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New trends have been traced and the existing ones refined regarding filtration and diffusive motion of gases in
coal beds and surrounding rock, spontaneous heating of coal and transport of gas traces by ventilation currents in op-
erating coal mines. Mathematical models of gas-dynamic and thermophysical processes inside underworked territo-
ries after mine abandonment have been justified. Mathematical models are given for feasible air feeding of produc-
tion and development areas, as well as for the development of geotechnical solutions to ensure gas-dynamic safety at
every stage of coal mine operation. It is demonstrated that the use of high-performance equipment in the production
and development areas requires more precise filtration equations used when assessing coal mine methane hazard.
A mathematical model of pressure field of non-associated methane in the edge area of the coal seam has been justi-
fied. The model is based on one-dimensional hyperbolic equation and takes into consideration final rate of pressure
distribution in the seam. Trends in gas exchange between mined-out spaces of high methane- and CO,-concentration
mines with the earth surface have been refined in order to ensure environmental safety of underworked territories.
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Assessment of aerological safety of underground coal mining. Numerous mines in the
Kuznetsky, Vorkuta and Donetsk regions are gas-hazardous and, according to the statistic of meth-
ane-air-mixture (MAM) explosions in Russian coal mines, until now there is no effective prevention
system for this type of accidents. At the same time the technology «coal mine — longface» is being
put to wide use, which implies great production from a longface — up to 20-30 kt/day [2]. Foreign
approach to solving problems of mine gas dynamics is very pragmatic — financial considerations
integrate the most successful technological solutions into a least expensive system. Nevertheless, it
is essential to have scientific justification for these technologies, proving their aerological safety.
E.g., at a typical high-production coal mine in the US a 10 % lost work day due to accidents related
to gas factor can lead to the losses of 1 million USD, and a single accident inflicts additional harm
of 2-8 million USD due to production losses, legal costs, reimbursements and fines [2, 3]. Existing
methods of forecasting for gas-dynamic processes define the level of safety of underground coal
mining and environmental consequences at each stage of coal mine operation inside mining regions,
therefore they require more thorough scientific justification [12, 16].

High methane content of the coal seams is the reason why high-productive technologies of
underground coal mining have a gas barrier. However, existing technologies of geoecological
survey do not meet criteria of environmental safety for the territories of mining operations and
abandoned mines [5, 11]. Hence, complex research on gas dynamics of underground coal mining,
defined by geotechnological and geoecological processes, is a very relevant issue.

Intensity of gas emissions from a source is a time-variant [18]. The share of the source in the
total balance depends on both its potential gas activity and the time since the source started emit-
ting. The key sources of gas emissions are known, and today there is an extensive factual material
on their gas outflow [13]. Gas emissions from a working seam are defined by the intensity of gas
recovery from exposed surface and loose coal. Gas emissions from mined-out spaces are composed
of gas coming from adjacent seams, under- and overworked beds, as well as emissions from spon-
taneous caving zones or blind workings, isolated from mined-out spaces with a stopping. Statistical
analysis of coal mine accidents shows that the efficiency of existing methods of MAM explosion
forecasting, physical model and mathematical description of gas explosion risks in coal mines re-
main unsatisfactory [9].
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Therefore it is necessary to develop systematic principles to reduce threats of technological ac-
cidents in the coal mines, which will be based on aerologic and gas-dynamic risk modeling, as well
as on gas situation modeling in case explosion threat signs occur. Analysis of MAM explosion risk
structure allows to conceptually express the risk as follows:

MAM explosion risk = Probability of MAM explosion x Damage from the explosion.

When calculating the effectiveness of preventive measures, assessing the risk of accident and
designing emergency response plans, consideration should be given to the incident rates and safety
indicators of the mine.

Kuznetsk coal basin is regarded as Russia's most promising region. However, not without
practical interest are other potentially unprofitable coal basins. Gassy mine workings are not rare
in Kuznetsk basin, and gas-hazardous situations occur quite often. Dangerous gas situations are
also inherent to the mines with high carbon dioxide (CO,) concentration, being caused by «dead
air» emissions. They can be explained by low-temperature coal oxidation in the mined-out space
and a drop in atmospheric pressure [4, 6, 8].

Progressive technological schemes of coal extraction and high-performance mining machinery
create difficult gas situations in working areas and prevent highest possible capacity from being
reached. The cycle of underground coal mining causes various gas-dynamic and thermophysical
processes within the bounds of a minefield (Fig.1). Mathematical description of these processes can
be carried out using partial differential equations from mathematical physics [10, 17].

