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JAN SZLAZAK*

NUMERICAL DETERMINATION OF VELOCITY FIELD OF AIRFLOW IN GOB

NUMERYCZNE WYZNACZENIE POLA PREDKOSCI PRZEPEYWU POWIETRZA W ZROBACH

In most Polish coal mines the extraction process is conducted by means of caving and a characte-
ristic feature of excavated seams is a high risk of fire. The intensity of ventilation in the gob of a long-
wall system with caving is the main influence on the level of risk of such a fire hazard. The reasons for
such spontancous fires are: firstly of all, coal losses in the gob or coal from external sources — sccondly
the quantity of air supplied by the main fans and permeating that gob.

This article presents a mathematical model for the airflow in the caving zone in the context of
a changeable co-cfficient of gob permeability. A numerical method for solving equations describing
airflow, which cnables the creation of a computer programme for the determination of velocity and
pressure in the caving zone, is also given. Such programmes have been designed for the most typical
ventilation systems. The calculations of the distribution of air velocity and pressure may be of some
help when sclecting preventive measures to reduce fire risks.
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W wigkszosci kopalii polskich eksploatacja prowadzona jest na zawat, a cksploatowane poktady cha-
rakteryzuja si¢ duzym zagrozeniem pozarowym. Intensywnos¢ przewietrzania zrobéw $cian zawatowych
stanowi gtéwny czynnik decydujacy o wiclkosci zagrozenia pozarowego w zrobach. Przyczyna tych poza-
row sa przede wszystkim straty wegla w zrobach lub dostawanie sig do nich wegla z poktadéw pozabilan-
sowych i przenikanie powietrza przez te zroby pod wptywem oddziatywania wentylatoréw gtownych.

W artykule przedstawiono model matematyczny przeptywu powietrza przez zroby $cian zawato-
wych, przy uwzglednieniu zmiennego wspétczynnika przepuszczalnosci zrobéw. Podano réwniez
metod¢ numeryczna rozwiazania réwnan opisujacych przeptyw powietrza, ktéra umozliwita opraco-
wanic programu komputerowego dla okredlenia rozktadu predkodcei i ci$nienia w strefic zawatu.
Programy takic zostaty opracowanc dla najbardzicj typowych systeméw przewietrzania. Obliczenia
rozktadu predkosei i ci$nicnia powictrza w zrobach moga by¢ pomocne przy doborze profilaktyki
zwalczania zagrozenia pozarowcgo.

Stowa kluczowe: wentylacja, zroby $cian, pozary endogeniczne, przeptyw powictrza
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1. Introduction

As higher coal seams become mined out, exploatation must begin at lower levels. As
the depth of mining increases the natural hazards also become more serious. Associated
risks (fire, rock-burst, higher temperatures and methane) are present in to a more severe
extent in seams located at greater depths. In most Polish mines the extraction process is
conducted by means of caving and a characteristic feature of excavated seams is a high
risk of fire. The intensity of ventilation in the gob of a longwall system with caving is the
main influence on the level of risk of such a fire hazard. With a low ventilation intensity
the gob remains filled with non-reactive gases, preventing the spontaneous-combustion
process of coal. However, a high ventilation intensity results in the removal of heat,
which is the product of the oxidation processes occurring in the gob. In this way it is
a preventive measure against the process of spontaneous ignition of the coal. Medium-
-intensity ventilation is the most problematic situation, when despite an adequate
delivery of oxygen, there is not enough air-flow to provide effective cooling of the gob.
Heat accumulation in the gob accelerates the process of self-combustion.

On the basis of statistical analysis it may be concluded that fires in the active gob of
a longwall system, especially in seams where methane is present, are a high risk. The
reasons for such spontaneous fires are: firstly, coal losses in the gob or coal from
external sources getting into the gob and secondly, the quantity of air supplied by the
main fans and permeating that gob.

