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It is to be expected that in the future the one-dimensional model will be replaced 
with a three-dimensional description that will utili se the tools of Computational Fluid 
Mechanics (known in Engli sh under the abbreviation CFD) (Wala, Yingling, Zhang 
1996; Branny 1998). During the implementation stage of CFD methods the model 
presented herein may turn out to be useful for the initial assessment of the accuracy of 
solutions. 

2.1. One-dimensional variable compressible fluid fl ow model 

The ventilation system of the mine may be treated as a network of headings called 
branches. Branches are connected with each other in nodes. Places where air is absorbed 
by the network or returned to the atmosphere are called boundary nodes. Due to effects 
connected with the compressibili ty of air, the network will most often be mapped on an 
open canonical diagram (Czeczott 1957). 

In the ventilation duct we may distinguish a line known as the duct axis. To each 
point of the axis we may assign a co-ordinate s and a flat area constituting the 
cross-section of the duct. 

The state of flow in the duct is represented by the mass or volumetric flow rate and the 
following average quantities - velocity v, density p,static pressure p and mass oxygen 
concentration C 01 

Air flowing in- the headings accords to the ideal gas law: 

p=pRT (1) 

where: 
R - gas constant, 
T - gas temperature. 

The internal energy of gas e [J/kg] is, in tum, determined by the expression: 

e=CvT=-l_p (2) 
K-lp 

where: 
C 

K = _L isentropic coeffi cient, 
Cv 

Cp, C v - specifi c heat at a constant pressure and volume, respectively [J/(kg K)]. 

Changes in the composition of air occur exclusively at the seat of the fir e, as a result 
of the combustion processes. 

Air neither gives up nor absorbs humidity from the environment. 
The propagation of changes in the composition of air caused by combustion processes 

at the fi re is brought about by transport in a stream of air; we are not taking into 
consideration the influence of diffusion along the axis of the heading and assuming that the 
settling time of concentrations in air in a direction transverse to the axis is negligible. 



124 

The mass in a unit of volume of one of the components of air, i.e. oxygen, is designated by 
p 02 [kg/m3]. Thus, the mass concentration of oxygen C 02 is determined by the formula: 

Co = Po2 
2 p 

In accordance with the adopted assumptions, we may also write down the equation of 
continuity for p 02. This equation, once we have used the equation of continuity for p 

( 11 ), leads to a dependence defining changes in the distribution of oxygen concentration 
brought about by transport with a flow velocity of v: 

OCo OCo ~ 
__ 2 +v--2 =0 

at as 

(3) 

The above equation is written down in a characteristic form, and thus we may solve it 
applying the method of characteristics. 

The flow is of a turbulent nature, with the resulting pressure loss gradient in [Palm] 
fulfi ll ing the dependence: 

. F plvlv 
J=A--- 

4A 2 

(5) 

where: 
A = A(s) - cross-section area [m2], 

F = F(s) - section circumference of resistance coefficient ')._ [m]. 

The influence of energy losses at stoppings and other structures disturbing flow is 
represented by the pressure loss wr [Pa]. The simplified description assumes that this 
leads to step changes in pressure distribution Sp = -wr. Due to the lack of alternative 
models, it was accepted that the foll owing dependence is also valid for unsteady states: 

(6) 

where: 
Q - is the volumetric flow rate. 

The operation of fans leads to the occurrence of a step change in the distribution of 
static pressure p(s) by the value: 

Sp =H(Q) (7) 

in accordance with the appropriate characteristic. As in the case of stoppings, it has been 
assumed that characteristics elaborated for stationary flow are also valid for transients. 

The influence of the gravitational field which, in the event of changes in air density 
caused by the exchange of heat, is responsible for the occurrence of the phenomenon of 
natural ventilation pressure, is taken into account. 
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The influx of heat takes place exclusively as a result of the influence of the fi re and 
thermal exchange with the rock mass; we are omitting heat conduction along the axis of 
the heading and assuming that the settling time of air temperatures in a direction 
transverse to the axis is negligible. The quantity of heat exchanged through the surface of 
the heading in a unit time is determined by the appropriate form of Newton's equation 
(Staniszewski 1979): 

qsK =k{T(s,t)-0(s,t)} (8) 

where: 
T - air temperature present in the equation of state (1) [KJ, 

80 - temperature of the surface of the heading [KJ, 
k - coeffi cient of heat penetration [W/m2K]. 

