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Abstract

Purpose. The purpose of this paper is to solve the scientific problem that the classical diffusion model in columnar coal
cores cannot accurately describe the whole process of gas diffusion.

Methods. The diffusion-percolation experiments were carried out using the laboratory’s homemade experimental equip-
ment with standard ¢ 50mmx=100 mm columnar raw coal cores under different air pressures.

Findings. The classical diffusion model was used to fit the experimental data. The experiment has found that the classical
diffusion model of the columnar coal core can only partially describe the gas diffusion process. The longer the experimental
time, the larger the error between the model and the experiment, and the analysis has found that the apparent diffusion coeffi-
cient shows decay changes with time. The dynamic diffusion coefficient concept is then proposed in order to con-struct a radial
multi-scale dynamic prominent diffusion-percolation model for columnar coal cores. The theoretical curve of the new model
nearly coincides with the experimental curve, and the new model can describe the gas diffusion-percolation process of colum-
nar coal cores more accurately. The multi-scale dynamic diffusion-percolation model covers the classical diffusion model. It
explains the mechanism of gas diffusion-percolation in multi-scale pores, i.e., at the beginning of the flow, gas flows out from
the large external pores first, from the surface inwards. Over time, the pore size through which gas flows gradually becomes
smaller, the diffusion resistance gradually increases, and the apparent diffusion coefficient slowly decreases.

Originality. This paper proposes a new multi-scale dynamic diffusion-percolation model to compare the old and new mod-
el analysis, as well as carefully studying the mechanism of gas flow in coal.

Practical implications. This research has important engineering significance for the accuracy of measuring the gas content

of coal seams, as well as predicting coal and gas content.
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1. Introduction

Coal seam gas content is one of the factors causing coal
and gas protrusion, so it is essential to accurately predict the
gas content of coal seams and their storage capacity. However,
when measuring the coal seam gas content at the surface of the
field as part of the CBM project, the diffusion characteristics
of coalbed methane from columnar coal cores extracted by
drilling are very different from the gas diffusion characteristics
of granular coal cores drilled in coal mines. The gas content
measurement primarily uses a spherical diffusion model, and
the relevant results are unsatisfactory. Therefore, it becomes
necessary to study the diffusion characteristics and permeabil-
ity properties of the original coal body.

Most experimental studies have been conducted using fi-
ne coal to study gas diffusion in coal. Barre [1] and Crank [2]
have derived the exact solution of the spherical classical
model to obtain the precise resolution and simplified equa-
tion for diffusivity. Ruckenstein [3] proposed a double pore
diffusion model, but the diffusion model is difficult to calcu-
late and promote, and it is not suitable for engineering field

surveys. Yang [4] derived the exact solution and simplified
formula of the classical diffusion model and used the approx-
imation of the classical diffusion model to calculate the dif-
fusion coefficient. After that, Nie [5]-[7] derived on this
basis the trigonometric expression of the classical diffusion
model, considering the surface diffusion resistance of the
boundary layer and introducing the third type of boundary
conditions. Zhang [8] proposed a new model of the dynamic
diffusion coefficient, in which the diffusion coefficient is
considered as a pore diameter. Li et al. [9], [10] discovered
the dynamic decay characteristics of the gas diffusion coeffi-
cient in coal. They proposed a new multi-scale model of the
dynamic diffusion coefficient, which can accurately describe
the full-time diffusion process of gas in fine coal compared
with the constant diffusion coefficient model.

