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COMPUTER SIMULATION OF DEAD-END MINE WORKING
VENTILATION

Purpose. The important problem in the field of ecological safety and industrial safety is providing of normal
microclimate in dead-end mine working. In these regions of the mine methane gas can be accumulated and as a re-
sult explosion may take place. So, to avoid these accidents it is important to ventilate appropriately dead-end mine
working. The purpose of the work is development of quick computing mathematical model to obtain information
about dead-end mine working ventilation process. Methodology. The process of dead-end mine working ventilation
computing is separated in two stages. At the first stage the velocity flow field is computed in the dead-end mine
working. We consider the situation when the suction tube is situated in this region. To solve this problem the fluid
dynamics model of inviscid gas flow was used. At the second stage of the computational modeling the convective-
diffusive equation of admixture transfer was used. The equation takes into account non-uniform flow field in the
dead end mine workings. Findings. The developed numerical model was coded using FORTRAN language. The
developed computer code allows to perform numerical experiment to assess the efficiency of suction tube imple-
mentation to decrease methane gas concentration in dead-end mine working. Originality. The developed numerical
model takes into account physical factors, which are not considered nowadays in the empirical models, which are
used for solving the problems of dead-end mine working ventilation. It allows taking into account the geometrical
form of the dead-end mine working. Practical value. The developed computer program allows to perform calcula-
tions to assess the efficiency of suction system used for the ventilation of the dead-end mine working.

Keywords: air pollution; dead end mine workings; mathematical modelling; numerical model

connection, it is necessary to know how the impu-
rity concentration changes in the process of airing
the mine working. Airing of underground workings
is one of the most urgent problems of aerology in
the mining industry. As part of this problem, the
task of developing forecasting methods for calcu-
lating the ventilation time of underground work-
ings should be highlighted [1, 2].

In recent years numerical models, computational
fluid dynamics models are widely used by engineers
to solve different problems [3—7]. Numerical simu-

Introduction

The development of the mining industry is
based on increasing the intensity of work in the
mine workings, which leads to an increase in dust
and gas emission [2, 6, 9, 11]. This problem is
connected with risk assessment [10, 12]. This plac-
es high demands on the efficiency of the ventila-
tion system. The increase in the volume of clean-
ing space and the intensity of mining operations
causes an increase in the volume of air, and this

requires rational use of the supplied air. In this

lation of the aerodynamics of air flow in under-
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ground workings helps to optimize the process of
efficient air circulation and the removal of pollution.

Unfortunately, the development of numerical
models for solving problems of ventilation of un-
derground workings is carried out in Ukraine is not
as active as abroad. The current approaches in
Ukraine to calculate the parameters of the ventila-
tion workings are based either on theoretical as-
sumptions that require experiments to determine
empirical coefficients, or use the values of average
velocity over the mine working cross section and
constant coefficients of turbulent diffusion
throughout the volume. It is not possible to deter-
mine the concentration fields of pollutants at any
given time, and thus control the process of ventila-
tion.

Purpose

The aim of the work is to develop computing
numerical models to assess dumps influence on air
pollution and to solve the problem of choosing of
rational dump location.

Methodology

An underground dead end mine working of
a given size is considered, in which the air envi-
ronment is polluted with fine dust of a known con-
centration. The space ventilation is carried out by
supplying clean air through the discharge duct. The
task is to develop a mathematical model for the
operational calculation of the process of ventilation
of the dead end mine working using suction of pol-
luted air.

Modeling equations. To compute the velocity
field in the underground dead end mine working
when the suction of polluted air takes place, the
potential flow model is used. In this case, the gov-
erning equation has the following form [1, 6, 8]:

0’P 0P
a2 T Y &

where P —is velocity potential, x, y — are Cortesian
coordinates, m.

When applying this equation, it is assumed that
the Y axis is directed vertically upwards.

