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Abstract: The diffusion coefficient of gases in coal varies with time. This study aims to develop an
unsteady dynamic diffusion (UDD) model based on the decay of diffusion coefficient with time and
the change of integral. This study conducted a series of gas desorption and diffusion experiments
with three different combinations of particle sizes and gas pressures and compared the diffusion
coefficients of the three models. The UDD model exhibited good fitting results, and both the UDD
and bidisperse models fitted the experimental data better than the unipore model. In addition,
the dynamic diffusion coefficient (Dp,) decreased rapidly in the initial stage but gradually decreased
to a stable level in the later stage. All the effective diffusion coefficients of the three models negatively
correlated with the particle size. In the unipore model, the diffusion coefficient of coal samples with
three particle sizes increased with gas pressure. In the bidisperse and UDD models, the diffusion
coefficients (Dye, Dje, and Dp,) of 0.25-0.5 mm and 0.5-1.0 mm coal samples increased with gas
pressure. However, Dp, and D, of 1.0-1.25 mm coal samples increased first and then decreased.
Furthermore, D;, decreased first and then increased, with no sign of significant pressure dependence.
Finally, the correlation and significance between the constant and diffusion coefficient in the UDD
model was investigated.

Keywords: gas diffusion; unsteady dynamic diffusion model (UDD model); gas pressure; particle
size; coal matrix

1. Introduction

Gas flow in the coal matrix is usually divided into two stages during gas drainage and Coalbed
methane (CBM) recovery in underground coal mines [1], as shown in Figure 1. First, owing to
the concentration gradient, gas diffuses from the surface of the coal matrix to the fracture/cleat
system, and Fick’s law could be used to construct the diffusion model. Second, gas in the fracture
system seeps into the underground boreholes or surface wells because of the pressure gradient,
which could be described using Darcy’s law. During both processes, the gas diffusion coefficient
and gas permeability are the key parameters affecting gas flow in coal. Reportedly, the diffusion
coefficient of gases could be affected by temperature, moisture, particle size, pressure, and so on [2-5].
During CBM development, coal particles around boreholes break up, and gas pressure is in a
dynamic state. Thus, comprehending the impact of particle size and pressure on gas diffusion
in coal is imperative. Previously, the impact of particle size on the diffusion coefficient has been
investigated. Through experiments and a dynamic diffusion model, Guo et al. demonstrated a
positive correlation between the particle size and the diffusion coefficient [6]. However, some studies
reported a negative correlation between the particle size and the diffusion coefficient [7]. Regarding the
pressure dependence of gas diffusion, Clarkson and Bustin conducted experiments and calculations
under 0-5 MPa pressure, which showed that the diffusion coefficient increased monotonously with
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pressure [8]. However, Pone et al. found that the diffusion coefficient decreased with a gas pressure
range of 0-3.1 MPa [9]. Furthermore, other studies revealed no significant correlation between the
gas pressure and the diffusion coefficient [10]. Hence, the pressure dependence of gas diffusion
remains debatable. Table 1 presents the results of previous studies on pressure dependence of the
diffusion coefficient.

Table 1. Summary of previous studies on pressure dependence of diffusion coefficients of gases in coal.

Effect of Increasing Pressure

Study Model Fluid on Diffusion Coefficients Experiment Conditions
. Unipore, 0 & 30 °C, 0-127 KPa &
Clarkson and Bustin (1999) [8] bidisperse CO,, CHy Increase 0-5 MPa
Cui etal. (2004) [11] Modified CO,, CH, Decrease 30 °C, 0-7 MPa
bidisperse
Siemons et al. (2007) [5] Two exponentials CO, Slow term decreases 0-6 MPa, 45 °C
Pone et al. (2009) [9] Unipore-like CH, Decrease 20°C, 3.1 MPa
model
Pan et al. (2010) [12] Bidisperse CH,4,CO, CHy increase. CO; no change 26 °C, 04 MPa
Svabova et al. (2012) [3] LDF single Co, Decrease 45 & 55°C, 0.1-0.8 MPa
parameter
Sun (2018) [10] Unipore model CH,4,CO, No obvious regularity 0-5.2 MPa

Usually, the diffusion coefficients of gases are evaluated by fitting the diffusion model of gases in
porous media rather than by directly measuring them. In spherical coordinates, studies have presented
different diffusion models to elucidate the diffusion behavior of gases in coal, based on Fick’s diffusion
law. Often, the unipore [13] and bidisperse [14] models are used to fit the diffusion coefficients of
gas adsorption/desorption. Compared with the unipore model, the bidisperse model considers the
dual diffusion mode of pores in coal, including micropores and macropores. Both the unipore and
bidisperse models have been extensively used for the diffusion of gases in porous media, with the
bidisperse model exhibiting marginally better fitting performance. Notably, both models assume that
the diffusion coefficient D is constant. However, recent studies have demonstrated that the diffusion
coefficient correlates negatively with time.

. e © o |§ e o
® ® o 3| * ° o - -
° oo ° ‘ ° oo ° = 1
.o.°.o‘ .o.°.o ] ..
o o v o o T Ll Z T
P o SS9 S e T e
o ® o |lle ° o i < -
oo o (Tle o, e e
S P LI e e
o (] 1 (]
o ® o o ® o asaitt ot o i
/ ® 0 1 ® 0
Desorption and diffusion Methane seepage Methane flow to CBM well

Figure 1. Methane migration in coal.

This study summarizes the integral characteristics of diffusion coefficients of different pressures,
ranks, and particle sizes of coal in the relevant literature and, accordingly, develops a new unsteady
dynamic diffusion (UDD) model to describe the characteristics of gas diffusion in coal. Using the
unipore, bidisperse, and UDD models, this study also compares the impact of the particle size and gas
pressure on diffusion in coal. Finally, this study discusses the function and significance of coefficients
in the UDD model.
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2. Diffusion Models

2.1. Unipore Model

The diffusion of gases in coal is often described using the unipore model. The assumptions of the
unipore model are as follows: (1) The gas concentration on the surface of the particle coal (outside
the coal body) is constant; (2) the temperature is constant; (3) the diffusion coefficient is constant;
(4) the geometry of the coal body is a standard sphere; and (5) the uniform pore structure exists.
Based on Fick’s law: o

J=-DZ, M
where ] is the diffusive flux [kg/(m?-s)]; C is the concentration of the diffusion medium (kg/m?); D is
the diffusion coefficient of fluid (m?/s); and x is the diffusion distance (m).

