<]
TUDelft

Delft University of Technology

Numerical analysis of multi-factors effects on the leakage and gas diffusion of gas
drainage pipeline in underground coal mines

Cai, Jitao; Wu, Jiansong; Yuan, Shuaigqi; Liu, Zhe; Kong, Desheng

DOI
10.1016/j.psep.2021.05.017

Publication date
2021

Document Version
Accepted author manuscript

Published in
Process Safety and Environmental Protection

Citation (APA)

Cai, J., Wu, J., Yuan, S,, Liu, Z., & Kong, D. (2021). Numerical analysis of multi-factors effects on the
leakage and gas diffusion of gas drainage pipeline in underground coal mines. Process Safety and
Environmental Protection, 151, 166-181. https://doi.org/10.1016/j.psep.2021.05.017

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.psep.2021.05.017
https://doi.org/10.1016/j.psep.2021.05.017

Numerical analysis of multi-factors effects on the leakage and gas

diffusion of gas drainage pipeline in underground coal mines

Jitao Cai?, Jiansong Wu®*, Shuaiqi Yuan®, Zhe Liu?, Desheng Kong®
# School of Emergency Management & Safety Engineering, China University of
Mining and Technology, Beijing 100083, China;
b Safety and Security Science Group, Faculty of Technology, Policy and Management,
TU Delft, Delft, The Netherlands

*Corresponding author: jiansongwu@hotmail.com

Abstract: Gas drainage system is a critical technique to prevent gas outbursts in the
underground coal mine. The leakage of gas drainage pipelines can pose serious threats
to the safety production of underground mining. In this paper, a multi-factors gas
drainage pipeline leakage and diffusion (GDPLD) model is proposed based on the
OpenFOAM platform, which can analyze the leakage and diffusion characteristics
inside the pipelines. With field measurement data in a coal mine, the GDPLD model is
verified with good practicability. Furthermore, scenario analysis in the context of
different leak sizes, locations, and pipeline diameters is presented to evaluate the
specific characteristics of gas leakage and diffusion inside the pipeline with negative
pressure. The results showed that the leakage accident close to the pump station with a
large leak size and small pipeline diameter usually represents the worst case, and when
gas sensors are installed downstream of the leakage location, it is helpful to realize
effective detection of the leakage accident. This study can help to improve the

understanding of the leakage and diffusion characteristics of gas drainage pipelines and



provide technical supports for the monitoring system design of the gas drainage

pipelines in underground coal mines.
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1. Introduction

As a kind of clean-burning resource, Coalbed methane (CBM) has great potential
to make up for the shortage of conventional natural gas resources (Liu et al., 2020;
Zheng et al., 2019; Moore et al., 2012). However, CBM emitted from coal seams or
other methane-containing formations under the mining process have posed a serious
threat to safety mining due to the gas explosion and outburst issues (Cao et al., 2019;
Liuetal., 2020; Luetal., 2019; Wang et al., 2018; Zhou et al., 2020). Meanwhile, CBM
has a strong absorption capacity of infrared radiation, and thus causes CBM to be an
extremely environment-harmful greenhouse gas that can speed up global warming (Fan
et al., 2020; Zhou et al., 2014). To prevent and mitigate the gas emission disaster in coal
mines and realize the rational exploitation and utilization of the CBM resources, the gas
drainage system is widely used over the past few decades (Park & Liang, 2016). As the
main equipment for the transmission of the extracted gas resources, gas drainage
pipelines usually suffer long-term exposure to the complex and harsh environment in
the underground coal mine. Therefore, there is a great possibility of leakage accidents
in the gas drainage pipeline induced by corrosions and man-made damages. Such

accidents can debase the quality of the extracted gas and change the manner we treat
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CBM from high-quality energy resources to hazardous gas (Zhou et al. 2014; Cheng et
al., 2017; Zhao et al., 2018). Besides, subject to disaster-causing factors such as flame
and electrostatic spark, gas-involved accidents including gas combustion or explosion
might arise, which results in damage to the excavations, equipment, and casualties that
cannot be predicted (Liu et al., 2020). Therefore, the leakage and diffusion
characteristics of the gas drainage system should be seriously focused on. It plays a
pivotal role in the enhancement of gas extraction efficiency and contributes to the safe
operation of gas drainage and transportation in the underground coal mine.

There have been extensive studies conducted by using the numerical models to
investigate the leakage characteristics around the borehole of the gas drainage system
in underground coal mines (Liu et al., 2020a; Liu et al., 2020b; Zheng et al., 2017;
Zhang et al., 2020; Fan et al., 2020; Wang et al., 2019; Zheng et al., 2016; Wang et al.,
2019; Kang et al., 2018; Zhang et al., 2018). Liu et al. (2020a) compared two distinct
theoretical models with the consideration of air leakage around the borehole in the coal
seam. The results indicated that the C-model taking air leakage into account could
reproduce a more reliable gas drainage process. Liu et al. (2020b) revealed the air
leakage characteristics by developing a fully coupled gas flow model. It was found that
a longer sealing length could increase the extracted gas concentration. Moreover, the
air leakage induced by mining disturbance and the existence of fractures could be
addressed by the novel sealing method, which integrates cement grouting and gel
injection. Aim to investigate the effects of the coal properties on air leakage, Zheng et

