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INTRODUCTION 

Many hazards in underground hard coal mines are reported, including natural 

hazards, which significantly affect work safety and the efficiency of the 

production process (Brodny and Tutak, 2016a; Szurgacz et al., 2019; Tutak and 

Brodny, 2017a). One of the commonly occurring natural hazards is the threat of 

underground endogenous fires, which may occur in mining excavations or their 

immediate surroundings, e.g. in goaves. These fires arise from the oxidation of 

coal, leading to its self-ignition (Brodny and Tutak, 2018; Brodny and Tutak, 

2016b; Li et al., 2008; Tutak and Brodny, 2017b; Tutak and Brodny, 2018; Wang 

et al., 2015; Yuan and Smith, 2008;  Yuan and Smith, 2009).   

In total, 63 endogenous fires were reported in Polish hard coal mines between 

2009-2018, of which 29 were located in the area of longwalls. The most common 

place where endogenous fires occur in the area of longwalls are goaves (WUG, 

2009-2018). 

A goaf zone is a space created after the mined coal. It is filled with rock rubble 

formed as a result of the collapse of roof rocks lying above the exploited 

deposits. From the point of view of the threat of endogenous fires, very important 

properties of this center are porosity and permeability. These features make it 

possible for gas to flow through a goaf, including air, which migrates as a result 

of longwall ventilation. 

The air entering goaves, usually with high oxygen content, is one of the 

necessary conditions for an endogenous fire to start. For this reason, the way of 

ventilating longwall galleries during mining operations is of great significance. 

This ventilation can take place using a variety of systems, but the most 

commonly used in Polish mine conditions are the U and Y systems (Tutak and 

Brodny, 2019). A crucial factor that affects the selection of the optimal wall 

ventilation system is the intensity of the ventilation hazards in the area of 

exploitation. These threats include both endogenous fires and methane 

hazards. In the case of the expected high methane hazard, the Y ventilation 

system is oftentimes chosen at the planning stage of operations (Fig. 1). 
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Fig. 1 The Y ventilation system 

Source: (Own elaboration based on Tutak and Brodny, 2019) 

 

From the point of view of endogenous fire hazards, this phenomenon is very 

unfavorable. It causes an intense air supply to goaf zones, and thus favorable 

conditions for self-heating of coal left there. The coal left in goaves is the result 

of either its incomplete exploitation or the occurrence of carbon bottom or roof 

battens. 

One of the factors that is essential for the intensity of air flow through goaves is 

the amount of air supplied to the longwall. This amount depends, among others, 

on the size of the methane hazard – the larger it is, the more air is needed to 

maintain a safe mine atmosphere composition. However, this causes an 

increased air flow through a goaf zone and thus a greater possibility of an 

endogenous fire. An endogenous fire can occur in goaf zones only with the 

presence of shredded coal prone to self-ignition and the air flow velocity through 

goaves from 0.0015 m/s to 0.02 m/s (Tutak and Brodny, 2019). At the same 

time, the oxygen concentration level in this air must be not less than 8%. The 

distribution of air velocity in goaves and oxygen concentration is influenced by 

many factors, for example, the type of roof rocks, methane content and the 

amount of air supplied to the longwall. This value determines both the amount 

and speed of air moving in goaves, i.e. the size of the zone in which the 

conditions necessary for an endogenous fire to start are met. 

So far, no research has been carried out to determine the impact of the 

volumetric expenditure of air supplied to the longwall ventilated with the Y 

system on the location of an area at the risk of an endogenous fire. Practice 

shows, however, that the amount of this expenditure, measured by the speed of 

air flow, with constant goaf dimensions, has a significant impact on the location 

and size of this area. 

Nevertheless, under real conditions, it is impossible to designate such an area. 

Therefore, it is necessary to use other alternative methods. Model studies based 

on numerical analyses create such possibilities. This type of studies use the 

structural model of the studied area and make it possible to determine an area 

in which an endogenous fire may occur in goaves, depending on the volume of 

air supplied to the longwall. Knowledge of the location of this area help to take 

appropriate preventive measures to limit the possibility of the emergence and 

development of the coal self-heating process, leading to an endogenous fire. 
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Model studies were carried out for the actual layout of mining excavations for 

the longwall ventilated with the Y system. For three values of the volume 

expenditure of air supplied to the longwall, the location of an area at the risk of 

an endogenous fire was designated. 

