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] 3@(0+&*7 ,- %- 07 * 83@5GH*05 +5/ 21*4E, 3-@7 - E2 - 9%,+G* 8- C*32 83@5 @/ ,(%%54' 7 *32%G*4'
83@(7 ,(&3@*%,*: U 5%,G, +5/ 21*4E, 8- G*@*%- 7 8- +&*4, 93*.,4@%(E %* 7 5G3(+*4' 4@*+- 7 54' W35+: _ $ Y

, 7 8- +&*4, 3-@GH*0K7 83@(+&3@(%%54' W35+: ' () *+
` * 8- 0+&*7 ,( 83@(0+&*7 ,- %(9- / - 0(12 , 2@5+G*%54' %2/ (354@%,( 3- @7 ,D@*O +&7 ,(30@- %- 6 ,C

7 - 9%,+G2 8- C*32 83-4(+ 8*1(%,* 7 02C(E / ,(3@( @*4' - 0@, %* +&5G2 E(9- 4@- H* @%*8H57 *ED45/

8- 7 ,(&3@(/ : U +G2&(G %,(7 ,( 1G,4' 83F0G- I4, 83@(8H57 2 7 @3-) *4' W3@F02 / 3%=+Y6 &1(%E(+& +@5) G-
@2C57*%5 7 83-4(+,( 8*1(%,*: $ 9%,+G- 8- C*32 83@(/ ,(+@4@* +,F 7 G,(32%G2 %*8H57 2 I7 ,(C(9- 8- J
7 ,(&3@*6 8- 7 ,FG+@*ED4 +7 -E( 7 5/ ,*35 @*3K7 %- 7 @0H2C6 E*G , 7 8- 83@(G 1,%,, 83D02: S 83@(83-J
7 *0@- %54' +5/ 21*4E, 7 5%,G*6 ,C ,+&%,(E( 8(7 %* 93*%,4@%* 7 *3&- IL 83F0G- I4, 83@(8H57 2 7 @3-) *4' 6

G&K3(E83@(G3-4@(%,( 8- 7 - 02E( 97 *H&- 7 %5 3-@7 KE- 9%,+G* 8- C*32: V&*%&(%4' *3*G&(35@2E( +,4M@7 ,FGJ
+@(%,( / 83-/ ,(%,* ) 35H56 @4@5/ @7 ,D@*%( E(+&@%*4@%( @7 ,FG+@(%,( 7 50*&G2 9(%(3-7 *%54' 9*@K7
8- C*3-7 54' : a @5+G*%( %* 8- 0+&*7 ,( , - ./01%& 3-@/ ,*35 - 9%,+G* 8- C*32 +D3@F02 G,1G2 / (&3K7 6 83@5
4@5/ G+@&*H&) 35H5 &7 - 3@D4(E- 9%,+G- 8- C*3283@58- / ,%* - 0357 *ED4D+,4MG3-81(M7 - 05:

* +%$ , - ./ 01%$ " ) 7 (%&51*4E* G- 8*1O68- C*38- 0@,( / %56+5/ 21*4E* G- / 82&(3-7 *



! " #

1. In troduction 

$%& ' ( )%&' ( )*+( , -*' . ,( )*/ 0 / 1 )%& ' *0& 2&0)*,( )*/ 0 34/+&-- *0 )%& 34&-&0+& / 1
( 1*4&,/ +( )&5 *0 ( 6/ (10&+&--*)( )&5 )%&1/4' . ,( )*/ 0 / 1(0 (334/34*( )&' ( )%&' ( )*+( , ' / 5&,
784(009 &): ( , ; ##<=> ?*.4?9@-A* ; ##BC: D0 )%&+( -&. 05&4+/ 0-*5&4()*/ 0 *) *- ( --. ' &5 )%( )
( ' *E).4&/ 1( *4(05 6( -&- 1,/ F - *0 ( 0&)F / 4A / 1&E+(2( )*/ 0-GF %*+%(4&' / 5&,,&5 ( - ( -&) / 1
/ 0&H5*' &0-*/ 0( , ( *4 -3,*)-: $%& 1,/ F *- (0( ,9-&5 *0 )%& 6/ (1G F %*+% *- ' / 5&,,&5 ( -
( )F/ H5*' &0-*/ 0( , (4&( / 1)%& *-/ )4/3*+ %&)&4/6&0/ . - 3/ 4/. - ' &5*.' : $%& 0&)F / 4A / 1
&E+(2( )*/ 0- (05 )%& 6/ (1%(2& ( +/ '' / 0 I / 45&4GF%&4& )%& &E+%(06& / 1' ( -- / ++.4-:

$%& ' ( )%&' ( )*+( , I ( -*- / 1)%& *0+/ ' 34&--*I ,& 1,/ F ' / 5&, *0 )%& 0&)F / 4A / 1&E+(2(J
)*/ 0- *- ( -9-)&' / 1&K. ( )*/ 0- / 1+/ 0)*0. *)9G-)( ). - (05 ' / 2&' &0)GF %&4& )%& ' / 2&' &0)
&K. ( )*/ 0 *- (0( ,9-&5 *0 )%& -)( )*/ 0(49 -)( )&: $/ 5&-+4*I & )%& 1,/ F *0 )%& 6/ (1( -9-)&' / 1
&K. ( )*/ 0- / 1+/ 0)*0. *)9G-)( ). - (05 1*,)4()*/ 0 (++/ 45*06 )/ > (4+9L- M(F F( - . -&5GF%&4&( -
1/4)%& 5&2&,/ 3*06 1*4& *0 )%& 6/ (1G&K. ( )*/ 0- 5&-+4*I *06 )%&&E+%(06& / 1%&() I 9 +/ 02&+J
)*/ 0 (05 +/ 05. +)*/ 0G*0+,. 5*06 )%&%&() &' *--*/ 0 4&-. ,)*06 14/ ' )%&+/ ( , +/ ' I . -)*/ 0GF &4&
*0)4/5. +&5: N. 4)%&4' / 4&G)%&%&() ( I -/ 43)*/ 0 I 9 +/ 05. +)*/ 0 *0)/ )%& 6/ (1-. 44/ . 05*06 )%&
1*4& F( - )(A&0 *0)/ (++/ . 0) *0 )%& &K. ( )*/ 0 / 1)&' 3&4(). 4& 5*-)4*I . )*/ 0 *0 )%& 1*4&:

$%*- (4)*+,& / . ),*0&- ( ' ( )%&' ( )*+( , ' / 5&, / 1 )%& 1*4& in )%& 6/ (1)/ 6&)%&4 F *)%
I / . 05(49H*0*)*( , +/ 05*)*/ 0-G)%& (5/ 3)&5 0. ' &4*+( , ' &)%/ 5 (05 &E( ' 3,&- / 1-*' . ,( )*/ 0
/ 15&2&,/ 3' &0) / 1)%&1*4&I &*06 +/ 0-*5&4&5 *0 2(49*06 +/ 05*)*/ 0- / 12&0)*,( )*/ 0: O&-. ,)-
/ 1)%*- -*' . ,( )*/ 0 (4&34&-&0)&5 64(3%*+( ,,9 *0 )*' & 5*(64(' - (05 *0 -3( )*( , 5*-)4*I . )*/ 0
64(3%-:

2. The fi r e - its mathematical model 

P:;: Q*' 3,*19*06 (--. ' 3)*/ 0-

$%& 34&-&0) +/ 0-*5&4()*/ 0- (4& 4&,( )&5 )/ )%& (4&( / 1( 6/ (1/ 1,/ 06F( ,,- F *)%I (+A1*,,
+(2*06 )%( ) *- 1*,,&5 F *)%4/+AF( -)& (05 . 0&E)4(+)&5 +/ ( ,: D)%( - I &&0 ( --. ' &5 )%( ) F *)%*0
)%& (4&( / 1+4.-%&5 +/ ( , *0 )%& 6/ (1G +/ 05*)*/ 0- 1/4 -3/ 0)(0&/ . - 6&0&4()*/ 0 / 1%&( )
/ ++. 44&5: $%& (4&( *0 K. &-)*/ 0 *- -. 33,*&5 F*)%/ E96&0 +/ 0)( *0&5 *0 ( ' *E). 4& / 1(*4(05
6( -&-: $%&34/+&--&- / 1/ E*5( )*2&-&,1H%&( )*06 / 1)%&+/ ( , (05 )%&I . *,5H. 3 / 1%&( ) 4&-. ,) *0
(0 *0+4&( -& *0 )&' 3&4(). 4&: R %&0 )%& 1,( -%H3/ *0) *- 4&(+%&5 I 9 ( +&4)( *0 ' ( -- / 1+/ ( ,G
( 34/+&-- / 1*0)&0-*2&+/ ' I . -)*/ 0 7+( ,,&5 S1*4&S1/4)%&3. 43/ -&- / 1)%*- (4)*+,&C*- *0*)*( )&5:
$%&1,/ F / 1)%&' *E). 4&/ 1( *4(05 6( -&- *0 )%&6/ (1)(A&- 3,(+&( ,/ 06 )%&stream-line , )%*-
I &*06 )%&directional li ne ofgas-flow, (05 *- 5&)&4' *0&5 I 9 )%&2&,/ +*)9 2&+)/ 4v( v x, v Y). 
Q*0+& )%& +/ ' I . -)*/ 0 / 1+/ ( , 5&3&05- / 0 )%& *01,/ F / 1/ E96&0 +/ 0)( *0&5 *0 )%& 1,/ F *06
' *E). 4& / 16( -&-G34/+&--&- ( --/ +*( )&5 F *)%)%& 1*4& F *,, I & +/ 0-*5&4&5 ( ,/ 06 )%& -)4&( ' J
H,*0&: $%& )&4' S)%& 1*4&SF*,, I & . -&5 %&4&*0 )/ 5&-+4*I & ( +&4)( *0 -&3(4()&5 3/ 4/. - (4&(
7N*6: ; CG )%& )&' 3&4(). 4& / 1F %*+% *- %*6%&4 )%(0 )%& -/ H+( ,,&5 1,( -%H3/ *0) / 1+/ ( ,: D0
)%& +/ . 4-& / 1+/ ' I . -)*/ 0G )%& 5*' &0-*/ 0- / 1)%*- (4&( *0+4&( -&: R & ( --. ' & )%( ) )%&
6&/ ' &)4*+( , &K. *2( ,&0) / 1)%& (4&( *0 K. &-)*/ 0 *- (0 (E*( ,,9 -9' ' &)4*+( , 2/ ,. ' & )%( )
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where: 
- co-ordinate of time, 