Pramod argued that the gas flow and diffusion in granular coal could be decreased to a spherical
model [15], as shown in Figure 2. Based on the assumptions of homogeneous spherical particles and
isothermal conditions, the analytical solution to the unipore gas diffusion coefficients of spherical coal

particles is as follows [13]:
Dn T(
=1- 2 Z . @

where Q; is the total volume of gas desorbed at time ¢ (mL); Qw is the total desorbed volume after
infinite time (mL); Q¢ /Qw is the gas desorption ratio in coal; r is the radius of the spherical coal particle
(mm); 7 is the series; and D (s™1) is the effective diffusion coefficient (D, = D/r?).
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Figure 2. Sketch of gas diffusion in coal.
2.2. Bidisperse Model

Considering the dual-aperture distribution in the coal matrix, Ruckenstein et al. introduced
the bidisperse model, which explains the fast diffusion stage of macropores and the slow diffusion
stage of micropores [12]. The effective diffusion coefficient of coal is evaluated using both the
micro-diffusion coefficient and the macro-diffusion coefficient. The macro-diffusion stage can be

expressed as follows [16]:
Qat o 6 } : 1 =7
Qlloo a 1 B nz nZ ¢ uz (3)

where Qy is the total volume of gas desorbed in macropores at time t (mL); Qe is the total desorbed
volume after infinite time in the macropores (mL); D, is the diffusion coefficient of macropores; Dae(s™)
is the effective diffusion coefficient of macropores (D, = D,/ r%) ; and 7, is the radius (mm).

The micro diffusion stage can be presented as follows:

00 Dignznzt
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where Q;; is the total volume of gas desorbed in micropores at time t (mL); Q;« is the total desorbed

volume after infinite time in the micropores (mL); D; is the diffusion coefficient of micropores; D;, (s71)

is the effective diffusion coefficient of micropores (D;, = D;/ rl.z) ; and 7; is the radius (mm).
Combining Equations (3) and (4), the bidisperse model can be expressed as follows [16]:

Qr Qat Qit

— =A +(1-A)=— 5
0 e TV ©
where A and 1 — A provide the ratio information of the macropore/micropore adsorption/desorption to
the total adsorption/desorption.

2.3. UDD Model

2.3.1. UDD Model in Coal

Reportedly, the gas diffusion coefficient in porous media closely correlates with porosity [17].
Usually, macropores on the coal surface have good connectivity and a large throat. On the coal
surface, the gas is most likely to diffuse through a large and well-connected pore (the first type of
pore), then through the well-connected pore (the second type of pore), and finally through the poorly
connected pore (the third type of pore) [18]. In the initial stage, the gas diffusion resistance is small.
First, the gas diffuses from the macropores on the coal surface, and the diffused gas occupies the main
diffusion path and prevents the gas from diffusing from another pore. Second, the concentration of the
main diffusion path declines with the reduction of the gas volume in macropores, thereby increasing
the concentration gradient of the second type of pore and the main diffusion path. Thus, the gas
begins diffusing from the second type of pore to the main diffusion path, and, finally, the gas enters the
main diffusion path from the poorly connected pore. Compared with the first type of pore, the second
and third types of pores have weaker connectivity and smaller throat. Thus, the diffusion coefficient
decreases with the increase of gas diffusion resistance as the diffusion proceeds.

This study fitted eight groups of gas desorption experimental data from different studies [19,20].
The findings revealed that although the gas diffusion coefficients were evaluated using different models
or experimental conditions, the integral of the diffusion coefficient D can be calculated using the same
relationship (Figure 3). The equation is expressed as follows:

&k
TR T f Ddt (6)

where &, 3, and k are the constants related to the diffusion coefficients in the UDD model; £ denotes
the initial diffusion coefficient;  and k are the constants that regulate the gas diffusion coefficient.
Section 5.4 discusses the detail meaning of constants.
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Figure 3. Integral of the D under different experimental conditions. (a) Coals of different ranks;
(b) Different equilibrium pressures; (c) Different particle sizes.
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2.3.2. Diffusion Model and Initial and Boundary Conditions

According to Fick’s law, gas diffusion is driven by the concentration gradient. In spherical
coordinates, it can be expressed as follows:

= @)

a_C—D 82_(:+ga_c
ot o2 ror

where C is the desorption concentration (g/mm3) and r is the radius (mm).

Besides the spherical and isothermal assumptions, it is assumed that (1) pores are evenly distributed
in the coal matrix, and macropores and micropore sizes are different; (2) gas is evenly distributed in the
pores of coal after the gas adsorption equilibrium; (3) the diffusion coefficient D is a function of time
t, expressed by Equation (6); (4) the paths with a different degree of pore connectivity are isotropic;
and (5) the gas concentration on the surface of the particle coal (outside the coal body) is constant.
Then, the initial conditions can be expressed as follows:

dC/dt =0(r = 0,t > 0)
C=Co(t=0,0<7<r) 8
C=C.(r=R,t>0)

where Cj is the initial concentration (g/mm3) and C, is the constant concentration of gas contacting the
surface of the sphere (g/mm?).