 

METHODOLOGY OF RESEARCH 

The aim of the study was to determine the impact of the volumetric expenditure 

of air supplied to the longwall ventilated with the Y system on the location of an 

area in goaf zones at the risk of an endogenous fire. The studies were carried 

out for a spatial model reflecting the real longwall together with longwall galleries 

and goaf zones. 

The numerical fluid mechanics and the finite volume method were utilized, as 

well as the Ansys Fluent program based on this method. 

 

Mathematical models of flow 

The flow of the air stream mixture is described by constitutive equations, which 

comprise mass, momentum and energy conservation equations, as well as the 

species transport equation (Brodny et al., 2018; Brodny and Tutak, 2019; Kurnia 

et al. 2014; Kurnia et al., 2016): 
𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌𝒗 = 0        (1) 

𝜕

𝜕𝑡
(𝜌𝒗) + ∇ ∙ 𝜌𝒗𝒗 = −∇𝑝 ∙ ∇𝝉 + 𝜌𝑔      (2) 

𝜕

𝜕𝑡
(𝑝𝑐𝑝𝑇) + ∇ ∙ (𝜌𝑐𝑝𝒗𝑇) = ∇ ∙ (𝑘𝑒𝑓𝑓 +

𝑐𝑝𝜇𝑡

𝑃𝑟𝑡
) ∇𝑇    (3) 

𝜕

𝜕𝑡
(𝜌𝜛𝑖) + ∇ ∙ (𝜌𝜛𝑖𝑼) = ∇ ∙ (𝜌𝐷𝑖,𝑒𝑓𝑓 +

𝜇𝑡

𝑆𝑐𝑡
) ∇𝜛𝑖    (4) 

where:  

ρ is the gas density (kg/m3),  

U is the gas velocity (m/s),  

p is pressure (Pa),  

𝜏 is the viscous stress tensor (Pa),  

g is gravity acceleration (m∙s-2), cp is the specific heat of the gas,  

keff is the effective gas thermal conductivity,  

T is the temperature (K),  

ωi is the mass fraction of species i (N2, O2 and CH4),  

μt is turbulent viscosity (Pa·s),  

Di,eff is the effective diffusivity of species i (m2/s),  

Sct is the turbulent Schmidt number (0.7), 

Prt is the turbulent Prandtl number. 

The stream of air and methane mixture flowing through the longwall and longwall 

galleries, as well as the initial section of goaf zones is turbulent. Therefore, in 

order to mathematically map a turbulent flow, it is necessary to include in the 

model, which describes this flow, additional equations describing this type of 

flow. 
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In the turbulence model k–ε, in the standard variation, the basic Navier-Stokes 

equation was transformed into the Reynolds averaged equation. This equation 

includes an additional term in the form of the Reynolds stress tensor. Due to this 

term, the set of equations is not closed. In order to close the set of equations, it 

is necessary to introduce additional differential equations, which include the 

equation of kinetic turbulent energy and the equation of kinetic turbulent energy 

dissipation in the following form (Ansys, 2011; Brodny et al., 2018; Brodny and 

Tutak, 2019): 

𝜌
𝜕𝑘

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝑘𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
)] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘  (5) 

𝜌
𝜕𝜀

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝜌𝜀𝑢𝑖) =

𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
)] + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀 (6) 

where:  

C1ε, C2ερ, C3ε are constans,  

σk, σε are turbulent Prandtl numbers for k and ε,  

Gb is the generation of turbulence kinetic energy due to buoyancy,  

Gk is the generation of turbulence kinetic energy due to the mean velocity 

gradients,  

YM is the contribution of the fluctuating dilatation in compressible turbulence to 

the overall dissipation rate,  

Sk, Sε are user-defined source terms.  

Since a laminar flow also takes place in goaf zones, it is crucial to consider the 

source part Si in the momentum conservation equation. The additional source 

part takes the following form (Ansys, 2011): 

𝑆𝑖 = − (∑ 𝐾𝑖𝑗𝜇𝑢𝑖 + ∑ 𝐶𝑖𝑗
1

2
𝜌𝑢𝑖

23
𝑗=1

3
𝑗=1 )      (7) 

where:  

C2 is the inertial resistance factor. 