To solve the equation (1) the following
boundary conditions is used [4]:

1) on the walls of the dead end mine working,
as well as on other solid surfaces located inside it,
a boundary condition is set: 0P/0n = 0, where n — is
unit vector of external normal to solid wall;

2) at the inlet boundary the boundary condition
is OP/on = V,, where V, — is known airflow veloci-
ty, m's’;

3) at the outlet boundary the boundary condi-
tion is: P = Py +const, Py — is an arbitrary number
(Dirichlet condition).

To simulate the dispersion of dust in the
underground mine, the mass transfer equation is
used [3, 8]:

oC ouC ovC 0O oC
t— =

o Ty Cat )t
0 oC @
+5<uy 5)+ZQ18(x—xi>6(y—yi>,

where C — is pollutant concentration in the air,
ugm?; u, v — are airflow velocity components in
the mine working, m's™'; u=(ux, py) — are turbulent
diffusion coefficients, m?s'; (xi, yi) — are emission
source coordinates, m; Qi — is pollutant emission
rate at the point (xi, yi), pg's™'; 8(x — x)8(y — yi) —
are Dirac's delta function, which is used to
simulate the entry of a pollutant into the mine
working.

Boundary conditions for (2) are discussed in [3,
4]. The initial condition is C=Cy, for t = 0. Here,
Cy is known concentration of pollutant in dead end
mine working.

Numerical model. Numerical integration of
modeling equations is carried out using a rectangu-
lar difference grid.

Before a numerical solution of equation (2), it
was splitted, at the differential level, as follows [3]:

oC ouC ovC

—+—+—=0,

ot ox Oy
oC 0 oc. 0 oC
e (n, )+ —(u, =), 3
= ax(luxax) ay(“yay) (3)

‘Z_f = 30,8~ % ()3(y - 3, (1),

The construction of a numerical model is carried
out by applying the following procedure.
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Convective derivatives are represented as [4]:
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The approximation of these derivatives is car-
ried out according to the formulas [4]:

+ + n+l 4+ -~n+l
ouC _ Ui ;G u; Gy _ e
ox Ax o ’
X
— - n+l -+l
ou C _ Ui iy — Uy G — ™
ox Ax o ’
X
+ + n+l _ 4+ ~n+l
ov'C - vi,j+lCij Vij Ci,j—l _ e
o Ay I
— - n+l -+l
v C  VimGin —vG sl
~ = LyC .
Oy Ay

The time derivative is approximated as follows:
o A

To approximate the second derivatives, the fol-

lowing formulas are used [4]:
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The two-dimensional dust transport equation is

written in a difference form [4]:

chl _cn
] 1 +L+Cn+l +L—Cn+1 +L+Cn+l +L_Cn+l —
At S X y y

— (M;ch+1 +M;(Cn+1 +M;ycn+1 +M;~ycn+1) +
+0,;8;. (4)

In this equation, a symbol &; means either «1»
or «0O», depending on whether or not there is
a source of dust emission in the differential cell
«ij». Value @j is calculated as:

Qi' = Qk ’
AxAy

where Qx — the intensity of the emission of the k-th
point source of dust emission, which is located in
the difference cell «ij».

The splitting of difference equation (4) is car-
ried out as following [4]:

1)on the first step of splitting k = 1/4 the differ-
ence equation has the appearance:

crk _ e
LR Jrl(L:Ck +LICY =
At 2 4

- i(M;XCk + M C*+ M, C"+M;C")+

N
+Z%81; 5)
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2)on the second step of splitting k = n + 1/2;
¢ = n + 1/4 the difference equation has the appear-
ance:

Ck—cst
S5 L ek e =
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I=1

3)on the third step of splitting k = n + 3/4;
¢ = n + 1/2 the difference equation has the appear-
ance:
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4)on the fourth step of splitting k = n + 1;
¢ = n + 3/4 the difference equation has the appear-
ance:
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From equations (5) — (8) unknown value of the
dust concentration on the highest time layer is cal-
culated by explicit formula of running calculation
[4]. The initial condition for these equations is
written as:

=C(x,y,t"),C* =C*".