2. Airflow in gob

As a result of strata dislocation a rubble heap and fracture zones are formed behind
a longwall face. The caving area of a longwall is filled with roof rock mass forming
a block-structure of different grain-size. The initial very loose packing of the grains in
the face zone becomes tighter and tighter, as the distance from the longwall face
increases (Litwiniszyn 1949; Szlazak, Szlazak 1987a). Little rock grains fill the gob
interstices between bigger ones and the non-uniformly supported larger fragments
crumble under the imposes stress of the rock mass, filling the gob tighter and tighter.
Therefore for theoretical considerations concerning the airflow in the gob it may be
assumed that the gob constitutes a real porous medium where a linear Darcy’s law of
filtration 1s valid.

An essential factor influencing the airflow in a porous medium is the type of gas flow
and the way in which this airflow takes place. Therefore a vector of filtration velocity
can be determined by means of the following formula:

v=—K grad p (1)
where:

K- k(x)

u

— filtration co-efficient of a porous medium,
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v — filtration velocity,

P — pressure,

7 — co-efficient of absolute viscosity of air,
k(x) — co-efficient of permeability.

In order to consider the gas flow in a porous medium the following should be known:
 an equation of continuity that can be expressed in the following form:

e O @)
d

+ an equation of state in the form of isotherm:
p

~— =const :& €)
p Po

where:
m — medium porosity,
p — air density.

Assuming steady air-flow, isothermal process and a flat area without any source of
flow results in an elliptic partial differential equation of the second order over pressure

area in the following form:
i(@lﬁ}i A “)
ox\ Ox/) oy\ Oy

Most theoretical considerations, in mining literature, of the air-flow in gob have been
based on this formula. ’

Co-efficient K in dependence (4) characterises a medium where airflow takes place.
If the gas flow in a porous medium is taken into consideration, co-efficient K is
a filtration co-efficient. In the case of an isotropic medium co-efficient K is a scalar
function dependent on spatial co-ordinates. However in an anisotropic media this value
characterises a medium but is dependent not only on spatial co-ordinates, but also on the
direction considered; therefore it is a tensor of rank II.

On the basis of the considerations in work (Szlazak 2000) it can be inferred a co-effi-
cient of gob permeability can be described by a dependence taking the following form:

kx)=—t— ] &
ry +ax

for0 <x <

W N
~~

where:
[ — signifies total length of face [m],
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Fo, a — empirical co-efficients dependent on mining and geological
conditions of caving,
ko = B coefficient of caving permeability behind the longwall face [m?],
"o
X — distance from the longwall face [m].

However for value x :g [ the lowest value of the co-efficient of gob permeability is

obtained. After reaching the minimum the co-efficient of permeability increases until
the longwall is reached. Along the length where the co-efficient of gob permeability
increases its value can be determined from the following dependence:

k(x) = K [m2] (0

4 2
rg +a gl—x

for%lﬁxél.

However the values of co-efficients r, kg, a and b are dependent on the bed
separation resistance of the roof rock mass located over the seam under consideration
The change in the co-efficient of caving permeability behind the longwall face was
approximated by the following dependence:

rrs

ko =%10'10R"74 [m?] (7)

and the change in co-efficient a from dependence:
a=6-10°R;M™  [Ns/m4] (8)

where:

R — bed separation resistance of roof.

rrs

3. Solution to equations describing airflow in gob

The movement of air through the porous structure of gob is described by an elliptical
partial differential equation in form (4), which is obtained by combining an equation of
continuity and a mathematical record of Darcy’s law.

Boundary conditions for equation (4) are usually defined as distributions of pressure
in excavations adjoining the area under consideration. Therefore these are the conditions
of the first kind. Solving equation (4) in a numerical way results in obtaining an area of
pressure in the gob area. Further, on local values, the co-ordinates of the vector of linear
air velocity in the area filtered can be calculated on the basis of Darcy’s law:
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uzK(x)a—p, v=K(x)a—p ®)
Ox oy
where:

v{u.v} — vector of velocity mentioned above.