Mathematical models of gas-emission dynamicsin high CO2-content mines. Gas emissions
from rock masses and mined-out spaces, containing non-associated gases and unabsorbed gas mix-
tures, can be expressed in linearized filtration equation. This mathematical model serves as a base
for forecasting emergency gas emission, caused by reduced static air pressure in the mine working,
i.e. in case atmospheric pressure drops and the main fan is reversed.
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Fig.1. Gas-dynamic and thermophysical processes of underground coal mining geotechnology at different stages
of field development
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However, for a long time the limits to applicability of the linearized equation have not been es-
timated. In order to get these estimations comparisons have been drawn between number value so-
lutions of a non-linear filtration equation and number values obtained through a linearized equation.
Results of such simulation experiments make it clear that both L.S. Leibenson's and I.A. Charny's
methods give a good fit to the exact solution [4]. The error does not exceed several percents.

Process of gas exchange between the coal seam and the atmosphere in non-gassy mines is de-
termined by oxygen absorption and CO, emission. The process occurs in terms of Knudsen diffu-
sion. Theoretical relations and formulas for engineering calculations have been obtained. The vol-
ume of oxygen passing through a unit of exposed surface in a unit of time is defined as follows:

I =i DY (1) 0 exp(—Kot) + K3 erf(\[K )], (1)

where c,i; — oxygen concentration in the air of the mine; D, — coefficient of oxygen diffusion in the
coal; Ko — constant rate of low-temperature coal oxidation.
Analysis of the expression (1) shows that for practical reasons it is feasible to use limit value

= lim 7, which can be calculated using formula 7, =c,,/D,K . Then the rate of CO, emis-

t—

sion caused by the process of low-temperature coal oxidation can be determined from the for-
mulal;,, =1, K., where K; — respiratory ratio.

Mathematical models of gas-emission dynamics in high methane-content mines. The
application of high-performance equipment in production and development areas requires more
precise filtration equations used for the assessment of the mine's methane hazardousness. A
mathematical model of pressure field of non-associated methane in the edge area of the coal
seam has been justified. The model is based on one-dimensional hyperbolic equation and takes
into consideration final rate of pressure distribution in the seam. Methane emission from a unit
of exposed surface in a working seam is determined from the formula
I, =1, exp(-0.5t/t.)1,(0.5¢/t,), where I,, — initial rate of gas emission; ¢, — relaxation period;

1,(0.5¢/¢,) — modified 0"-order Bessel function for the argument in brackets.

In order to model dynamics of absolute gas volume in the coal mine the following relations
have been established [7,14]: methane emission in the development workings

0.318 tViel,,© fi < ,
I, ( ) . nmegl,V . 1(T) Ort =Tgw. )
IdW @2 (T - Td.W.) fOr T 2 Td.WA;
methane emissions in the development face
Id.f() Imax _0'318mcs rVden®1(Tm)’ (3)
methane emissions in the production face
X (1) = 0.63T nmegt, V1 1,0, (¢, ), (@)
where
I3 (T ) = 0318 nm itV 1 11,0, (tg,, )5
& n
= [exp(= &)[ [exp(§ cos®) + exp(— & cos0)}d0dC, ;
0 0
©,(8)=0.159 exp[- (& — 74, )I exp[(§ - Ty, Joos8]+ exp[- (& — 74, Jos0]}d0;
0
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0,(&), ©,(&) — non-dimensional functions of methane emission; » — number of exposed surfaces
of the coal seam; m,, — thickness of the coal seam; Vg, V;r — advance rates of development and
production faces respectively; T4, — duration of development working construction; Tq.w., Tm,
Tp.r. — non-dimensional values of development working construction time, maximal digression
of the cutter-loader from the timbering and longwall passage by the cutter-loader.

Expressions (2)-(4) allow to forecast the dynamics of methane emissions from exposed sur-
faces of the working seam. Results of simulation experiments allow to determine the type of func-
tions ®,(§) and O,(&). The approximation of functions has been carried out using cubic and
square polynomials. Notably, the correlation coefficient of these approximations is close to one.

Maximal value of methane rate from loose coal in case of a development working is calculated

as follows: I;” =2.083-107 S, V7. (x; — x,,), where Sou — cross-section area of the working out-
side of timbering; y. — coal density; x, x,, — gas content of the face and residual gas content at at-
mospheric pressure.