 

Permeability and porosity of goafs 

The presented analysis regards a goaf zone as both a porous and permeable 

medium. The permeability coefficient of goaves can be determined from 

following the equation (for 0 ≤ x ≤ 2/3 l) (Szlązak, 2001): 

𝑘(𝑥) =
𝜇𝑔

𝑟0+𝑎𝑥2  m2        (8) 

where: 

μg is the coefficient of dynamic viscosity of air (Nsm-2)),  

l is the total length of the longitudinal longwalls (m),  

r0 and a are empirical coefficient; 

and from following the equation (for 2/3 l ≤ x ≤ l) (Szlązak, 2001): 

𝑘(𝑥) =
𝜇

𝑟0+𝑎 (
4

3
𝑙−𝑥)

2 m2       (9) 

The value of the permeability coefficient of goaves k0 behind the longwall front 

is determined from the following relationship (Szlązak, 2001): 
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𝑘0 =
𝜇𝑔

6
⋅ 10−10𝑅𝑟𝑟𝑠

1,44       (10) 

The porosity of goaf zones varies on the basis of the “O-zone theory” (Dai et al. 
2012; Xu et. al., 2010). The porosity distribution along the strike direction in the 
middle of the working face goaves is determined from the following equation (Xu 
et. al., 2010): 

𝑛𝑥 = 0.2𝑒−0.0223𝑥 + 0.1       (11) 
where: 
nx is the porosity distribution along the middle line of working face of the longwall 
ventilated with Y in a goaf zone (%); x is the x position of a goaf (m). 
The porosity of a goaf zone in the dip distribution can be determined from the 
equation: 

𝑛𝑦 = 𝑒−0.015𝑦 + 1 for 0 < 𝑦 <
𝐿

2
      (12) 

 

Problem statement and boundary conditions 
The basic stage of the research was to develop a numerical model of the real 
longwall area. This area includes goaves, longwalls and longwall galleries. 
The geometric model of the studied longwall ventilated with the Y system is 
shown in Figure 2, and the basic mining and geological parameters in Table 1. 
 

 
Fig. 2. The geometric model with the assumed equivalence conditions for the longwall 

under analysis ventilated with the Y-type system 
Source: (Own elaboration) 

 
Table 1 Geometry, Ventilation Parameters and Geological Parameters 

Parameters  Values  

Volumetric flow rate of the air supplied to the longwall, m3/min 1000/1200/1400 

Air supplied through the tailgate, m3/min 410 

Methane emission rate (absolute methane content), m3/min 15 

Length of the longwall, m 220 

Height of the longwall, m 3 

Length of the section of goaves with caving, m 500 

Length of the section of the longwall gallery, m 20.0 

Cross-sectional area of the longwall gallery, m2 15.0 

Length of the tailgate maintained along the goaves with caving, m 525 

Width of the excavation, m  4.0 

Tensile strength of the roof rock, MPa 2.9 

Source: (Own elaboration) 
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The vertical range of airflow in the goaves was 3.5 x the thickness of the 
exploited deposit. The tests were performed for three different expenditures of 
air supplied to the longwall: 1000 m3/min, 1200 m3/min and 1400 m3/min. Such 
models, along with the adopted conditions of uniqueness, were subjected to 
numerical analysis. 
 
RESULTS AND DISCUSSION 

The study allowed for the determination of both physical and chemical 

parameters of the air and methane mixture flowing through the studied area for 

various volumetric expenditures of air supplied to the longwall.  

Figure 3 presents air velocity distribution in the goaves, beneficial for the 

process of heat accumulation and coal self-heating for the studied volumetric 

expenditures.  

