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Abstract. In this work, topological configuration of dangerous zone in the mine ventilation network and 
concentrations of fire gases in it are estimated and identified at vent impacting on the emergency conditions. The 
obtained information on gas-dynamic state of the mine ventilation network at a current moment of time is used for 
undertaking primary measures according to the plan of accident response: emergency evacuation of people and actions 
of militarized mine-rescue services for eliminating emergency at its initial stage with taking into account changed 
emergency ventilation mode. The proposed method allows identifying an area in the mine contaminated by combustion 
products with taking into account time of its formation, changes in ventilation mode during the accident and possible air 
stream reversal in zones with descentional ventilation under the influence of the fire source depression and formation of 
zones with fire gas recirculation. With implementation of this method, it becomes possible to improve accuracy of 
detecting gassy zones in the ventilation network and effectiveness of emergency response. 

 

Introduction. An exogenous fire in coal mine is one of the most difficult and 
dangerous types of underground accidents with the greatest number of damaging 
factors. Among them are changed thermal condition of the fire source and adjacent 
districts of the mine ventilation network (MVN) and formation of dynamic zones 
contaminated by gaseous combustion products. Plan of accident response (PAR) 
provides, as a priority measure, evacuation of all people from the mine, in the first 
place, from emergency and dangerous (i.e., gas-polluted) districts of the MVN. 
Therefore, identification of such districts is an indispensable condition for the safety 
evacuation; minimization of contaminated-by-gas zone θz will contribute to 
increasing its effectiveness [13]. 

In coal mines, safety rules are limited by the requirement for the people to exit 
from the emergency zone after they receive a signal about the accident and to go 
towards a clean district of the MVN following the route of the ventilation stream 
flowing. The requirement is certainly correct, but it does not contain sufficient 
information for organizing effective evacuation. If at an emergency, normal mode of 
ventilation is preserved [1, 2], then zone contaminated with gas, having reached the 
ventilation shafts, is stabilized, and further information about its configuration can be 
used for solving the PAR problems. If the ventilation stream reversal is expected, this 
zone is changing dynamically for some period of time, and therefore, use of 
emergency evacuation routes significantly depends on the ratio of duration of 
transition to the reversing ventilation mode and time when evacuation starts. If a fire 
occurs within an inclined field, then in areas with descentional ventilation, thermal 
depression of the fire source can provoke reversal of ventilation stream and 
recirculation of fire gases, which makes it impossible to use the aforementioned 
requirement. 
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It is advisable to not include such areas into the routes of emergency evacuation. 
To this end, their location should be determined as exactly as possible.  

It is also necessary to observe the following consideration. A MVN district is 
considered to be gassy if concentration of conventional carbon monoxide in it 
exceeds the maximum permissible value. However, this value is commensurate with 
the accuracy of the control device, even in case of conditionally not-gassy districts in 
the MVN. 

Safety rules recommend for people passing through such districts with self-
rescuers on. However, when planning the emergency evacuation routes, they should 
be avoided whenever it is possible. The presence of the mentioned difficulties in 
identifying of emergency and dangerous districts in the MVN presents a strong 
challenge for Ukrainian and foreign researchers [3-8, 12]. 

In Ukraine, a regulatory document was developed for calculating zones in the 
MVN contaminated by gaseous combustion products during the fire [2]. However, 
the results obtained are not always suitable for practical use. 

Objective of this work is to determine gassy zones in the ventilation network of a 
coal mine in case of exogenous fire.  

Methods. The method of researches is based on the following main provisions: 
а) the existing mathematical model of a MVN presents an aggregate of its 

branches (i, j), which specify the roadways (their part or aggregate) in the mine, and 
nodes (crossings of the branches); 

b) for each of the branches, length L(i, j), m, and aerodynamic resistance R(i, j) 
are given, and for the main ventilation fans (MVF), their pressure and productivity 
are specified; 

c) calculations are made for natural air distribution in the MVN, i.e. air 
consumption and direction of air motion in all roadways of the mine (in the MVN 
branches) and, consequently, air speed V(i, j), m/s, in them; 

d) air distribution in the MVN is calculated for the reversing mode of ventilation; 
e) it is considered that district with exogenous fire (branch (i*, j) is known; 
g) it is assumed that debit of gas-air mixture formed in the fire source is zero, i.e. 

its presence in the ventilation stream is just a quality aspect, which does not change 
initial air debit in the stream. 