2.3.3. Model Solution
Taking ® = Cr into Equations (7) and (8), then:

o P
o =Dz

¢ =RCy(r=R,t>0)
¢ =0(r=0,t>0)

Equation (9) is a partial differential equation. The separation of variables was used to solve it.
Of note, ¢ can be regarded as a function of  and #:

o(r,t) = v(r,t) + w(r) (10)

Now, substitute Equation (9) into Equation (10), then:

4 =0
a2
w(0) =0 (11)
a)(R) = RC1
and ; »
o = D5
v(0,t) =v(R,t) =0 (12)
v(r,0) = rCo— w(r)

The solution to Equation (11) is as follows:
w(r) =rCe (13)

Combining Equations (12) and (13), the following is obtained:
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v _ pdZv
ot~ T o
v(0,t) = v(R,t) =0 (14)

v(r,0) = rCo—rCq
The equation v(r, t) can be transformed as follows:

v(rt) =y(rT() (15)

Combining the first equation of Equations (14) and (15), the following is obtained:

YT (8) = Dy” (1)T(8) (16)
. W ()
)
DI~ ) 17)

Equation (16) can be transformed as follows:

{T’(t) + ADT(t) =0
” (18)
Y (r)+Ay(r) =0
Based on the second equation of Equation (14):
y(0) =0, y(R)=0, (19)
Y (r) +Ay(r) =0
y(0)=0 (20)
y(R) =0
The general solution to Equation (20) is as follows:
_ (nm\2
{02 Y el
Yn = sin
The solution to the second equation in Equation (18) corresponding to A, is as follows:
T(t) =Cy exp(—fAnDdt) (22)
where C, is a constant value. Combining Equations (6) and (22), the following can be obtained:
£k . NTT
Vu(r,t) = yn(r)Tu(t) = Crexp(—Ay = ﬁtk) sm(?r) (23)
According to the superposition principle,
- — étk . N7
v(r,t) = HZ{ o exp(—/\nrﬁtk) sm(?r) (24)
&tk
Because ——— =0 (when t = 0) (25)
1+ Btk
The following equation can be obtained:
- . NT
v(r,0) =rCo—1C, = Z Cu sm(?r) (26)

n=1
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where Cj, is the coefficient of the Fourier sine series expansion of function ¢(r) = rCp — rCy, then:

2R(C,-C
C,= (_1)”% (27)

The algebraic solution to Equation (12) can be obtained by combining Equations (27) and (23):

- - Tt k Tt
o(r,1) = Y (-1 2RE 0 gy (ML (2T

nr R’ 1+pH k" (28)

o(r,t) = o(r,t) + w(r) = Y 1y RE=C) o T (T 4 @9)

= nr R’ 1+ ﬁtk R
~¢(rt)  2R(C.—Co) o (-1)" nm 2 &tk nm
C(r,t) = = — ,; ” exp( (R ) 1_Hﬁk)xsm( R r)+Ce (30)
The final desorbed gas volume can be evaluated as follows:
4nR® 8R3 1 (T &tk
Q= [, CoClrtdv = Z5(Co= Co = S (Co= G ),y ep () ) OV

When the gas concentration in coal is C,, the final desorbed gas volume is as follows:

_ 4mR®
Qe = [[], (Co-ColdV = == (Co - Co) (32)
By dividing Equations (31) and (32), the following equation can be obtained:
Qs 6 v 1 n2n? &k
=t _q1_-= _ _— 33
Qw nZ;_:l 2 PR T ) 33)

The effective diffusion coefficient can be expressed using the following equation:

D Aktk1
DDe = 5 =

— (34)
R (14 pit?
where A = £/R? and Dp, denotes the effective dynamic diffusion coefficient.

When the concentration on the surface of the coal matrix changes, the gas desorbs and diffuses.

Combining Equations (33) and (34), the UDD model can be obtained as follows:

n2 Z‘ 2 © S ﬁt") (35)

0()

2.4. Method for Estimating the Diffusivity

In this experiment, the final desorption amount was not measured as it would take a long time.
As all the unipore, bidisperse and UDD models contain an infinite series, they were fitted using the
Levenberg—Marquardt algorithm based on the iterative process [21]. However, if Equations (2), (5) and
(85) were directly used to fit the diffusivity, the parameters Dy, Dj,, D,, A, and Q in the equation
should be changed to adapt to the experimental data, leading to excessive parameterization and



Processes 2019, 7, 571 8 of 21

causing deviation. To eliminate this effect, the final desorption volume Q. was replaced by the total
desorption volume in 9000 s. Hence, the unipore model can be transformed as follows [22]:

Qo Q/Q 1= L oxp (Do)
) n=

_ " (36)
Qoooo  Qa000/ Qoo 1- % Z‘l % exp(~90001272D,)
n=
The bidisperse model can be transformed as follows:
Ou Qut/Oe 1- %YE‘I nlz eXp(—nztnzDae>
Quon ~ Quooon/Q0 1 _ 5 & 47
29000 29000 00 1- % Zl % exp(—9000n27'[2Da6)
n=
o 01/ Ou 1- %nél % exp(—nztRZDig)
Omooo ~ Qoo00/Qm 1 5 %)
9000 9000 00 1-— % Zl nl_Z exp(—9000n27'(2Dig)
n—=
Qt Qat Qit
=A +(1-A)=— 39
Q9000 Q9000 ( ) Qi9000 (39)
The UDD model can be transformed as follows:
1-6 % exp(-ntn2 ity
2 ~on 1+ptk

Qo000/ Qoo Qoooo 1

2 _A9000k )

n
(o9
6 v 1 2
— 2 Lz exp(-n?n? s

3. Experiments

3.1. Coal Samples

The coal samples used in this experiment were collected from the #2 coal seam of Dongpang Coal
Mine owned by the Jizhong Energy Group, Xingtai, China. After sampling, all coal samples were sealed
and sent to the laboratory. Based on the Chinese national standards AQ/T1065-2008 and GB474-2008,
after removing the surface oxide layer, the coal samples were crushed using a high-speed crusher,
followed by grinding and screening to obtain the coal particles. The coal particles were divided into
the following three categories in terms of size: (1) 0.25-0.5 mm; (2) 0.5-1.0 mm; and (3) 1.0-1.25 mm.
Table 2 presents the industrial analysis of the coal samples.

Table 2. Information of the coal samples.