al. (2017) introduced the orthogonal design method and F-test theory integrated



approach. The results showed that Young's modulus had a significant role in the air
leakage phenomenon compared with Poisson's ratio and Porosity. Based on the
theoretical integration of air-methane mixing flow in fracture, matrix methane flow,
mass transfer, and dynamic permeability, Fan et al. (2020) studied the air leakage
numerically by developing a coupled compositional flow model. The simulation results
demonstrated that higher pressure, longer sealing length, and the increase of sealing
area were helpful to the drained gas concentration. Zhang et al. (2020) proposed an air-
leakage model to investigate the different leakage patterns and thus served as a
reference for the optimization of borehole-sealing techniques, which achieved a higher
gas extraction concentration compared to the traditional sealing technique. Similarly,
Wang et al. (2019) developed a coupled model taking coal deformation and air-CHa
flow into account to describe the air leakage behaviors under different contributing
factors. It showed that air leakage would decrease with an increase of active support
pressure and an active support sealing method was proposed to realize higher extraction
efficiency. Likewise, some researches (Kang et al., 2018; Liu et al., 2021; Zheng et al.,
2016; Wang et al., 2019; Wang et al., 2020; Zhang et al., 2018; Zhang et al., 2020) have
been conducted to provide practical guidance for air leakage prevention strategies
around the borehole. However, these studies mentioned above mainly focused on air
leakage behavior around boreholes of the gas drainage systems. The gas drainage
pipeline that extends for thousands of meters is not investigated enough, especially the
leakage and diffusion characteristics inside gas drainage pipelines are still not well

understood.



In the past decades, different leakage scenarios of gas pipelines have been widely
studied, such as the leakages of above-ground and buried pipelines (Okamoto and Gomi,
2011; Yan et al. 2015; Ebrahimi-Moghadam et al., 2016; Ebrahimi-Moghadam et al.,
2018; Bezaatpour et al., 2020), gas leakage in the confined space (Wang et al., 2020;
Zhang and Lan., 2020) and open space (Zhang et al., 2014; Zhang et al., 2015).
However, the leakage of gas drainage pipelines in coal mine performs with different
characteristics compared with the abovementioned leakage scenario. Firstly, the gas
drainage pipeline is characterized by negative pressure, and thus sucks the external gas
into the pipeline instead of forming a jet flow toward the ambient environment.
Secondly, the pressure inside the gas drainage pipeline varies with different locations,
causing location-related leakage behavior. Therefore, it is highly significant to
investigate the leakage characteristics of the gas drainage pipeline.

In this study, a gas drainage pipeline leakage and diffusion (GDPLD) model was
proposed to simulate the leakage and diffusion behaviors of the gas drainage pipeline
based on the OpenFOAM platform. Firstly, the GPDLD model was developed
according to the gas drainage system of a coal mine, located in Shanxi Province, China.
Then, the proposed model was verified by empirical formula and the field measurement
data. Furthermore, with the consideration of the main contributing factors (i.e. leak size,
leak location, and pipeline diameter), different gas pipeline leakage scenarios were
simulated to analyze the specific characteristics of the gas leakage and diffusion in gas
drainage pipelines. Additionally, the alarm time of gas sensors was also investigated to

provide a technical reference for the optimization of the monitoring system in



underground coal mines.

2. Methodology

2.1 Governing equation

To accurately capture the leakage and diffusion behavior of gas drainage pipelines
in the underground coal mine, the continuity equation, momentum equation, and energy
equation are involved in the proposed GDPLD model. Meanwhile, the no-reaction
species transport equation and gas state equation are also considered to simulate the
transportation of multi-component mixed gas. The mathematical equations mentioned

above are listed as follows:
(1) Continuity equation

dp

- . = 1
At +V-(pu)=0 1)
(i) Momentum equation
d(pu) dp
. - _ = . 2
5t + V- (puu) % + V- (uVu) + F, (2)
d(pv) _ o
5t +l7-(pvu)——$+l7-(,u\7v)+Fy (3)
d(pw) dp
: - 2 : 4
5t + V- (pwu) PP +V-(uw)+E, 4)
(iii) Energy equation
Ioi
Ea'[:)+|7-(piu)=—p|7-u+|7-(k|7T)+CD+Sh ®)

(iv) No-reaction species transport equation
0
E(PCL') +V-(pCu) =V-(DVC) + S; (6)
(v) Gas state equation
pV = nZRT (7)

Where p is the mixture density of multi-component gas including N2, Oz, and
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CHa4. uis the gas velocity and u, v, w denote normal velocity corresponding to x, y, z
directions respectively. p represents the static pressure, i is the internal thermal energy
and T is the thermodynamic temperature. @ represents the dissipation function. C;
means gas volume fraction of every single gas involved in mixture gas, taking a mixture
gas with n species for example, there are only n-1 species that need to be specified since
the sum of n species is equal to unity. F, F, and F, are the momentum source term
related to the body force. S;, and S; are source terms accounting for the internal heat
source and mass source. i, k, and D, are physical parameters associated with internal
friction, heat transfer, and diffusion capacity respectively. V, n, Z, and R involved in the
state equation represent gas volume, amount of substance, compressibility, and the gas
constant.
2.2 Turbulence model