Po
2 
- partial oxygen density, 

vP - flow rate of the mixture of air and gases in the goaf, 
m - porosity of the goaf at the site of the fire. 

The mass concentration of oxygen in the mixture of air and combustion gases is 
expressed by the foll owing dependence: 

C 
_Po2 

()., --- 
- p 

(2.4) 

where: 
p - density of the mixture of air and gases, e.g. combustion gases. 

In accordance with the mass conservation law, for the mixture of air and combustion 
gases we have: 

op o(pv p) - 
m-+----M1 .. ,. -kvo at as ,., · 2 

(2.5) 

where Mps [kg/sm3Jis the increase in mass of the gaseous products of combustion, 
generated during the fi re, accruing to a unit volume. We assume that in the case of coal 
combustion this increase is more or less equal to the quantity of fuel consumed. 
Knowing the unitary rate of combustion, which is expressed by dependence (2.2), we 
may write: 

(2.6) 

Taking into consideration formula (2.4) in equation (2.3), and also equation (2.5) and 
formula (2.6), the foll owing expression can be obtained after transformations: 

ac 00 ac 00 'I' a P [ ( 1 Jl m--- +v11 --- =--CO0 l+CO ---1 ot os p - 2 k 02 

(2.7) 

Equation (2.7) serves to determine the distribution of oxygen concentration, this 
being one of the components of the flowing mixture, depending on oxygen mass 
consumption and the increase in the mass of the combustion gases. 

The factor of proportionali ty 'I' was determined experimentally. In a function of the 
temperature of the fi re, the factor of proportionali ty 'I' is determined by an empirical 
dependence obtained on the basis of a linear model (the correlation coeffi cient being 
equal to 0.95). 

'I' = -24.31 + 0.0357 T0g (2.8) 
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As a result of the fir e experiments a dependence between ! " the heat exchange 
surface, which was call ed visible, and the value of the fi re surface Ap was establi shed. 
The best correlation of research results was obtained for a straight line passing through 
the centre of the coordinate system. The correlation coeffi cient equalled 0.84, and thus 
the foll owing dependence was obtained jointly for the three experiments: 

(2.9) 

Data provided by further experiments (6) made it possible to assume that the process 
of combustion occurred within the entire thickness of the coal layer. Having accepted 
this assumption, it becomes possible to relate the combustion surface to the volume of 
the fi re currently undergoing combustion. Therefore, dependence (2.9) may be transfor­ 
med into the foll owing form: 

(2.10) 

where: 
#0$ = ! " % $& ' volume of the fire, 
$& ' thickness of the fire layer undergoing combustion. 

By transforming dependence (2.1 O), the foll owing is obtained: 

! ( 110.94 
ap=--=-- 

#)$ $&

(2.11) 

Heat emission 
As a result of the combustion process, heat is generated within the fir e. Heat 

generated in a unit of time and in a unit of volume is determined by applying the 
foll owing formula: 

(2.12) 

where: 
*" ' heat generated within the fi re [J/sm3], 

Wd - calorifi c value of coal [J/kg]. 

By introducing dependences (2.1) and (2.2) into (2.12), we obtain the foll owing: 

(2.13) 

3. Changes in temperature of the fi r e 

We will consider time-variable thermal processes which take place within the area 
that is occupied by the fir e, taking into account heat conduction with simultaneous heat 
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transfer. Let us determine the heat balance in the fir e on the basis of an assumption that it 
is an isotropic porous medium. It comprises lumps of coal of diff ering sizes, between 
which the mixture of air and gases fl ows. A mathematical description of heat exchange 
and transport within the goaf is by no means simple, among other reasons due to the 
diffi culty in determining the values of the physical parameters that serve to characterise 
the heat exchange between the fl owing mixture of gases and the rubble which constitutes 
the goaf. It has been assumed that the fi re is surrounded by a porous area that receives 
part of the heat generated in the fir e. As far as heat exchange is concerned, the area 
in question is characterised by substitute parameters (Grochal 1994; Madejski 1963), 
such as: 

• apparent density Ppz that may be determined using the equation: 

Ppz = Pw(l - m) + pm 

where: 
Pw - coal density, 1400 [kg/m '], 
p - density of the flowing mixture, e.g. 1.2 [kg/m"]. 