Mad%  Aad% Ad% Vad% Vd% Vdaf% FCad% FCd%
1.3 12.06 11.39 10.04 9.72 11.36 78.69 76.12

3.2. Experimental System

Figure 4 shows the experimental system. An automatic desorption device was developed.
Polypropylene resin pipes were used to collect gas. The micro air pump, desorption pipeline,
and differential pressure sensor were connected through a valve. Using the micro air pump, the gas
was extracted from the pipeline and the liquid level was increased. The sensor was used to measure
the height of the liquid level. During desorption and gas collection, the sensor was used to depict the
height of the liquid level in the gas collector and then calculate the gas collection volume.
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3.3. Experimental Methods

The experiments were conducted with three different particle sizes (0.25-0.5, 0.5-1.0, and 1.0-1.25 mm)

under three different pressures (0.5, 1.0, and 1.5 MPa), with 220 g of granular coal for each group.

The specific steps are as follows:

@

)]

®)

4)

®)

(6)

To avoid the impact of moisture, the three groups of coal samples with different particle sizes
obtained by grinding and sieving were placed in an electrothermal isothermal drying box at 50 °C
for 12 h to remove water from the coal. Then, the samples were put into the coal sample tank.
Based on the experiment’s requirements, after assembling the debugging equipment, the coal
sample tank was put into an isothermal water bath, and the temperature was set to 298.15 K
to maintain the experimental temperature in the range of 0.1 K and to keep the test
temperature constant.

The valve (Valve g) was opened between the reference tank and sample tank, and the air and
other gas impurities were removed using a vacuum pump (until the vacuum meter reads <10 Pa).
After vacuum degassing, Valve g was closed, and then CH4 was injected into the reference tank
using a high-pressure CHy cylinder, and the pressure relief valve was adjusted until the pressure
of the reference tank was stabilized at 0.5 MPa. Then, Valve g was opened to allow CHy into the
sample tank. After the number on the pressure indicator was kept constant for 1 h, the valve
between the sample tank and the reference tank was disconnected to continue to fill CH, into the
reference tank until the pressure reached 0.5 MPa. Next, the valves of the reference and sample
tanks were opened until adsorption equilibrium. Meanwhile, the pressure remained constant.
The process was repeated until the pressure remained at 0.5 MPa for 1 h, and the sample was at
0.5 MPa adsorption equilibrium pressure.

Once equilibrium was attained, the automatic desorption instrument was turned on and the data
acquisition system was activated for gas desorption. The desorption lasted for 9000 s.

After the experiment of the three groups of coal samples was completed under 0.5 MPa,
the experiment was repeated under 1.0 and 1.5 MPa until all desorption processes were completed.
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Figure 4. Gas desorption experiment system. (1) High pressure CHy cylinder (99.9% purity);

Automatic gas desorption device

(2) pressure reducing valve; (3) reference tank; (4) vacuum pump; (5) vacuum gauge; (6) coal sample
tank; (7) constant temperature water bath; (8) automatic gas desorption instrument; (9) data collection
system; (a—c) pressure gauge; (d-h) valve.

4. Results

4.1. Desorbed Gas Volume

Figure 5 shows the data of gas desorption for the different particle sizes and equilibrium

pressures. The desorbed gas volume increased with time for the different particle sizes and pressures.
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However, the desorption rate decreased with time. At 9000 s, the 0.25-0.5 mm coal samples under
1.5 MPa exhibited the largest desorbed gas volume (4.61 mL/g), while the 1.0-1.25 mm coal samples
under 0.5 MPa showed the minimum desorbed gas volume (i.e., 0.78 mL/g), accounting for 47.8% and
29.6% of the desorbed gas volume under 0.5 and 1.0 MPa, respectively. Under the same pressure,
taking 0.5 MPa as an example, the desorbed gas volume of 1.0-1.25 mm coal samples accounted for
43.4% and 59.1% of the desorbed gas volume of 0.25-0.5 mm and 0.5-1.0 mm coal samples, respectively.
In addition, Figure 5 shows that the desorbed gas volume negatively correlates with the particle size
under the same pressure. However, with the same particle size, the pressure positively correlates
with the desorbed gas volume because the gas concentration gradient increases with the equilibrium
pressure. Furthermore, the desorbed gas volume was affected by both the particle size and pressure.
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Figure 5. The variation of desorbed gas volume with time at different particle sizes and gas pressures
(a) particle size is 0.25-0.5 mm; (b) particle size is 0.5-1.0 mm; (c) particle size is 1.0-1.25 mm.

4.2. Fitting Results of the Unipore Model and Bidisperse Model

Based on Equations (36) and (39), the experimental data were fitted using the unipore and bidisperse
models. Figure 6 shows the results. The R? value of the bidisperse model ranged 0.9974-0.9992, which is
much better than the unipore model. Tables 3 and 4 show the calculated constants. The diffusion
coefficients of the unipore model and macropores and micropores in the bidisperse model were in
the order of magnitude of 107° s~1. The diffusion coefficients of macropores ranged 2.51 x 107> s~!-
5.56 x 107 571, while the diffusion coefficients of micropores ranged 1.05 x 107> s71-4.73 x 10™> s 1.
All the diffusion coefficients of macropores were larger than the diffusion coefficients of micropores,
which is consistent with Wang et al. [22]. The calculation results of both models revealed a negative
correlation between the particle size and the diffusion coefficient. In addition, the fitting value D, of
the diffusion coefficient in the unipore model positively correlated with gas pressure. However, in the
bidisperse model, D, and D, of 0.25-0.5 mm and 0.5-1.0 mm coal samples increased with pressure,
Dy, of 1.0-1.25 mm coal samples increased first and then decreased with an increase of pressure, and D;,
decreased first and then increased. Furthermore, the value of the diffusion characteristic parameter A
in the bidisperse model ranged 0.745-0.830, suggesting that the diffusion characteristic parameter is
stable in the desorption process and that its intrinsic properties do not fluctuate markedly with the
variation of the pressure and particle size.

