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Purpose. Obtaining effective parameters of the macrokinetics of combustion of hydrocarbons in the deflagration
and detonation regime for the numerical calculation of emergency explosions in mine workings.

Methodology. Mathematical modeling, numerical experiment, kinetics analysis of explosive combustion reaction,
analysis and synthesis.

Findings. The paper analyzes the parameters of the kinetic equation against experimental data. Obtaining such
data in a physical experiment for explosive chemical reactions meets serious difficulties. This is due to the size of the
reaction zone not exceeding fractions of a millimeter, the lack of time resolution of experimental techniques and
other factors leading to errors in direct measurements and the emergence of multiple solutions. This possibility con-
tributes to obtaining a simultaneous numerical solution of the equations of gas dynamics and chemical kinetics. In the
numerical experiment, a direct relationship between the macrokinetic characteristics of the chemical reaction and the
parameters of the discontinuous flow of the reacting gas stream is established: velocity, pressure in the front and be-
hind the front of the detonation and deflagration wave. Based on this, Arrhenius characteristics of the reaction — pre-
exponential and effective activation energy for the hydrocarbons under consideration are obtained.

Originality. Macrokinetic parameters are established for simulating one-stage ignition and burning of the most
probable hydrocarbons of the mine atmosphere in the deflagration and detonation regime. Modeling of explosive
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combustion of premixed hydrocarbons in stoichiometric concentrations is performed. It is shown that the values of
the effective activation energy in explosive combustion reactions are of less importance in contrast to steady-state
combustion reactions because of the effect of the gas-dynamical effects of the shock wave on the reaction rate. The
Arrhenius characteristics of the reaction — the pre-exponential and the effective activation energy — have been agreed
upon, according to the gas dynamic and kinetic parameters of the course of the explosive combustion reaction.

Practical value. The obtained parameters of the macrokinetics of the explosive combustion reaction make it pos-
sible to apply simple kinetic mechanisms in practical calculations of the processes of deflagration and detonation
combustion, and to predict the parameters of emergency explosions in conditions of mine workings with sufficient
accuracy. This also makes it possible to solve the problem of accounting for the presence of heavy hydrocarbons in the
mine atmosphere as products of coal pyrolysis in underground fires as factors of increasing the risk of emergency
explosions.

Keywords: gas-air mixture, emergency explosion, combustion kinetics, macrokinetic parameters, effective activation

energy

Introduction. Explosions of the mine atmosphere in
mine workings are the most severe types of accidents in
terms of destructive ability and impact on people. Espe-
cially dangerous is the possibility of repeated explosions
in the event of underground fires. This is due to the py-
rolysis of coal in the process of endogenous fire and re-
lease of heavy and unsaturated hydrocarbons into the
atmosphere. Protection of personnel and mine rescuers
conducting emergency work from shock air waves is en-
sured by safe distance and explosion-proof structures.
Therefore, the problem of reliable calculation of shock
wave parameters is relevant from the point of view of hu-
man security and the forecasting of dynamic loads on
explosion-proof structures.

At present, to calculate the parameters of shock air
waves, the method of computer simulation of the flow of
gases is widely used — CFD Methods, which allows cal-
culating the parameters of motion of supersonic discon-
tinuous gas flows. The source of the energy of the initial
pulse in such gas flows is most often a pressure jump in a
certain region — the instantaneous explosion model.
This model is a simplification of the deflagration and
detonation processes of combustion of gas-air mixtures.
The initial overpressure in the model is given on the ba-
sis of the experimental data. Such an approach is laid
down in the current regulatory documents on the calcu-
lation of shock air waves. The significant number of af-
fected mine rescuers in the last 10 years, namely, from
repeated explosions, indicates incomplete consideration
of factors of formation of shock air waves in emergency
explosions. More approximate to reality is the use of
combustion models of reactive gas flows in the calcula-
tion.