Overall , the coeffi cient k is the function of temperature differences and flow velo­ 
cities (Staniszewski 1979). 

It has been accepted that in order to assess the quantity of air exchanged with the rock 
mass the simpli fi ed model of this media is suffi ciently accurate. It is assumed that the 
heading is cylindrical, the rock mass is homogenous, the distribution of temperatures is 
axiall y symmetrical, and that changes therein in the direction of the heading are 
negli gible to such an extent that for each section it is suffi cient to treat the phenomenon 
as being flat. Under such assumptions, the equation of thermal conduction will take the 
foll owing form: 

80 _ As 820 
------ 

(9) 

with the boundary condition given by the dependence: 

801 As- =-k(T-00) 

ar r= lo 

where: 

(10) 

r - distance from the axis of the heading, 
r0 - co-ordinate of the area of the heading, 

8 = 8(r), 8 = 8(r0 ), while As [W/(mK)J, cs [J/(kgK)] - coeffi cient of heat conduction 

and the specifi c heat of the rocks, respectively. 

It was assumed that air mixes completely in the nodes, the nodes neither generate, nor 
store mass or energy (an exception is the node representing the infl uence of the fi re). 

It was accepted that fir e gases are created in an area called the fire focus or the seat of 
the fire. This may be located in one of the branches of a network which we may imagine 
as comprising two branches in series connected with a special node, known as the fire 
focus node. Mine air fl owing in from one branch feeds the fi re with oxygen, whilst heat 
and combustion products fl ow into the other branch. When analysing the complex 
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$%- E%+/ 1, 53-(2+(%) 5 :2-, 5, ) +, 1 7) 1, - " =! . ) 1 " =" < +/ , . 7+/ %-5 / . ?, . 1%2+, 1 +/ ,
5. 4 , 3%) 3, ) +-. +(%) +-. ) 52%-+9 / , . +, G3/ . ) * , ' (+/ +/ , -%38 4 . 559-%38 / , . +() * . ) 1 0(-,
0%375 4 %1, &5=

3. Examples 

A%4 27+, - 2-%*-. 44 , 5 / . ?, E, , ) , &. E%-. +, 1 0%- E%+/ 4 , +/ %15 1, 53-(E, 1 :" =! . ) 1
" ="<= >+5/ %7&19/ %' , ?, -9E, . 11, 1 +/ . +' / (&, +/ , 67. 5(H5+. +(3 4 %1, &/ . 5 E, , ) . 22&(, 1 ()
+/ , I J KL M2-%*-. 44 , %0+/ , N, ) +*-. 2/ 5@5+, 4 9 +/ , 5, 3%) 1 2-%*-. 44 , 97+(&(5() * +/ ,
3%4 2-, 55(E&, 0&7(1 0&%' 4 %1, &(5 37--, ) +&@E, () * +, 5+, 1 :+/ , 0(-5+-, 57&+59 %E+. () , 1 0%-
. 5() *&, H4 , 5/ ) , +' %-89 . -, * (?, ) () +/ (5 . -+(3&, <=