Thanks to the low-cost requirement of computing resources and wide range of
applicability, the standard &-& model has gained much attention and adoptions in the
last few decades (Wang et al., 2020). However, the standard k-& model has trouble in
handling fluid adjacent to walls and thus yields unreliable results (Sklavounos and
Rigas, 2004). Therefore, the SST model was developed in response to the shortages of
the k-& model and could give better performance in the near-wall simulations (Mentor,
1994; Mentor, 2003), which was applied for the simulation of turbulence flow in this

study. The mathematical equations of the SST model are presented as follows:

%+\7-(pku) =V ((U+ ou)VK) + P — pfwk -
a(g;u) +V(pww) = V- (1 + o) Vw) + vltp _ pBw? @
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Where k is turbulence kinetic energy, w represents the turbulence dissipation
rate. P and y, are the production rate of turbulence and turbulence viscosity. SST
model combines the advantage of k-& and k- model by computing a blend function F,
which is equal to 0 far away from the near-wall area and switches to 1 at the boundary
layer. The specific configuration parameters of the SST model are listed in Table Al
according to Mentor’s research (Mentor, 2003).

2.3 PIMPLE algorithm

As a fast-growing open-source computing platform using the finite volume
method (FVM), OpenFOAM is characterized by high extensibility and good accuracy
(Mack and Spruijt, 2013; Tran et al., 2020). Meanwhile, it has been verified that
OpenFOAM has great potentials in the simulation of heavy gas leakage and multi-
component gas transportation scenarios (Fiates and Vianna, 2016). To realize the
numerical simulation of gas pipeline leakage in underground coal mines, the gas
drainage pipeline leakage and diffusion (GDPLD) model was developed based on the
OpenFOAM platform. Generally, the pressure-velocity coupling scheme is an
extremely time-consuming work due to the multi-iteration pressure correction
algorithm. When coping with a large computational domain like the gas drainage
pipeline, this problem becomes more serious. The Pressure Implicit Method for
Pressure Linked Equations (PIMPLE) algorithm can take responsibility to solve the
pressure-velocity coupling scheme with good stability in dealing with large time steps,

which is appropriate for handling the problem mentioned above. The specific process



of the PIMPLE algorithm is presented in Fig. 1.
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Fig. 1 Process of PIMPLE algorithm.

As shown in Fig. 1, the PIMPLE algorithm performs as a combination of the
Semi-Implicit Method for Pressure Linked Equations (SIMPLE) and Pressure Implicit
with Splitting of Operators (PISO) algorithm. For the inner loop, a conventional PISO
algorithm is employed to calculate pressure correction with a limited number of
iterations. For the outer loop, absolute tolerance and iteration number are considered as
the convergence criteria, which makes the calculation go fast when the solution is stable
but can also give room for multi-iterations when instability occurs. Overall, the
PIMPLE algorithm offers good flexibility for a large time step and guarantees the
stability of the calculation, which serves as an ideal choice in the development of the

GDPLD model.



3. Results and discussion

3.1 Validation of GDPLD model

In this section, the proposed GDPLD model is evaluated by using an empirical
formula in a previous study and the field monitoring data from a coal mine. The whole
gas drainage system of the investigated coal mine is shown in Fig. 2. Methane contained
in the coal seam, regardless of either free state or adsorbed state, is extracted into the
gas drainage pipeline under negative pressure provided by the pump station, and then
can be transported to the ground system for further utilization (Zhou et al. 2014). In this
study, only the gas drainage pipelines were taken into account and set as the
computational domain. As the gas extraction work proceeds, there will be a relatively
stable flow field in the borehole zone and the gas drainage pipeline (Peng et al., 2015;
Liu et al., 2020; Fan et al., 2020). Therefore, some key parameters used in the
boundaries of the gas drainage pipelines, such as pressure and gas concentration, can
be obtained from the field monitoring data or empirical determination. The parameters

configuration and the verification process are presented in the following section.

P Methane Flow

Gas Drainage = e
Pipeline
™

vy

ys vv Coal

Y- 42 Seam .
Pump Station
Roadway 44

| Methane Flow

Gas drainage pipeline

Fig. 2 Schematic of gas drainage process.
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3.1.1 Numerical configurations

The computational domain used in this study consists of the pipelines with three
different diameters (426mm, 630mm, 820mm), which is illustrated in Fig. 3. Moreover,
Fig. 3 presents the layout and boundaries of the gas drainage pipeline. The configuration

parameters of the gas drainage pipelines are provided in Table A2.

. . Outlet
@ Monitor points g

(3 630mm gas pipeline
(2 820mm gas pipeline
(33 426mm gas pipeline
(4 Pump station 7

- "2"9“ Inlet5
nlet
W TS Monitor 1 T
Inlet3 e
— Monitor 2 \\3_,'
Monitor 3
« t6
L Inletd nle

Fig. 3 Computational domain of the gas drainage pipeline model.