Analysis of the recent research and publications. The
work in this direction was carried out in the Siberian
Branch of the Russian Academy of Sciences [1] and the
Institute of Mine Rescue “Respirator” [2] and National
Mining University [3]. In the first paper, the combus-
tion process is treated as an instantaneous temperature
jump in a given volume, over which the gas pressure is
then determined

T=T +QpCH4

=T, . P=nkT,
Cp

where Q is the calorific value of methane; & is the Boltz-
mann's constant.
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In fact, this is an instantaneous explosion model,
which was also used in the work [4]. In [2], combustion
is represented by the process of heat release in a layer
propagating along a fixed methane-air mixture

0. =0pSUongx),

where U, is the flame propagation velocity; g(x) is the
U-shaped function, indication of presence of methane
at a particular point in the design scheme.

A similar approach is implemented in the work [5].
In it, for modeling of combustion in the numerical scheme,
the parameter “f ” is a continuous Lagrangian marker
that tracks the “source”, “burned” and “burning” cal-
culation cells. In the “burning” cell, heat generation by
mass of methane is calculated. The rate of displacement
of the combustion front is determined with respect to
the change in temperature

UB :UBNC(T/TNC )B,

where Upyisthe normal propagation velocity of a flame
in a stationary mixture under normal conditions; 7, Ty¢
are current and initial temperatures; 3 is the coefficient
of power law.

In [6], the calculation of an emergency explosion
was considered in the framework of the chemical kinet-
ics of combustion of reacting gas streams. The burning
rate and, accordingly, the rate of energy release were de-
termined taking into account the law of the effective
masses of the premixed mixtures.

Unsolved aspects of the problem. One of the difficul-
ties in the joint solution of the gasdynamic problem of
gas flow and the problem of the combustion kinetics of
the reacting flows, which is solved in [6], is the selection
and establishment of the parameters of the kinetic com-
bustion mechanism. Existing detailed kinetic mecha-
nisms that take into account many hundreds of reactions
are mainly used for stationary combustion regimes. The
accuracy of these models worsens in the transition to
complex gas dynamic problems, when it is necessary to
combine kinetics with fast flows of the medium (detona-
tion, deflagration). In these cases, as a rule, a macroki-
netic approach is used or parameters of “non-classical”
kinetics characterizing the joint processes of the com-
bustion kinetics and gas dynamics, for example, the
generalized kinetic characteristic P [7]
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P=—p-dc/ot; B=—¥,

where c is the concentration of fuel; 7 is the time; v is the
adiabatic index; Q is the thermal reaction effect; V'is the
specific volume.

In [6] the macrokinetic approach is used on the basis
of the numerical solution of the problem by the large-
particle method. However, the known parameters of the
equation of the effective mass law for gross reactions can-
not be used in this problem because of the discrepancy
between the conditions for which they were obtained.

Objectives of the article. The paper aims at establish-
ment of effective parameters for the macrokinetics of
combustion of hydrocarbons in the deflagration and det-
onation regime for the numerical calculation of emer-
gency explosions in mine workings.

Presentation of the main research and explanation of
scientific results. The peculiarity of hydrocarbon burn-
ing reactions in the mode of detonation and deflagration
during the motion of gas flows in extended channels is
that the propagation velocity of the combustion front is
caused not only by the chain-thermal and concentration
effects of chemical reactions, but also by the gas dynam-
ic effects of the flow: turbulence of the flow, shock com-
pression, causing focal ignition, i.e. the occurrence of
hot points of initiation of the reaction in a fresh mixture
(leads to the appearance of a cellular front of detonation
combustion) [8]. These effects cannot be taken into ac-
count in the detailed kinetic mechanisms of the reaction
(DKM), so global mechanisms are used in such cases.

