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Abstract. The paper presents the results of mathematical modeling of the process of combined
combustion of methane and coal dust in the air in a closed reactor. The effects of the
combustion reaction of a wet methane-coal dust mixture, such as temperature, pressure and the
composition of the combustion products are calculated.

1. Introduction

Kuzbass is the main strategic coal basin of the country. It accounts for about 60% of the total Russian
coal production, including 83% of the most valuable coking grades. Almost 70% of coal is mined by
the underground method. Coal mining by the underground method is accompanied by the release of
methane into the atmosphere from the face. When a certain concentration is reached methane forms an
explosive mixture with atmospheric oxygen. In addition, finely dispersed coal dust is present in the
atmosphere of mine workings. At certain concentrations of methane and dust a volumetric explosion is
possible, accompanied by an increase in temperature and pressure in the confined space of the mine
[1]. In this regard, an important task is to study the conditions for the formation of a gas phase during
the combustion of a methane-coal mixture.

2. Development of a mathematical model
Mathematical modeling of the combined combustion of methane and coal dust at their various
concentrations in the air of a confined space was carried out using the calculation method [2-6].

The process of methane combustion can be represented by the reactions [7]:

{CH,} + 1/2{0,} = {CO} + 2{H,}; 1)

{CH,} + {0,} = {CO2} + 2{H,}; 2)
{CH,} + 312{0,} = {CO} + 2{H,0}; (3)
{CH,} + 2{0,} = {CO} + 2{H,0O}. (4)

Reactions (1) — (3) are reactions of incomplete combustion or methane conversion with an excess
concentration of methane in the air. Reaction (4) — the reaction of complete combustion occurs with an
excess of oxygen at low concentrations of methane in the air.

The coal dust combustion, depending on its concentration in the air, can be represented by two
reactions [7]:

C + 1/2{0,} = {CO}; (5)
C +{0.} ={CO,}. (6)
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Let us consider the formation mechanism of combustion products of a methanol-coal mixture in the
reactor with a volume of V m® [8,9]. Suppose that in the reactor atmosphere there are N, and ny

moles of oxygen and nitrogen. Concentrations of methane and coal dust in the air are k and | %,
respectively. At this concentration, the number of methane moles, respectively, is equal to:

k-V

n = ’ (7)
Mt 100+ (100 —k) - 0.0224
where V is the reactor volume, m°.
The mass of coal dust at its concentration in the reactor | % is:
I Gair , (8)

G =
dust (100 _ |)

where G,, =G, +G,_ isthe mass of air in the reactor, kg;

Coal dust consists of an organic part (C), a mineral part (A), moisture (W) and volatile components
(L). The mineral part does not participate in the combustion process and remains in the form of ash.
The amount of ash is determined by the formula:

Gash = Ldm A ! (9)
100
where A — ash percentage,%.

The number of moles of water and organic carbon from coal dust, respectively, is equal to:

G -W
n =_"o - (10)
HOus  100.0.018

G, -C
Ne, . = CwC (11)
Cdust 100.0.012

where W is the moisture content of fuel,%; C — content of organic carbon in dust,%.

We assume that the yield of volatile components of coal dust occurs as follows: two thirds
of the oxygen of volatile matter is in the form of CO, one third is in the form of CO,. The
remaining carbon is in the compound CH,, and the remaining hydrogen is in the form of H,.
All nitrogen goes to N.
dust L /O/

=2/3- v11/0.016;
COvoI ( 100 100 )
Gy L / o/
n =1/3. (—ut vl )/0.032;
coavl Cloo 100
Gy 'L /Clyy _
n > -n -n X 12
CH 4VO| 100 O 012 100 COvol C02V0| ( )
Gy 'L IHI,, _
n — us! . vol _9n :
Havol 100-0.002 100 CH,vol
nN vol — (GdUS[ = / N /V0| )/0 028.
z 100 100

where L is the volatile content in coal dust,%; /Ol.,, [Cly, [Hlw, [N/, — 0Xygen, carbon,
hydrogen and nitrogen content in volatile components of dust,%.

Thus, the mixture of substances in the reactor without regard to the mineral part, which is not
involved in the combustion process, has the following composition in moles:
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o,init = 1158.67;
= 3305.86+N

Ninit N,vol ?

n +Nn

CH 4meth CH 4vol ?

COinit — nCOvoI ’

nC02vol ; (13)

H,init — nH2v0| ,

n
n
New ginie =
n
Neozinit =
n

I”IHZO init nHZOdLlst ’

Neinit = Negust -

Let us calculate the composition of combustion products. We accept that initially methane burns to
CO and H, by reaction (1). If in the reactor the doubled number of oxygen moles exceeds the number

of methane moles, then the moles number of CO formed as a result of methane conversion is
determined by the number of methane moles, and otherwise by doubled number of oxygen moles:

If 2 No,init = NeH ginit »

then Neo e = Neyy, - Otherwise N (14)

COmeth — 2n02init '

For the formation of CO as a result of conversion will be consumed n n n

CH4meth — ' 'CH4init ' 'COmeth

methane moles and Ny, . =Ngo .. /2 0xygen moles.