If the permeability of medium £ is not a function of pressure but only of spatial
variables x and y, there is a possibility of obtaining an analytical solution to equation (4)
with boundary conditions of the first kind. Experiences of calculations show that an
analytical form of the solution expressed by a weakly convergent Fourier series is not
particularly convenient to use, as it has does not have the character of a mathematical
generalisation; therefore cannot be used for boundary conditions determined experi-
mentally in mining conditions. Therefore the determination of an area of pressure in the
gob on the basis of numerical solutions is justified.

The calculation algorithm suggested was obtained on the basis of the method of finite
differences that can be physically interpreted in a clear graphical form (Fig. 1). The gob
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Fig. 1. Graphic interpretation of discrete balance equations
a — in the case of inside nodes; b — in the case of boundary nodes; ¢ — in the case of corner boundary
nodes

Rys. 1. Graficzna interpretacja dyskretnych rownan bilansowych
a — w przypadku wezlow wewngtrznych; b — w przypadku weziow brzegowych;
¢ — w przypadku weztdw brzegowych naroznych
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area under consideration is covered with a net of calculation nodes, that is points, where
discrete values of an area of pressure p(x, y) are calculated. In a general case of
a heterogeneous net the distances between adjoining nodes (the so-called steps of
numerical integration) can be different. The simplest form of algolithm that is cha-
rakterised by determined symetry of matrix of a system of equations is obtained in the
case of homogenous calculation nets when discrete spatial variables are expressed by the
following formulae:

x;=(—1)Ax and yi=(@G-1) Ay (Gj=12,3,..) (10)

Fig. la presents the so-caled “differential star”, which is equivalent to a discrete
equation referring to control volume, determined by rectangle marked with a broken
line. The sides of the rectangle, with de facto are areas of mass exchange, are drawn
perpendicular to steps of integration in points determining the centres of these steps. The
balance of air streams in the two-dimensional case considered (the length of the third
edge of the rectangular prism is equal to unity) is recorded for this segment of space
only. Because of the stationary character of the filtration process (no air is accumulated
inside the control volume) the total volume of air flowing in and out of the rectangular
prism is zero. Therefore the following is obtained:

Qxl _QxZ +Qy1 _Qy2 =0 (11

where particular volumetric streams are expressed by formulae that are a differential
interpretation of Darcy’s law:

0 _Fka(Picy; —pij) (12)
. (x; =x;1)

0., :kaxz(pi,j ~ P t5) (13)
i (xi1 —%;)

0. :Fykyl(pi,j—l —Pig) (14)
: (Yict =¥;)

0., _Fykya(pi; = Pijer) (15)
g (yj+l _y./)

The values of filtration co-efficients K are determined at mid-points between the
intervals of integration and the differences in indices are the result of the heterogeneous
character of this value inside the gob. The values of an area of mass exchange are
respectively as follows:

oG xode o g 1 =y)a (16)
y 2 d 2
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where:
a — signifies airflow along the length of 1 m (a =1 m).

By inserting definitions of streams (12—15) into the balance equation (11), after
transformations, the final form of a single balance equation, which is equivalent to
central node 7, ;.

Aapia; tAa Py YAuP; 1 40D je1 =B ; =0 (17)
where co-efficients A are the following functions of discrete variables i, j
Axl :k.\'lFx(xi _xi—l) (18)
AXZ :kXZFx(xi+l _xi) (19)
Ay =k yFo(y; =¥ 1) (20)
Ay2:ky2Fy(yj+l—yj) (21)
and

Inserting boundary conditions is a separate problem. Taking numerical steps is
particularly simple in the case of the conditions of the first kind. In the case of nodes of
a net adjoining the boundary on which the values of pressure are defined (according to
the definition of the condition mentioned) these values are inserted directly to a discrete
equation also reducing the number of unknowns in this equation. In the case of the
boundary condition, an equation of the second order in the general form emerges

P»_ (23)
on
where:
n — normal to the sides of an excavation , numerical values of pressures in

boundary nodes are calculated.