In the works by V. 1. Babushok, A. N. Dakdancha sys-
tematization of macrokinetic parameters of high-tem-
perature gas-phase reactions is given and it is shown that
they are an approximation of the description of the ki-
netics of the course of a complex reaction. Its extrapola-
tion to a different type of process can lead to incorrect
results, because the gross stages are not independent as
elementary ones are. The numerical values of the param-
eters depend on the type of process, the initial conditions
and the gross scheme. The orders of reactions for indi-
vidual components may not correspond to the stoichi-
ometry of the reaction equation. To find the macroki-
netic parameters of a particular process, three approaches
are used. After defining the kinetic equation, its param-
eters are analyzed in relation to the experimental data in
the first case [9], in the second case the data for numer-
ical analysis with DKM can serve as a material for the
comparative analysis, and in the third case, the DKM re-
duction to the global scheme occurs.

In this paper, the first approach is used. In this case,
the inverse kinetic problem is solved, where the param-
eters of macrokinetics are usually obtained indirectly:
experimental data, according to the law of acting mass-
es, are processed by various methods (integral, differen-
tial ones, the method of half-transformation periods,
graphical differentiation of the kinetic curve and etc.).
However, obtaining experimental data for explosive chem-
ical reactions encounters serious difficulties due to the
size of the reaction zone not exceeding fractions of a mil-
limeter, the lack of time resolution of experimental tech-
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niques (submicrosecond reaction time), and other fac-
tors that lead to errors in direct measurements and the
emergence of non-unique solutions. As is known, a suf-
ficient condition for the uniqueness of the solution is the
ability to measure the concentrations of all components
at any time with any accuracy. This possibility contributes
to obtaining a simultaneous numerical solution of the
equations of gas dynamics and chemical kinetics [6]. As
a result, in a numerical experiment, it is possible to es-
tablish a direct connection between the macrokinetic
characteristics of the chemical reaction and the param-
eters of the discontinuous flow of the reacting gas
stream: velocity, pressure in the front and behind the
front of the detonation or deflagration wave.

Let us consider the two-dimensional flow of gas in
the mine, which in the mathematical formulation of the
problem is represented in the form of a cylindrical chan-
nel in cylindrical coordinates z, » (z is the axis along the
workpiece, r is the radius vector). Following the usual
agreements on the insignificantness of viscosity, the dy-
namics of the flow of a reacting gas stream can be repre-
sented by Euler's equations, in a divergent form, in cy-
lindrical symmetry (continuity and motion)

op . =
—+div(pW) =0; 1
P iv(pW) (1)

opu + div(qu) + or _ 1, P,dz
ot 8z (2)
BV agivivivy+ 2L~
ot or

where p is the density; P is pressure; W is the velocity
vector; 1, is the surface friction stress; S, P, are the
cross-section and perimeter of production; is time; u, v
are speed components W along the z-axis and r, respec-
tively.

Dissipation of the energy of the gas flow due to fric-
tion losses on the channel wall is determined by the
right-hand side of equation (2) and is found according
to the theory of fluid and gas mechanics, as follows

T 0.221
’Cﬁ:g fpll 5 C/-=0.0032+W,
R _puDeq' 48
e H > eq_ H ’

where c,is the coefficient of resistance; p is the coeffi-

cient of dynamic viscosity of gas; R, is Reynolds num-

ber; D,, is the equivalent diameter of the straight portion.
The energy equation has the form

ag—tE+ div(pEW )+ div(PW ) =TT+ qxpz—?, A3)

where F is the specific total energy; ¢ is the density of
heat flow into the channel wall; ¢, is the thermal effect of
chemical reaction of combustion of hydrocarbons; o is
the mole fraction of hydrocarbon in the mine atmosphere.
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The balance of thermal energy in the heat exchange with
the wall of the channel, represented in the right part of
equation (3) by a member of the ¢P, is taken into account
by boundary conditions of the third kind of the heat

q=o(T=T),

where o is the heat transfer coefficient; T, is the wall
temperature; 7'is the average gas temperature.

o, =M; N,=022R*>P*B; P =p—l,

Deq }\’g
where N, is the Nusselt number; P, is the Prandtl num-
ber; A, is the coefficient of thermal conductivity of the
channel wall gas; B is a correction factor for the influence
of the roughness of the walls of heat exchange process.