(3.1) 

Since the second component in relation (4.1) is considerably smaller than the first 
one, then - without any risk of making a significant error - we may accept that: 

Ppz= Pw(l-m) (3.2) 

The second parameter is the so-called apparent thermal conductivity A.p of the porous 
area, which is connected with thermal conductivity A.w of the core (i.e. coal) and thermal 
conductivity A. of the flowing mixture of air and gas. This interdependence is - among 
other factors - by the geometric arrangement of the lumps of coal, i.e. a factor 
additionally influencing permeabili ty and porosity. The problem of determining the 
exact dependence between the above-mentioned quantities for a medium such as goaf 
remains, as yet, unsolved. Research conducted during the calculation of heat exchange 
in so-called "packed deposits" (Madejski J. 1963) indicates that the apparent con­ 
ductivity of a medium without any flow occurring therein is lower than conductivity of 
the fi ll ing (i.e. coal). However, the value of apparent conductivity increases conside­ 
rably when flow of the air mixture does occur. This is brought about by forced 
convection in the empty spaces of the porous medium. It may be assumed that apparent 
conductivity is a function of a number of parameters: 

(3.3) 

where: 
Aw - thermal conductivity of coal, 0.186 [W/mK], 
'A. - thermal conductivity of the flowing mixture, e.g. for dry air 

'A.= 0.026 [W/mK], 
m. K, F, - the porosity, permeabili ty and specifi c surface, respectively; 

the specifi c surface is defined as the ratio between the surface area 



415 

of the lumps of coal constituting the fi lling (a core) and the total volume 
(the sum of volumes of both empty spaces and coal lumps), 

T, v/1 - respectively, the temperature and velocity of the flowing mixture. 

It follows from the above, that the determination of the value of apparent con­ 
ductivity is by no means simple, and indeed requires special experimental research to be 
carried out. Another parameter that serves to characterise the vicinity of the fi re is 
specific heat. The values of specific heat for coal and air are of the same order. 
Therefore, for the purposes of further considerations it has been assumed that the area 
under consideration is represented by the specific heat of coal (Branny et al. 1995). 

The equation used to calculate changes of the temperature of the fire is determined on 
the basis of thermal balance, considered both for the mixture of air and gases flowing 
through empty spaces (pores), as well as for the coal constituting the core of the fire. We 
will consider the flow of the mixture of air and gases solely along the axis of the mass of 
coal. When arranging the balance, we will additionally assume that the temperature 
of the mixture flowing through the empty spaces and the temperature of the coal 
undergoing combustion are identical and equal to the temperature of the fire itself. 
Taking the above into consideration, the thermal balance for the fire, which is an axially 
symmetrical mass of coal, comprises the following components: 

• internal energy, contained in the mixture of air and gases that flows through the 
empty spaces of the porous medium in a unit of time and volume: 

(3.4) 

• heat contained in the core, as related to a unit of time and volume during a change 
in the temperature of the fire: 

»: (3.5) 
q2 =cwpw(l-m)--" at 

• heat conducted within the fi re, referring to a unit of time and volume: 

(3.6) 

• heat emitted by the coal undergoing combustion within the fire, as related to a unit 
of time and volume, determined by formula (3.2): 

q4 = q\V (3.7) 

where: 
c"' - specific heat of coal, cw= 1.3 [kJ/kgK], 
c" - specific heat of the flowing mixture, c1, =I.O [kJ/kgK], 
Apu;; - apparent conductivity of the fire. 
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Effecting the balance for various components (3.4), (3.5), (3.6), (3.7), after a number 
of transformations we obtain an equation similar to Ki rchhoff-Fourier's equation, 
(Staniszewski 1979), which describes the distribution of the temperature within the fi re: 

(3.8) 

3.1. Collection of heat by surrounding goaf 

The heat exchange between the fi re and the remaining part, i.e. that not covered by 
combustion, takes place solely through conductivity. Taking into account the heating of 
the area that includes the fi re, it has been assumed that the movement of heat within the 
surrounding area is described by an equation of conductivity. Presented in cylindrical 
coordinates and under the assumption of axial symmetry of the temperature distribution 
it can be expressed as foll ows (Staniszewski 1979; Madejski 1977): 

(3.9) 

where: 
- apparent conductivity of goaf (area surrounding the fire), 
- distribution of temperature within the area of goaf 

surrounding the fire. 