4.3. Fitting Results of the UDD Model

Figure 7 and Table 5 show the fitting results and constants of the UDD model. The fitting results
of the UDD model were excellent, with the R? values of gas diffusivity of all samples well above 0.999,
which is better than the unipore and bidisperse models. Table 5 shows that the values of A and k
increase with the decrease of the particle size, whereas the  values have no significant dependence on
the particle size, and the values of k are <1. The order of magnitude of the A value ranged 107-107>,
which is roughly similar to the initial diffusion coefficient reported previously [23,24], and the value
of A is 1-3 orders of magnitude higher than . Figure 8 shows the diffusion characteristics of the
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coal samples with three different particle sizes under three different pressures. The diffusivity of gas
decreases rapidly in the early stage, and the diffusion coefficient decreases gradually to a flat level
in the later stage. Under the same pressure, the particle size negatively correlated with the diffusion
coefficient. For 0.25-0.5 mm and 0.5-1.0 mm coal samples, the dynamic diffusion coefficient Dp,
positively correlated with pressure, while for 1.0-1.25 mm coal samples, Dp, increased first and then

decreased with the increase of pressure.
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Figure 6. Fitting results of the unipore model and bidisperse model. (1-a) particle size:0.25-0.5 mm,
gas pressure: 0.5 MPa; (1-b) particle size: 0.25-0.5 mm, gas pressure: 1.0 MPa; (1-c) particle size:
0.25-0.5 mm, gas pressure: 1.5 MPa; (2-a) particle size: 0.5-1.0 mm, gas pressure: 0.5 MPa; (2-b) particle
size: 0.5-1.0 mm, gas pressure: 1.0 MPa; (2-c) particle size: 0.5-1.0mm, gas pressure: 1.5 MPa;
(3-a) particle size: 1.0-1.25 mm, gas pressure: 0.5 MPa; (3-b) particle size:1.0-1.25 mm, gas pressure:
1.0 MPa; (3-c) particle size: 1.0-1.25 mm, gas pressure: 1.5 MPa.

Table 3. Fitting results of the unipore model.

Size (mm) 0.25 mm-0.5 mm 0.5 mm-1.0 mm 1.0 mm-1.25 mm
Pressure (MPa) D, (s71) R? D, (s71) R2 D,.(s71) R?
0.5 MPa 3.58 x 10705 0.9872 3.44 x 1079 0.9846 3.36 x 1079 0.9805
1.0 MPa 411x107% 0.9828 4,06 x 1079 0.9833 3.64 x 1079 0.9781

1.5 MPa 5.06 x 1079 0.9759 462 x107% 0.9901 3.82x107% 0.9911
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Table 4. Fitting results of the bidisperse model.

12 of 21

Size (mm) 0.25 mm-0.5 mm 0.5 mm-1.0 mm 1.0 mm-1.25 mm
Pressure (MPa) Dge (s71) D;, (s71) n R? Dy s71) Djo(s™1) n R? Dge (s™1) Dije(s™h) n R?
0.5 MPa 3.58 x 10795 2.96 x 1079 0.762 0.9989 2.75 x 1079 2.74 x 1079 0.789 0.9992 251 x 1070 1.21 x 107% 0.745 0.9988
1.0 MPa 3.92 x 1079 3.33 x 1079 0.816 0.9992 3.35x107% 2.62 x 10795 0.814 0.9974 3.23 x 1079 1.05 x 10705 0.769 0.9991
1.5 MPa 5.56 x 1079 473 x 10795 0.830 0.9978 4.85x 107 2.70 x 1079 0.813 0.9987 3.01 x 1079 1.76 x 1079 0.738 0.9985
Table 5. Fitting results of the UDD model.
Size (mm) 0.25 mm-0.5 mm 0.5 mm-1.0 mm 1.0 mm-1.25 mm
Pressure (MPa) A B k R? A B k R2 A B k R?
0.5 MPa 3.99 x 1079 2.35 x 10706 0.878 0.9994 3.76 x 1070 1.28 x 10797 0.854 0.9998 3.43 x 1079 1.37 x 1079 0.721 0.9997
1.0 MPa 5.68 x 107% 2.59 x 10~%7 0.869 0.9996 443 x107% 8.28 x 10704 0.822 0.9995 411x107% 2.76 x 10707 0.802 0.9996
1.5 MPa 1.29 x 10704 212 x 1079 0.878 0.9991 4.89 x 1070 3.64 x 10708 0.851 0.9992 3.94 x 1079 5.89 x 107 0.801 0.9994
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Figure 7. Fitting results of the unsteady dynamic diffusion (UDD) model. (1-a) particle size: 0.25-0.5mm,
gas pressure: 0.5 MPa; (1-b) particle size: 0.25-0.5 mm, gas pressure: 1.0 MPa; (1-c) particle size:
0.25-0.5 mm, gas pressure: 1.5 MPa; (2-a) particle size: 0.5-1.0 mm, gas pressure: 0.5 MPa; (2-b) particle
size: 0.5-1.0 mm, gas pressure: 1.0 MPa; (2-c)particle size: 0.5-1.0 mm, gas pressure: 1.5 MPa;
(3-a) particle size: 1.0-1.25 mm, gas pressure: 0.5 MPa; (3-b) particle size:1.0-1.25 mm, gas pressure:
1.0 MPa; (3-c)particle size: 1.0-1.25 mm, gas pressure: 1.5 MPa.
~14E4 =
&L 2 5E-54
1264 ——0.5MPa £ ——0.5MPa
35 —— 1.0MPa 8, —— 1.0MPa
£ 1.0E-4{ ——1.5MPa | ——15MPa
8 8
£ 8.0E-51 £ 3E-5
26085 5
EY 5 zas-&\
o 2
= 4,0E—5-\\“ £ e P
2 i S 1E-54 S S
£.2.0E-5 Rzmeee. SE S =
5 S S e e menen &
3 $oo
Q o 0

0.0 T v T T T
0 1500 3000 4500 6000 7500 9000
Time(s)

@)

1500 3000 4500 6000 7500 9000
Time(s)

(b)

3000 4500 6000 7500 9000
Time(s)

()

Figure 8. Dynamic diffusion coefficient based on the UDD Model (Dp,) (a) particle size: 0.25-0.5 mm;
(b) particle size 0.5-1.0 mm; (c) particle size: 1.0-1.25 mm.