To close the system, let us use the equation of state
for gas

P=(—Dp-J, 4

which in the form coincides with the equation of state of
an ideal gas; however, in equation (4), the adiabatic ex-
ponent y and, accordingly, the heat capacity c, and ¢,
are given as functions of temperature for both air and a
hydrocarbon-air mixture

¢,(T), ¢,(T), y=1T)=c,(T)/c,(T).

The right side of the energy balance equation (3) in-
cludes a member of the influx speed of heat in the pro-
cess of explosive combustion g,-p-do./dt, which is a func-
tion of the kinetics of chemical reactions. Kinetics is
calculated by the global mechanism. For this purpose
the following gross equation of the most probable com-
bustion of hydrocarbons (methane, ethane, propane,
acetylene) in the air are adopted:

CH, + 2(0, + 3.76N,) = CO, + 2H,0 + 7.52N,;

C,H¢+ 3.5(0,+ 3.76 N,) =2CO,+ 3H,0 + 13.16 N;

C;Hg + 5(0, + 3.76 N,) = 4H,0 + 3CO, + 18.8 N;

C,H, +2.5(0, + 3.76 N,) =2CO, + H,0 + 9.4 N,.

The reaction rate of the i component i = 1, 2 is set
according to the law of mass action, in the form of Ar-
rhenius

de. E
—— L =7 .exp| ——& ||CY” 5
p[ RTJ ! (%)

where Z, E,, v, is the effective macrokinetic parameters:
pre-exponential factor, activation energy and order of
reaction in the " component.

Z = AT",

where A, B are coefficients of the temperature dependence
of the pre-exponential factor.

In this particular case of the reaction for the hydro-
carbons taken, equation (5) for the fuel component has
the form
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dc
__f = Z . exp(

where v, v, are effective values of the indicator of the
degree of concentration of fuel and oxidizer.

Thus, the system of equations (1—3) is closed and
completely describes the medium when solving gas dy-
namic problems. Solutions of the system of equations were
carried out using a homogeneous circuit of the through
account. As such a scheme, a modified method of large
particles [6] was applied.

Initial conditions for the kinetics of the chemical re-
action. From the methane oxidation equation it follows
that the rate of oxygen consumption is 2 times the rate of
methane consumption

E, .
;“]cff"3°’ ©)

a1 de, )
dt 2 dt’

Integrating the equation (7) in time, we obtain ¢, =
=2c,+A, where A is the integration constant, which
can be determined from the initial conditions: A = ¢, —
—2ci

Index “H” indicates the initial concentration values.
As a result, we get

62:2(c1—clH)JcmH3c2:czy+2(cl—cm). (8)

Thus, knowing the dependence of the change in con-
centration on time ¢(#), we can use the formula (8) to
determine the function c,(7).

Suppose at the initial instant of time ¢, = ¢, thence
¢, =¢, . With complete burnout of methane ¢;= 0, the
oxygen concentration will be: ¢, = ¢, —2¢, .

With the stoichiometric composition ¢, = 2¢, . There-
fore, methane and oxygen completely burn out at the
same time ¢,=0, ¢, =0. If ¢;55 > ¢,, then ¢, > 0, so there
is a balance O,. When 2¢, ,; < ¢, oxygen burns out ear-
lier, and the rest of methane is equal to

1
_ 2H
a=Cp ——F—

Similarly, we determine the initial conditions for the
remaining hydrocarbons.

A numerical scheme for realizing the initial condi-
tions. The equations of chemical kinetics were solved nu-
merically together with the equations of gas dynamics and
equations of state. The difference analogue of equation
(6) was represented in the following form

[ ] [ lj =k'([°’1]7,f)VI '([cz]Zj)vz’

where k=2 -exp(—Ea/RT) is the rate constant of the
chemical reaction of combustion; i, j are integer coordi-
nates of the calculated cell (coarse particle); # is the time
slot number.