Since the gas flow in the gas drainage pipelines is driven by pressure, a total
pressure inlet and static pressure outlet coupling scheme are adopted for the numerical
simulation. The walls of the gas drainage pipelines are regarded as a rough wall with a
0.01 m roughness height considering the corrosion, obstacle, and accumulated water in
the gas drainage pipelines. Finally, the specific parameters related to boundary

conditions obtained from field monitoring data are concluded in Table 3.

Table 3 Boundary condition parameters
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Region Boundary conditions Value
Total pressure (Pa) 81205

Inletl
Temperature (K) 289.96
Total pressure (Pa) 81415

Inlet2
Temperature (K) 293.78
Total pressure (Pa) 81525

Inlet3
Temperature (K) 291.34
Total pressure (Pa) 82825

Inlet4
Temperature (K) 294.84
Total pressure (Pa) 83035

Inlet5
Temperature (K) 290.86
Total pressure (Pa) 84805

Inlet6
Temperature (K) 293.28
Static pressure (Pa) 65445

Outlet
Temperature (K) 287.15

In this paper, mesh independence analysis is also investigated to ensures reliable
numerical solutions. The computational domain is created and discretized by Ansys
ICEM-CFD. Owing to the irregular shape of the local elements installed in gas drainage
pipelines like elbow and T-pipe, there is a crux in discretizing the computational domain
using hexahedral cells only. However, if the automatic tetrahedral cell scheme is
adopted, the computational intensity will be extremely increased due to tremendous
tetrahedral cells existing in the computational domain. Therefore, the hybrid mesh
technique integrating hexahedral and tetrahedral cells is utilized with both geometric
adaptability and computing efficiency, which is shown in Fig. 4. After the discretization

of the computational domain, four kinds of mesh with different grid numbers are

employed for mesh independence analysis.

12



] ! Mesh |

____________

ki1 Hybrid mesh
fechnique

1 1 1 1 1
| I I I

| N I ——
— 11—

Overlap Alignment

I — —
 — —— —

Fig. 4 Schematic of hybrid mesh technique.

The comparison of simulation results obtained from four different mesh cases with
grid numbers of 160 thousand, 260 thousand, 360 thousand, and 520 thousand is shown
in Fig. 5. As seen from Fig. 5, the max relative error and average relative error between
Mesh1 and Mesh2 are 10.22% and 1.86%. As the stepwise refinement of grids, there is
a negligible difference between Mesh 3 and Mesh 4 (the max relative error and
average relative error are 1.68% and 0.27% respectively). Therefore, Mesh 3 is
selected as a suitable mesh for the following simulation and analysis with the

consideration of both computational accuracy and efficiency.
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Fig. 5 Mesh independence analysis.

3.1.2 Results analysis

Generally, there is an initial region characterized by progressive acceleration when
coping with pipe and duct flow near the entrance (Anselmet et al., 2009). This is
because the progressive thickening of the boundary layer results in a decrease of
pipeline cross-section. According to the research of Anselmet, the length of the initial
region can be calculated by the formula (10) as follows:

Le = 2D - Re%?> (10)

Where Le is the length of the initial region. D and Re represent the hydraulic
diameter and Reynolds number respectively.

Firstly, the specific flow characteristic of the pipeline mentioned above is utilized
to evaluate the GDPLD model. After the simulation reaches a relatively steady state,
the velocity profile along the pipeline is extracted and plotted in Fig. 6. It shows a
gradual acceleration behavior at the entrance of the gas drainage pipeline, and then the
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full development of gas flow is reached as gas moves away from the entrance, which
can be seen in Anselmet’s study similarly. Secondly, to avoid the influence of disturbing
flow, the results calculated by the formula (10) at the location of Inlet4 and Inlet6 are
listed in Table 4 for further quantitative comparison. Table 4 shows that there is a subtle
error observed in the case of Inlet4. The reason for this may be that the existence of
pipeline diameter transition causes small disturbances. However, a high agreement
between the results calculated from formula (10) and the simulation results is obtained
in Table 4, which indicates the proposed model has good practicability in simulating

the flow characteristics of gas drainage pipelines.

25
Inletl Inlet2 Inlet3
Inlet4 Inlet5 Inlet6
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=
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Distance along the pipeline (m)

Fig. 6 Velocity profile of Inlet region.
Table 4 Results comparison of Le between empirical formula and simulation

Initial ) o Formula Simulation
) Velocity range (m/s)  Hydraulic diameter (m)

region results results

Inlet 4 19.78~21.61 0.426 25.81~26.39 24.69

Inlet 6 11.35~13.23 0.630 36.64~38.07 37.68

Furthermore, the comparison between the simulation results and the field
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monitoring data is presented in Table 3. P1, P2, and P3 denote the pressure in the location
depicted in Fig. 3 in the form of the red dot. Q is the volumetric flow rate near the
location of the pump station. As shown in Table 5, the relative errors between the
simulation results and the field monitoring data are all within the range from 0.58% to
4.30%, which can be regarded as an acceptable and reasonable result. The proposed
GPDLD model is capable of reproducing the gas flow characteristics and gas drainage
process in the gas drainage pipelines. Therefore, it can be used for the following

analysis.