To construct the boundary condition on the solid
walls of the form 0C/0n = 0 fictitious cells are used.

In conclusion, we note that the applied differ-
ence schemes have an important advantage — the
calculation of the unknown value of the dust con-
centration in the working area is carried out using
explicit formulas, which ensures a simple software
implementation of these formulas.

For the numerical integration of this equation,
the method of total approximation is applied. To
consider the two-dimensional equation for the ve-
locity potential, first of all, this equation in evolu-
tionary form is written [11]:

or &*P o°p
_:_+_,
o ox* oy’

where ¢ — fictitious time (dimensionless).

(©))

It is known, that when ¢ — o the solution of
this equation will approach to the Laplace equation
solution for the velocity potential. In the numerical
solution of equation (9), it is necessary to specify
the potential field at + = 0. For example, before
starting the calculation, you can take P = O in the
entire computational domain for ¢ = 0.

The solution of equation (9) is carried out on
a rectangular grid, the function P is determined in
the center of the difference cells. The solution of
this equation is split into two steps. Difference
equations at each step of the splitting are written
as:

n+— N n+— n+% n+— n+—
Pl_] - Pij _Pij iy _Plj i
- 2 + 2 >
At Ax Ay
nt
n+l P n+l n+l n+l n+l
Pij - Pl_] _ P1+1_] Pl_] + P1J+1 Plj
At Ax? Ay*

At each splitting step, the unknown value of the
velocity potential is determined by the explicit
running calculation formula. The calculation is
terminated when the following condition is ful-
filled:

‘Pn+1 P'| <k, (10)

where € — is small number (e.g., € =0.001); n — it-
eration number.

We also used Libman method for numerical in-
tegration of equation (1). In this case the calcula-
tion formula is as follows

|:R+1;+P +P[,j+1+ej1:|
2 2
P = Ax Ay

2J Z ’

where Z = i2+i2 .
Ax® Ay

After determining the velocity potential field,
the components of the air velocity vector are calcu-
lated by dependencies:
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The components of the air velocity vector are
calculated on the sides of the difference cells (con-
trol volumes), which makes it possible to construct
a conservative difference scheme for the dust
transport equation (2).

To code the difference formulae of the devel-
oped numerical model Fortran language has been
used.

Findings

The developed numerical model was used to
simulate the air cleaning in the dead-end mine
working. To clean the air suction of the polluted air
takes place. The suction opening is situated as it is
shown in Figure 1.

To make all parameters dimensionless, we have
chosen the following scales:

1)vw is the air velocity at the left boundary,
vw=2m/s;

2)Lm, m is the length of the dead-end mine
working;

3)CO0, pg-m-3 is the initial dust concentration in
the dead-end mine working for t=0.

The dimensionless parameters are calculated as
following:

1)t=tp-vw/Lm, where tp is time, s;

2)C=Cp/C0, where Cp is dust concentration,

g m-3;

3)L=Lp/Lm, where Lp is length, m;

4)v=vp/vw, vp is local air velocity, m/s.

At the initial moment of time throughout the
mine working, a uniform impurity concentration is
set C=1 (in dimensionless form). Air supply for
ventilation is carried out through the duct (Fig. 1).
The length of the dead-end mine working is L=1
(dimensionless), the width is W=0.3 (dimension-
less). The length of the computational domain
Lx=2.5, the width of the computational domain is
Ly=1.5.

The computational experiment was carried out
in two stages. At the first stage, the calculation of
dead end mine working ventilation was carried out
without the suction system.