Methane emission from loose coal in case of a production working is defined by the fol-
lowing relation:

IPT =0.304y m vy (xp — x,,) %

D l D
x{exp{— 9.87F[twc —ﬁﬂ—exp[— 9.87Ffwcj}g (5)

where b , v and vg — width of cut, conveying speed of the cutter-loader and drag conveyor respec-
tively; D and R — coefficient of methane diffusion in loose coal and an average radius of a loose
coal piece; t. — duration of a winning cycle; /i,y — longwall length.

According to formula (5), methane emission from loose coal in case of a production face de-
pends on operating conditions of a cutter-loader and a drag conveyor.

When estimating methane emissions into the production face from underworked surrounding
rocks, it is rational to take into account gas exchange of the rock blocks with transport fractures:

_ 21,.(t) pM ©)
2 237
Lllf \/akbkc (po —pi)

R

where 1,(£) = (0.5, Jakyk, /p,uD)(py = pi)exp0.5B01,(0.580); B=xn's =k, 'k 1*; [x(x)=expfnly(v);
Pq and o — atmospheric pressure and geometry parameter of the porous-fractured environment of the
mined-out space of the production face respectively; p and / — dynamic viscosity of the gas and aver-
age size of the rock block; L; — caving step of the main roof; &, and k. _ gas permeability of the rock
blocks and caving zone respectively; p, — pressure of the gas mixture in the mined-out space of
production face on the floor level of the working seam.

Simulation experiments using relation (6) demonstrate that the greatest methane emissions occur
sometime after the caving of the main roof. This fact is in good agreement with in-situ test results.

Non-dimensional value of methane emissions into the production face from overworked adja-

cent coal seam is calculated as follows: J(Fo,)= Fo}o‘5 exp(-Fo ), where Fo, — Fourier filtration

criterion. In order to forecast methane emissions into the production face from overworked adjacent
coal seamthe following relation has been established:

k 1 V 2_ 2 FOf .
I, (£) = 0564~V ps (P ~Pa) [ exp(=025/7) 4. (7)
wpoH 0 \/;
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where k,. and H — respectively gas permeability of the overworked rocks and thickness of the

rocks in the floor of the working seam.
Calculations using formula (7) showed that methane emission in the production face from
overworked adjacent coal seam are not so intensive as the ones from underworked adjacent seam.
Mathematical models of gas dynamicsin mining workings. To ensure gas-dynamic safety
of mining enterprises the issue of modeling air flow in mine workings is exceptionally relevant.
Modeling of air dynamics is normally based on Reynolds set of equations which includes main
conservation equations:

0 0
— + ; -4+, +
= (o) o lpusus ) ox, + S
0 ou, Ou;| 2 ou, 2
Ox ; {Heﬂ[axj axi} 3Heﬂ ox; ! 3p v } ©)
ﬁ( 1)—a—p+—(pu/H1)— 0 |0 1 Oh +Sp +
ot or  0x; Ox;| oOx; Pr ox
0 ou; Ou;| 2 Ou, 2 ] ok
+—dyu. o —L 4 —L s —L8. — =0 +u—-:y;, 10
ox ; {ul[uefj(ﬁxj ﬁxi} 3“eff ox, "’ 3p i* H@xj} (10)

equation of turbulence kinetic energy

a(pK)+6(pqu): o “_’_ha_l{ L5 .
ot ox ; 8xj o axj *

J K

ou; Ou;\ou, 2 Ou; | Ouy
+ Ly i~ K+u g, 11
M{@x . Ox; J@x .3 (p " ox, j ox;, P (1)

J J

equation of dissipation rate of turbulence kinetic energy

ope) , Apuse) _ 0 T R G
ot Ox ; ax_]. o 8xj ¢

J €

+2lc O +auj G _2 Oy |0y | _ oo (12)
« SIMtﬁx ox, 8x 3[3 Mt@xl o, —PCerE s,

where p and u; — air density and components of the average air velocity (j =1, 2, 3) respectively;
ul* , S and p — pulsating velocities (i =1, 2, 3), entropy and static air pressure respectively; ., 1

and p, — effective, dynamic and turbulent air viscosity respectively; 8; and « — Kronecker delta and
turbulence kinetic energy; H and / — total and static enthalpy respectively.

Numerical solutions of Reynolds equations were found using finite element method. Calcu-
lation results for air velocity profile in the development face in case of a blowing air supply
through central ventilation ducting are in good agreement with public data of laboratory and
in-situ tests (Fig.2).
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Naturally, the next
step is engineering analysis
of modeling results and de-
velopment of technical
means to implement se-
lected ventilation schemes.