Table 5 Results comparison of GPDLD model and field monitoring data
Data

3 .
results Pi(Pa) P2(Pa) P3(Pa) Q(m”/min)
GPDL 81202 81404 81490 518.38
model

Field 80735 78965 79305 497
data

Relative

o () 0.58 3.09 2.76 430

3.2 Effects of multi-factors on gas pipeline leakage and diffusion

The size of the leak hole, the pressure difference at the leakage location, and the
diameter of the pipeline are of significance in influencing the severity of the leakage
consequence (Ebrahimi-Moghadam et al., 2018; Wang et al., 2020). Therefore, with the
consideration of these three contributing factors, a gas drainage pipeline model is
developed to investigate the leakage and diffusion characteristics when an unexpected
leakage occurs. Meanwhile, the quantitative analysis of the leakage volumetric flow
rate and the alarm time of gas sensors are involved as well.
3.2.1 Numerical configurations

Similarly, the computational domain is constructed and discretized in the same
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way as mentioned in Section 3.1.1. Compared with the physical model built in Section
3.1.1, the physical model investigated in this section only includes the portion of the
gas drainage pipeline. The geometric layout and boundary conditions are shown in Fig.
7. Moreover, the configuration parameters of the computational domain related to

different leakage scenarios are detailed in Table 6.

e Leak hole (200,0,600)

Outlet
Ground

L.,

(Units: m)

Inlet 1 Inlet 2

¥

¥ ¥ bl
(-1353,0,0) (-1000,0,0) (-400,0,0) (0,0,0) (265,0,0)

Fig. 7 Computational domain of the partial gas drainage pipeline model.
Table 6 Parameters of different simulation scenarios

. Leak diameter Pipeline diameter Leak location
Scenario
(mm) (mm) (m)
Case 1 100 820 (-700,0,0)
Leak Case 2 200 820 (-700,0,0)
NIVASN
Case 3 300 820 (-700,0,0)
Case 4 200 820 (-700,0,0)
Leak Case 5 200 820 (0,0,300)
locations
Case 6 200 820 (100,0,600)
o Case 7 200 426 (-700,0,0)
Pipeline Case 8 200 630 (-700,0,0)
diameters
Case 9 200 820 (-700,0,0)

According to the installation requirement of the KJ370 pipeline monitoring system,
10 methane sensors are assumed on both sides of the leak location every 10 meters
symmetrically (approximately equal to 13 times of pipe diameter). Meanwhile, the leak
location is assumed to be in the middle of the two gas sensors as the worst leakage

scenario. The locations of gas sensors are listed in Table 7.
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Table 7 Relative location of gas sensors (“0” represents the leak location)
Sensor index 0 1 2 3 4 5 6 7 8 9 10

X coordinate

(m)

0 5 15 25 35 45 5 -15 25 35 45

The specific boundary conditions used in this section are shown as follows:

(1) Inletl & Inlet2: The total pressure boundary conditions are employed with
Piniet1=79835 Pa and Pmiex=79805 Pa, which are extracted from the verified case in
Section 3.1 at the corresponding location.

(2) Outlet: The pressure at Outlet is set as 65445 Pa with a static pressure condition.

(3) Leakage: The leak hole is defined as total pressure conditions with
PLeak=101325Pa, which is the atmospheric pressure.

Finally, the initial gas concentration is set as 25% VOL referring to the average
gas drainage concentration in China (Wang et al., 2016). And the steady flow field
without leakage will be computed in advance and perform as the initial condition for
the leakage scenarios.

3.2.2 Effects of leak sizes

Three leakage scenarios of different leak sizes with constant leak location and
pipeline diameter are simulated and analyzed (i.e., Case 1, Case 2, and Case 3 in Table
6). As seen from Fig. 8, the high-velocity area is formed near the leak location due to
the large pressure difference between the gas drainage pipeline and the external space.
It can be seen that the high-velocity area increases with the increase of leak size. When
the leak size 1s 100 mm, the high-velocity area is small and cannot reach the bottom of
the gas drainage pipeline. However, this phenomenon is not obvious in the case of 200
mm and 300 mm. The reason may be because the leakage gas flow of small leak size is

18



relatively unstable, and thus easier to be influenced by the mainstream inside the gas
drainage pipeline.

Moreover, the leakage scenario of various leak sizes has a direct impact on the
leakage volumetric flow rate, which can be observed in Fig. 9. The leakage volumetric
flow rate of all three cases has a downward trend over time due to the decreasing
pressure gradient between the leak hole and the internal flow field. Furthermore, the
Relative variation ratio (RVR) is used to measure the change of leakage flow rate over
time.

RVR = —— (51)

Where the RVR means a relative error of the leakage flow rate, S (Starting) and £
(Ending) represent the leakage flow rate at the beginning and the end of the pipeline
leakage respectively.