The spherical model does not describe the gas diffusion
characteristics of columnar coal cores due to the significant
difference in size between granular and columnar cores.
There are few studies on the columnar model. Pan [11] and
Tan [12] conducted gas diffusion experiments using colum-
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nar coal cores. However, they used the spherical double pore
model to analyze gas diffusion characteristics in columnar
coal samples. The pressure function is still used in the spher-
ical dual pore model to study lumpy coal for unidirectional
diffusion. Through the spherical double porosity model, only
effective diffusion coefficients were obtained but not diffu-
sion coefficients. Liu[13] has studied a theoretical model
when a single gas is adsorbed and expanded, and carried out
column coal experiments to calibrate the model. However,
the model treated the diffusion coefficients as constants in-
dependent of time and pressure, so many constant coeffi-
cients has no physical significance and could not be used in a
theoretical model. Li [14] determined a radial diffusion equa-
tion for gas in columnar coal cores, carried out an experi-
mental study of radial diffusion, derived an approximate
solution of the columnar radial model, measured the diffu-
sion coefficient of the gas in large-scale coal cores, and ana-
lyzed its flow characteristics. However, he does not consid-
ered the changes of different gas diffusion properties during
the evolution of the micro-pore system to the fracture system.
Thus, the current research on the radial gas flow model of
columnar coal cores is still inaccurate, which dramatically
affects the accuracy of gas content measurement in columnar
coal cores and determining the intrinsic permeability of raw
coal. The experimental aspects are fragmented and their stand-
ardization, relevance, clarity, and scientificity should be im-
proved. Therefore, further practical and theoretical research on
columnar coal cores require conducting diffusion-percolation
experiments on columnar coal cores and creating a radial multi-
scale dynamic apparent diffusion-percolation model, thereby
providing a relatively accurate theoretical model for determining
gas content and studying intrinsic permeability in deep drilling.

2. Column coal gas diffusion-percolation experiment

2.1. Experimental setup and method

The column coal core diffusion-percolation experimental
system is shown in Figure 1. The practical system consists of
a methane inlet unit, a vacuum pumping unit, a column coal
core adsorption unit, and a gas flow measurement unit.
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Figure 1. Coal gas diffusion-percolation experimental system

The methane gas cylinder, valve V1, and pressure gauge
1 form the inlet unit, the vacuum pump, vacuum tank, vacu-
um gauge set, and valve V6 condition the vacuum pumping
unit, the column coal core adsorption balance tank, valves
V2, V3, V4 and pressure gauge 2 forms the column coal core
adsorption unit, and valve V5 and water tank form the gas
flow monitoring unit.
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2.2. Experimental method

1. Coal sample preparation

The coal samples were taken from the Shenmu coal mine,
and ¢ 50x100 mm columnar raw coal cores were drilled
axially along the seam. To exclude the effect of moisture, all
coal samples were vacuumed and dried anaerobically in a
muffle furnace at 100°C. The results of the basic parameters
of the coal samples are shown in Table 1.

Table 1. Basic parameters of coal samples

No Parameters Values
1 Moisture 0.0108
2 Ash 0.1017
3 Volatile matter 0.089
4 Density 1.59
5  Porosity 0.0525
6  at(adsorption constant) 43.49
7 be (adsorption constant) 1.03

2. Procedure of the diffusion-percolation experiment

As shown in Figure 1, the dried column coal is placed in
the column coal core adsorption equilibrium tank, and there-
fore the valve is closed. Valves V2, V3, V4, and V5 are
opened and the vacuum pump is turned on for pumping op-
eration. When the absolute pressure of the vacuum gauge is
10 Pa and there are no more continuous changes, valve V3 is
closed and valve V6 is opened to make the pressure in the
vacuum pump vessel equal to zero. Then it is necessary to
open the valves V1 and V2, close the valves V3 and V4, and
control the pressure-reducing valve of the methane gas cylin-
der. The pressure is set at 3 MPa of the column coal for the
inflation operation. To achieve equilibrium in coal sample
adsorption for 72 h, close V1, V2 and pressure reducing
valve switch, open the valve V4, release the gas in the coal
sample tank. Then wait for 5s, the gas pressure in the coal
sample tank drops to atmospheric pressure, immediately turn
on valve V5 to desorb the gas in the coal within 180 min.
The cumulative amount of gas desorbed is measured through
the measuring cylinder in the water tank by using the drain-
age method. The cumulative desorption amount was recorded
every 30 seconds until the cumulative desorption amount
changed very little after 180 min, and the test was finished.
The air pressure was adjusted to 3, 2, 1 and 0.5 MPa in turn,
and the above experimental operation was repeated to com-
plete the column coal core diffusion-percolation experiment.

