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a b s t r a c t 

Understanding gas emission and transport from the gob to the active working face in longwall coal mines 

is necessary for mine ventilation and gas control planning and optimization. We document a mine-wide 

ventilation pressure and flow rate survey ( p-Q survey) to establish a ventilation network model – includ- 

ing methane gas concentrations recorded at selected face locations. We propose an analytical pressure 

gradient model to evaluate gob gas emission and its interaction with the ventilation system. This model 

combines viscous energy losses along a tortuous gas flow path within the gob materials with kinetic 

energy losses at irregular cross-sections. A numerical gas emission model was also established to pre- 

dict gas emission rates at the longwall face and to dynamically determine the gas emission rate from 

the compacted gob. Field monitoring indicates that steady methane concentrations increase monotoni- 

cally and almost linearly from headgate to tailgate. The average methane emission rates are estimated as 

0.0 061 m 

3 /s, 0.0 044 m 

3 /s and 0.0 0215 m 

3 /s for wide, intermediate-width and narrow panels. A numerical 

network model of the mine was validated then calibrated against the field methane monitoring results 

at our partner mine. We observe that gob compaction and related porosity reduction significantly affects 

gas emission rate. An eleven-fold increase in stress (1.70–18.68 MPa) results in a nonlinear decrease in 

porosity of only ∼75% (from 0.368 to 0.093) but a 56-fold reduction on gas emission rate (compared to 

the maximum transient gas emission rate). The mine-wide ventilation system is especially sensitive to 

methane emission rates – a 50% increase in emission rate (from 0.00455 m 

3 /s to 0.00637 m 

3 /s) clearly 

impacts concentrations in the return branches. Peak methane concentration at related branches increase 

39.7%, from 2.24% to 3.13% with the potential to trigger elevated methane alarms. These results can ulti- 

mately provide the data for analyzing the interactions between the caved gob and the ventilation system 

and define mitigation strategies to minimize gas concentrations and hazard. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Longwall top-coal caving (LTCC) is a highly efficient and eco-

omically favorable mining method for thick and ultra-thick coal

eams [1–3] . This highly productive technique is believed to be

ooted from the original method of soutirage mining developed in

rance during the 1960s [4] . Following the success of the first LTCC

ining panel at the Puhe coal mine in Shenyang in 1984 [5] , the

TCC mining method has been broadly deployed for the recovery

f thick coal seams. With continuous improvement and modifica-

ions, LTCC mining is currently the preferred method for the min-

ng of deep and thick coal seams in China [3] . As shown in Fig. 1 ,
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he current LTCC method exerts its unique advantages by divid-

ng the thick or ultra-thick coal seam into two seam-parallel slices,

omprising lower and upper sub-layers [6–8] . The lower sub-layer

s mechanically cut by the longwall shearer liberating the upper

ub-layer to collapse under the combined impact of gravity and

verburden pressure. Two conveyors simultaneous collect the bro-

en coal as shown in Fig. 1 . In a typical longwall system, the con-

eyor beneath the shields is used to collect the coal cut by the

ongwall shearer. Unique to LTCC, is the provision of a behind-

hield rear conveyor that continuously transports coal from the

op-caving layer [ 3 , 9 , 10 ]. The LTCC panel advances incrementally

s the coal is continuously extracted [11] . The unsupported coal

oof behind the hydraulic shields may hang for some time before

aving and breaking into caved coal blocks. The large blocks fall

nto the caved zone and create viable pathways for airflow and the
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Fig. 1. Schematic of the LTCC mining method (adapted from Caterpillar Global Mining – CAT publication) 
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concurrent migration of methane. The caved zone (or “gob”) may

reach ∼4-to-11 times the thickness of the coal seam height where

overburden rocks are weak and porous [ 11 , 12 ]. 

Despite its efficiency and economic favorability, LTCC min-

ing also presents the potential to increase the accumulation of

methane at or near the active working face as a consequence of

high methane emissions from the gob. The interface between the

longwall face and the gob is particularly vulnerable to such accu-

mulations of methane [13–15] . Unfortunately, a series of methane-

related incidents have originated from accumulations at or near

this interface where accidental ignition has occurred. For exam-

ple, the occurrences of methane ignitions at the Upper Big Branch

South Mine in 1997 and 2010 led to disastrous results, the latter

resulting in a massive mine-wide explosion [16] . 

The provision of an effective ventilation system is necessary to

mitigate the gas hazard at the longwall face. A key component is in

providing fresh air to miners as well as diluting methane to a safe

threshold value below the ignition/explosive limit [ 17 , 18 ]. Previous

studies have demonstrated that multiple factors affect the effec-

tiveness of the ventilation system, including the geometry of the

ventilation network, airway resistance, airway temperature, oper-

ating characteristic of fans together with other features [19–21] .

More importantly, excess and unpredicted methane emissions may

disturb the ventilation system and present an unexpected haz-

ard to the face with impact on other related ventilation branches

[ 12 , 22 ]. LTCC mining is particularly vulnerable in this regard as the

methane emissions can be excessive – the method intrinsically cre-

ates a huge and irregular caved void behind the shied which is di-

rectly connected to the face. Thus, the monitoring and prediction

of gas emission patterns and their dilution at face and in the gob

region are crucial to allow safe mining. However, it is also tech-

nically challenging due to the complexity of the gas emission and

transport behavior in the heterogeneous gob materials which pro-

vides an uncertain methane source term. 

This study documents a mine-wide ventilation pressure and

flow rate survey ( p-Q survey) to establish a ventilation network

model – including methane gas concentrations recorded at se-

lected face locations. We develop a numerical gas emission model

specifically to dynamically evaluate methane production and trans-

port from the compacted gob and its impact on the longwall

face. The numerical model is validated using the mine-wide field

methane monitoring results. We use this model to evaluate gas

emission intensity from the gob and its interaction with ventilation
ystems. The validated model is then used as mechanism-based

odel to investigate the interactions between gob gas emission

nd the mine ventilation system. 

. Background and literature 

Gas emission rate from the gob is closely related to the cav-

ng characteristics of the caved rock mass, block size, compaction

ehavior and evolving porosity and permeability [ 12 , 23 ]. Typically,

hese characteristics determine the gob gas emission behavior and

ltimately influence the ventilation design and effectiveness at the

ongwall working face [11] . Despite the importance of these char-

cteristics, direct field measurements of porosity and permeability

re rare, due to the extremely challenging environment [12] . Thus,

any previous studies have attempted theoretical predictions of

orosity and permeability which have then been calibrated against

eld measurements and laboratory data [ 12 , 23–26 ]. 