From equations (6, 7) it follows that

ISSN 2071-2227, HaykoBun BicHuKk HI'Y, 2018, N2 1
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o] =[a], —At.k.([cl ]7,,-) | .([cl ]Z,-) g
[e]) =[], +2{[e ] [ ]Z,.)-

When calculating the energy conservation equation,
a term is added to the right-hand side

4

At-Q-A-exp(—Ea/RT)~([cl]Zj) ([Cz]zj )v2 s

where Q is the heat of combustion of methane in air at
stoichiometric composition of methane-oxygen, J/kg.

Differential equations (1—3, 6) obtained on the basis
of general laws of gas dynamics and physical chemistry,
describe a whole class of fast chemical combustion reac-
tions in a stream of reactive gases. The establishment of
macrokinetics parameters for specific combustible gases
requires the definition of uniqueness conditions. As such
conditions, we will accept the implementation of the co-
ordination of the macrokinetic parameters of the numeri-
cal calculation with the thermodynamic and gas dynam-
ic parameters of the explosive combustion process. For
agreement, we use the marker experimental data on the
combustion of hydrocarbons in the deflagration and det-
onation regime in stoichiometry (Table 1), i.e. the re-
quired parameters of macrokinetics should ensure the
flow of gas-phase reactions in test calculations with mark-
er gas dynamic parameters. These parameters are pub-
lished in well-known works, for example [10].

As the initial kinetic parameters of the combustible
gases for which the constants of the Arrhenius equation
are established in the processes of explosive combustion,
the data on the combustion of these gases in a laminar
flame, in flare combustion (Table 2).

Thermodynamic analysis of the ignition and combus-
tion process, according to the law of acting masses (Fig. 1)
shows that in the general case, a decrease in the activa-

Table 1
Experimental characteristics of explosive combustion
of hydrocarbons

CH, | C,H; | CsHg | C,H,
Autoignition 650 | 515 | 470 | 305
temperature, K
Detonation 2390 | 2369 | 2357 | 2350
velocity, m/s
Detonation " -
pressure, MPa 2.9 3.4 3.6 4.5
Deﬂagranon wave | g, 5 _ _ 49.7
velocity, m/s
Deflagration wave
pressure, MPa 0.3-14) - 1.8 N
Ignition
temperature by a
thermal spherical 1473 N 1223 | 1096
source, K

* —in the CJ plane; ** — at the point ZND

ISSN 2071-2227, HaykoBun BicHuk HI'Y, 2018, N2 1

tion energy or an increase in the number of active colli-
sions (the value of the pre-exponential) leads to a de-
crease in the ignition temperature, while the accelera-
tion of the reaction due to the chain mechanism of the
thermal explosion remains constant, as can be judged from
the slope angle o, of the asymptotic lines (within the com-
bustion temperature) of the graphs W), W,. The latter
value is very important because it determines one of the
main dynamic characteristics of the explosion — the rate
of increase in pressure (KorolchenkoA.Y. Fire and ex-
plosion hazard of substances and materials and their fire
extinguishing tools). The change in the acceleration of the
reaction is determined by the exponent at the reagent
concentrations (graphs W, and W3). The same effect is
caused by a simultaneous change Z and E, (graphics W,
and W}). In the first case, this is due to the concentration
mechanism, in the second — to the chain-thermal one.
The presented dependences (Fig. 1) are approximate,
since calculated by the quasistatic process in stoichiomet-
ric values of reagent concentrations. However, this anal-
ysis allows us to evaluate the nature of the relationship
between the parameters of macrokinetics and gas dynam-
ics of the explosion. Each kinetic parameter of equation
(6) characterizes one of the mechanisms of the combus-

Table 2

Effective kinetic parameters of the global combustion
mechanism of gases™

Gas |[Type and| Pre-ex- | Activa- | Response | Stoichi-
charac- [ponential| tion |order fuel, | ometry,
teristics | Z, s~ | energy v/ %
of the E, oxidant,
process kJ/mol Vo

CH, flame | 1.1-10° | 125.4 | -0.3/1.3 9.5

C,H¢ | flame |9.2:10"| 125.4 | 0.1/1.65 5.5

CHy | 9N Vg 60| 1254 | 0.1/1.65 | 4.03
nozzle

CH, | 1O 165102| 1254 | 05/125| 7.75
burner

* — Westbrook C. K., Dryer F. L. Simplified reaction mech-
anisms for the oxidation of hydrocarbon fuel in flames

w,.mol I
ks EsESE,

0.6 z>z=2

V/? > VM > v/3

fw.