In Figures 2 — 4 the change of the polluted zone
in the dead end mine working for different time is
shown. Time is dimentionless. In Figures 2—4, 67
the arrow indicates the wind flow direction.

air flow
W = =
NN NN NN
] N
L \ -
suction
Vs
N~
1 W 2
Lx

Fig. 1. Scheme of calculation zone:
1 — dead-end mine working; 2 — suction inlet

Y

0 . X
Fig. 2. Dimensionless dust concentration field in mine
working, = 22 (no suction of dust, time is

dimensionless):
1 —C=0.68

0 X

Fig. 3. Dimensionless dust concentration field
in mine working, # = 58 (no suction of dust,
time is dimensionless):
1-C=0.2
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Y

0 o X

Fig. 4. Dimensionless dust concentration field in mine
working, # = 105 (no suction of dust, time is
dimensionless):
1-C=0.05

In Figure 5 the maximum dust concentration
change in the mine working during time is shown.

C
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0 e
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L F
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Fig.5. Dimensionless maximum dust concentration in
mine working vs time (no suction of dust, time is
dimensionless)

From Figure 5 it is seen that the process of con-
centration decrease takes part very slowly. It de-
pends upon the aerodynamics process of ventila-
tion: in this case the local speed in the dead-end
mine working is very small. This results in small
intensity of dust evacuation from the dead-end
mine working. So, to increase the intensity of dust
evacuation from dead-end mine working it is nec-
essary to imply “external” impact. For example,
we can use suction of dust from dead-end mine
working.

It is well known, that suction application can be
efficient if the suction opening is situated properly
in the dead-end mine. The process of dust suction
strictly depends on the length from the walls of the
dead-end mine, coal heaps to the suction opening.
Obtaining the proper position of the suction open-
ing is possible by numerical experiment.

Y
— —
&
0 X

Fig. 6. Dimensionless dust concentration field in mine
working (suction of dust, suction speed is 2.2 m/s),
t =22 (time is dimensionless):

1-C=0.14
Y
= —_
w__iii |
58
0 X

Fig. 7. Dimensionless dust concentration field
in mine working (suction of dust, suction speed
is 2.2 m/s), t = 41 (time is dimensionless):
1-C=0.016

In Figure 8, for this scenario, the maximum
dust concentration change in mine working during
time is shown.

C
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0.07 N
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25 30 35 40 45 50

Fig. 8. Dimensionless maximum dust concentration
in mine working vs time (suction of dust,
time is dimensionless)

Creative Commons Attribution 4.0 International
doi: https://doi.org/10.15802/stp2019/181499

© V. V. Biliaieva, P. S. Kirichenko, E. Y. Gunko,
1. O. Bondarenko, P. B. Mashykhina, Z. M. Yakubovska, 2019

31


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.15802/stp2019/181499

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpancnopty. Bicaux /IHinponeTpoBcskoro

HAI[iOHAJIIBHOTO YHIBEPCHTETY 3alli3HUYHOTO TpaHcmopty, 2019, Ne 5 (83)

EKOJIOI'I TA IIPOMUCJIOBA BE3IIEKA

From Figures 68 one can see that the process
of ventilation is rapidly increased when suction of
dust takes place.

In conclusion, it should be noted that the calcu-
lation took 10 seconds of computer time.

Originality and practical value

Fluid dynamics numerical models were devel-
oped to predict the efficiency of dead-end mine
working ventilation. For ventilation the suction
system was used. The models are based on equa-

Conclusions

An effective numerical model was developed
for calculating the process of ventilation of dead-
end mine workings. The calculation of the aerody-
namics of air flow is based on the model of poten-
tial flow. The process of dispersion of impurities is
modeled on the basis of the mass transfer equation.
Practical implementation of the model requires
small amount of computer time. The model makes
it possible to improve the quality of engineering
calculations. Further development of this direction

tion of pollutant dispersion and equation for poten- is associated with the creation of a three-
tial flow. Difference schemes were used for numer-  dimensional numerical model of the process of
ical integration. The developed models can be used  ventilation of underground workings.

on the stage the ventilation system development.
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KOMIT’IOTEPHE MOJEJIOBAHHS BEHTUJIALII IHAXTHOI
BUIMKH