Laboratory tests on rock materials, with approximate particle

ize gradations of the actual gob material from headgate entries

n Eastern Kentucky coal mines, have been used to determine the

echanical properties of the gob for numerical models [27] . Such

odels have been extended to define the porosity and permeabil-

ty of the broken rock material within the gob [12] . This approach

as inspired by the imaging analyses of gob materials to repre-

ent the response of a completely fragmented porous medium and

onstrained relative to observed vertical strains [28] . Some mod-

ls have used Carman-Kozeny relations to define permeability in

he vertical direction [29] with conceptual models of broken rock

ass compaction based on the constitutive laws of the broken rock

ass [11] . 

Based on the previous modelling work, a quantitative gas flow

odel is evidently still lacking – specifically one that can quan-

ify the gas emission rate from the gob towards the face and its

djacent regions including the bleeder system. The pressure gradi-

nts driving gas flow in the compacted gob can be directly used

o predict gas emission rates under various conditions. The widely

sed pressure equation for packed beds [30] accommodates both

iscous and kinetic energy losses primarily in laminar and turbu-

ent flows, respectively [31–33] . The two principal constants in Er-

un’s equation were actively discussed and subsequently modified

y Hicks (1970) by replacing the two constants with the Reynolds

umber [34] . Potentially difficult to apply to heterogenous irregu-

arly packed beds accommodations for the impacts of contracting-
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Fig. 2. Location and schematic of the Tangkou coal mine and the 6304 working face. (a) Location of Tangkou coal mine. (b) Lithologic column. (c) 6304 working face. 

e  

c  

[

 

t  

i  

t  

w  

b  

m  

s  

m  

n  

e  

r  

s

3

 

l  

J  

P  

(  

#  

s  

g  

a

 

T  

fi  

s  

n  

c  

T  

i  

6  

g  

r  

g  

m

4

 

u  

l  

b  

t  

m  

t  

e

4

 

fi  

T  

c  

v  

n  

t  

f  

i  

c  
xpanding channels [35] have ameliorated these difficulties, in-

luding the accommodation of viscous and kinetic energy losses

36] . 

To summarize, the aforementioned studies established a spec-

rum of models and methods to accommodate flow and transport

n packed beds. However, compacting coal mine gobs are a par-

icularly unique packed bed undergoing dynamic compaction and

ith an unusually irregular size and shape distribution of rock-coal

locks. Needed is a mechanism-based flow model with physically

eaningful parameters that may be validated to predict gas emis-

ions from gob. We introduce and validate a gas flow behavior is

odelled and gob gas emission rate is defined and quantified by

umerical simulation. This coupled analytical and numerical mod-

ling framework provides a pathway to quantify the gas emission

ate from the compacted gob within the mine while correctly con-

idering the detailed component material properties of the gob. 

. Mine site description for the field monitoring 

We conducted a mine-wide field monitoring program in a deep

ongwall mining operation. The Tangkou coal mine is located in

ining city, Shandong Province, China ( Fig. 2 (a)). The coal seams are

ermian (Shanxi formation) and Carboniferous (Taiyuan formation)

 Fig. 2 (b)) comprising six mineable seams – these are seams #3,

6, #10, #15, #16 and #17 as shown in Fig. 2 (b). Among these

ix minable coal seams, #3, #16 and #17 are the primary tar-

eted seams for current mining with annual production planned

t ∼5 million tons/yr. 

The principal coal block is largely free from large scale faulting.

he #3 coal seam is being mined by the LTTC mining method. Our

eld survey was conducted at the 6304 working face of the #3 coal

eam with the panel layout shown in Fig. 2 (c). The average thick-

ess of the coal seam at the 6304 working face is ∼ 9.76 m and in-
lined at between 0 ∼10 ° (average angle is ∼ 4 °) to the horizontal.

he panel is constrained by geological to be of variable width. An

nitial width of 182 m transitions to a final narrow panel width of

0 m with a working face length of ∼1565 m. The virgin methane

as content and pressure are measured at 4.8 m 

3 /t and 0.72 MPa,

espectively. The comprehensive mine ventilation survey and the

as concentration inventory at designated locations constrains the

odel development noted later in this work. 

. Analytical and numerical models for determining gas flow 

Compacting coal mine gobs are a unique form of packed bed

ndergoing dynamic compaction and with an unusually irregu-

ar size and shape distribution of rock-coal blocks. The rock-coal

locks in the caved zone create viable pathways for airflow and

he concurrent migration of methane. We develop a physics-based

odel to accommodate gas desorption from the blocks and then

ransport within the voids that accommodates both viscous and in-

rtial losses. 

.1. Conceptual physical model 

In LTCC mining operations, the caved gob zone is continuously

lled with the residual coal and rock blocks breaking from the roof.

he gob, therefore, can be classified as a unique porous medium

onsisting of roof rock blocks and residual coal associated with

oids. The tortuous flow channels within the voids provide chan-

els for gas and fluid migration. The architecture and composi-

ion of the rock and coal block mixture determines the critical

eatures of the gob, including porosity, permeability, connectiv-

ty and compactive behaviors, among others. Despite the complex

haracteristics of the compacted gob, a conceptual physical model
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Fig. 3. Schematic of the distribution of rock-coal blocks in the gob. (a) 3D version ( x-y-z ) of the compacted gob region, with x, y and z directions representing horizontal 

direction along the gob width, horizontal direction along with gob length and vertical direction along with gob height respectively. (b) 3D version ( y-x-z ) of compacted gob 

region. (c) Scaled 2D version in the y-z plane. (d) Representative elementary volume (REV) 
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must incorporate the key physical features of the assemblage – se-

lected in 3D and 2D in Fig. 3 . We assume a layered assemblage of

spherical blocks ( Fig. 3 (a)), with each layer of the spheres in the

x-y plane distributed center-to-center. Caved voids exist between

spheres and are evenly spaced. Fig. 3 (b) shows the distribution of

spheres in the y-x-z version. Similarly, each layer of the spheres in

the y-x plane are distributed by point contact and different layers

in z direction are interrelated. If the pressure gradient is defined

from the pressure difference between the deep gob and the work-

ing face, the gas flow direction is as represented by the green ar-

rows in Fig. 3 (a) and (b). From Fig. 3 (c) and (d), it is apparent that

methane will pass through the irregular void channels. The radius

of the spheres is represented as D with the void channel widths

defined as a or b in Fig. 3 (c). The irregular void channels also result

in variable cross-sectional areas such as A1, A2 and A3 in the 3D

version (A1 is equivalent to A3 in this conceptual physical model).

Gas migrates in the direction of the pressure gradient with to-

tal energy losses comprising the sum of viscous losses and kinetic

losses resulting from spatial accelerations due to changes in cross-

sectional areas [37] . Other key assumptions behind the model are:

(1) the dynamic process of mechanical compaction in the gob is

not accommodated, that is, the caved gob region exists in its final

compacted state; (2) the mixture of rock blocks and residual coal

are regarded considered as an isotropic and homogeneous porous

medium – although this assumption may be relaxed; (3) methane

content in the gob consists of free gas in the developed voids and

adsorbed gas in the rock-coal blocks; (4) gas ad/desorption pro-

cesses are isothermal; (5) effects of the deep gob region (depth
 w  
ver 50 m) and adjacent coal seams on gob gas emissions are ne-

lected. 