2.3. Experimental data processing

After the diffusion-percolation experiment, the measured
cumulative gas diffusion was converted into the diffusion
quantity Q: per unit mass of coal under standard conditions
and compared with the ultimate diffusion quantity Q.. to
obtain the diffusivity Q:/Q. versus the time curve. In the
experiments, the drainage method was used to measure gas
diffusion, and the limiting desorption quantity Q. under this
condition is the difference between the initial gas content Q
and the final state gas content Q. at atmospheric pressure.
Thus, Q. = Q — Qa, Where Q, Qa under experimental condi-
tions are calculated according to the following Equation:

_abp 10pg-273 | 1)
© l+bp(1 Aad)+p(273+l9w)
where:

aw, bw—are the adsorption constants at corresponding
temperatures;
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p — the adsorption equilibrium pressure;

Aag — the ash;

6w — the desorbed water temperature;

p — the apparent density;

@ — the porosity;

Q —the total gas content corresponding to the initial ad-
sorption equilibrium pressure p;

Qa — the gas content at atmospheric pressure.

When calculating the final state equilibrium gas content
Q. at atmospheric pressure, the pressure p in Equation 1
above is replaced by atmospheric pressure.

3. Comparison of the classical diffusion model
of a columnar coal core with experiment

In the process of observing and analyzing experimental
results, the normalized diffusivity versus time (Q:/Qx ~1t)
curves are often used to reflect the changes in diffusion pat-
terns. The classical model of columnar coal cores is com-
monly used to analyze the gas diffusion of columnar coal,
and the analytical solution is shown in Equation 5 [2], [14].

2
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where:

Q: — the cumulative diffusion at moment t, cm®/g;

Q.. — the limiting diffusion, cm®/g;

Q:/ Q« — the cumulative diffusion at moment t;

D — the apparent diffusion coefficient, cm?/s;

an — the nth positive root of the first class zero-order Bes-
sel function J (an R) = 0;

R — the radius of the columnar coal core, cm.

In Equation 2, when n > 1, it is more difficult to solve the
apparent diffusion coefficient D, and n = 1 is taken to simpli-
fy the process.

In [1—Q‘] =-At+B;
Q. (©))

4
2
A=a°D, B=In TR
where:

a; — the first positive root of the first class zero-order
Bessel function J (an R) = 0.

The experimental data of the column coal cores were pro-
cessed according to Equation 3 and 2, and the experimental data
of 0.5 and 3 MPa were selected to plot the experimental versus

theoretical graphs and In(1 — Q:/ Q.,) ~ t shown in Figure 2.
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Figure 2. Fitted and classical model curves of columnar coal core diffusion parameters: (a) fitting of CHa4 diffusion parameters for
0.5 MPa; (b) comparison of classical model and experiment for 0.5 MPa; (c) fitting of CH4 diffusion parameters for 3 MPa;
(d) comparison of classical model and experiment for 3 MPa
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Figure 2 shows that the theoretical value Q:/Q. of the
classical diffusion model is larger than the experimental
value at an early stage. The theoretical value Q:/Q.. of the
classical diffusion model is smaller than the practical value at
the later stage.

The reason for the above phenomenon is that the apparent
diffusion coefficient determined by the classical diffusion
model is a constant that depends on the average diffusion
capacity of gas in coal over time and contradicts the dynamic
decay change of the apparent diffusion coefficient presented
by the experimental results. In addition, this leads to the fact
that the theoretical value of the classical diffusion model is
more significant than the practical value at an early stage.
The theoretical value of the classical diffusion model Q:/ Q..
is smaller than the experimental value at the later stage. Over
time, the error of the curve between the classical diffusion
model and the practical point becomes larger and larger. The
classical diffusion model cannot describe the whole process
of gas diffusion, and a dynamic diffusion-percolation model
is needed that can describe the columnar coal core.