Merta. BaxxniBoro npo6iieMoro B raily3i €KOJIOTIYHOT Ta IIPOMHUCIIOBOI OE3MEKH € CTBOPEHHSI HOPMAJIBHOTO MiK-
POKIIIMATy B TYNUKOBIiH MaXTHIH BUIMIN. Y Hill 30HI MAXTH MOKE HAKOITUYYBATHCS T'a30MOIOHNI MeTaH, 10 B pe-
3yNIBTATI MIPU3BOIUTE 10 BUOYXy. ToMy, 00 YHHKHYTH HEIACHUX BHIIAJIKIB, BaXKJIMBO HAJIC)KHIM YHHOM IPOBIT-
PUTH MIaXTHY BUIMKY. MeToto poOoTH € po3po0Ka MBUAKOIIIOY0T MaTeMaTHYHOI MOJIENI UTI OTPUMaHHS iHQopMa-
il PO MpoIec BEHTHIIAMIT TYITUKOBOI maxTHOI BuiMku. MeTonuka. [Iporiec po3paxyHKy BEHTHIIAMI] MIaXTHOI BU-
iMKH po3miiieHO Ha JBa ertamd. Ha meprmomy erami OOYHCIIOIOTH IMOJIE IIBHAKICHOTO MOTOKY B IIAXTHIA BHIMIIL.
PosrisgaemMo cuTyailiro, KOl YCMOKTYBaJibHa TPyOa 3HAXOMUThCS B Mii 30H1. 1151 pO3B’sA3aHHS 337249l BUKOPUCTAHO
TipOANHAMIYHY MOJIeJb IOTOKY HEB’si3Kkoro rasy. Ha apyromy etami 00UMCIIIOBAILHOTO MOJIEIIOBAHHS BUKOPHCTAHO
KOHBEKTUBHO-M(Y3iiHe PIBHSIHHS IePEeHOCY NOMIIIKH. PIBHSHHS BpaxoBy€ HEPIBHOMIPHE MOJIE MOTOKY Y BHIMIIL.
PesyabTraTn. Po3pobnena uncensHa Mojaeib Oyia 3akozoBaHa 3 BukopuctanHsM mMoBu FORTRAN. CrBopenwuii
KOMIT FOTEPHUI KO JI03BOJISIE IIPOBECTH YMCENILHUN €KCIIEPUMEHT JIJIsl OLIHKHK €()eKTHBHOCTI 3aCTOCYBaHHS BCMOK-
TyBaJbHOI TPYOM 3 METOIO 3HM)KEHHS KOHIEHTpalii Merany B TynukoBii BuiMii. HaykoBa HoBu3Ha. Po3pobiieHa
YHuceNbHa MOJENb BpaxoBye Takui (iswuHMil ¢akTop, SKMH Yy Hall 4Yac HE BPAaXOBYIOTb B EMITIPUYHHUX
MOJIENIAX, 3aCTOCOBYBaHUX IS PO3B’s3aHHS 3a7adl BEHTIIALIl IIaXTHOI BUIMKH, — e ii reoMeTpudHa (hopMma.
IIpakTuuna 3HauYMMicTh. Po3pobiieHa koMIT'IOTepHA Iporpama J03BOJIsIE IPOBOIUTH PO3PaxXyHKH JUIs OLIHKHY ede-
KTUBHOCTI CHCTEMH BCMOKTYBAHHSI, BAKOPHUCTOBYBAHOT AJIsl BEHTWIIALIT ITAXTHOI BUTMKH.