.2. Pressure gradient within the packed-bed gob 

The pressure gradient in this porous packed medium can be

iven by the Poiseuille equation [30] : 

dp 

dL 
= 

32 μτV ∞ 

d 2 
(1)

here, dp 
dL 

is the pressure gradient induced by viscous flow (Pa/m);

 is the pressure (Pa); L is the length along the direction of the

ressure gradient (m); d is the capillary diameter (m); μ is the

ynamic viscosity (Pa · s); τ is the tortuosity (dimensionless); V ∞ 

s the absolute fluid velocity in the cross-section of the capillary

m/s), which scales with the apparent velocity at the cross-section

f the whole cross-section, V ∞ 

= 

V a 
φ

[38] and where φ is porosity

dimensionless). Therefore, Eq. (1) can be re-arranged as: 

dp 

dL 
= 

32 μτV a 

φd 2 
(2)

In Eq. (2) , the capillary diameter d can be represented by hy-

raulic diameter d h (m) [39] . d h can be defined as: 

 h = 4 

A 

C 
(3)

here, A is the cross-sectional area of the fluid flow (m 

2 ); C is the

etted perimeter of the cross-section (m). Moreover, Eq. (3) can be
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urther expressed as: 

 h = 4 

Aτ L 

Cτ L 
= 4 

Aτ L 

V p 

V p 

Cτ L 
= 4 

φ

S v 
(4)

here, V p is the volume of the porous medium (m 

3 ); φ is the

orosity (dimensionless) and S v is the specific surface area (m 

−1 ),

here the specific surface area is defined as the total surface area

f the porous medium per unit bulk volume. 

For the gob packing materials, according to the conceptual ge-

metry of Fig. 3 (a) and (b), the surface area of the transporting

apillaries can be estimated as: 

 v = 

n 4 πD 

2 ( 1 − φ) 

n 

4 
3 
πD 

3 
= 

3 ( 1 − φ) 

D 

(5) 

here, n is the numbers of rock-coal blocks (dimensionless) and D

s the uniform radius of the rock-coal blocks (m). 

By substituting Eqs. (4) and (5) into Eq. (2) , the pressure gradi-

nt due to the viscous energy loss becomes: 

dp 

dL 
= 

18 μτV a ( 1 − φ) 
2 

φ3 D 

2 
(6) 

As illustrated in Fig. 3 , the cross-sections of gas flow channels

re irregular and thereby kinetic energy loss should be taken into

onsideration. For uniform capillaries, the kinetic energy loss is a

unction of velocity with a quadratic dependancy, which can be ex-

ressed as [30] : 

dp 

dL 
= 

1 

2 

ρV ∞ 

2 

d 
(7) 

here, ρ is fluid density (kg/m 

3 ). However, the capillaries in the

eometric model are irregular. Correspondingly, Zhang et al. (1999)

nd Wu et al., (2008) modified the kinetic energy equation as

 36 , 40 ]: 

dp 

dL 
= 

1 

2 

ξ
τρV ∞ 

2 

d 
(8) 

here, ξ is a coefficient which may be estimated from changes in

ifferent cross-sectional areas. 

From cross-sectional area A 1 to A 2 , as shown in Fig. 3 (d), the

rea gradually expands. Here the cross-sectional areas A 1 and A 2 

re the products of the void widths and void extension length in

he negative x-direction. The corresponding coefficient induced by

n increment of cross-sectional area can be expressed as [ 36 , 40 ]:

1 = 

(
1 − A 1 

A 2 

)2 

(9) 

From cross-sectional area A 2 to A 3 , as shown in Fig. 3 (d), the

ross-sectional area gradually decreases. The definitions of cross-

ectional areas A 2 and A 3 are the same as previous. The corre-

ponding coefficient induced by the cross-sectional area decreasing

an be expressed as [ 36 , 40 ]: 

2 = 0 . 5 

(
1 − A 3 

A 2 

)
(10) 

Based on the representative elementary volume (REV) - the

ashed equilateral triangle in Fig. 3 (d) - the relationship between

he size of the rock-coal block and porosity can be expressed as: 

( 1 − φ) A REV = 

1 

2 

πD 

2 (11) 

here, A REV is the cross-sectional area (m 

2 ) of the REV. This may

lso be represented by A REV = 

√ 

3 
4 ( a + 2 D ) 2 based on g eometric r e-

ationships, where a is the void width (m), where inserting into

q. (11) yields: 

= 

a 

D 

= 3 

− 1 
4 

√ 

2 π

1 − φ
− 2 (12) 
here, α is the ratio of void width to the radius of the rock-coal

lock (dimensionless). 

In terms of the geometric relationship in Fig. 3 , the diameter of

he cross-section A 2 can be expressed as: 

 = 

√ 

3 

2 

a + 

(√ 

3 − 1 

)
D (13)

Substituting Eq. (12) into Eqs. (9) and (10) yields: 

1 = 

(
1 − a 

b 

)2 

= 

( 

1 − 1 

√ 

3 
2 

+ 

(√ 

3 − 1 

)
1 
α

) 2 

(14) 

2 = 0 . 5 

(
1 − a 

b 

)
= 0 . 5 

( 

1 − 1 

√ 

3 
2 

+ 

(√ 

3 − 1 

)
1 
α

) 

(15) 

Substituting Eqs. (14) and (15) into Eq. (8) yields: 

dp 

dL 
= 

1 

2 

(
ξ2 + 4 ξ2 

2 
)τρV ∞ 

2 

d 
= 

3 

8 

(
ξ2 + 4 ξ2 

2 
)τρV a 

2 
( 1 − φ) 

φ3 D 

(16) 

Gas flow is driven by pressure gradient with the combined

mpact of viscous and kinetic energy losses contributing to this

ressure loss. The pressure gradient may therefore be obtained by

ombing Eqs. (6) and (16) as: 

p = 

18 μτV a ( 1 − φ) 
2 

φ3 D 

2 
+ 

3 

8 

(
ξ2 + 4 ξ2 

2 
)τρV a 

2 
( 1 − φ) 

φ3 D 

(17) 

In Eq. (17) , the first term on the right represents the viscous en-

rgy loss as a linear function of apparent velocity, with the second

erm representing kinetic loss as quadratic function of apparent ve-

ocity. 