4. Boundary and initial conditions 

The solution of the mathematical relations describing physical phenomena during 
a fi re in a goaf presented above requires supplementation with information concerning 
boundary-initial conditions. We will determine them for the foll owing equations: 

• fl uctuations of the oxygen concentration C 02 in the mixture of the air fl owing 
through the fi re; equation (2.8), 

• fl uctuations of the fi re temperature T0g; equation (3.8), 
• fl uctuations of temperature in the area surrounding the fir e T2; equation (3.9). 
According to the assumption made, the fi re is a solid form having axial symmetry. 

The axis of symmetry is tangential to the line of the flow-stream in goafin the site of the 
fi re's origin. The area limiting the fi re is expressed by the foll owing function: 

rh = fb(s,t) (4.1) 

where: 
s1 (t ), s2 (t) - netutral points of the function fh (s, t ). 
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Additionally, it is assumed that the function fb(s,t) has in its determination range 
one maximum value at the points m (I) and its value at this point is rbmax ( t). This function 
specifies the fi re-goaf boundary for the system of equations of the temperature distri­ 
bution and oxygen concentration distribution in the fir e and the temperature distribution 
in the goaf. 

At the initial moment t = O the self-ignition of coal starts in the solid limited by the 
area determined by the function t bo = f b ( s ,O), where we assume that the temperature T20 
in this volume increases in a linear manner in time t E [O,t0 J: 

T () Tzw-Tw T .zo t =---! + w 
l o 

(4.2) 

where: 
T2w- coal ignition temperature, 
Tw - initial temperature, 
t0 - the starting moment of the coal combustion process in the fir e. 

At moment to the temperature distribution T2 in goaf is described by equation (3.9) 
with the following boundary and initial conditions. 

Boundary conditions: 
• the fi re-goaf boundary 

• the external boundary 

T2(r00 ,s,t) =Tw 

T2(r,-s00 ,t) = Tw 

T2(r,+s00 .a-r; 

for s E [ s1 (O),s2 (O)] (4.3) 

for 

for 

for 

SE [-S00 ,S00] 

s E [O,r00] 

rE[O,r00] 

(4.4) 

where: 
r00 - distance in the direction of the coordinate r, where it can be assumed that 

r, = r; 
s00 - distance in the direction of the coordinates, where it can be assumed that 

T, = Tw. 

Initial conditions: 

for and SE [-S00 ,S00] (4.5) 

From the moment to (start of the fi re) the distribution of temperature is described by 
equation (3.8). For this equation the following boundary and initial conditions are 
assumed: 
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Boundary conditions for the fi re-goaf boundary: 

er; I ar I A pog --" = A, pzr __ z 
ar ar ,- st 

lj
1 

,S,l h, , 

(4.6) 

aroa I ar I 1 b _1 Z 
I\, pog -- -1\, pzr -- as as .. 

'i , ,s,t '" .s. t 

for 

where the function describing the boundary rb = f b (s, t) meets the following conditions: 

(4.7) 

Initial condition for the equation (3.8) : 

(4.8) 

«; I - et, I -- --- 

ar ar .. 
'i i ,s,to ' ti ,s.t o 

»: I - et, I -- --- 
as as . 

' i , ,s,lo 'i , ,.'),to 

where: 
s1 (t0) =s, (O)and s2 (t0 )=s2 (O) 

ar ar 
Initial conditions of derivatives ____!!]£_ and ____!!]£_ at the fire boundary are obtained ar as 

from the calculated temperature distribution T2 in the goaf at the moment to. The 
distribution T

2 
(r ,s ,O) is at the same time the initial distribution in further computation 

of the temperature distribution in the goaf for t > t0 and for boundary conditions 
(4.4), (4.8), (4.7). 

For equation (2.8), that describes changes in the oxygen concentration, it is assumed 
that the direction and sense of the air velocity is identical with the direction and sense of 
the s coordinate axis and the following boundary condition is assumed: 

for s E [s1 (t),s111 
(t)] (4.9) 

where: 
s111 (t) - the coordinate of a point where the function rb = fb (s, t) reaches its 

maximum, 
C02 - the oxygen concentration in the mixture flowing to the fi re. 
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The initial condition for equation (2.8): 

C Oz ( rb ,s, t0) = C Oz for (4.10) 

5. Numerical method 

The aforementioned differential equations of the mathematical model of the fir e 
describe responses of some goaf during the coal combustion process. Therefore, it is 
necessary to obtain results for subsequent moments. 