; =!= $(-, () . ) 72' . -1 37--, ) + () . 5() *&, 4 , 5/ ) , +' %-8

F/ , ) , +' %-8 () 67, 5+(%) (5 -, 2-, 5, ) +, 1 () $(* = ! = >+3%4 2-(5, 5 . 1%' ) 3. 5+ 5/ . 0+9
. 5@5+, 4 %0/ %-(O%) +. &. ) 1 () 3&() , 1 / , . 1() *5 3%) ) , 3+, 1 () 5, -(, 59 . ) 1 . ) 723. 5+5/ . 0+=
>) . 5() *&, 4 , 5/ ) , +' %-8 ' , 4 . @1, 0() , +/ , 3%H%-1() . +, 5 ' / (3/ 1, ) %+, 5 +/ , 1(5+. ) 3,
0-%4 +/ , () &, +) %1, = $%- , G. 4 2&, 91%' ) 3. 5+5/ . 0+ !H" / . 5 . &, ) *+/ %0" PP Q4 R9. ) 1 +/ 75
) %1, " 3%--, 52%) 15 +%5 S " PPT . 1, 53-(2+(%) %0+/ , * , %4 , +-(3. &2. -. 4 , +, -5 %0+/ ,
) , +' %-8 (5 2-, 5, ) +, 1 () F. E&, ! = A-%55H5, 3+(%) 5 () E-. ) 3/ , 5 . ) 1 +/ , . ?, -. * , 1, ) 5(+(, 59
5+. +(3 2-, 557-, 59 +, 4 2, -. +7-, 5 . ) 1 ?, &%3(+(, 5 3%--, 52%) 1() * +/ , -, +%4 . @E, . 55(* ) , 1
1(-, 3+&@+%3%H%-1() . +, 5=

L 11(+(%) . & . 5574 2+(%) 5 / . ?, E, , ) . 1%2+, 1 () %-1, - +% , &(4 () . +, +/ , () 0&7, ) 3, %0
3/ . ) * , 5 . ++/ , %2, -. +() * 2%() +%0+/ , 0.) . ) 1 +/ , ) . +7-. &?, ) +(&. +(%) 2-, 557-, %) -, 57&+5
%E+. () , 1= $%- +/ , 5, -, . 5%) 5 (+' . 5 . 5574 , 1 +/ . ++/ , 0.) / . 5 . 0&. +2-, 557-, H0&%' 3/ . -. 3U
+, -(5+(3 H S ; DP QI . R9+/ . ++/ , 1, ) 5(+@%0. (- () . &&/ , . 1() *5 (5 (1, ) +(3. &() +/ , 67. 5(H5+. +(3
4 %1, &9 . ) 1 +/ . + 0%- +/ , 3%4 2-, 55(E&, 0&7(1 0&%' 4 %1, &9 +/ , () (+(. & 1(5+-(E7+(%) %0' . &&
+, 4 2, -. +7-, 5 () / , . 1() *5 (5 5% 5(4 (&. - +% +/ , 1(5+-(E7+(%) %0+, 4 2, -. +7-, 5 %0+/- %7* / U
H0&%' () * . (-9+/ . +. ++/ , () (+(. &() 5+. ) ++/ , ) . +7-. &?, ) +(&. +(%) , G, -+5 . ) , *&(* (E&, () 0&7, ) 3, %)
0&%' = V) 1, - 573/ 3%) 1(+(%) 59 +/ , ) . +7-. &?, ) +(&. +(%) 2-, 557-, b» :" W< (5 3&%5, +%O, -%=

:" W<

A. &37&. +(%) 5 ' , -, 5+. -+, 1 . ++/ , 5+. +(%) . -@5+. +, = F/ , )

G S2X S3%) 5+= :" D<
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TABLE I 

Structure and selected geometric parameters of the network presented in Fig. 1 

TABLICA I 

Struktura i wybrane prarametry geometryczne sieci przedstawionej na rysunku I 

Nodes 
Branch no. Length [m] Range of s [m] z2 -z1 [m] 

inlet outlet 

1 1 2 400 0-4 00 --4 00 

2 2 3 200 400- 600 o 
3 3 4 (fire) 200 600- 800 100 

4 4 (fire) 5 200 800- 1, 000 100 

5 5 6 200 1, 000- 1, 200 o 
6 6 7 200 1, 200- 1, 400 200 

In the compressible fluid flow model the term pg = dz causes density to increase 
ds 

along with depth z, and in the light of (25) this indicates a decrease in the value of 
volumetric flow rate. In consequence, the value of volumetric flow in individual 
branches of the network is diversified. The distribution of flows in the mesh is presented 
in Fig. 3. According to the quasi-static model, flow from the downcast shaft to the fi re 
was stable, while for the second description method it slightly decreased in the downcast 
shaft as a result of the increase in density along with depth, and subsequently remained 
stable in the horizontal branch 2-3, increasing slightly in the upwardly inclined branch 
3-5 and upcast shaft 6-7. 