.3. Governing gas flow equation in a packed-bed 

The mass conservation equation for each gas component is

iven as: 

∂m 

∂t 
+ ∇ 

(
ρg 

−→ 

V a 

)
= q s (18) 

here, ρg is the methane density (kg/m 

3 ); 
−→ 

V a is the non-Darcian

elocity vector (m/s); t is real time (d); q s is the normalized gas

ource rate (kg/(kg · s)); m is the gas content (kg/m 

3 ), comprising

tates of free-phase gas and adsorbed gas [ 41 , 42 ]. The gas content

s defined as: 

 = ρg φ + ( 1 − φ) ρga ρc V g (19) 

here, ρga is the gas density under standard conditions (kg/m 

3 );

c is the coal density (kg/m 

3 ); V g is the average remaining gas

ontent in the granular matrix at an equilibrium state ( V gd ) with

he gas pressure p recovered from the Langmuir equation [43] : 

 gd = 

V L p 

p + p L 
(20) 

The methane density may be represented by the ideal gas law

s: 

g = 

pM 

RT 
(21) 

here, M is the molecular weight of methane (kg/mol); R is the

niversal gas content (J/(mol · K)); and T is temperature (K). 

Eq. (17) gives the pressure gradient, which describes the viscous

nergy loss and kinetic energy loss in the non-Darcy flow within

he gob. From Eq. (17) , the equivalent non-Darcyian velocity vector

f fluid flow is derived as: 

 

V a =−
[

18 μτ ( 1 − φ) 
2 

φ3 D 

2 
+ 

3 

8 

(
ξ2 + 4 ξ2 

2 
)τρV a ( 1 − φ) 

φ3 D 

]−1 

∇p (22) 
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Reynolds number ( R e ) is a dimensionless number relating the

ratio of viscous to inertial (kinetic) losses [30] , which is defined

as: 

R e = 

ρD V a 

μ
(23)

Eq. (22) can be transformed using the Reynolds number as: 

−→ 

V a = −
[

18 μτ ( 1 − φ) 
2 

φ3 D 

2 
+ 

3 

8 

(
ξ2 + 4 ξ2 

2 
)τμ( 1 − φ) 

φ3 D 

2 
R e 

]−1 

∇p 

(24)

Substituting Eqs. (19 )-( 21 ) and (24) into Eq. (18) , the governing

equation for gas flow in the gob can be defined as (
Mφ

RT 

)
∂p 

∂t 
− ∇ 

{ 

pM 

RT 

[
18 μτ ( 1 − φ) 

2 

φ3 D 

2 
+ 

3 

8 

(
ξ2 + 4 ξ2 

2 
)τμ( 1 − φ)

φ3 D 

2 

The remaining gas content in the granular matrix can be calcu-

lated from the quasi steady-state equation for methane desorption

[ 44 , 45 ], given by 

∂ V g 

∂t 
= − 1 

t ′ 
(
V g − V gd 

)
(26)

where, t ′ is the gas diffusion time (s). 

Eqs. (25) and (26) represent the governing equations of gas

flow. Specifically, Eq. (25) defines the methane flow equation,

where methane content consists of both free-phase gas and ad-

sorbed gas components. Eq. (26) defines the methane desorption

process, which will contribute the total methane flow and deter-

mine the apparent gas flow rate from the gob. The broken rock

blocks in the caved zone is gradually compacted under the near

constant overburden loading stress for underground longwall coal

mining. The loading stress over the gob evolves with time and the

gob compaction process on caved coal measure rocks can be de-

scribed as a one-dimensional quasi-static consolidation. Thus, the

effects of the dynamic gob compaction behaviors on fugitive gas

emission process should be involved into the proposed model. As

quantified by Eq. (25) , two main parameters including the uniform

radius of the rock-coal blocks ( D ) and the gob porosity ( φ) can be

used to quantify the effects of the dynamic gob compaction behav-

iors on fugitive gas emission process, as discussed in Section 6.1 . 

5. Results and analyses 

Field measurements of airflow quantities and methane concen-

trations were conducted at the 6304 working face of the Tangkou

coal mine. The measured methane concentrations and airflow

quantities were used to estimate the average gas emission rates

from the compacted mine gob and to validate numerical imple-

mentations of the gob emission model described in the previous.

These results can ultimately provide the data for analyzing the in-

teractions between the caved gob and the ventilation system and

to define mitigation strategies to minimize gas concentrations and

hazard. 

5.1. Field work results 

As discussed in Section 3 , there are three discrete geometries

of the panel, defined by width. For the in situ methane concen-

tration monitoring, nine evenly spaced field measuring stations

(L1, L2, L3…L9) were located at the active working face for the

widest panel. Five evenly spaced measuring stations were located

in the transition and narrow panels, respectively, as illustrated in

Fig. 4 (b). At each gas concentration measuring station, three mea-

suring points (M1, M2, M3) were designated, as shown in Fig. 4 (a).
1 

∇p 

} 

= −( 1 − φ) ρga ρc 
∂ V g 

∂t 
+ q s (25)

verage gas concentrations were determined from the mean of the

roup of three monitoring points at each station with each group

easured three times and again averaged. Fig. 4 (c) shows field

easurements being taken at the three corresponding measure-

ent points at a given measuring station with these data listed

n Table 1 . 

Based on the field investigation data in Fig. 5 and Table 1 , we

an estimate the gas emission rates from the gob by using the

ethane concentration at the working face in conjunction with

ir quantities in the intake and return airways. From Fig. 5 , the

verage methane concentration at the active portion of the wide

anel is higher than that of transition panel. Also, the methane

oncentrations at the narrow panel are clearly lower than those

f the two previous panels, which can be attributed to the lower

roduction capacity at the narrow panel. For each of the measur-

ng station, the difference between three measurement points are

nsignificant, suggesting that the average methane concentration

hould be sufficient for modeling. This observation of homogenized

ethane concentrations suggests turbulent mixing at the face - de-

irable to prevent methane layering and concentration. 

Methane concentration monotonically increases from headgate

o tailgate ( Fig. 5 ). This finding is also expected, as the methane in-

rementally accumulates from discharges along the longwall panel

ace, from headgate to tailgate. Empirical regression of the aver-

ge methane concentration with distance from the headgate show

 strong linear correlation as shown in Fig. 6 . We used the fitted

inear relationship to estimate the average methane concentration

or the working panel at different stages of development, includ-

ng for the wide (182 m), transition (141 m) and narrow (60 m)

anels. For example, the fitted linear relationship between the av-

rage methane concentration at a given location and the distance

rom the intake entry during the excavation of the wide panel is

hown as y = 0 . 00367 x + 0 . 1601 (Black line in Fig. 6 ). The average

ethane concentration over the entire panel is defined as C̄ 1 and

alculated from 

∫ 182 
0 

( 0 . 00367 x +0 . 1601 ) dx 

182 , is ∼ 0.494. Methane concen-

rations are similarly estimated during the successive recovery of

he different panels with these data listed in Table 2 . Then, we as-

ume the relation between air quantities in the intake and return

irways can be expressed as: 

 r = Q e + Q i (27)

here, Q i and Q r are air quantities in intake and return airways

m 

3 /s); Q e is the gas emission quantity (m 

3 /s), which mainly con-

ists of air-methane emission quantity from gob, methane emission

uantity from panel and possible air leakage quantity from adja-

ent strata. It is apparent that the gas emission rates from gob to

ace can be quantified as, 

 e = Q e ̄C i (28)

here C̄ i ( i = 1 , 2 , 3 , · · ·) is the average methane concentrations

istributed along with the working face (%); and q e is gas emission

ate (m 

3 /s). 