As a result of methane conversion, hydrogen is also formed. The number of hydrogen moles in the
reactor is determined as follows:

nHzmeth = 2n (15)

COmeth *

If oxygen remains in the reactor after methane conversion, then part or all carbon monoxide burns
to CO,, and H, —to H,O according to the reactions:

{CO} + 1/2{0,} ={CO,}; (16)

{H,} +1/2{0,} ={H,0}. a7

If No,init ™ No2metn ~ Ncometn T Neoinit T MH,meth T Mijinit » then  Neocon = Ncomen t Ncoine 2N
nHzcom = nHzmeth + nHzinit ! otherwise IqCOcom =2 (nOQinit - nozmeth )/3 and nHzcom =4( Iqozinit - nOzmem )/3(18)

For the postcombustion of CO and H, will be used n =Neocom + Ny, ,, Moles of oxygen.

O2com
As a result of postcombustion, CO, and H,O are formed:

Neo, o = Neocom and M,000m = MHycom - (29)

Let us check the condition Ny ;i —No e ~Nogeom > O- IF this condition is fulfilled, and the oxygen

in the reactor still remains, CO is formed from the combustion of organic carbon of coal dust by
reaction (5). If no oxygen remains, then n., . =0.
If oxygen remains, the amount of CO generated from dust combustion is determined as follows: if

>N then n

nozcom ) Cinit * COdust

2( nozinit N0t~ Neinic »

ohterwise Ngg o =2(Ng i —N (20)

O2meth IFlOZcom )
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For the combustion of carbon moles n n of will be used No, 4 =1 12 of oxygen.

Cdust — ''COdust COdust
If there is still oxygen in the reactor, postcombustion of CO to CO, will take place by reaction (16).

If n n +Nn +n n then

Oyinit ' '02meth nOZcom B noz dust > Neoinit ¥ Neometn T Neodust ~ Neocom »

nCO post = r‘|C0init + nCOmeth + nCOdust - nCOcom ! otherwise nCO post :2( r]OZinit - nOZmeth N nozcom - nozdust ) (21)

At the same time Ng,, = Neg o OF CO2 moles is formed, and ng, post = 1CO post /2 of moles of

post
oxygen will be used.

As a result of the combustion reactions, the following substances will be present in the reactor: CO,
CO5, N», H,, Hzo, CH,, O,, C and ash.

The composition of the combustion products is determined by equations (22):

nCO = r]COinit + rlCO meth + nCOdust B r]C0com B nCO post ?
Neo, = Neozinit ¥ Neo, o + Mo, pogt
Ny, = Nt -

+n

>

H, = rleinit H,meth r]Hzcom : (22)

N0 = Nuoinit ¥ Moy

Nen 4 = Nen ainic ™ Ner ametn »
noz - nozinit o no 2meth o nOZcom o nOZ dust o n02 post '
nC = nCinit - nC dust *

The mass and volume of the i-th component of the mixture are determined in accordance with the
formulas:
Gi=ni-Mi; (23)

Vi=_ My (24)

where M; — the molar mass of the i-th component, kg/mol; V — reactor volume, m* N — the

number of gas phase components.

Next, let us calculate the heat balance of the process.

The heat input consists of thermal effects of independent reactions of the system transition from the
initial to the final state, which include the methane conversion reaction (1), incomplete combustion of
carbon (5) and postcombustion of CO (16) and H, (17). The total thermal effect of exothermic
reactions can be calculated as follows:

AHch.r.

+AH o (Neo, —Neo,inie) + AH G (N0 = N 0iir)s

= AHCH4 (nCHAinit —Ney, )+AH (g, —Ne) + (25)

where AH ., — total heat effect of chemical reactions; AH,, ,AH.,AH,,AH,, are the standard

thermal effects of methane conversion reactions, carbon combustion, CO and H, postcombustion,
respectively, kd/mol.
Taking into account the standard thermal effects



KTDUMR 2019 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 377 (2019) 012056  doi:10.1088/1755-1315/377/1/012056

AH,,, =149-(n,,

+283- (nco2 - nCOZinit) +252- (nH20 - nHZOinit)'

ch.r. qinit nCH4 ) +115- (nCim't —Nc ) +

(26)

The heat of exothermic reactions is consumed for the products heating. The heating enthalpy of an
arbitrary substance is determined as follows:

Tph.t.1 T
AH? = AHZ, + [AC, AT +AH ;, ; +...+ [AC,dT, (27)
298 Tph.t.k

where AC,,,...,AC,, is the change in isobaric heat capacity before the first and after the k-th phase

transition of the substance, kJ/mol-K;

Tph.tly Tpm_k— temperature of the 1, ..., k-th phase transitions, respectively, K;

T — final temperature, K;
AHpht1,..., AHphi — change in enthalpy as a result of the corresponding phase transition, kJ/mol,
The enthalpy of products heating is determined by:

A H heat

+AH Ny o +AHS Ny +AHQ Ny +AHZNG + AHGN,.