4. Multi-scale dynamic diffusion-percolation model

4.1. Development of a multi-scale dynamic
diffusion-percolation model

The analysis of low-temperature liquid nitrogen and pie-
zometric experiments shows that coal has pores of different
sizes, ranging from several nanometers to several microns.
These pore structures are continuously distributed and coal
has multi-scale pore characteristics. The apparent diffusion
coefficient indicates the ease of gas diffusion in coal, which
is directly related to the pore structure of coal, and the ease
of gas diffusion varies in different pore structures. Gas flow
in coal is a continuous process of desorption-diffusion-
percolation, so the dynamic apparent diffusion coefficient is
used to describe the gas diffusion-percolation process in
columnar coal cores.

To accurately describe the dynamic decay characteristics
of the apparent diffusion coefficient, a negative exponential
function is proposed to represent the variation law of the
apparent diffusion coefficient [15]:

D(t)= Dy exp(-4t), (4)

where:

D(t) — the dynamic apparent diffusion coefficient that de-
cays with time, cm?/s;

Do — the initial apparent diffusion coefficient at t = 0*, cm?s;

/3 — the decay coefficient of the dynamic apparent diffu-
sion coefficient, s, reflecting the degree of transition from
the large outer pore to the small inner pore at different scales;

t —time, s.

The assumptions of the model are:

1) the radial dimension of the columnar coal core is
smaller than the axial dimension, and the gas mainly flows
out from the radial direction, ignoring the end effect;

2) the columnar coal core is assumed to be non-
homogeneous, and the apparent diffusion coefficient of the
columnar coal core varies dynamically with time, and the
dynamic apparent diffusion coefficient contains both percola-
tion and diffusion flow states;

3) the whole gas flow process is a continuous diffusion-
percolation process and follows the law of mass conservation.

We get this by substituting Equation 5 into the apparent
diffusion equation for columnar coal cores in columnar coor-
dinates:

x_ D(t)[ﬁ+@]

ot o2 ror

€ _y (r=0, t>0) ()
or

C=Cy (t=0, 0<r<R)

C=C, (r=R, t>0)

where:

C — the methane diffusion mass concentration as a func-
tion of diffusion path r and time t, i.e., C = C(r, t), g/cm?;

r — the diffusion path, cm;

Co — the methane mass concentration of the initial adsorp-
tion equilibrium, the initial condition of the equation, g/cm?;

Ca —the gas mass concentration on the surface of the coal
core during diffusion, the boundary condition of the coal
surface, g/cm?;

R — the radius of the columnar coal core, cm.

By separating the variables and substituting Equation 4
into Equation 5 for the solution, a multiscale dynamic appar-
ent diffusion model for columnar coal cores can be obtained:

B exp[an2 I?(exp(—ﬂt)—l)]

M % 25 . G
M © Qoo R“ n=1 an
where:

Q: and Q. — the volumes of the gas in the standard condi-
tion by converting the masses M;, M., respectively, cm®/g;

an — the n™ positive root of the first class zero-order Bes-
sel function Jo (an).

In gas diffusion-percolation experiments, gas flow in mi-
cro-nano pores is slow. The microscopic mechanism is more
complex and difficult to observe, so it is generally converted
into apparent permeability to describe and analyze the gas
flow pattern in micro-nano pores from a macroscopic per-
spective.

According to the ideal gas equation and Darcy’s theorem,
the mass flux per unit time and per unit area is obtained:

k(t
J :—¥ KgTVn,, @)

where:

k(t) — the apparent dynamic permeability;

v — the kinematic viscosity coefficient;

Kg — the Boltzmann constant;

T — the Kelvin temperature;

n, — the number of molecular gas densities.

Equation 7 and Fick’s law are combined to obtain:

Mv

k(t) = D(t). (8)

Further, the expression of the dynamic apparent diffusion
coefficient and apparent dynamic permeability can be ob-
tained as Equation 9:

uqz%Day ©)

where:
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1 — the dynamic viscosity coefficient, Pa-s;

p — the gas pressure, MPa.

The simple permeability conversion equation can convert
a multi-scale dynamic diffusion-percolation model into a
multi-scale dynamic apparent permeability model.