Fig. 9 shows that the RVR has a growing trend with the increase of leak size. This
may be because the bigger the leak size is, the easier the leakage will affect the gas flow
inside the gas drainage pipeline, and thus the faster the pressure gradient decreases. The
maximum leakage volumetric flow rate increases significantly with the increase of leak
size, which aggravates the severity of the leakage consequence. Therefore, the leakage

scenario with a large leak size will produce a large leakage gas flow and volumetric

flow rate, which seriously affects the gas drainage process.
U (m/s)

0 20 40 60 80 100 120 140 1(1’0 180 200 220
| .
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(a)

(b)
(¢

Fig. 8 Velocity contour of different leak sizes, (a) Case 1: 100mm, (b) Case 2:
200mm, (c¢) Case 3: 300mm.
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Fig. 9 Effect of different leak sizes on leakage volumetric flow rate.

In this paper, the process of gas diffusion inside the gas drainage pipelines can be
divided into two stages according to the different diffusion characteristics, namely,
vortex flow (dominated by vortex generated near the leak location) and fully-developed
flow (dominated by velocity profile of fully-developed pipeline flow). The contour of
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the CH4 concentration corresponding to the different diffusion stages is shown in Fig.
10. When the leak size is 100 mm and the leak time is 0.2 s, the diffusion range of the
lower part of the pipeline is larger than that of the upper part. This is because the gas
flow inside the pipeline is dominated by the vortex flow downstream of the leak
location at the beginning of the leakage. From 0.8 s to 1 s, the flow stage changes from
vortex flow to fully-developed flow, which is a relatively stable diffusion process. By
comparison, when the leak sizes are 200 mm and 300 mm, it only needs 0.6 s and 0.4 s
to reach the fully-developed flow. Meanwhile, the low concentration area affected by
the leakage accident is larger. It should be noted that the influenced region upstream of
the leak location is relatively small. This is because the mainstream inside the gas
drainage pipeline prevents reverse diffusion to a large extent. The largest influence
region can be observed when the leak size is 300 mm, which demonstrates the relatively
bad effect of a large leak size.

Furthermore, in order to analyze the spatial and temporal distribution of CH4
concentration quantitatively. The volume fraction of CH4 at the specific sampling
points corresponding to the gas sensors layout mentioned in the previous section is
plotted in Fig. 11 and Fig. 12. Except for explosion limits for methane (0.05-0.16 VOL),
the alarm threshold is assumed to 0.2 VOL by referring to the difference between the
lower explosive limit and the alarm concentration of methane (0.01 VOL and 0.05 VOL)
(Wang et al., 2020; Zhang and Lan, 2020). Firstly, the gas concentration of sensor 1 and
sensor 6 that are closest to the leak location is presented in Fig. 11. As shown in Fig. 11

(a), the CH4 concentration has a decreasing trend at the initial stage and then retains a
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constant value as time goes on. The alarm times for three cases are 0.77s, 0.32s, and
0.19s respectively due to the different leakage volumetric flow rates. Meanwhile, the
larger the leak size is, the faster the CH4 concentration decreases. However, it should
be aware that although a large leak size can cause an extremely low CH4 concentration,
which significantly affects the quality of extracted gas. A dangerous CH4 concentration
range may be sustained for a long time when the leak size is relatively small (200mm
in this study), which poses a potential threat of gas fire and explosion. As seen from
Fig. 11(b), when the leak size is 100mm, the concentration variation cannot be captured
by senor 6 compared with the case of 200mm and 300mm. This is because sensor 6 is
located upstream of the leakage location and thus inevitably influenced by the
mainstream. Fig. 12 shows the concentration variation of all gas sensors used in this
study. It can also be obtained that the gas sensors downstream of the leak location have
a shorter alarm time compared with the gas sensors located upstream in the symmetrical
location. Therefore, the gas sensors distributed downstream of the leak location can

capture the leakage accident more effectively, especially for a large leak size.

22



CH4 concentration
0 0.04 0.06 0.?8 0.1 0.12 0.14 0.16 0.118 0.2 0.22 0.25
| | | | .

Vortex profile

t=1.0s

Fig. 10 CH4 concentration distribution of different leak sizes, (a) Case 1: 100mm, (b) Case 2: 200mm, (c) Case 3: 300mm.
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Fig. 12 Effect of different leak sizes on alarm time, (a) Case 1: 100mm, (b) Case 2:
200mm, (c¢) Case 3: 300mm.

3.2.3 Effects of leak locations

With the consideration of the distance from the pump station, three different leak
locations (underground pipeline, vertical pipeline, and above-ground pipeline, i.e., Case
4, Case 5, and Case 6 in Table 6) are regarded as the leak locations. Fig. 13 presents the
variation of gas velocity contour with different leak locations. By comparing with the
case of underground pipeline leakage, the velocity contour in the cases of vertical
pipeline and above-ground pipeline leakage has a slight deviation in the lower part of
the pipeline at the leak location. This may be because that an acceleration area will be
formed at the vertical pipeline due to the energy conversion between kinetic energy,

pressure potential energy, and gravity potential energy, which results in a relatively

26



strong mainstream at vertical and above-ground pipeline. The velocity range inside the

gas drainage pipeline at different locations (i.e., underground pipeline, vertical pipeline,

above-ground pipeline) is presented in Table 8 to validate the assumption mentioned

above. It can be seen that the closer to the pump station, the larger the velocity

magnitude of the mainstream, and thus the greater impact on the leakage gas flow.