Figures, respectively (1b) and (1¢), present the balance of boundary and boundary
corner nodes. As can be seen in the numerical stars presented, both the control values
and areas of mass exchange perpendicular to the boundary are smaller than in the case of
interior nodes. For node i, j presented in figure 1b, an equation of balance of air streams
takes the following form:

02 +0,1 -0, =0 (24)

However in the case of the corner (figure 1¢) only the following can be presented:

_QXZ _QyZ =0 (25)
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Areas of mass exchange are equal to:

« in the case (la) F, :(y_,+,+1)’ F, =222

* in the case (1b) F, :y_éa’ ¥, :y_gf,

where:
a — signifies the flow along the length of 1 m (¢ =1 m).

Air streams present in equations (24, 25) are defined on the basis of formulae
(12—15), consequently obtaining equations in the form of (17), where some of the
co-efficients 4 are equal to zero. This is because there is no mass flow in the areas
marked with a solid line adjoining the boundary.

It can be proved that discrete equations identical to (17) are obtained as a result of
replacing derivatives in a filtration equation by appropriate differential quotients;
therefore it is a result of using a classic method of finite differences. It is proved
(Beckenbach 1956; Rosenberg 1969) that the schemes used are convergent and stable
irrespectively of how condensed a numerical net is. This means that the numerical values
of pressures in particular nodes of net approach precise values (coming from an
analytical solution) if the incremental steps of integration approach zero, that is the
compression of a net is higher. However the conclusion presented above is completely
theoretical. In practice, as computer calculations are not accurate enough (the so-called
“cut-off error”) and speed of convergence of the iterative process is slowing down, an
excessive increase in the number of nodes can even lead to a fall in the effective accuracy
of a numerical solution. If a net gets more compressed there is also a considerable
increase in the computer calculation-time.

4. Solving a set of differential equations

As a result of presenting algebraic equations in form (17) for all the nodes of
anumerical net, a set of equations, which in the case of a linear differential equation also
has a linear character, is obtained. If boundary conditions of the first kind are defined on
the boundary of the domain, equations (17) are only presented for its interior nodes, as
on the boundaries the values of the function are defined a priori.

A set of differential equations (17) can be solved by means of precise methods
(Gauss’s Method of Elimination, Cholewski’s Method) or by iterative methods (appro-
ximated). Due to the structure of the matrix of this set (pentagonal for a two-dimensional
case and heptagonal for a three-dimensional case) the use of precise methods is not
recommended as it takes up too much computer memory. Therefore single or multi-
-iterative point methods are used. Gauss-Seidel’s relaxation method (Beckenbach 1956;
Patankar 1980) is an example of a one-point iterative method. However it is not effective
enough duc to a relatively slow numerical concurrence (especially in the case of nets
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containing a large number of nodes). The procedure most frequently used is a multipoint
iteration, which enables the value of a searched function along the whole line containing
nodes to be improved (from the boundary to the opposite boundary). The improvement
happens in two stages; in the first stage lines parallel to axis OX are served and in the
second one — the ones parallel to axis OY. The sequence of steps to be taken in order to
put the procedure mentioned above into practice can be expressed in the following way:

1. Assume a priori the values of area searched (in the case under consideration — of
pressure) in particular nodes of a net treating them as the first approximation.

2. Treating the values of function in nodes on horizontals as unknowns, solve a set of
linear equations for each of these lines using the values of functions in adjoining nodes
along axis OY obtained from the previous iteration.

3. The steps described in point 2 should be repeated for verticals using the values of
function in adjoining nodes along axis OX obtained in stage 2.