It was assumed that the source of fire gases was located mid-length through branch 
3-5 (s = 600 [m]), which is ventilated by an upward current. This point has been 
designated as node no. 4. A time constant 300 [s] was adopted for the escalation of the 
fi re. As the fi re developed, heat transferred to the flowing air caused a decrease in 
density in branches 4-5, 5-6 and 6- 7. The right side of expression (24 ), now called the 
fire depression, increased accordingly. Additional draught was generated by the fir e 
gases in branches 4-5 and 6-7, which were ventilated by an upward current. This 
brought about an increase in flow, which lasted until the settlement of conditions in 
the fi re focus and the stabilisation of wall temperatures in headings heated by the 
through-flowing air. The courses of changes in the volumetric flow rate in selected 
network branches are represented in Fig. 2. Fig. 3 shows the distribution of flows 
1 O hours after calculations started. In the fir st two examples changes in flow conditions 
progressed at such a slow rate that for a given moment in time, dependence (25) is 
satisfied fairly accurately and may be used in order to interpret the distributions of 
volumetric flows presented in Figs. 3 and 6. In the fi re focus (s = 800 or 600 [m]) there 
occurred a step increase in flow, mainly as a result of the heating of gases, but also due to 
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TABLE3 

Structure and selected geometric parameters of the network presented in Fig. 4 

TABLICA 3 

Struktura i wybrane prarametry geometryczne sieci przedstawionej na rysunku 4 

Branch Nodes 

no. 
Length [m] Range ofs [m] z2 -z1 [m] 

inlet outlet 

1 1 2 200 0-200 -200 

2 2 3 200 200-400 o 
3 3 4 (fi re) 200 400--600 -100 

4 4 (fi re) 5 200 600-800 -100 

5 5 6 200 800-1,000 o 
6 6 7 400 1,000-1,400 400 

generated in branch 4--5 acted in the opposite direction to that of fl ow, whereas the 
draught in upcast shaft 6-7 was augmented by the action of the fan. Initiall y, the 
restraining infl uence of the draught in the branch adjacent to the fi re increased more 
rapidly than the draught in the downcast shaft, which resulted in the positive value 
of expression (24) and thereby in a decrease in fr iction pressure loss and - in conse­ 
quence- flow rate. Subsequently, the dominant infl uence was exerted by the draught in 
the shaft, leading to a considerable increase in fl ow rate, however to values smaller than 
in the case of a fi re in the upward current. According to the quasi-static model, the 
process of fl ow constriction was less visible and of shorter duration. 

In the third of our examples there appeared signifi cant differences in simulation 
results. Under the compressible fl uid fl ow model, if the fan head in network ventilated 
by a downward current is equal to 160 [Pa], fl ow will be reversed, while in the simpler 
model the initial direction of fl ow was maintained. Along the path from the fir e to the 
upcast shaft, air is cooled by the wall s of headings, which leads to an increase in its 
density and thus reduces the infl uence of the natural draught in the upcast shaft. On the 
other hand, the difference in depth between the inlet and outlet of a shaft is four times 
greater than in branch 4--5, and thus the natural draught in the shaft is more susceptible to 
changes in density. During the reversal of the direction of fl ow as fl ow velocity fell , the 
concentration of air in fi re gases decreased and the production of heat in the fir e focus 
fell , while the temperature of the fi re gases increased. For a moment after the change of 
the velocity sign, an infl uence was exerted on the fi re focus by fir e gases returning from 
branch 4--7. Subsequently, the phenomenon had a course similar to a typical fi re in an 
upward current, however due to the restraining infl uence of the fan, the fl ow head was 
less intensive. Foll owing the change in the direction of fl ow, most probably as a result 
of the rapid change in conditions, the occurred damped oscill ations, visible in Fig. 7. 
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