4.2. Dynamic apparent diffusion-percolation
model testing and analysis

The experimental data were processed according to the
multiscale dynamic diffusion-percolation model of columnar
coal cores of Equation 6, and then further processed accor-
ding to the apparent permeability conversion equation of
Equation 9 to obtain the apparent permeability ratio ki/ks
versus time curves and plot the comparison between the
classical transparent diffusion model and the multiscale dy-
namic apparent-percolation model in Figure 3.
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As shown in Figure 3, the experimental data at 0.5, 1, 2
and 3 MPa were processed. By comparing the classical
apparent diffusion model and the multi-scale dynamic ap-
parent diffusion-percolation model, it has been found that
compared to the classical prominent diffusion model, the
multi-scale dynamic transparent diffusion-percolation mod-
el for columnar coal cores can describe the whole process
of gas diffusion in coal. The theoretical curve overlaps with
the experimental curve and fits with higher accuracy. The
problem is solved that the hypothetical value of the classi-
cal diffusion model is larger than the practical value at an
early stage and smaller than the experimental value at the
later stage. Using the apparent permeability conversion
formula, the gas flow law in the pore space of a coal body
can be analyzed more intuitively.
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Figure 3. Multi-scale dynamic diffusion-percolation model of columnar coal cores compared with the classical model: (a) methane com-
parison chart for 0.5 MPa; (b) methane comparison chart for 1 MPa; (c) methane comparison chart for 2 MPa; (d) methane

comparison chart for 3 MPa

4.3. Multi-scale dynamic apparent diffusion-percolation
model with classical model relationships

Comparing Equation 2 and 6, it can be seen that:
D(t) =[5 Dy exp(~4t)dt
— Dy
D :E(l—exp(—ﬁt)) :

(Ea(2)=Ea(6))

(10)
D=D

84

where:
D - the average value of the dynamic diffusion coeffi-
cient in the period from 0 to t, cm?/s.

It can be seen from Equation 10 that the average value
of the apparent dynamic diffusion coefficient D is equal to
the classical model diffusion coefficient D, when Equation 2
and 6 are equal at a specific moment of time, which is the
intersection of the multi-scale dynamic apparent diffusion-
percolation model and the classical model curve in Figure 3.
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4.4. Mechanistic study of multi-scale dynamic
apparent diffusion-percolation model

The dynamic decay change of the apparent diffusion
coefficient reflects the narrowing of the pore structure of gas
flowing in coal, since coal has a multi-scale pore structure.
The pores are connected with self-similar morphology, as
shown in Figure 4. The pores in coal can be viewed as circu-
lar tubes of unequal diameters connected in series.

MI1 M2
! | | M3
’ l ] Mn

f 1
di h &2 43 dn’
[ D . D3 "Dn
DI

= tl -

la 2 -

:— [3 - ‘
- tn -

Figure 4. Multi-scale pore structure of coal sample

At the initial stage of gas diffusion t1, gas in coal first
flows out from the large pores and fissures of M1, when the
gas flow is subject to minor diffusion resistance and the most
significant diffusion coefficient. At stage t2, the gas starts to
flow out of the pores M2, the diffusion resistance starts to
become more extensive, and the diffusion coefficient D2
decreases. As the diffusion time from the surface inwards
increases, the apparent diffusion coefficient of each level
gradually decreases. The dynamic apparent diffusion coeffi-
cient is composed of apparent diffusion coefficient of each
successive pore level.

As shown in Figure 4, the apparent diffusion coefficient
consists of D1 and D2 in series when the gas diffuses into the
M2 matrix, and D1, D2 and D3 in series when the gas diffus-
es into the M3 level pores, and so on until the end of diffu-
sion. More and more pores are connected in series, the pore
size gradually decreases, the resistance to diffusion in series
increases, and the apparent diffusion coefficient of series
dynamics decreases slowly with time.

5. Conclusions

The classical diffusion model cannot describe the whole
process of gas diffusion in columnar coal cores. The experi-
ments have shown that the apparent diffusion coefficient is
not a constant, but shows a changing trend of dynamic decay
with time, so a multi-scale dynamic transparent diffusion-
percolation model has been developed. The conversion rela-
tionship between the dynamic apparent diffusion coefficient
and the apparent dynamic permeability is obtained according
to the principle of mass conservation, which is useful for
studying the intrinsic permeability of coal.