Gas emissions ( Q e ) could emanate from several sources includ-

ng air-methane emissions from the gob, methane emissions from

he panel and possible air leakage from adjacent strata, but it is

ifficult to distinguish and accurately estimate the amount com-

ng from each source. For this particular mine, there is no bleeder

ystem and the burial depth of the coal seam is deep ( ∼950 m),

herefore it is reasonable to assume the gas emission is only from

ob and for pure methane. To calculate the reliable and real-time
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Fig. 4. Field investigation locations and measurement points at 6304 the longwall working face. (a) Three measurement points, M1, M2 and M3, are defined at each location. 

(b) Distributions of investigation locations at the 6304 working face. (c), (d), (e) Field investigator sampling. 

Table 1 

Field investigation recovered methane concentrations (%) in the three panel geometries. 

Field investigation date and measurement points (M1, M2 and M3) 

06/09/2018 08/04/2018 11/10/2018 11/12/2018 

Wide panel Transition panel Narrow panel 

M1 M2 M3 M1 M2 M3 M1 M2 M3 M1 M2 M3 

L1 0.24 0.24 0.25 0.18 0.18 0.18 L1 0.11 0.11 0.11 0.12 0.11 0.13 

L2 0.26 0.26 0.28 0.22 0.22 0.20 L2 0.18 0.18 0.19 0.19 0.19 0.21 

L3 0.26 0.26 0.28 0.31 0.30 0.32 L3 0.25 0.24 0.26 0.26 0.26 0.28 

L4 0.32 0.32 0.34 0.32 0.32 0.34 L4 0.29 0.28 0.29 0.30 0.29 0.31 

L5 0.49 0.48 0.49 0.36 0.36 0.36 L5 0.36 0.34 0.36 0.35 0.34 0.37 

L6 0.53 0.53 0.55 0.38 0.36 0.40 

L7 0.71 0.70 0.72 0.40 0.40 0.46 

L8 0.75 0.75 0.76 0.43 0.42 0.40 

L9 0.85 0.85 0.87 0.62 0.60 0.64 

Table 2 

Gas emission rates. 

Parameters Location June 9th, 2018 Aug 4th, 2018 Nov 10th, 2018 Nov 12th,2018 Source 

Air Quantity(m 

3 /s) Intake Entry 40.60 40.10 22.50 22.09 Field Monitoring 

Return Entry 41.83 41.33 23.40 22.99 Field Monitoring 

Average Methane Concentration (%) Working Face 0.494 0.355 0.247 0.237 Integration 

Average gas emission rate (m 

3 /s) Gob 0.0061 ∗ 0.0044 ∗ 0.0022 ∗ 0.0021 ∗ Estimated 

∗ The actual gas emission rate is lower than this maximum theoretical value. 
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Fig. 5. Field methane concentrations at investigation locations. (a) Nine locations at the widest portion of the panel (June 9th, 2018), transitional section (Aug 4th, 2018) and 

narrow panel section (Nov 10th and 12th, 2018). (b) Normalized methane concentrations at the same five locations. 

Fig. 6. Distributions of average methane concentrations at the 6340 working face. 
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methane concentration, the stable mine ventilation status during

the operation of 6304 working face was initially assumed. To jus-

tify this assumption, we conducted the mine-wide ventilation dur-

ing the mining operation period of 6304 working face (June 9th,

2018), the ventilation survey result was shown in Fig. 13 . From

the ventilation survey results, the air quantity at 6304 working

face during the wide panel period is ∼40.6 m 

3 /s. Then we moni-

tored the methane concentration at different times (June 9th, 2018;

Aug 4th, 2018; Nov 10th, 2018; Nov 12th, 2018), and we simulta-

neously recorded the airflow quantity when we tried to monitor

the methane concentration (as illustrated in Table 2 ). The results

in Table 2 shown that the air quantities at June 9th, 2018 and Aug

4th, 2018 were almost same, which were 40.6 m 

3 /s and 40.10 m 

3 /s

respectively. Similarity, the air quantities at Nov 10th, 2018 and

Nov 12th, 2018 (the time during the narrow panel period) were

also almost same, which were 22.50 m 

3 /s and 22.09 m 

3 /s respec-
ively. The field gas emission rates were estimated and all the re-

ults are listed in Table 2 . 

.2. Numerical modeling of gas flow 

COMSOL Multiphysics was employed to simulate gas flow in the

ompacted gob and to predict the gas emission rates. In order to

alidate the numerical simulation model, methane concentrations

easured at the 6304 working face were used, as presented in

ection 5.1 . Accurate estimation of the gas emission rates from the

ob at any given time is challenging due to the complex mining

nvironment and working conditions. Based on the mine field visit

nd the layout of 6304 working face ( Fig. 2 (c)) developed from real

ine map, the regular layout of 6304 working face can help sim-

lify the spatial layout 6304 working face from 3D version to 2D

ersion, and thus the cutaway of the 6304 working face ( Fig. 4 (b))

an be established as the geometry model. 

The caving ratio, rear support length and rear support angle de-

ne the geometric arrangement at the face, as shown in Fig. 7 . The

aving ratio represents the ratio of caving thickness to the exca-

ated height, as shown in Fig. 7 (d). The rear support length and

ear support angle are the horizontal control length of the rear

upport of the shield and the angle between rear support shield

nd level ground, as illustrated in Fig. 7 (d). The caving ratio is ∼1.4

or the 6304 working face. The rear support length is a fixed value

t 1 m behind the rear support shield ( Fig. 7 (c)) and the rear sup-

ort angle is 45 ◦. A schematic of the face is illustrated in Fig. 7 (c).

ig. 7 (b) shows a caving thickness of ∼5.6 m and therefore the

xcavated height is ∼ 4 m (average thickness of the coal seam is

9.6 m). The top caving zone is represented in the vertical di-

ection by boundary 1 © in Fig. 7 (b), which is separated from the

xcavated panel by the top shields. Boundary 1 © is termed the

aved-zone line. Boundaries 2 © and 3 © represent the tilted shield

nd top-coal caving gate as shown in Fig. 7 (b). Thus, it is clear

hat boundary 3 © will be the gas emission boundary between the

304 working face and the gob. Boundaries 4 ©, 5 © and 6 © repre-

ent the ground floor, rear boundary and immediate roof as shown

n Fig. 7 (b). Whittaker and Singh (1979) assumed that the gob can

ecover its original stress at a distance of ∼45 m from the face.

sing Flac 3D , Abbasi et al. [50] estimated the mechanical response
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Fig. 7. Geometric model for compacted gob and boundary locations. (a) Top view of gob region behind the 6304 working face. (b) Cutaway vies of geometric model. (c) 

Geometry of the excavation. (d) 3D View of the excavation. 
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f the gob from field measurements. The results indicate that the

ob achieves pre-mining overburden stress at ∼55 m behind the

ack-end of the shields. If we assume that the gas stored in the

ompacted gob region recovered to pre-mining overburden stress

as negligible influences on the face, it is reasonable to preset the

ob length as ∼50 m in our model, as illustrated as the length of

oundary 4 ©. In LTCC mining, the caving region over the shield will

lso affect gas emission rates at boundary 3 ©. Summing gob length

nd shield supported distances yields a total length of boundary 6 ©
s 53 m. 