As can be seen from Fig. 14, when the leak location is on the vertical and above-

ground pipeline closer to the pump station, a relatively large leakage volumetric flow

rate can be observed. The main reason is that the pressure inside the pipeline will be

smaller as getting closer to the location of the pump station in the process of negative

pressure extraction. A large pressure gradient between the roadway and the pipeline can

be caused when an unexpected leakage occurs. Meanwhile, unlike the leak location on

the underground pipeline, the variation of leakage volumetric flow rate in the case of

vertical pipeline and above-ground pipeline shows an unstable trend over time. It may

be because the strong mainstream inside the pipeline produces a great fluctuation near

the leak location. In conclusion, a leak location closer to the pump station will generate

a larger leakage volumetric flow rate. Therefore, it has a relatively big impact on the

gas drainage process compared with leakage scenarios far away from the pump station.
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Fig. 13 Velocity contour of different leak locations, (a) Case 4: underground pipeline,

(b) Case 5: vertical pipeline, (c¢) Case 6: above-ground pipeline.
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Table 8 Velocity magnitude of the mainstream inside the pipeline

Underground pipeline  Vertical pipeline Above-ground

v . pipeline
(Case 4: (-700,0,0)) (Case 5: (0,0,300)) (Case 6: (100,0,600))
Velocity range (m/s) 9.62~10.23 31.97~37.25 37.81~39.24




Fig. 15 compares the CH4 concentration distribution of different leak locations. In

the case of underground pipeline leakage, it shows a relatively obvious diffusion

behavior both upstream and downstream of the leak location. While for the case of

vertical and above-ground pipeline leakage, the variation of gas concentration is mainly

distributed downstream of the leak location. Although leakage gas flow in the case of

underground pipeline leakage can spread in two directions, a larger diffusion range can

be obtained when the leak location is on the vertical and above-ground pipeline.

Meanwhile, a relatively uniform CH4 concentration distribution can be observed. This

is because the strong mainstream formed in the location close to the pump station

prevents reverse flow. And the strong mainstream can accelerate the diffusion process

of leakage gas flow to a large extent as well.

The relationship between CH4 concentration and leakage time is provided in Fig.

16 and Fig. 17. Fig. 16(a) indicates that CH4 concentration in the case of the leak

location closer to the pump station (i.e., vertical pipeline and above-ground pipeline

leakage) needs a shorter time to reach a relatively stable concentration (around

0.13VOL) and maintain a long duration within explosion limits. Therefore, these two

cases represent high-risk leakage scenarios, especially a high-velocity mainstream

existing inside the pipeline, which has a great probability of generating an electrostatic

29



spark. However, sensor 6 upstream of the leak location cannot capture the variation of

gas concentration in the cases of vertical pipeline and above-pipeline leakage due to the

strong mainstream inside the pipeline. Fig. 17 shows that the closer the leak location is

to the pump station, the faster the gas concentration reaches the alarm threshold (0.77s,

0.15s, and 0.12s for the cases of underground pipeline, vertical pipeline, and above-

ground pipeline leakage respectively). However, it can also be seen that all gas sensors

located upstream of the leak location cannot detect the concentration variation

effectively when the leak location is close to the pump station. All in all, a leakage

consequence with a leak location close to the pump station usually has several

characteristics: (1) large diffusion distance; (2) gas concentration within a dangerous

range; (3) high gas velocity apt to cause the electrostatic spark; (4) invalid detection

upstream of the leak location. Therefore, the location closer to the pump station should

be allocated more resources for leakage detection and safety control.
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Fig. 15 CH4 concentration distribution of different leak locations, (a) Case 4: underground pipeline, (b) Case 5: vertical pipeline, (c) Case 6:
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Fig. 16 Effect of different leak locations on alarm time, (a) sensor 1, (b) sensor 6.
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Fig. 17 Effect of different leak locations on alarm time, (a) Case 4: underground

pipeline, (b) Case 5: vertical pipeline, (c¢) Case 6: above-ground pipeline.

3.2.4 Effects of pipeline diameters

In this section, the effects of different pipeline diameters (i.e., Case 7, Case 8, Case

9) on the process of gas leakage and diffusion are studied. The variation of velocity

contour and leakage volumetric flow rate with different pipeline diameters are

presented in Fig. 18 and Fig. 19. Fig. 18 shows that the leakage velocity increases with

the increase of pipeline diameter. A slightly larger leakage volumetric flow rate will be

obtained with a larger pipeline diameter and thus have a greater negative impact on the

quality of extracted gas, which can be seen in Fig. 19. This may be because a large high-

pressure area is generated in the lower part of the pipeline for a small pipeline diameter

since the leakage gas flow impinges on the pipeline wall. Subject to the large high-
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pressure area, there is a great change of pressure gradient near the leak location, which

makes the pressure gradient normal to the leakage hole small but unstable. Likewise,

this is why the variation of RVR over time is large in the case of small pipeline diameter.
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Fig. 18 Velocity contour of different pipeline diameters, (a) Case 7: 426mm, (b) Case
8: 630mm, (c) Case 9: 820mm.
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Fig. 19 Effect of different pipeline diameters on leakage flow rate.