The mechanism of the apparent diffusion coefficient de-
caying with time is elaborated. Coal has multi-scale pore
structure characteristics, and multi-level pores in coal are
connected in series and permeable. The apparent diffusion

coefficient gradually decreases as the gas in coal diffuses
from the large to tiny diffusion pores in the process of diffu-
sion, from the surface inwards.

Comparing the classical diffusion model and the multi-
scale dynamic apparent diffusion-percolation model, it has
been found that the constant diffusion coefficient in the clas-
sical model is equivalent to the average dynamic apparent
diffusion coefficient.
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PesyabTaTn. ExciepuMeHTaIbHO BCTAaHOBIICHO, 110 KJIACHYHA Au(y3iliHa MOJIEIb CTOBIIYACTOTO BYTiJIHOTO KEPHA MOJXKE JIMILE YaCTKO-
BO OMNHCYBATH Mpolec Tudy3ii rasy, Ipx YoMy YUM JOBIINI Yac eKCIEPUMEHTY, TUM OiNbIIa MOXHOKa MK MOAEIUIIO Ta eKCIIEPHUMEHTOM. B
pe3ybTaTi aHali3y BUABJICHO, 10 YABHUN KoedinieHT audysii mokasye 3MiHM 3aTyXaHHS 3 4acoM. 3allPOIIOHOBAHO KOHIIETIiI0 KoedilieHTa
IUHaMI9HOI nudy3ii a1 moOynoBu GararoMacitabHOI pagiadbHOT TMHAMIYHOI MOAEII ITOMITHOT Tudy3iiHO-TIepKoILiitHOT (inbTparii s
CTOBITYACTUX BYT'JIBHUX KepHiB. Bu3HaueHo, Mo TeopeTHYHa KpHUBa HOBOI MOJEI Maike 30iraeThest 3 eKCIEPHMEHTAIBHOIO KPUBOIO, 1 HOBA
MOJIeTb JIO3BOJISIE OUIBII TOYHO OMMcaTH Iporec audy3ii-epkoisnii ra3y y cTOBIMYAaCTHX KepHaX BYriul. BecraHosneHo, mo Gararomacii-
TabHa JUHAMIYHA MOJEINH Ja€ TOSICHEHHS MeXaHi3My AnuQy3ii-mepKoisii ra3y B 6araroMacmrabHHUX ITOpax, TOOTO Ha MOYATKy MOTOKY ra3
BUTIKA€ 3 BEMUKHUX 30BHILIHIX MOP, 3 TOBEPXHi BCEPEAUHY, IPU LIBOMY 3 4aCOM PO3MIp IOp, Yepe3 sKi MPOXOIUTh ra3, IOCTYIIOBO 3MEHINY-
€TbCS, OMip TUQY3ii HOCTYMOBO 301IBIIYETHCS, a YABHUH Koe]imieHT audy3ii MOBUTBHO 3MEHIITY€E€ThCS.

HaykoBa HoBu3Ha. Briepiie 3ampomnoHoBaHo HOBY OaraTomMacitabHy TUHAMI4HY MOJENb AU(y3ii-MepKoALii [l NOPIBHAHHS aHATIZY
CTapoi Ta HOBOI MOJIeTIeH, a TAKOXK PETENIbHO BUBYAETHCA MEXaHi3M MOTOKY ra3y y BYTiLIi.

IpakTnuyna 3HaYuMicTb. Lle NOCTIPKeHHS Mae BakiIHMBe iHXKEHepHE 3HAYCHHs Ul TOYHOCTI BUMIPIOBaHHS Ta30HOCHOCTI BYTUIBHHX
TIACTIB, @ TAKOXK IIPOTHO3YBaHHS BMICTY BYT'UJUIS Ta razy.

Knrwuosi cnosa: ysenuii koegiyicum oughysii, cmoenyacmuii 8yeiibHull KepH, 6a2amomacuimadnull, Mooeis ougysii-nepkorayii
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