 

a  

b  

c  
Fig. 3 Distribution of air velocity in the goaves used for the process of heat 

accumulation and coal self-heating (a - for air expenditure supplied to the longwall  
1000 m3/min, b - for air expenditure supplied to the longwall 1200 m3/min,  

c - for air expenditure to the longwall 1400 m3/min) 
Source: (Own elaboration) 
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On the other hand, Figure 4 presents oxygen concentration distributions for the 

goaves. 
 

a 

 
b 

 
c 

 
Fig. 4 Distribution of oxygen concentration in the goaves (a - for air expenditure 

supplied to the longwall 1000 m3/min, b - for air expenditure supplied to the longwall 
1200 m3/min, c - for air expenditure supplied to the longwall 1400 m3/min) 

 

The conducted studies and determined air velocity distributions in the goaves 

and oxygen concentration in this air enabled the determination of areas in the 

goaves at the risk of an endogenous (Table 2). 

The results clearly indicate that the volumetric expenditure of air supplied to the 

longwall ventilated with the Y system has a significant impact on the value of air 

velocity flowing through the goaf zones and the value of oxygen concentration 

in this air. The larger it is, the greater the range of the area in the goaves, where 

the air velocity and oxygen concentration reach dangerous values due to the 

coal self-heating process, leading to an endogenous fire. 
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Table 2 The range of the area at the risk of an endogenous in the goaf zones for various 
volumetric expenditures of the air stream supplied to the longwall 

The volumetric 
flow rate of the air 

supplied to the 
longwall, m3/min 

Critical air velocity 
zone in the goaf, m 

Critical oxygen 
concentration zone 

in the goaf, m 

The zone with  
a particularly high 

risk of endogenous 
fires, m  

1000 0-69.0 0-198.0 0-69.0 

1200 0-79.0 0-218.0 0-79.0 

1400 0-89.0 0-248.0 0-89.0 

Source: (Own elaboration) 

 

CONCLUSION 

Endogenous fires are considered immensely dangerous phenomena in the 

mining process. Their occurrence causes a great threat to the working crew and 

is associated with huge material losses. Most frequently, such fires are reported 

in goaf zones. This is due to the fact that these goaves are both porous and 

permeable, which means that both air and oxygen can move freely within them. 

The developed methodology and conducted studies clearly show that the 

volumetric expenditure of air supplied to the longwall has a significant impact on 

the area where a fire may occur. This is particularly important for the Y 

ventilation system, in which this area reaches large dimensions (Table 2). This 

can result in a high probability of such a fire for the longwall being tested. This, 

in turn, is associated with a threat to the crew (carbon monoxide release) and 

large economic losses caused by shutting down the longwall. In order to avoid 

such a situation, it is reasonable to use the results obtained for preventive 

measures. The designated area is a space where these activities should be 

concentrated, preventing the ignition of a fire, e.g. by injecting inert gases. The 

results clearly indicate that the volumetric expenditure of air supplied to the 

longwall by a bottom road has a significant impact on the range of an area deep 

in goaves, where an endogenous fire may occur. 

The results also broaden the knowledge of the ventilation process of the longwall 

with the Y system, which is used in the case of a high methane hazard in the 

longwall. These results also demonstrate that goaves have an impact on the 

ventilation process of mining excavations, which, due to their porosity and 

permeability, must be taken into account in this type of analysis. 
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Abstract: In the case of longwall ventilation, in the underground hard coal mines, a 
phenomenon related to the migration of a certain amount of the air stream supplied 
to the longwall deep into goaf zones occurs. One of the wall ventilation systems, in 
which this phenomenon is quite intense, is the so called "Y" ventilation system. This 
migration is immensely unfavorable because it can lead to the self-heating process 
of coal left in a goaf and, consequently, to an endogenous fire. Such a fire is a great 
threat to both the safety and continuity of operation processes. For this reason, 
various activities are undertaken to prevent such a fire from occurring in goaf zones. 
One solution is a method presented in this article. It aims at determining an area in 
goaf zones, where an endogenous fire may occur. The study focused on the longwall 
ventilated with the Y system. This area was determined based on two criteria, namely 
air velocity and oxygen content. The study was carried out for various volumes of air 
supplied to the longwall. Therefore, the purpose of the study was to develop research 
methodology and determine the location of an area at the risk of an endogenous fire. 
The location of this area was determined for three different volume expenditures of 
air supplied to the longwall ventilated with the Y system. 
 
Keywords: endogenous fire, mining operation, “Y” longwall ventilation system, goaf 

 


