 7 (2010), No. 81, 373-380.

[5] J. CrANK: The mathematic of diffusion (second edition). Oxford: Oxford University
Press (1975).

[6] G.STaiBAB, R.SAKUROVSA, E. M. A. GRAY: a pressure and concentration depen-
dence of COz diffusion in two Australian bituminous coals. International Journal of
Cola Geology 116 (2013) 106-116.

[7] E. R. RANGEL-GERMAN, A.R.KOVSCEK: Time-dependent matriz-fracture shape
factors for partially and completely immersed fractures. society of Petroleum Engi-
neers 30 (2003), No. 8, 5-8.

[8] X.Cul, R.M.BusTIN, G.DIppPLE: Selective transport of CO2, CHyi, and N in
coals:insights from modeling of experimental gas adsorption data. Fuel 88 (2004), No. 3,
293-303.

[9] J.Q.SHI, S.DuUrRUCAN: A bidisperse pore diffusion model of methane displacement
desorption in coal by CO2 injection. Fuel 82 (2003), No. 10, 1219-1229.

[10] P. G. RanjitH, M. S. A. PERERA: A new triazial apparatus to study the mechani-
cal and fluid flow aspects of carbon diozide sequestration in geological formations. Fuel
90, (2011), No. 8, 2751-2759.

Received November 16, 2017



162 CHENG JIANSHENG, YANG HUIMING, CHENG BO



	Cheng jiansheng, Yang huiming, Cheng bo: Study on the gas emission law of cylinder-type coal cuttings based on time-varying diffusion coefficient
	Introduction
	Theoretic analysis of gas release features based on time-dependent diffusion
	Gas release model of cylinder shaped coal cuttings
	Experimental verification
	Conclusions