5. Discussion

5.1. Comparison of the Unipore, Bidisperse, and UDD Models

The unipore and bidisperse models have been extensively used in the calculation of the gas
diffusion coefficient in coal [14]. From a mathematical perspective, the unipore model does not
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adequately capture the sorption kinetics, and the bidisperse model has better fitting results than the
unipore model. Staib et al. reported that it was inaccurate to explain diffusion with one parameter.
Using the bidisperse model, a study described the diffusion behavior of CO, under different pressures
and reported good fitting results [25]. Siemons et al. investigated the diffusion behavior of CO; in coal
and revealed that the bidisperse model had a good fitting effect [5]. Pan et al. investigated the diffusion
behavior of CHy in coal with different moistures and reported a good fitting effect of the bidisperse
model [12]. Clarkson and Bustin believed that, regarding the applicability of the model, the pore
structure of coal should be considered [8]. They suggested that the unipore model was suitable for coals
with a simple pore structure (as its hypothesis was that the pores had a spherical and homogeneous
structure), while the bidisperse model was more suitable for coals with a complex structure.
According to Figure 7 and Table 5, the fitting effect of the UDD model was slightly better than
the bidisperse model, and all the values of R? were >0.999. However, the residual between the model
fitting data and experimental data could well evaluate the fitting quality of different models under
different conditions (equilibrium pressure and particle size) relative to the experimental data [26].
Figure 9 shows that the residual range of the UDD model is lower than the bidisperse and unipore
models, suggesting that the UDD model could well describe the gas diffusion behavior in coal.
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Figure 9. Residual comparing the unipore, bidisperse, and UDD models. (1-a) particle size: 0.25-0.5mm,
gas pressure: 0.5 MPa; (1-b) particle size: 0.25-0.5 mm, gas pressure: 1.0 MPa; (1-c) particle size:
0.25-0.5 mm, gas pressure: 1.5 MPa; (2-a) particle size: 0.5-1.0 mm, gas pressure: 0.5MPa; (2-b) particle
size: 0.5-1.0 mm, gas pressure: 1.0 MPa; (2-c) particle size: 0.5-1.0 mm, gas pressure: 1.5 MPa;
(3-a) particle size: 1.0-1.25 mm, gas pressure: 0.5 MPa; (3-b) particle size:1.0-1.25 mm, gas pressure:
1.0MPa; (3-c) particle size: 1.0-1.25 mm, gas pressure: 1.5 MPa.



Processes 2019, 7, 571 15 of 21

The unipore and bidisperse models assume that the diffusion coefficient D is constant, while in the
UDD model, it is considered as a function of time. Zhao et al. demonstrated that the gas concentration,
position, and time were key factors affecting the diffusion coefficient and concluded that the assumption
of a constant diffusion coefficient was inaccurate and could deviate the results [27]. Zhang proposed
that analytic solutions could not be obtained using the unipore and bidisperse models based on Fick’s
law if the impact of the concentration and position x on diffusion were considered [28]. The diffusion
coefficient as a function of time t could be attributed to the following two reasons: (a) The impact
of the concentration change; and (b) the collision with the pore wall during molecular diffusion
might cause kinetic energy loss [29-31]. The dynamic diffusion coefficient evaluated using the UDD
model (Figure 8) revealed that the diffusion coefficient of gas decreased rapidly in the early stage and
gradually decreased to a flat level in the later stage. Thus, it significantly negatively correlated with
time, which is similar to Guo et al. [24]. This study explored the underlying reasons based on the
different mechanisms. Liu et al. studied the dynamic diffusion behavior of CO; in coal and believed
that the continuous decrease of the diffusion concentration could result in a negative time-dependent
correlation of the diffusion coefficient [32], which was consistent with the findings of Nandi and
Walker [7]. Nandi and Walker argued that the desorbed gas volume positively correlated with D [7].
In addition, the pore structure was considered to be another major factor affecting gas diffusion.
Liu et al. reasoned that the pressure decreased during the desorption of CHy, and the pores expanded
because adsorption would narrow gradually. Thus, the diffusion resistance would increase, and the
diffusion coefficient would, therefore, decrease progressively [19]. In addition, Li et al. observed the
same phenomenon but they believed that the gas diffused primarily through the macropore of the coal
matrix in the early stage, and gradually through the micropore in the later stage. Thus, the diffusion
coefficient gradually decreased with time [20]. Section 2.3.1 explained that for the dynamic diffusion
characteristics of the UDD model, the pore differential diffusivity connected to the main diffusion path
was mainly considered. First, the main diffusion path was occupied by the gas desorbed through the
pores with a larger throat. Based on Fick’s law, the diffusion primarily depended on the concentration
gradient. Thus, in the initial stage of diffusion, the diffusion in the pore with a narrow throat was
affected by high-concentration gas in the main diffusion path. Hence, the gas first diffused through the
macropore on the coal surface, then through the well-connected pore, and finally through the poorly
connected pore. As the pore connectivity deteriorated, the diffusion resistance increased, leading to
the decay of the diffusion coefficient. Moreover, the entire process of diffusion could be simulated
on the basis of the UDD model. While early gas diffusion coefficients were underestimated, late gas
diffusion coefficients were overestimated by using constant coefficient diffusion models (unipore and
bidisperse models). As explained in Section 2.3.1, the gas diffusion behavior is affected by the pore gas
concentration in the different structures and the gas concentration difference in the main diffusion path
as the desorption progresses, which could reasonably explain why the constant diffusion coefficient
underestimates the desorption content at an earlier time, and the diffusion coefficient is overestimated
at a later stage (Figure 10 provides evidence for this). Furthermore, the difference in the specific surface
area of the different pores is accountable for the time-dependent characteristic of gas diffusion [33],
explaining why the UDD model could simulate the entire gas diffusion process.
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Figure 10. Comparison of Dp,, D., Dse and D;, (particle size: 0.25-0.5 mm, gas pressure: 1.5 MPa).