4. Check the absolute value of the maximum difference of function on a net obtained
in the two subsequent iterations. If it is smaller than the positive value assumed, which
shows the accuracy of the numerical solution, calculations should be ceased.

The procedure described, which is called the Alternating Directions Method, was
formed by Peaceman — Ratchford (Beckenbach 1956). In the case of a matrix with
a predominating main diagonal it is convergent, which in the case of differential
equations describing the transport of mass, momentum and energy, is always fulfilled.

A set of equations leading to a simultaneous calculation of the values of rhe function
in nodes belonging to a particular line is solved on the basis of algorithm TDMA
(Tridiagonal Matrix Algorithm) suggested by Thomas (Beckenbach 1956; Patankar
1980; Roache 1978). This procedure, which is a special form of Gauss’s method of
elimination, is assigned for linear sets characterised by a tri-diagonal structure of matrix.
It means that non-zero matrix elements are located only on its main diagonal and on
diagonals located close to the diagonal mentioned above. The remaining matrix ele-
ments are equal to zero. .

The algorithm mentioned above is very convenient when computer technology is
used, it occupies little operating memory and is characterised by only a small increase in
the rounding error.

5. Calculating air streams flowing into gob area

The air stream flowing into the gob is calculated on the basis of the following integral
formula:

k 26
Oy =h|v,dg 20
0

where:
h — height of zone of airflow,
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L — length of excavation,
g € {x,y} — co-ordinate parallel to the axis of excavation,
Vy — velocity co-efficient parallel to the axis of excavation.

In order to calculate the value of the integral defined by formula (26), initially,
the values of velocity co-efficients u and v are calculated by approximating spatial
derivatives of pressure (formula (9)) by frontal differential quotients. Later, the definite
integral (26) is solved numerically by means of the well-known method of trapezoids.

6. Calculation example

The considerations presented above allow a computer programme for the three most
frequently used ventilation systems of longwalls to be written. This programme solves
the problem of a stable, two-dimensional flow of a incompressible gas through a porous
medium characterised by heterogeneous permeability. The programme developed al-
lows for the calculation of the distribution of airflow velocity in the gob for three
different ventilation systems of longwalls.

The results of calculation are presented on Fig. 2. The identical properties of gob
rocks and similar geometrical parameters of faces were assumed in calculation.
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Fig. 2a. A map of isolines of air velocity in gob of longwall system
ventilated by system U — advancing mining
Rys. 2a. Mapa izolinii predkosci powietrza w zrobach $cian zawatowych
przewietrzanych systemach na U do granic
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Fig. 2b. A map of isolines of air velocity in gob of longwall system ventilated by system U — retreat
mining
Rys. 2b. Mapa izolinii predko$ci powietrza w zrobach $cian zawatowych przewietrzanych systemach
na U od granic

Line of longwall

I Face of longwall

Fig. 2¢c. A map of isolines of air velocity in gob of longwall system ventilated by system Y — retreat
mining
Rys. 2¢c. Mapa izolinii predkosci powietrza w zrobach §cian zawatowych przewietrzanych systemach
na Y od granic
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7. Conclusions

In most Polish mines mining is conducted by means of caving and excavated seams
are characterised by a great fire risk. The intensity of ventilation in the gob of the
longwall system is the main decisive factor about the magnitude of the fire hazard. The
reasons for these fires are firstly, coal losses in the gob or coal from displaced seams
getting into it and secondly, the permeation of air through the gob as a result of the work
of the main fans. i

The mathematical model (presented above) of the airflow in the caving zone, while
a variable co-efficient of gob permeability is taken into consideration, and also a nu-
merical method of solving it, allowed the development of a computer programme aiming
at determination of the distribution of velocity and pressure in a caving zone. Such
programmes were developed for the most typical ventilation systems (U — advancing
mining, U — retreat mining and Y — retreat mining). The calculations of the dis-
tribution of air velocity and pressure in gob can help the selection preventive measures to
reduce fire risks.
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