Kniouosi crosa: 3abpyHeHHS OBITPSA; IIaXTHA BUIMKa; MaTeMaTHIHE MOJICJIIOBaHHS; YHCEIbHA MOJIETb
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KOMIIBIOTEPHOE MOJEJIMPOBAHUE BEHTUJISILIUU IHAXTHOM
BBIEMKHA

Hens. BaxHoit mpobiemMoii B 00J1aCTH SKOJIOTHYSCKON U IIPOMBIIUICHHOH 0€30I1aCHOCTH SBIACTCS 00ecIIedeHNE
HOPMaJIBHOTO MHUKPOKJIMMAaTa B TYIHKOBOH IIaXTHOW BbIEMKE. B 3T0if 30HE MIaXThl MOKET HAKAIUIMBATHCS Ta3000-
Pa3HBIH METaH, 4TO B PE3yJIbTaTe NMPUBOAUT K B3pbIBY. I103TOMY, 4TOOBI M30€XKaTh HECHACTHBIX CIy4aeB, BasKHO
HaJUIeKaIIUM 00pa3oM IIPOBETPUTH LIAXTHYIO BEIEMKY. Llenpro paboTs! sBisieTcs pa3paboTka ObICTpOASHCTBYIOMEH
MaTeMaTHYeCKOH MOJENH AU MOJTydeHHs MH(POPMAIMH O IPOIECcCe BEHTWIIHUM TYNHKOBOM IMIAXTHOW BBIEMKH.
Metoauka. [Iporecc pacdyera BEHTHISIINY IIAXTHOM BBIEMKH pa3/ielieH Ha /1Ba dTana. Ha mepBoM 3Tare BBIYHCIIS-
0T TI0JIe CKOPOCTHOTO TIOTOKA B IIaXTHOH BhleMKe. PaccmarpuBaeM cHTyaluio, KOT/ia BcachIBaromas Tpyba Haxo-
JUTCA B 3TOI 30He. [l pereHns 3aga4uu Oblia HCIOIh30BaHA THAPOIMHAMUYECKAs MOJIENb TIOTOKA HEBA3KOTO rasa.
Ha BTOpoM 3Tane BBIYHCIMTEIHHOTO MOJEIUPOBAHUS HCIOJIB30BAHO KOHBEKTUBHO-IN((Y3HOHHOE YpaBHEHHUE Iie-
peHoca npuMecH. YpaBHEHHE YUHTHIBA€T HEPaBHOMEPHOE Iojie IOTOKa B BBIEMKE. Pe3yabTaThl. Pa3zpaboranHas
YHUClIeHHas: MoJieNib Obula 3akoaupoBaHa ¢ ucmosib3oBaHueM si3bika FORTRAN. Co3naHHBIN KOMIBIOTEPHBINA KO
MO3BOJISIET MPOBECTH YUCICHHBIM IKCIEPUMEHT IS OLEHKU 3()()EeKTHBHOCTH NMPHMEHEHHs BCACHIBAIOLIEH TPyOBI
JUIsl CHWDKEHHSI KOHIIGHTpPAIlMK MeTaHa B TyHHKOBOH BbhleMke. HayuHasi HoBu3Ha. PazpaboTaHHas yuCIeHHast MO-
JIeNb YIUTBIBAET TakoW (pu3MuecKuii (hakTop, KOTOPHII B HACTOSIIEE BPEMsI HE YUUTHIBAIOT B SMIIMPUIECKUX MOJIE-
JSIX, WCTIONB3YEMBIX ISl PElICHHs 33/a4d BEHTWISIMM IIaxXTHOW BBIEMKH, — 3TO €€ reoMerpuyeckas Qopma.
IIpakTHyeckas 3HaUNMOCTh. CO3/1aHHAST KOMITBIOTEPHAS ITPOTrpaMMa IT03BOJISIET IPOBOIUTE PacdeThl Ul OLIEHKH
3¢ PEKTUBHOCTH CUCTEMBI BCACBIBAHMS, NCTIOIB3yEMOH JUIsl BEHTWIISILIN IIaXTHOW BBIEMKH.

Kniouesvie cnosa. 3arps3HeHHE BO3yXa; IIAXTHAs BBIEMKA; MaTeMaTHYECKOE MOJETHUPOBAHUE; YHUCIIEHHAS MO-
piShi
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