= AHZy Moy, + AHoNgo +AHZ, Neo, +AH) Ny, + (28)

The calculation of the enthalpy of heating is determined at an arbitrary temperature. Then, the
objective function of the heat balance residual is formed ¢=AH, —AH_ =AH, 6 —AH,., and the

cons ch.r. heat !
temperature at which the residual is zero is determined using the built-in optimizer of the Excel
spreadsheet processor.
Next, we calculate the pressure in the reactor:

N
>'n;-RT

pP=13 , (29)
1000V

where R is the universal gas constant, klJ/kg-K.

3. An example of calculation of the combined combustion of methane and coal dust in a
confined space

Let us take the concentration of methane in the reactor 5% and dust 3%. The volume of the reactor is
100 m®. With a standard air composition of 21% O, and 79% N, in a given volume and normal
conditions 25.95 m® (37.08 kg) of oxygen and 74.05 m® (92.56 kg) of nitrogen will be present, which

is =1158. 67 and n, = 3305.86 moles of oxygen and nitrogen, respectively.

The composition of the coal dust is given in table 1. Table 2 presents the composition of the
volatile components of the dust, table 3 presents the composition of the initial mixture in the reactor.

Table 1. The composition of coal dust.

Dusg _ W A c L Total
composition
% 1 10 77 12 100

kg 0.040 0.401 3.087 0.481 4.0095
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Table 2. The composition of the volatile components of coal dust.

Substance Cco CO, CH, N, H, Total
kg 0.081 0.032 0.311 0.034 0.023 0.481
% 16.85 6.62 64.66 7.07 481 100.00
m® 0.0648 0.0162 0.4356 0.0272 0.2589 0.8028

Table 3. The composition of the initial mixture in the reactor.

Substance 0, N, CH, Cco CO, H, H,O C A Total
M;, kg/mol 0.032 0.028 0.016 0.028 0.044 0.002 0.018 0.012

Gi, kg 37.1 92.6 407 008 003 002 004 309 040 13741

% by weight 2698 6739 296 006 002 0.02 003 225 0.29 100.00

Vi, nm? 24.5 69.8 5.4 0.1 0.0 0.2 0.0 100.00

% by volume 2446 6981 537 006 002 024 0.05 100.00

n;, mol 1158.7 3307.1 2544 2.9 0.7 11.6 2.2 2573 49949

As a result of the calculation, the following results were obtained (table 4).

Table 4. The composition of combustion products.

Substance co Co, N, H, H,O CH, 0, C A Total

Gi, kg 0.00 22.67 9260 0.00 941 0.00 1233 0.0 040 13741
% by weight 0.00  16.50 6739 0.00 6.85 0.00 8.97 0.0 029 100.00

Vi, nm? 0.00 10.89 69.92 000 11.05 0.00 8.15 100.00
% by volume 0.00 10.89 6991 000 1105 0.00 8.15 100.00
n;, mol 0,00 51532 3307.08 0.00 522.63 0.00 38533 0.0 4730.35

The calculated temperature inside the reactor was 2257 K (1984 °C), pressure — 0.8873 MPa (8.87
atm).

Using the developed model, we studied the effect of methane and coal dust concentrations on the
combustion product parameters — temperature, pressure (figure 1) and gas phase composition (figure
2). The ratio of methane concentrations and coal dust were determined, with which temperatures of
combustion products and pressure in the reactor were maximal.

The maximum temperature of the combustion products and the pressure correspond to a methane
concentration of 7% with a dust content in the atmosphere of 5%.

2500 14
: ] |
1.2
2000
[
o ° 10
1500 5% | \& -5
5 . —10%| | g8 —&—10%
5 -e-15%| |3 06 —e—15%
£1000 S20% | |8 —K—20%
@ o
0.4
500
0.2
0 0.0
0% 5% 10% 15% 20% 25% 30% 35% 40% 0% 5% 10% 15% 20% 25% 30% 35% 40%
Methan proportion Methan proportion

Figure 1. Dependencies of the parameters of the joint methane and coal dust combustion on the
methane proportion at different coal dust concentrations in the reactor.
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Figure 2. Dependence of the gas phase composition during the methane and coal dust combustion on
the methane proportion at different coal dust concentrations in the reactor.

4. Conclusion

Thus, this paper confirms the well-known fact that the dangerous factors for people in the mine
workings, in which the explosion of the air-methane-coal dust mixture occurred, are high temperature
and pressure. In addition, analyzing the graphs in Figure 2, we can conclude that the atmosphere in the
mine workings after the methane-coal dust explosion is not suitable for breathing even with a filtering
gas mask, since there is practically no oxygen. It can be also seen from the graphs that the atmosphere
after the explosion contains a sufficiently large amount of CO and H,, therefore, gas clearing is likely
to lead to the formation of a new explosive gas mixture and to a new repeated explosion. In general,
analyzing the results of modeling, it is possible to conclude that the work in the coal face is best to be
done at the highest possible methane content. This, in principle, will eliminate explosions, but at the
same time the presence of working personnel, at least without oxygen breathing apparatuses.
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