Changes in the oxygen concentration C 02 ( r ,s, t) are determined by the equation of 
transport in the porous medium (2. 7). Because of the relationship \J' = \J'[T0g ( r ,s, t)] 
equation (2.8) is solved with the use of the "r" coordinate. To obtain the result, the 
approximation method of derivatives by the foll owing differential model was used 
(Kali tkin H.H. 1978): 

cv+l -CV cv+l -cv+l 
m Oz,i+ l,j Oz,i+ l,j + V V . Oz,i+ l,j Oz,i,j = 

M PJ ~ 

(5.1) 

V [ ( Jl - a P 'Jl; ,J C v I + C v 1 -1 
- p r,j Oz,i,j Oz,i,j koz 

After appropriate transformations of the differential equation ( 5 .1 ), the foll owing 
may be developed: 

(5.2) 

where: 

(5.3) 

Sta p'l' r 1· 
WV_ '· 

1- 
mpv. 

l,.J 

(5.4) 

v - next time step, 
l'!.t - the interval of a time step, 
l'!.s - length of a spatial step in the direction of the "s" coordinate; -s00 .::: s.::: +s00, 

- i-th row, i= O, I, 2, ... I, 
J - } -th column,}= O, 1, 2, ... J. 
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The differential equation (5.2) corresponds with the equation (2.8) and determines 
the oxygen concentration level at the next moment for i+ 1,j spatial point along the "s" 
and "r" coordinates. 

Changes in the fi re temperature T0a(r,s,t) are determined by the equation of 
transport and heat conductivity in the po"rous medium (3.8). To obtain the solution, the 
approximation method by the overt differential model in the rectangular grid was used: 

Tv+I_ . -Tv _ _ Tv Tv . I. - ·I· A og,,,J og,,,J A v og,i+ ,J og,1- ,J 
I /1t + 2 V p 2/1s 

(5.5) 

Tv . I . -2Tv .. +Tv . I . 
1 og ,,+ ,J og ,I ,J og ,,- ,J 

=A. pog 
/1s2 

Tv .. I - Tv .. I + Tv . I . 
1. og ,, ,J+ og ,1 ,J- og ,,- ,J + 

+A.pug------------ 
2r/1r 

where: 

A1 =[cwPw(l-m)+cpp] 
A2 =c,,p, 
Sr - length of a spatial step in the direction of the "r" coordinate, O:::; r:::; r 00 

~ - length of a spatial step in the direction of the "s" coordinate, 
- i-th row, i= O, 1, 2, ... /, 

j - j-th colurnn,j = O, 1, 2, ... J. 

In our further considerations a uniform division in the direction of "r" and "s" 
coordinates is assumed. Thus, we obtain /1r = 11s =hand r =(i - l)h. After appropriate 
transformations of the diff~rential equation (5.5) we obtain the foll owing equation: 

A 11t{ A hvv Tv+! _=Tv_-+ pog Tv. __ 4Tv. -+Tv. __ 2 p. 
og,,,J og,,,J 2 og,1+1,J og,,,J og,,-1,J 2A 

A1h pog 

(5.6) 

Tv · · I -Tv · · [ } /1( . Tv . . -Tv . . _ og,1,.1+ og,1,.1- -r: _ _ -Tv _ . +- v .. 
( og,1+1,J og,1-l,.1) 2()-l) og,,,.J+I og,1,.1-l Ai qw,,,./ 

This differential equation is valid for all points in the grid, with exception of points on 
the axis for r = O, i.e.)= 1. For r = O a singularity is present, which will be eliminated in 
the following way: 

• for r ! O it is: 

2 ::i 2 1 o Tog v Toa 
lim - --- = --"- 
r! O r or2 or2 

(5.7) 
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Taking into consideration the condition (5.7) in the equation (3.8), and then in the 
differential equation, after transformations we obtain the following: 

• for r = O, it is: 

$ %&' Ah V Tv+ ( ) =Tv _ * pog Tv _ _ 2T v _ +Tv _ _ " V p 
og,1,J og,1,I 2 og,1+ 1,1 og,1,I og,1-l,I 

"
+

A1h pog 

(5.8) 

(Tv Tv ) 2(Tv 2T" Tv ) } ~/ v 
· og,i+ l,I - og,i-1,1 * og,i,2 - og,i,2 * og,i,O +~qw,i,I 

The differential equations (5.6) and (5.8) correspond with equation (3.8) and describe 
values of the fire temperature at the next moment v * 1, for i,j spatial point, where the 
solution is known for the entire area of calculations for the v-th time step. 

Temperature changes in the area surrounding the fire T, ( r ,s, t) are described by the 
heat conductivity equation (3.9). The solution of this equation was obtained by appro­ 
ximation in the overt model on the basis of a rectangular grid, for which we assume 
a uniform division of space in the direction of "r" and "s" coordinates, obtaining as 
follows: 

Tv+I -Tv._ 
Z,1,.J Z,1,.J $ pzr 

, ---.
(5.9) 

~t p pzcw 

[ 

T ~I - 
#
- 2T v - * T ~I - #. L.,1,J+ ~~~,/ L.,1,J~ 

TV . . ( - TV . ( TV ( / - 2T V . * TV ( . 0
* z,1,1+ 

2

r~r z,,,J- * z,1+ ,J ~:~•l z,1- ,J 

After appropriate transformations of the differential equation (5.9), taking into 
account that ~r = ~ = h and r = (j - l)h, we obtain the following: 

Tv+I Tv A 
1232( = 1232( * 4 . (5.1 O) 

-[ T': -.1-4T':-+T~' #* l (T"--1-T':-1)+T':.1-+T':1-] c,1,J-r L.,1,J L.,l,j~ 2(.J-l) Z,1,J+ L.,f,j~ 1 /5* 26 L.,/- ,j 

where: 

A P7
,. ~t h h b 1 . h . (- 6) A, = ---- -, w ereas ot er sym o s are as 111 t e equation ) . . 