Justification of venti-
lation modes, their mathe-
matical modeling to solve
practical ventilation issues
using commercial mine
fans is also one of the
most important problems.
It is reviewed through the
example of operating con-
ditions of booster fans [1].

Mathematical models
of air exchange for pro-
duction and development
areas. The foundation of
mathematical modeling for
these processes is exact
approximation of fan per-
formance characteristics. It
is a proven fact that ap-
proximation can be effec-
tively carried out using
software tools AutoCAD
and Eureqa Pro. Exact ap-
proximations have been
obtained for practically
every booster fan produced
in Russia. High accuracy
of approximation allows to
develop a computer pro-
gram to model fan operat-
ing conditions at every
stage of development
working life cycle.

The program allows to define fan operating conditions for a specific network. Changing in-
put data, simulation experiments can be carried out and fan operating conditions can be mod-
eled for different ventilation networks. Suggested methodical approaches can also be used for

main mine fans (Fig.3).

Forecasting gas situations in the production and development areas should be carried out us-
ing solutions to the equation of turbulent-convective gas diffusion in the airflow:

1- exp[—

Uav +0.5exp| —
Ly, L

d.w

u

d.w.

th

t
I exp[ui ’EJ X
0 Ld.w.
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where ¢ — volume concentration of considered gas trace in the air of the working (for Kuznetsk ba-
sin methane or CO;); cy — volume concentration of gas trace in the fresh stream; D — average coef-
ficient of turbulent diffusion of the gas trace in the air; /j., {2 4w, — absolute volume of gas and vol-
ume of the development working; u,, — average air velocity in the development working; Lg.w. — de-
sign length of the development working.

Result analysis for the simulation experiments using relation (13) demonstrate that, firstly,
concentration patterns of gas traces in the air of production and development areas tend to a certain
steady state, and secondly, dynamic calculation of air amount needed for ventilation of production
and development areas should be carried out using solutions to the diffusion equation for steady-
state condition. This finding allowed to develop methodic principles of dynamic calculation method
for the assessment of air amount needed for ventilation of production and development areas in
the mines with high methane- and CO,-concentration.

Calculation of air amount needed for ventilation of production and development areas in case
of extreme gas emissions in high CO,-concentration mines is recommended to do as follows:

Orcg +1Ic N Orco +Ic y
O +1+K,Sqw Lqw. ‘ O +1+K,Sqw Lqw.

x{exp(—K\/Z)erfc[ K _\/Eijexp(K\/Z)erfc(zi?Jr brﬂdt}, (13)

Ld.w.
x exp| — % j n( x)dx] =Maximum Allowance Concentration (MAC); (14)
£ 0
Qlcy + Ic, Qccy + Ic,
+ CO - X
Qg +I+KaS(lair +Zp.w.) Qg +I+KaS(Zair +ZP'W~)
cong <O ) -anc a9

where Q;, I — air amount supplied to the face and «dead air» intake; ¢y, c; — oxygen concentration

in the atmosphere and «dead air» respectively; Sqw., Law. — cross-section area of the working and
length of the development working; n, K, — coefficient of air supply and constant of air absorption
by the outer surfaces of the coal seam; B=o+1/Q; O, Lir — oxygen-based amount of air needed
for ventilation of production working in case of extreme gas emissions and length of airway work-
ing respectively; o = Q/Q.

Established relations allowed to develop a software complex for practical implementation of
dynamic calculation method for air amount needed for ventilation of development and production
workings in high CO,-concentration mines in case of extreme gas emissions.

Similarly, methodic approaches have been developed to calculate air amount needed for ven-
tilation of development workings in high methane concentration mines. The formula to estimate
booster fan performance in the development working, taking into consideration convective trans-
port of methane, is as follows:

Qboost = ]d.w. [1 - eXp(_ 7\‘1 ll'17\‘2 )] x
x{(1+aLy,, IMAC-c;, exp(= 1, Ink,)]—co[1—exp(=2, Inx, )], (16)

where ¢, cro. — methane concentration in the fresh stream and in the face area respectively;

Ao=(+aly, )/ Lyy; M =(—aLy.)"; a, Ly —loss coefficient and length of the ventilation ducting.
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Comparison of the results obtained using suggested method and current guidelines for design-
ing coal mine ventilation systems [15] shows that consideration of diffusion gas transport allows to
cut estimated air amount by 30-40 %. Consequently, dynamic method of vent calculation for pro-
ductive and development areas using formulas (14)-(16), firstly, increases the validity of the air ex-
change model, and secondly, allows for a significant reduction of the ventilation costs.