Fig. 20 presents the CH4 concentration contours under different pipeline diameters.

With the decrease of the pipeline diameter, there is a more obvious bidirectional

diffusion behavior and the low-concentration region becomes larger. Fig. 20 shows that

the region influenced by leakage accident in the case of 426mm, 630mm, and 820mm

at t=1s is 109m, 77m, and 54m respectively. This can be attributed to the limited space

inside the pipeline and the large high-pressure area at the leakage location for the case

of small pipeline diameter. Therefore, when it comes to the case of a smaller pipeline

diameter, the leakage gas flow can overcome the influence of the mainstream and thus

spread both downstream and upstream for a long distance.

As shown in Fig. 21(a), it can be seen that the alarm time will be shorter as the

pipeline diameter become smaller. Fig. 21(b) indicates that the different pipeline

diameters have a critical role in alarm time (0.16s, 0.46s, and 1.40s for the case of

426mm, 630mm, 820mm respectively) for gas sensor located upstream of the leak

location. Fig. 22 shows that a smaller pipeline diameter will extremely affect the gas

concentration downstream and upstream in the aspect of influence region and alarm

time. It means that a smaller pipeline will suppress the CH4 concentration to a very low

level in a short time, which cause a great waste of gas resources and potentially

hazardous condition.
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In this study, all gas sensors can be triggered in the case of 426mm according to

the alarm threshold (0.2VOL). Therefore, the alarm time in the case of 426mm is

extracted and fitted to study the relationship between alarm time and location along the

pipeline. As can be seen from Fig. 23, the alarm time for both gas sensors distributed

upstream and downstream is second-order relation of distance away from the leak

location. Meanwhile, the farther the distance away from the leak location, the greater

the difference of alarm time between gas sensors distributed upstream and downstream

at the symmetrical location. This is because the effect of the mainstream on the leakage

gas flow increases with a farther distance away from the leak location. which performs

as a resistance preventing the upstream reverse flow inside the pipeline. This

relationship can provide some reference for the monitoring system design.
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Fig. 20 CH4 concentration distribution of different pipeline diameters, (a) Case 7: 426mm, (b) Case 8: 630mm, (c) Case 9: 820mm.
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Fig. 22 Effect of different pipeline diameters on alarm time, (a) Case 7: 426mm, (b)
Case 8: 630mm, (c) Case 9: 820mm.
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426mm).

4. Conclusion

This study proposed a multi-factors gas drainage pipeline leakage and diffusion

(GDPLD) model based on the OpenFOAM platform. The feasibility and practicality of
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the proposed model were evaluated through field measurement data. The multi-factors
scenario analysis was conducted to investigate the leakage and diffusion characteristics
of the gas drainage pipeline in the underground coal mine. The main conclusions of this
study are summarized as follows:

(1) The GDPLD model was developed and verified through an empirical formula
in a previous study and field measurement data. The results showed that the proposed
model can well reproduce the leakage and diffusion behaviors of gas drainage pipelines
with a 4.3% max relative error.

(2) In multi-factors scenario analysis, the variation of leak sizes, leak locations,
and pipeline diameters mainly affect the leakage volumetric flow rate (0.03, 0.56, and
2.69 m®/s for three leak size cases), downstream gas velocity (10.23, 37.25, and
39.24m/s for three leak location cases), and internal space of the pipeline (the cross-
sectional areas of the three pipeline diameter cases are 0.14, 0.31, and 0.52m?).
Therefore, these three factors can affect the leakage volumetric flow rate, gas
concentration distribution, and alarm time of observation sensors in varying degrees.

(3) The detection of pipeline leakage will be influenced by the leakage volumetric
flow rate, the confined space inside the pipeline, and the mainstream inside the pipeline,

which are dominated by leak size, pipeline diameter, and leak location respectively. By
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considering the shortest alarm time and the number of triggered sensors (0.2s, 0.12s,

0.15s for the leak size, leak location, and pipeline diameter scenarios respectively; 8, 6,

10 for these three scenarios), the influence factor of pipeline diameters performs a more

obvious impact on the detection of pipeline leakage.
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Appendix A.
Table A1 Parameter of the SST model
Turbulence
Fi B* B O (o
Model
k-¢ 0 0.09 3/40 0.85 0.5
k- 1 0.09 0.0828 1 0.856

Table A2 Configurations parameters of the gas drainage pipeline model

Parameter value
Length of 820 mm diameter pipeline (m) 3755
Length of 630 mm diameter pipeline (m) 2067
Length of 426 mm diameter pipeline (m) 776
Environment average temperature (K) 290.54
Average concentration of extracted gas (%) 20
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