Processes 2019, 7, 571 16 of 21

The diffusion ratio estimates (Figures 6 and 7) revealed that the experimental and fitting curves
were not well matched. Besides, the Joule-Thomson effect is a major source, except for the reason of the
time/pressure-dependent diffusion coefficient. The Joule-Thomson effect is the change in temperature
of a gas on expansion through a porous plug from high pressure to a lower one under adiabatic
conditions, especially for non-ideal gases, such as CO; [34]. Thus, the Joule-Thomson effect is caused
by the deviation of real gas from ideal gas. It is usually expressed by the Joule-Thomson coefficient,
and the Joule-Thomson coefficient of gas varies with pressure. Microcracks and heterogeneity are
crucial for oil and gas production. Jia et al. assessed the impact of the permeability and location of
microcracks on the pulse-decay experiment based on numerical calculations [35]. The pulse-decay
experiments by flowing helium under the different pressures revealed that the preferential flow path
of gas could be found even without the microcracks. Thus, it is believed that the early pressure
effect would result in a marked underestimation of the porosity, diffusion coefficient and permeability,
and the preferential flow path would be more apparent in heterogeneous porous media under high
pore pressure. To avoid the impact of the porosity, diffusion coefficient, and permeability and identify
the preferential flow path, Jia et al. [35] suggested that the early pressure response should be closely
examined in a pulse-decay experiment.

5.2. Effect of Particle Size on the Diffusion Coefficient

The fitting results of the diffusion coefficients (D¢, Dge, Dj,, and Dp,) of the three models
(Tables 3 and 4; Figure 8) revealed that the diffusion coefficients decreased with an increase of the
particle size, which could be attributed to the increase of the macropore volume in the grinding and
screening process of smaller particles. Based on LP-N,GA, Guo et al. conducted an experimental study
on the pore size distribution in the coal matrix and believed that the pore structure in coal became
simpler during grinding and screening, which shortened the path of gas diffusion and, thus, decreased
the resistance of the diffusion [36]. Nandi and Walker believed that after coal particles were grinded,
the total pore volume and specific surface area of pulverized coal increased with a decrease of the
particle size, and an increase of the pore volume led to the increase of the diffusion coefficient [37].
However, different opinions have been proposed. It was highlighted that as the particle size decreases,
the pore surface area increases, and the average pore width decreases. Consequently, the diffusion
length is limited by the spatial dimensions of the holes, which results in a reduction in the effective
diffusion area [38]. Moreover, studies have reported a limit of particle size in the desorption and
diffusion of gases in the coal matrix. When the coal particle size decreases within the limit particle size
range, both the gas diffusivity and decay coefficient would decrease. However, when the coal particle
size is bigger than the limit particle size, the change of gas diffusivity is very small irrespective of the
particle size increase or decrease [39].

5.3. Effect of Gas Pressure on the Diffusion Coefficient

Tables 3 and 4 and Figure 8 show that, based on the results of the unipore model, the diffusion
coefficients of the coal samples with three particle sizes increased gradually under 0.5, 1.0, and 1.5 MPa,
suggesting a positive correlation with pressure. In the bidisperse and UDD models, Dy, D;,, and the
dynamic diffusion coefficient Dp, of 0.25-0.5 mm and 0.5-1.0 mm coal samples increased with an
increase of pressure, suggesting a positive correlation with pressure.

On the one hand, the increase of gas pressure decreased the average free path of gas molecules,
and the diffusion coefficient increased. In addition, the increase of gas pressure would increase
the gas adsorption volume of the pores, and the coal matrix expansion would shorten the gas
diffusion path, resulting in a decrease of diffusion resistance and increase of the diffusion coefficient
in the end. This phenomenon suggested that the coal seam with high gas pressure might become a
favorable area for gas drainage and CBM development. Yue et al. investigated the diffusion behavior
of gases in coal and demonstrated that with an increase of pressure, the interfacial mass transfer
resistance decreased, and the diffusion coefficient and Fourier mass transfer criterion increased [40].
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The pressure environment changed the kinetic parameters of coal desorption and increased the volume
and rate of CHy desorption, which was conducive to the desorption and diffusion of CH, in coal.
However, for 1.0-1.25 mm coal samples, the D, and Dp, increased first and then decreased with
an increase of pressure, exhibiting no significant pressure dependence, which is consistent with
Nandi [37]. Similar results were reported by Yang and Liu [41]. In particular, the diffusion coefficients
under different pressures (0.55-8.07 MPa) for the four tested coal samples were estimated using the
unipore model. The findings revealed that the diffusion coefficient negatively correlated with the gas
pressure when the gas pressure was >2.48 MPa. Yang and Liu [41] believed that the decreasing trend
corroborated the theoretical bulk diffusion coefficients and that the bulk diffusion coefficients depended
on the gas pressure and the mean free path of the gas molecule. When the pressure was <2.48 MPa,
the diffusion coefficient positively correlated with the gas pressure. According to Wang and Liu,
gas pressure increments opened the closed pores and, thus, more gas pathways were created to enhance
the gas diffusion flow [42]. Moreover, the contributions of Knudsen diffusions and bulk diffusions in
the gas flow process vary with pressure. The Knudsen diffusion impact is weakened as the gas pressure
increases and the molecular collision intensifies. In addition, the bulk diffusions become critical under
high pressure. Usually, Knudsen diffusions are slower than the bulk diffusions, resulting in a positive
correlation between the diffusion coefficient and pressure when pressure is <2.48 MPa. Yang et al.
used the bidisperse model to fit the diffusion coefficients of adsorption and desorption at different
pressures. They found that the effective diffusion coefficient D, first decreased and then increased
with pressure [17]. Hence, there might be a critical pressure after which the pressure dependence of
the effective diffusion coefficient experiences different changes. Sun conducted experiments on the
diffusion of CHy and COj in the coal samples from four different regions and fitted the results using the
unipore model. The results showed that the gas diffusion coefficient was not pressure dependent under
5 MPa. However, a positive correlation existed when the pressure was >5 MPa [10]. Jia et al. conducted
nearly 40 pressure pulse transmission tests to study the transmission mechanism of shale gas reservoirs
under low- and high-pressure conditions and compared the results with that of CO,, helium (He),
and nitrogen (N) [43]. However, the adsorption capacity of CO, and N, was measured using the
Gibbs adsorption method and the absolute adsorption method. The results revealed that the apparent
porosity was markedly increased because of adsorption. The apparent porosity and the Gibbs/excess
adsorption of CO, continued to decrease over the entire pressure range and decreased sharply above
the critical pressure, which is contrary to the change of Nj. Of note, the apparent permeability of
helium is the highest among the three types of gases, and the difference in permeability between CO,
and N is more significant with the increase of pressure, which is consistent with the trend of the mean
free path and the Knudsen number. In the high-pressure phase-change region, the apparent porosity
and apparent permeability of CO, declined markedly. In the adsorption phase, the apparent porosity
was significantly increased, as measured by the pulse-decay experiment. It exerted a positive impact
on low-pressure CO, permeability but a negative impact on high-pressure CO, permeability. A study
investigated the impact of adsorption nonlinearity on the estimation of the diffusion parameters and
reported that the diffusion parameters of linear and nonlinear adsorption were different [44]. Nandi
and Walker proposed that the pressure dependence of the diffusion coefficients based on the unipore
model was because of the nonlinearity of the isotherms [37], which was supported by Ciembroniewicz
and Marecka [45], Charrire et al. [2], and Smith and Williams [46]. An assumption of the unipore
model is that the pores have a spherical and homogeneous structure. Before modeling the internal
structure of coal, consideration should be given to better illustrate the heterogeneous structure of coal,
such as through the bidisperse model. Some studies have reported a negative correlation between
the pressure and diffusion coefficient [9,47,48], suggesting that the inverse correlation between the
gas molecular diffusion and pressure was because of the increase of resistance to the flow caused
by the collision between molecules and the molecular diffusion was primarily through macropores.
Likewise, Cui et al. proposed that the decrease of the CO, diffusion coefficient with pressure correlated
with the mass flow of expansion and contraction [11]. In particular, the different diffusion models
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might have different pressure dependences, even when the same experimental data are used [8,25].
To date, the pressure dependence of gas diffusion remains unclear. As the results could be affected by
experimental conditions, the diffusion models, and so on, further studies are warranted.