~ 2 
P pzcw h 

The above-presented equation is valid for all points of the grid, with exception of points 
on the axis for r , O, i.e.j = (/ For r , O a singularity is present, which will be eliminated 
using the condition (5. 7). Including the condition (5.7) in the equation (3.9), and then in the 
differential equation, the following result will be obtained after transformations: 
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possible to record currently computed results at any time in a form of a set of data, which 
all ows for the calculated results to be presented. 

Thanks to the use of this simulation software, it is possible to determine the foll owing 
parameters for the ventilation network and the goaf: 

• air distribution in the ventilation network with the vector of the fl ow rate in air 
spli ts of the network, 

• distribution of concentrations and densities in air splits of the ventilation 
network, 

• distribution of pressure, velocity, concentration and density in the goaf by com­ 
puting a two-dimensional system of equations of temperature distribution in the 
fi re and the area of goaf in its immediate vicinity. 

To present eff ects of varying conditions of the fl ow on the distribution of air and 
combustion gases in the goaf during the fi re, calculations for two diff erent systems of 
ventilation were performed: 

• U-type ventil ation system; exploitation from boundaries - example I, 
• U-type ventilation system; exploitation to boundaries - example II . 
In all examples of calculations it was assumed that the air fl ow in the goaf is disturbed 

by the fi re within the goaf. In individual examples of fir e situations, modifi cations of the 
fl ow conditions were made, which included: 

• constructing ventilation fi re dams, 
• opening existing fir e dams. 
The objective of the simulation of changes in conditions of the fl ow of air and gases 

in the network of excavations and the goaf is to forecast the process of ventilation in 
a goaf disturbed by a fi re. The identifi cation of the distribution of combustion gases 
generated in the fi re, goaf and wall excavations will all ow for obtaining characteristic 
situations for given locations of the a fir e and a ventilation fi re dam. 

6.1. Example I - U-type ventilation system; exploitation from 
boundaries 

As an example for research the Z mine region was selected. The foll owing para­ 
meters were used in the calculations: 

• deposit of coal was located horizontall y, the calorifi c value of the coal - 
4200 kcal, 

• exploitation of a longwall with backfi ll caving, exploitation from boundaries, 
• U-type ventil ation system, 
• wall length of 130 m, the analysed wall projection of 100 m, 
• volumetric concentration of oxygen at the exposed face of the wall - 20%. 
• heat conductivity coeffi cient of goaf Aµzr = 0.07 [W/rnK], 
• heat conductivity coeffi cient of the fire Aµog = 0.04 [W/mK], 
• air temperature at the exposed face of the wall Tw = 295 [KJ. 
It was assumed that the fire is located in the goaf. The fire coordinates (Fig. 1) are 

as follows: x = 25 metres and y = 40 metres. Data related to parameters of the network 
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3. Vp= 55 mm/s, maxTog=1756 [KJ, time 25h. 
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Another effect of the local increase ofresistance is a sudden growth of the fi re, which 
is reflected in the increased stream of generated combustion gases up to the value of 
O.OS m3/s. Thus, the concentration of carbon monoxide in air measured at the outlet from 
the wall increased significantly more than what would be expected on the basis of the 
decreased flow through the wall (Fig. 6). Development of the fire is caused by an 
increased inflow of fresh air flow to the fi re. In the location of the fire an increase in the 
flow velocity up to 55 mm/s occurred. This situation can be observed in Fig. 6, where 
presented lines of stream have a length proportional to the value of the flow velocity. 
The increase of velocity leads to an increase of dimensions of the fire, which is shown by 
isopleths no 2 and 3 presented in Fig. 5. 

In addition, Fig. 7 presents a spatial distribution of oxygen concentration in 
the flowing mixture of air and gases through the area of goaf, where the fire is 
located. 

It is also a result of the solution of the equation 2. 7. The distribution of the oxygen 
concentration presented reflects the oxygen consumption in the coal combustion pro­ 
cess. A sudden decline of the oxygen content is apparent, which suggests that the 
combustion process occurs in this area, where oxygen is present. The fi re moves 
forwards and against the stream. A slight backward movement of the zone of the fire is 
also observed. (Fig. 5). 