Further researches were based on properties of the strongly-connected graph of 
MVN. 

Results and discussion. The following emergency zones can occur in the MVN: 
а) gassy zone at normal mode of ventilation θn; 
b) zone θr occurred at reversing mode of ventilation, which, in terms of physics, is 

similar to zone θn ; 
c) intermediate gassy zone θin is formed due to the reversing mode some time 

after the fire begins. This zone covers roadways, which are clean at normal mode, but 
become gassy as a result of combustion product reversal from area θn existing in the 
mine from the moment when the fire starts till beginning of realization of emergence 
ventilation mode. 
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In order to choose proper ventilation mode, it is necessary to consider special 
cases of the above-mentioned zones at the last span of time τ with taking into account 
dynamics of their interaction.  

New ventilation mode starts not immediately, but with some delay, which 
depends on the following factors: moment τ1 of the fire detecting; time taken for the 
information transferring to the mine dispatcher and making decision in accordance 
with the PAR; time τ2 of the ventilation system inertia; time τ3 taken for gas draining 
from zone θn appeared during the time τ1 + τ2; and time τ4 taken for gas draining 
from a zone appeared as a result of reversal in zone θп. 

Solving of this problem assumes identifying of all roadways along the ventilation 
stream motion starting from initial node i* in the roadway with the fire source, to 
which gaseous combustion products can get for time period τ. 

At the first step, these are all roadways (j*, jk), for which: 
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If ∃τ(j*, jk)>0 , then (j*, jk)∈ θz is accepted; node jk is considered in the same way 
as the node j*; in this case, formula (1) is replaced by: 
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The calculation is completed when ∀ τ(il, jk) ≤ 0. Thus, the gassy zone is 
presented by: 
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The gassy zone reaches its maximal size at the moment: 
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where τ5  is time, during which θz becomes permanent, and combustion products get 
the exit from ventilation shafts. 

Time, during which the roadway (ik, jk)∈ θz, can be calculated by the formula: 
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where  
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Dynamics of gassy zones appeared due to the changed mode of ventilation in the 
MVN at arbitrary moment of time τ′ can be described as follows:  
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where Ø is an empty set. 
The researches show that if τ1 is great enough, zone θin can cover a great volume 

of roadways. Consequently, while studying efficiency of a ventilation mode, it is 
necessary to compare sizes of zones θn(τ) and vinn θ=θθ

ττ+τ 421   (if τ4 > τ,  the latter 
zone is replaced by zone θp) instead of zones θn and θr.  

Zone vinn θ=θθ
ττ+τ 421  can be considered as a temporally gassy zone in the 

MVN. While studying dynamics of gassy zones in the MVN at the ventilation stream 
reversal, the key task is to analyze sizes and duration of gas draining from zone θz. 
The latter is determined by the formula: 

 

τr = max { τ3, τ4 }.                                                      (10) 
 

Since gaseous combustion products move within zone θb along the routes from the 
nodes in the upper boundary of zone θb (to which gaseous products have got by the 
moment when reversing ventilation mode is set) towards nodes in the lower 
boundary, therefore, when fresh-air streams reach lower boundary of zone θb, which 
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coincides with the boundary of zone θр, it means that gas is drained from the zone θb. 
Nodes in the upper boundary of zone θb make the quantity М", which is 

determined from formula (6) when θz = θb; the upper boundary of this zone is 
determined as: 
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Method for calculating τr is the following: for the nodes ik ∈ M'', (ik, jk)  are 
determined and τ(ik, jk) are calculated. The same is performed for the node jk, i.e. at 
each step, a parameter to be calculated for the end nodes of the roadway under 
consideration is gas-draining duration in the maximally long route from ik ∈ M'' to 
this node. When jk is considered as ∀j ∈ M'', maximal value of this parameter 
determines value of τr.  