Input parameters are key in determining the fidelity of the fi-

al results. Unfortunately, only sparing data are available. Labora-

ory tests on rock materials, with approximate particle size grada-

ions of the actual gob material recovered from headgate entries in

astern Kentucky coal mines, have been used to determine the me-

hanical properties of the gob for numerical models [27] . A set of

hysically meaningful data based on physically similar laboratory

amples have been obtained [27] . The experimental data have been

creened against predictive porosity and permeability models [12] .

hus, some parameters were taken from the literature. The mine

pecific data were either measured in the laboratory or recovered

rom the field. The Reynolds number can be determined by field

urvey of velocity and other known parameters of gas density, gas

ynamic viscosity and an assigned characteristic dimension. An-

ther parameter is the methane diffusion time in the homogenous

ock-coal porous medium constrained by the diffusion coefficient

f pure methane in the coal matrix. All parameters are as listed in

able 3 . 
Moreover, the initial and boundary conditions are required for

he numerical modeling. In all three cases, the initial conditions

ith initial gas pressure and content of 0.72 MPa and 2.58 m 

3 /t

espectively are identical. However, different boundary conditions

ere used. In Case 1, except for the gas emission boundary 3 ©, all

he other boundaries were set with zero flux. In Case 2, bound-

ry 1 © representing the interface between the top-caving region

nd the gob ( Fig. 7 (b)) was set as gas source term. In Case 3, gas

ources were supplied from boundaries 1 © and 6 ©. The detailed

oundary conditions are listed in Table 4 . 

.3. Pressure distribution in the caved gob 

In order to evaluate gas pressure distribution within the gob,

en monitoring points were set within the simulation model, as

hown in Fig. 8 . Fig. 9 depicts the distributions of gas pressure
Fig. 8. Distributions of monitoring points. 
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Fig. 9. Pressure distributions in the gob under different boundary conditions. 
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Table 3 

Basic input parameters. 

Parameters Values Source 

Molar mass of gas (kg/mol) 16.0 Constant 

Universal gas constant (J/(mol · K)) 8.314 Constant 

Temperature (K) 301.0 Field test 

Dynamic viscosity (Pa · s) 1.84e −5 Constant 

Tortuosity 1.26 Pappas and Mark [27] 

Porosity 0.3 Pappas and Mark [27] 

Langmuir pressure (MPa) 0.62 Experimental test 

Langmuir volume (m 

3 / t ) 4.8 Experimental test 

Reynolds number 2.0 Assumed 

Block size (cm) 51.0 Pappas and Mark [27] 

Rock-coal density ( g /m 

3 ) 2.0 Experimental test 

Gas density at standard condition (kg/m 

3 ) 0.707 Constant 

Initial pressure (MPa) 0.72 Field test 

Diffusion time (d) 5.0 Assumed 

Table 4 

Boundary conditions for three cases. 

Cases 

Boundaries 

1 3 6 2&4&5 

1 zero flux p c 1 ; V gc 1 zero flux zero flux 

2 p c 2 ; V gc 2 p c 1 ; V gc 1 zero flux zero flux 

3 p c 2 ; V gc 2 p c 1 ; V gc 1 p c 2 ; V gc 2 zero flux 

where, p c 1 = 0.1 MPa; p c 2 = 0.72 MPa; V gc1 = V L p c1 / ( p c1 + p L ) ; V gc2 = 

V L p c2 / ( p c2 + p L ) . 
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Fig. 10. Curves of gas emission rates for the three cases. In Case 1, gas emission 

comes solely from the caved rock-coal mass without other gas sources. In Case 2, 

there is an additional gas source from boundary 1 © due to the gas influx from top- 

caved region. In Case 3, there are two additional gas sources from boundary 1 © and 

from the top roof boundary 6 ©. 
ithin the gob under different boundary conditions. In all three

ases, gas flow profiles were simulated for one hundred days. In

ll simulations, we observed that the pressure gradually increases

rom the rear support gate towards the deep compacted gob with

esults illustrated by the pressure contours as well as the pressure

ecline curves as shown in Fig. 9 . The rear support gate retains the

owest pressure and the pressure progressively increase towards

he gob. As time elapses, the low pressure region move progres-

ively deeper into the gob. 

The different boundary conditions noted previously can sig-

ificantly influence the dynamic pressure profile within the gob.

n case 1, zero flux boundary conditions were set on all the

oundaries except for the gas emission from the gob boundary 3 ©.

herefore, Case 1 represents the case where gas emission is solely

rom the caved rock-coal mass. The gas pressure would decrease to

ero at very long times (infinite time). In Case 2, there is an addi-

ional gas source from boundary 1 © due to the gas influx from the

op-caving region. Thus, gas content supplemented by boundary 1 ©
nd the initial gas content in the caved gob will induce continuous

as emission from the gob. Compared with Case 1, the pressure de-

letion is delayed in the gob due to the additional gas source from

he top-caved zone. This is illustrated in Fig. 9 where the max-

mum pressure contour moves towards the face. This is partially

pparent from the maximum pressure distribution on the adjacent

egion at the top-left side, as shown in the pressure decline curve

or Case 3 (Points 6 and 7). 

The gas emission rate from the gob to the face can be quantified

y integrating the velocity function across the gas emission bound-

ry (area of boundary 3 ©)-the velocity is quantified in Eq. (24) .

he estimated gas emission rates are given in Fig. 10 . For all three

ases, the gas emission rate in Case 1 is lowest and decreases

apidly with time. In Cases 2 and 3, the gas emission rate decreases

n early time but the gas emission rates in both cases finally reach

table values. The differences between these three cases can be at-

ributed the differing boundary conditions. In Case 1, there is no

as source from any boundary, which means the cumulative gas

mission quantity in this case is absolutely determined by initial
as contents in the rock-coal blocks - based on the term q s = 0 in

q. (25) . At later times, the gas emission rate will decrease to 0 due

o the finite initial gas content. For Cases 2 and 3, there are con-

tant gas sources from the boundaries and theoretically the cumu-

ative gas emission quantities will continuously increase with time.

y recalling the gas flow control equation of Eq. (25) , q s is a con-

tant in each case. The gas emission rates in these two cases will

how a slightly decreasing trend relative to that of Case 1 at initial

ime due to the gas content supplements from gas source bound-

ries. Instead of gas emission rate showing a continuously decreas-

ng trend with a final theoretical value of 0, gas emission rates in

hese two cases will decrease to constant values. This is due to the

as source boundaries, which is further apparent by comparing the

igher gas emission rate in Case 3 to that of Case 2 because Case

 has an additional gas source boundary (Top roof boundary) for

ase 2. 