Adjusted relations of loose coal degasification and gas-dynamic processes in the production ar-
eas allowed to develop a mathematical model for the performance optimization of mining equip-
ment. Goal function characterizes energy consumption of the coal cutting process and permits to
find an optimal match between coal cutting speed and cutter-loader feed taking into consideration
limits on the cutting depth, factor of picks interference, installed engine capacity and gas factor. In-
situ tests have been carried out using technical means to estimate initial rate of gas emission and
natural gas content of the coal.

Mathematical models of gas-dynamic consequences of underground coal mining. Envi-
ronmental model of geotechnological periods of underground coal mining demonstrates that gas-
dynamic processes and related thermal processes must also be surveyed after mine abandonment
(Fig.4), because rock dumps and mined-out spaces continue to have a negative impact on the at-
mosphere, water resources and soils.

To ensure environmental safety of underworked territories it is essential to clarify trends in gas ex-
change processes between mined-out spaces of high methane-concentration mines and the surface.
Methane filtration from underworked areas to the surface happens due to excessive pressure of methane
in the coal formation.

Methane emissions from underworked rock mass to the surface after coal mining completion:

1 (Fo, )= %, [Fo, {p2[1—exp(- 0.25F0 , )|+

Hpato
+2p,K,[1+0.564 [Fo exp(-0.25F0 , )—erf(0.5,/Fo, )|+

+2.26K2H,Fo 3(1+0.25F0 , Jexp(- 0.25Fo, ), (17)

where (k) — average gas permeability of the underworked rock mass; F, — area of the underworked
surface; H, — thickness of the zone of gas erosion; Fo , — Fourier filtration criterion; K, — coeffi-

cient accounting for pressure increasing with depth.
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of a minefield on the surface and soils landscapes
1™ geotechnological period. Coal mining in accordance 2" geotechnological period. Mine abandonment
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Fig.4. Environmental model of geotechnological periods of underground coal mining
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Expression (17) shows that methane emissions from underworked coal formation to the surface
are essentially a function of Fourier filtration criterion. Results of simulation experiments give evi-
dence that function (17) tends to an asymptotic value:

2
0.637(k)F,K; . (18)

P,

According to formula (18), rate of methane emission from the underworked surface will be a
constant for a significant period of time. «Dead air» filtration in underworked rock mass occurs at
the drop of atmospheric pressure. Mathematical model of this process is presented below:

1= 2o v 19

(m) _

Hd.a.

where py, — dynamic viscosity of «dead air»; pg_la)_ — stable-state pressure in the mined-out space;

op , H — rate of atmospheric pressure decrease and thickness of underworked rock mass.

Noticeably, structure of the formula (19) and results of the modeling experiment are in good
accordance with the quality estimations of gas emission from mined-out spaces. It has been proved
experimentally that the rate of gas emissions caused by a decrease in atmospheric pressure is pro-
portional to the rate of pressure decrease.

An important effect of gas-dynamic processes on the mine surface is reflected in thermal processes
of spontaneous coal heating. Results of mathematical modeling of oxygen diffusion in the coal accumu-
lation permit to justify the following relation of coal heating on the surface of a rock damp:

T(x,t)—TO — erfo > wy

X
- erfc
T, -T, 2Nat  wkA(T, - To){ 2\at

X erfc(kx/a_ - 2%) + %exp(kzat + ch)erfc(k\/z + 2\7;]} , (20)

where T(x,t), T, and T, — temperature profile in the coal accumulation, initial temperature and sur-

—exp(— kux)— %exp(k*zat - k*x)x

face temperature respectively; a, A — temperature and thermal conductivity of coal accumulation; w,
k« — energy output of the heating source and space relaxation coefficient for oxygen concentration.

Modeling results for experiments using expression (20) show that temperature profile of the
coal accumulation has a peak corresponding to the highest coal temperature in a given moment.
This point moves further into the accumulation and highest temperature of coal increases. Thus,
simulation experiments in the course of environment surveying can help forecasting thermophysical
processes in rock dumps by a factor of endogenous fires.

This being said, it is geotechnological approaches to solving environmental issues of mining
regions that turn out to be most effective. E.g., new technologies developed in Tula State University
provide effective schemes of underground coal gasification (UCG) that are very promising for
Moscow basin. Power gas from UCG is used by local power stations that supply energy to compa-
nies that develop technogenic deposits. These geotechnologies will permit complex development of
remaining resources and technogenic deposits.
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