6.2. Example II - U-type ventilation system; exploitation to 
boundaries 

As an example for our analysis, a region of the wall exploited to boundaries in the 
U-type ventilation system was selected. Fig. 8 presents the spatial diagram of this region. 
Data related to parameters of excavations were obtained from ventilation measurements 
performed in real conditions in the P mine. A fi re develops in a goaf. Coordinates of the 
fi re are as follows: x = 95 m, y = 60 m. 

In the example II effects of the opening of the dam in excavation 2-9, the inclined 
drift H- .c. were analysed. This manoeuvre resulted in an increased flow rate in the 
inclined drift H-3 and a decreased flow rate in wall excavations and a decline in the flow 
of the mixture of air and combustion gases in the goaf. In the vicinity of the fire the flow 
velocity fell from 26 mm/s to 6 mm/s. Despite the reduced velocity the flow rate of 
generated combustion gases increased up to 0.025 m3/s (Fig. 1 O). It was caused by 
further development of the fire in spite ofl imited air flow. This situation is illustrated in 
Fig. 9 ( curves 2 and 3 ). Isopleths 700 K presented in Fig. 9 show development of the fire 
and changes in its shape during the next time intervals. The reduction of the flow 
velocity did not result in a reduction of the combustion processes in the fi re within the 
time span analysed (24 hours). 

Fig. 1 O presents changes of the generated flow rate of combustion gases in the fi re in 
time. The opening of a dam in the inclined drift caused a temporary decline of the flow 
rate of generated gases, after which further development of the fire continued with 
further increase of the flow rate of generated combustion gases. 
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lenght [m] 

temperature isopleths of the mine fi re - Tog thick line 
temperature isopleths of the mine fi re - Tz thin line 
area of the mine fi re: 
1. Vp= 26 mm/s, maxTog=1356 [KJ, time 10h, 
2. Vp= 6 mm/s, maxTog=1650 [KJ, time 20h, 
3. Vp= 6 mm/s, maxTog=1778 [KJ, time 24h. 
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+0 Conclusions 

I @7 =, 2<6., >= 8,46@7 8.47 G47=7>67? 5; , J7 / .J7 5 / 7>7452G.96<47 , 8?7J72, G: 7>6, 8
5 8.47 2, 9567? .> 5 / , 580I @.=G5G74?.=9<==7? =G56.525>? 6.: 767: G7456<47 ?.=64.; <6., > , 8
6@7 8.47 5>? 6@7 =<44,<>?.>/ / , 588,4J54., <= J7>6.256., > 9, >?.6., >=0

I @79, : ; <=6., > G4,97==, 99<4= .> 6@78.47 : 5.>2B566@79, >6596K47/ ., > , 8.6= 8597 3 .6@
6@7 .>82, 3 .>/ 5.40L =5 47=<26, 82, 3 82, 3 J72, 9.6.7= .> 6@7 / , 58M=7J7452: :N=OP, QB/ 7> .=
9, >=<: 7? 85=6; B6@7 9, : ; <=6., > G4,97==0 I @7 8.47 : , J7= .> 6@7?.4796., > , 86@7 847=@5.4
.>82, 3 P .>9475=.>/ .6= =.E7 ; , 6@52, >/ 5>? 594,== 6@7 2.>7 , 8=6475: 0 I @7 =.: <256., >=
G748,4: 7? .>?.9567 6@566@747 .= 5 97465.> ; , 4?74J52<7 , 86@7 82, 3 J72, 9.6B .> 6@7 / , 58P
7Q977?.>/ 3 @.9@275?=6, =<??7> ?7J72, G: 7>6, 86@7 8.470I @.=9, >?.6., > .=9@5459674.=7?
; B 5> .>9475=7? 45?.<= , 86@7 =, 2.?P3 .6@5 =./ >.8.95>62B @./ @74 82, 3 4567 , 8/ 7>74567?
9, : ; <=6., > / 5=7=0 I @7 9529<2567? =.E7 , 86@7 8.47 .= =7J7452: 7647= 5>? 6@7 =@5G7 , 86@7
=, 2.? 6@568,4: = 6@7 8.47 47=7: ; 27= 5 8522.>/ ?4,G, 83 56740

1> 6@.= 546.927 63 , >73 ?.4796., >= , 847=7549@3 747 .>?.9567?0 16.= >797==54B 6, 9, >R
6.><7 ?7J72, G: 7>6, 8: 75=<47: 7>6: 76@, ?=, 8G545: 7674=6@56?7674: .>76@7 5.4K82, 3 .>
6@7 : .>7 J7>6.256., > >763,4DP5>? .> .6= / , 58.> G546.9<2540L 6G47=7>6=<9@.: G4,J7: 7>6
.=G, ==.; 270 L ?J5>97: 7>6= .> 6@7 ?7=./ > , 8=7>=, 4= 8,4: 75=<47: 7>6, 85.482, 3 G47==<47
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