Modeling of gassy zones in the MVN assumes stable air motion in all districts of 
the MVN, including emergency and dangerous areas. In other words, when 
emergency ventilation mode is realized, it is assumed that ventilation stream reversal 
in the MVN roadways is determined exceptionally by the change (changed sign) of 
the MVF depression and (or) change of R(i, j) in devices for local regulation of 
ventilation streams. Concentration field moves away from the place of fire i* towards 
return shafts.  

When the regulation is completed, concentration field, for the purpose of realizing  
emergency ventilation mode, remains static during the whole period of the fire 
suppression (of course, if C(i*, j) = const), and concentrations of fire gases in the 
nodes along the routes of the ventilation stream moving is calculated by the formula: 

 

                           [ ]∑ ∑ −= 1),(),(),( ijQijQijCC kkki .                              (13) 
 

However, this situation can be simulated with absolute certainty only when fire 
occurs in horizontal or slightly-inclined districts of the MVN.  

In case of fire with heat release, ventilation stream reversal in the inclined or 
vertical roadway with descending ventilation or in roadways adjoining to it [9] is 
possible with formation of recirculation contour, i.e. aggregate of roadways with 
circular motion of air stream [8, 10, 11]. In total case, there may be several such 
contours. They form a recirculation zone being a part of the gassy zone.  

There can be two types of recirculation contours in the MVN: contour of direct 
recirculation, which includes roadway with the fire source, and contour of indirect 
recirculation, which is under the effect of thermal depression of the fire source only.  

Example of formation of direct recirculation contour is shown in Figure 1. 
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a                                                                      b 

Figure 1 – Formation of contour of direct recirculation: a – directions of air stream before the fire,  
b – stream reversal in the roadway during the fire 

 
Directional field of air streams in the chosen district of the MVN is shown in 

Figure 1а. In case of fire in the roadway (4,3) when Н3 < Н4, the roadway depression 
gradually reduces (thermal depression counteracts in the fans) with further spread of 
the fire, and ventilation stream reverses (Fig. 1b). Contour of direct recirculation Kn: 
{(1,2), (2,3), (3,4), (4,1)} is formed.  

If to accept C(3,4) as a constant and equal to C, then concentration in the rest 
roadways within the contour can be calculated by formula (13). The C(3,4) ≠ C(2,3) 
can be considered as a solution of the direct recirculation problem.   

Let’s consider contour of indirect recirculation shown in Figure 2. 
 

 
 

Figure 2 – Formation of contour of indirect recirculation  
(stream reversal in two roadways during the fire) 

 

Directional field of air streams before the fire is represented in the Figure 1а. In 
case of fire in roadway (7,12) when Н12<Н7, stream reversal occurs in the roadway 
(3,7) and causes formation of the contour Kk :{(1,2), (2,3), (3,4), (4,1)} shown in 
Figure 1b. Only one roadway (7,3) enters the contour from outside; it contains 
gaseous products with the following concentration:   
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However, afterwards, the roadway (2,3) will be appeared to be gassy as well 
causing change of the C(3,4) and, in its turn, of the C(2,3). The described 
phenomenon makes it impossible to use formula (13) for calculating concentration of 
gaseous products in the recirculation contour.  

Making calculations for a general case when recirculation contour consists of k 
roadways, we get that at n step of the iteration process, concentration of gaseous 
products in the first roadway of contour [(roadway (i1, j1), into which gaseous 
products flow directly from the fire source, is considered as the first; in the described 
case, (3,4) is the first roadway of contour)] can be define as: 
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where С1, Q1 is concentration of gaseous products and air debit in the roadway that 
feeds gaseous products from the fire source to the first roadway of the recirculation 
contour. 