.4. Numerical model calibration and validation 

It is apparent that the transient gas emission rate in each case

ecreases with time ( Fig. 10 ). Since the gas emission rate from

he gob to the face is quantified by integrating the velocity func-

ion across the gas emission boundary (area of boundary 3 ©), the



12 A. Liu, S. Liu and G. Wang et al. / International Journal of Heat and Mass Transfer 150 (2020) 119392 

Fig. 11. Comparations between simulation solutions and field data. (a) Wide panel. (b) Intermediate-width panel. (c) Narrow panel. (a1), (b1) and (c1) are comparisons 

between transient and average gas emission rates. (a2), (b2) and (c2) are comparisons between simulation solution and field test data. 
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ransient gas emission rate profile reflects the time-dependent ef-

ects of accumulated gas emissions from the gob region (with a

ob length of 53 m) to face. In the mine operation, the longwall

ace continuously retreats and our field monitored data reflect gas

mission rate over a particular time period because the survey was

onducted along the longwall panel face from headgate to tailgate.

he estimated gas emission rate at the face should be an average of

he transient gas emission rate during the field investigation time

eriod - this average gas emission rate may be used to validate the

odeled results. 

The average gas emission rate is quantified by integrating the

ransient gas emission rate profile over a prescribed time period,

athematically expressed as: 

 a = 

t 

∫ 
0 

q t 

t 
dt (29) 

here, q a is the average gas emission rate, m 

3 /s; q t is the transient

as emission rate, m 

3 /s; and t is the designated time period, d. 

For the 6304 working face, the only gas source is from the top-

oal caving region and the following simulation solutions are ob-

ained based on Case 2 in Section 5.3 . As the 6304 working panel

rogressively advances at an advance rate of ∼ 5 m/d, the newly

ormed length of the gob is ∼50 m in 10 days. In Fig. 11 (a1), (b1)

nd (c1), we estimated the average gas emission rate over 100 days

nd then use 10day averages of the gas emission to validate the

eld test data, as illustrated in Fig. 11 (a2), (b2) and (c2). This shows

hat the simulation results agree well with the field investigation

ata. The results also show that the estimated average gas emis-

ion rate over the initial short time period reflect the estimated gas

mission rate much better, which implicit that the effects of gob

as emissions from a certain gob length will mainly be reflected

y a relative short time period. The reason is that the formation of

he gob is synchronous with the progressive advance of the panel

dvancing. The progressive formation of the new gob region will

ccumulate and emit gas in the early period when the gob is cre-

ted. If panel advance is halted, gas emissions from the gob to the

ace need a relatively long time to develop and should be reflected

n the average gas emission rate averaged over a long time period.
ig. 12. (a) Porosity evolution of the gob medium when loaded [12] . (b) Effects of poros

he numerical model. 
. Discussion 

As the mechanical shearer progressively excavates and allows

he collapse of the coal, the gob gradually consolidates sufficiently

o support a large proportion of the overburden weight [27] . Com-

acting coal mine gobs are a particularly unique packed bed un-

ergoing dynamic compaction and with an unusually irregular size

nd shape distribution of rock-coal blocks. The gradually com-

acted rock-coal behavior results in a reduction in both porosity

nd the associated permeability of the gob zone. The gob com-

action behavior will influence the airflow and the concurrent mi-

ration of methane through control variables such as porosity and

ermeability which will also be reflected in the gob gas emission

ate. To evaluate the gas emission intensity from the gob and its

nteraction with the ventilation systems, a mine-wide ventilation

ressure and flow rate survey ( p-Q survey) is necessary to estab-

ish a ventilation network model. 

.1. Effects of gob compaction behavior on gas emission rate 

The challenging conditions of the gob environment make it par-

icularly difficult to conduct direct measurements of porosity and

ermeability. A few previous studies have quantified these two pa-

ameters both experimentally and theoretically [ 12 , 23 , 24 , 27 ]. The

ommonly used cubic law linking permeability and porosity [46–

9] , allows permeability to be evaluated from the porosity. Thus,

e focus on porosity evolution under the influence of size distri-

utions of the rock-coal blocks. Also, the size distributions of the

ock-coal blocks both before and after loading must be quantified

o simulate gob compaction behavior. 

We use a predictive approach [12] that combines fractal scaling

n a porous medium with principles of fluid flow. Based on this

redictive model, the porosity for a completely fragmented porous

edium can be expressed as [12] : 

= 1 −
(

	min 

	max 

)3 −D F 

(30) 
ity evolution on gas emission rates, recovered by inputting porosities from (a) into 
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Fig. 13. Mine ventilation network modelling and gas injection analyses. 

 

 

 

 

 

b

φ  
where, φ is the total porosity of the fragmented porous medium

(dimensionless); 	min and 	max are the minimum and maximum

particle dimensions (dimensionless); and D F is the fragmentation

fractal dimension (dimensionless). 

With an applied stress increment under uniaxial compression,

porosity evolution between two successive stress increments can
e expressed as: 

i +1 − φi = −


⎡ 

⎣ 

σ̄
m ( D F −1 ) 

2 −1 

m ( D F −1 ) 
2 

− 1 

− σ̄
m ( D F −1 ) 

2 −1 

i 
m ( D F −1 ) 

2 
− 1 

⎤ 

⎦ (31)
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Fig. 14. Effects of different gas emission rates on the ventilation network. 
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here, φi +1 and φi are the porosities under successive one-

imensional applied stresses; σ̄ and σ̄i are the applied macroscopic

tresses (MPa); 
 is the plastic compressibility index (dimension-

ess); and m is the Weibull modulus (dimensionless). 

Based on Eq. (30) , the initial porosity is determined by the size

istribution of the rock-coal blocks in the gob and the fragmen-

ation fractal dimension. The porosity evolves with an applied in-

rement of one-dimensional applied stress and is quantified by

q. (30) . As shown in Fig. 12 (a), the increment in one-dimensional

pplied stress results in a decrease in porosity, which decrease

as emission rates as the permeability decreases, as illustrated in

ig. 12 (b). An eleven-fold increase in stress (1.70–18.68 MPa) re-

ults in a nonlinear decrease in porosity of only ∼75% (from 0.368

o 0.093) and a 56-fold reduction in gas emission rate (compared

o the maximum transient gas emission rate). A sensitivity study

as conducted in the numerical modelling to define the evolv-

ng porosity ( Fig. 12 (a)). As shown in Fig. 12 (b), high porosity

ields high gas emission rates and low porosity significantly re-

uces the rate. The size distribution of the rock-coal blocks in the

ewly formed gob are mainly determined by the failure character-

stics of the roof. Normally, large rock blocks fall first, followed by

maller blocks, but the large blocks control the elevated porosity,

nless significantly infilled by the smaller fraction ( Eq. (30) ). The

verburden stress builds with time and will compress the rock-

oal blocks potentially fracturing the large blocks into a smaller

raction, decreasing the range of block sizes. Thus, the size distri-

ution of rock-coal blocks will become finer in the gob, with time,

urther resulting to the decrease of pore sizes and potentially also

f porosity (based on Eq. (31) ). 