5.4. Meanings of the A, B, and K in the UDD Model

In a study, different models were used to elucidate the functional correlation between the diffusion
coefficient and time [26]. Usually, two or more parameters were set in these models, one of which
was the initial diffusion coefficient, and the other was the parameter that controlled the decay of the
diffusion coefficient. The UDD model supported the condition well.

Based on the calculation results of Equation (34) and Table 5, the initial effective coefficient in
the UDD model was approximately Akt*~! as f < 1. Combining the initial conditions and calculation
results, k was between 0 and 1, so there should be a time when Akt*"! = 1 in the first second of the
initial diffusion. Hence, A in the UDD model could be considered as the initial diffusion coefficient of
the dynamic diffusion model.

Figure 8 shows that the dynamic diffusion coefficient decreases with time, and the changes in
the values of g and k are significant in Table 5. To better determine the impact of the two constants
on the decay of the diffusion coefficient, this study tested two datasets. In the first group, the effects
of the different  values on the variation of the gas diffusion coefficients were assessed by keeping
the A and k values constant. In the second group, A and § values were kept constant to analyze
the impact of the k value on the dynamic diffusion coefficient (Figure 11a,b). Figure 11a shows a
negative correlation between the § value and the gas diffusion coefficient, and as time increases,
the diffusion coefficient decays faster as § decreases. Figure 11b shows that the k value correlates
positively with the gas diffusion coefficient and exerts a great impact on the first half of the diffusion
process. Furthermore, the attenuation effect is weakened with the increase of time. Table 5 shows
that the particle size and k value correlate negatively. However, the f and k values are not markedly
dependent on pressure. Gas diffusion is affected by several factors, including moisture, temperature,
and gas type. Hence, a wider range of experimental studies are warranted in the future to establish the
significance of these hypotheses and constants.
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Figure 11. The relationship between the Dp, and the constant k and g (a) different values of j,
A =1.29 x 1074, k = 0.878. (b) different values of k, A = 1.29 x 1074, = 2.12 x 107°.

6. Conclusions

This study demonstrates that different pore structures and pore connectivity lead to different gas
diffusion resistances, which result in the time dependence of the diffusion coefficient. The conclusions
of this study are as follows:
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Compared with the unipore model, the bidisperse and UDD models could better describe gas
diffusion in coal, and the fitting effect of the UDD model is better than the bidisperse model.
In addition, the UDD model could well simulate the entire diffusion process and illustrate the
dynamic attenuation characteristics of the gas diffusion process. The diffusion coefficients of the
three models are in the order of magnitude of 107* s71-107¢ s71.

Based on the calculation results of the diffusion coefficients (D,, D, D;., and Dp,) of the three
models, the effective diffusion coefficients of gases decrease with the increase of the particle size.
In the unipore model, the diffusion coefficients of the coal samples with three particle sizes
exhibited a positive correlation with pressure. In the bidisperse and UDD models, based on
the calculation results of the diffusion coefficients D;., D, and Dp,, the diffusion coefficients of
0.25-0.5 mm and 0.5-1.0 mm coal samples increase with the increase of pressure, exhibiting a
positive correlation with pressure. In addition, Dp, and D, of 1.0-1.25 mm coal samples increase
first and then decreased with the increase of pressure. However, D;, decreases first and then
increases, suggesting no significant pressure dependence.

This study discussed the significance of the parameters in the UDD model. While A can be
regarded as the initial diffusion coefficient, § and k can be regarded as the parameters controlling
the decay of the diffusion coefficient. A negative correlation exists between  and the gas diffusion
coefficient, suggesting that a smaller § value exerts a greater impact on the decay of the diffusion
coefficient. Furthermore, k positively correlates with the gas diffusion coefficient, suggesting that
a larger k value exerts a greater effect on the decay of the diffusion coefficient.
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