Nodes of the contour are numbered starting from the first node of first roadway. 
The iteration process is converging if: 
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Putting of values ),(),,(),,( 11
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The latter is obvious because strict inequality can be broken only if no roadways 

enter the recirculation contour from outside. It means that the process is a converging 
one, and criterion for estimating it convergence is a value of deviation between 
results of two consecutive iterations. When it becomes less than ε (exactness of 
calculation), a value chosen from the practical considering, the calculation is 
considered completed.  

However, in more general case, recirculation contour can occur in any point of 
gassy zone and can contain some nodes with gaseous product inflow. In Figure 2, a 
case is shown when as a result of fire in the roadway (12,7), the stream reverses not 
only in the roadway (7,3), but in the roadway (7,10) as well. Gaseous products enter 
the recirculation contour through the node 4, making impossible to use formula (8). 
The researches show that for the case under consideration, concentration of gases in 
the first roadway of contour is determined as:  
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After the needed transformations are made, we get: 
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The first factor in formula (19) is analogous to (13), and the second is always a 
finite number, from which we can conclude that there is no endless growth of the fire 
gas concentration in roadways within the recirculation contour. 

Use of formula (19) instead of (15) for calculating concentration in the first 
roadway of the recirculation contour eliminates the need for intuitive specifying of n, 
therefore, formula (12) is more accurate and justified.  

The proposed method can be illustrated by the example of calculation of 
recirculation contour (4,11), (11,8), (8,7), (7,6), (6,4) (Fig. 3). 

 

 
Figure 3 – Example of calculation of fire gas concentration in the recirculation contour 
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Initial data for the calculation are shown Table 1.  
The recirculation contour appears due to the stream reversal in the roadway (7,8). 
The node entering the recirculation contour is 4, and the first roadway is (4,11). 

The gassy zone formed according to the method described above includes roadways 
(3,4), (4,11), (11,8), (8,7), (7,6), (6,4), (11,12), (12,9), (8,9), (9,10). By applying 
formula (12), we get: 
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With the help of formula (7), we further get: C(11,12)=C(11,8)= 3.57; C(12,9)= 
0.92; C(8,9)=C(8,7)=3.57; C(7,6) = 2.86; C(6,4)= C(6,4) = 1.43; C(9,10) = 1.5. 

For the purpose of verification with taking into account the obtained results, it is 
possible to calculate: 

 

                                 57.3
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+

⋅⋅⋅
=C .                       (21) 

 

Such significant concentrations of carbon monoxide in roadways of the gassy 
zone are taken artificially, only for clarity of calculations; in reality, they are much 
smaller and in many cases are commensurable with the accuracy of the control 
devices 

 
Table 1 – Initial data for calculation of gas concentrations in the recirculation contour* 

Initial node i Last node j Q(i, j) 
before fire during the fire 

1 2 50.0 50.0 
2 3 44.0 44.0 
2 5 6.0 6.0 
3 4 34.0 15.0 
6 4 2.0 10.0 
4 11 36.0 25.0 
11 8 7.0 15.0 
7 8 4.0 4.0** 
7 6 1.0 5.0 
5 6 1.0 5.0 
5 7 5.0 1.0 
3 12 10.0 29.0 
12 9 39.0 39.0 
8 9 11.0 11.0 
9 10 50.0 50.0 
11 12 29.0 10.0 

* Concentration of gases before the calculation beginning is equal to 5 
** During the fire (8, 7) 
 

Conclusions. Thus, the most general solution to the problem of determining gassy 
zones in the MVN of a coal mine in the event of an exogenous fire is obtained. The 
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solution allows getting results for both unchanged and reversing emergency 
ventilation modes with taking into account effect of thermal depression on stability of 
ventilation streams. The solution is both qualitative and quantitative as it allows 
assessing not only the risk of emergency evacuation of people during an accident, but 
also the degree of this risk, which means to choose and quantitatively assess 
feasibility of implementation of the chosen ventilation mode with taking into account 
not only minimization of fire factor impact, but also improvement of safety for as 
many working people as possible. The solution does not depend on specific 
conditions of a particular mine; therefore, it can be recommended for wide-scale 
implementation. 
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