.2. Effects of gas emission rate on methane distribution throughout 

he mine 

In order to check the influence of gas emission on the overall

ethane distribution throughout the mine ventilation network, we

onducted mine ventilation network modeling with different gas

mission intensities. The Ohioautomation ICAMPS-MineVent soft-

are package was selected for the ventilation airflow modeling.

he MineVent model allows gas sources to be applied in selected

ranch(es). This feature was used to investigate the methane con-

entration distribution throughout the mine ventilation network.

he ventilation network model was established to simulate the

irflow (Q) distribution for the entire mine as shown in Fig. 13 .

 mine-wide ventilation pressure and quantity ( p-Q ) survey was

onducted, as described previously. These survey data were used

o build the network and the ventilation network was validated

y the p-Q survey data. From Fig. 13 , it is apparent that the coal

ine ventilation system has one intake shaft and one return shaft.

pecifically, there were two working faces including the 6304-

ace and the 53067-Face during the field investigation periods.

ig. 13 also shows the simulated results of the air quantity (pink

umbers). The field-measured and simulated results agree well -

uggesting the fidelity of the network model. 

This validated model was used as a base model for the gas

njection analyses. In Fig. 13 , node 7 is the demarcation point

etween the intake and return entries. The gas emission branch

etween node 7 and the gas injection node was utilized to ad-

ress the effects of gas emission on the ventilation network. Sev-

ral gas emission injection rates into the injection branch were

hosen from the simulation solutions including 0.00455 m 

3 /s,

.0 0510 m 

3 /s, 0.0 0546 m 

3 /s, 0.0 0601 m 

3 /s and 0.0 0637 m 

3 /s. The

entilation modelling indicates that gas emission from the gob to

ace-6304 will not affect its parallel ventilation branch that in-

olves Face-53067. After conducting the gas emission injections,

he distributions of methane concentrations at different nodes in

he branch involving Face-6304 are shown in Fig. 14 . The branch
nvolving Face-6304 includes survey nodes 1, 2, 3, 4, 5, 6, 7, 8, 9,

0, 11, 12 and 13. Among these nodes, nodes from 1 to 6 are lo-

ated in the intake entry, and nodes from 7 to 13 are located in

eturn entry. Gas emissions occurs at the working face - that is the

ranch that starts from nodes 6 to 7. As shown in Fig. 14 , gas emis-

ion has no effect on the intake entry and mainly influence the

eturn entry. In each case, the methane concentration decreases

n branch 7-8 (between nodes 7 and 8) due to the junction with

he fresh air from branch 6-8 (between nodes 6 and 8) to node 8.

lso, branch 9-10 shows a decreasing trend due to supplementary

resh air from branches 14-10 and 16-10. The decrease in methane

oncentration in branch 10-11is also attributed to this dilution by

resh air from branches 5-11. Comparing the five cases, if the gas

mission quantity increases from 0.00455 m 

3 /s to 0.00637 m 

3 /s, a

0% increase, the peak methane concentration at ventilation node

 increases by 39.7%, from concentrations of 2.24% to 3.13 %. Based

n the mine ventilation network modelling and gas injection anal-

ses, the mine-wide ventilation system is especially sensitive to

ethane emission rates and these clearly impact methane con-

entrations in the return branches. In consideration of the explo-

ive limit of methane, in the concentration range of 5-16%, gob gas

mission has the potential to trigger elevated methane alarms al-

hough all levels remain below the explosive limits. 

. Conclusion 

This study provides a systematic method to evaluate gob gas

missions and their interaction with the mine-wide ventilation

ystem. The model incorporates a gas generation and transport

odel for the gob, idealized as a packed bed and combines this

umerical simulation of gas flow within the mine. These models

re constrained by field measurements and sued to make predic-

ions of methane concentrations for various plausible and worse

ase methane emission scenarios. Based on the study, the follow-

ng major conclusions are drawn: 

1) A pressure gradient equation was proposed for gas flow in the

rock-coal block medium described as a packed bed. The model

describes the gas pressure drop for rock-coal porous medium

in the gob, comprising viscous energy losses from the tortuous

flow in pore channels as well as the kinetic energy (inertial)

losses at the irregular cross-sections. 



16 A. Liu, S. Liu and G. Wang et al. / International Journal of Heat and Mass Transfer 150 (2020) 119392 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2) A field campaign of methane monitoring was conducted at the

6304 working face. The measured methane concentration in-

creases monotonically and almost linearly from headgate to

tailgate. This finding is anticipated since the methane emitted

largely at a uniform rate along the face with this accumula-

tion building along the longwall panel face from headgate to

tailgate. The average methane emission rates are estimated as

0.0061 m 

3 /s for the widest portion of the panel, 0.0044 m 

3 /s

at the transition width, and 0.00215 m 

3 /s for the narrowest

part of the panel, respectively. These estimates rely on and

are conditioned by the linearly increasing trend observed from

headgate to tailgate. 

3) A constitutive model is developed to evaluate gas emission

from the gob that couples pressure gradient and diffusive gen-

eration and transport mechanisms. This relation was then used

to study the case of LTCC mining. The average gas emission

rate was defined from the transient gas emission rates based

on simulations – which agreed well with field observations. 

4) The porosity and effective permeability of the rock-coal block

medium is determined by the size distributions of the rock-

coal blocks in the gob and the fragmentation fractal dimension,

which in turn significantly affects gas emission rates. An incre-

ment of applied stress results in a decrease in porosity, which

will result in a further decrease in gas emission rate. An eleven-

fold increase in stress (1.70–18.68 MPa) results in a nonlinear

decrease in porosity of only ∼75% (from 0.368 to 0.093) but a

56-fold reduction on gas emission rate (compared to the maxi-

mum transient gas emission rate). 

5) A mine-wide ventilation pressure and quantity ( p-Q ) survey

was conducted. The resulting survey data were used to build

and constrain the ventilation network modeling. 

6) The mine-wide ventilation system is especially sensitive to

methane emission rates – a 50% increase in emission rate (from

0.00455 m 

3 /s to 0.00637 m 

3 /s) clearly impacts concentrations

in the return branches. Peak methane concentration at related

branches increase 39.7%, from 2.24% to 3.13% with the potential

to trigger elevated methane alarms. 
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