"/

0.5 Vo =V, <V,
o, =0, < 0y
0.4 [~ 7,77,2T,,

0.3 — E,>E,
z,>7,

i
1
|
|
i
|
|
i
i
i
0.2 , ’
i i
| i
A ’
i
i1 H
0.1 Ll i

y e
L 4

/ =4 \a2 ANNay
700 7, 9007 11007 1300

1500 7

Fig. 1. Kinetic curves of the dependence of the reaction
rate W on the temperature
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tion theory: the activation energy determines the ther-
mal mechanism of reaction development, the pre-expo-
nent is a chain mechanism, the exponents are the con-
centration mechanism. In detail, the role of each mech-
anism in the effect on the velocity of explosive gas-phase
combustion reactions was studied in the works by V. V. Aza-
tyan [11, 12]. They show a difference in the development
of explosive combustion reactions: with increasing tem-
perature, the role of the chain avalanche does not decrease,
but rather increases. As a result, it was clarified that the
dependence of the rate of explosive combustion reac-
tions on temperature is “exponential in exponent”

W t
ﬁzkpno{exp;[[fo exp(-E, / RT)-gl}dt,

where [B],is the initial concentration of initial reagent;
Jo, E, is the pre-exponent and the activation energy of
chain branching; n, is the concentration of radicals at
time #,, after which the reaction of the original molecu-
lar components with each other can be neglected; &, is
the effective rate constant of the limiting branching stage.

This is confirmed by the fact that explosive combus-
tion reactions proceed with a higher rate of growth (ac-
celeration) than burning in laminar flames. In this case,
with respect to the classical Arrhenius equation in the
global mechanism, the activation energy should be less,
which simulates more intensive chains initiation process-
es. Therefore, when developing a global mechanism, it
is necessary to make changes to this parameter and to
reconcile it with the pre-exponent and exponents of gas
dynamics and the kinetics of the reaction. The determi-
nation of the rational parameters of macrokinetics is
based on the results of a numerical experiment of defla-
gration and detonation combustion under the following
conditions. The model of the mining section is present-
ed in the form of a cylindrical channel 0.2 m in diame-
ter, 1.5 m long, the canal edges freely open.

In the initial conditions, the central part of the chan-
nel is filled with a gas-air mixture in the stoichiometric
concentration of the corresponding hydrocarbon (Ta-
ble2). To reduce the effect of shock wave reflection ef-
fects during the experiment and create a flat shock front,
ignition of the mixture was carried out by a transverse
layer of hot gas 0.01 m thick. The temperature of the layer
was chosen in such a way as to obtain a stationary regime
of deflagration and detonation. The layer was located on
the contact surface of the air—gas-air mixture.

The following approximations were adopted in the
problem: the concentration of the explosive gas-air mix-
ture is uniformly distributed over the volume of the gas-
filled section, the boundary conditions for the thermal
conductivity into the channel wall are conditions of the
third kind with a constant heat exchange coefficient of
the gas flow with a wall of 50 W/(m?K) and wall thermal
conductivity (argillite) 2 W/(m'K), the roughness of the
channel wall corresponds to the installed support of
SVP-19 type with a setting step of 1.0 m. In a numerical
experiment, rational macrokinetic parameters were de-
termined by the method of successive approximations.
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Calculation results. Fig. 2 shows the dynamics of the
pressure profile and the gas concentration (for methane
as an example) during the ignition and combustion of the
gas-air mixture in the deflagration and detonation re-
gime obtained in a numerical experiment.

The first mode occurs at the ignition source temper-
ature of 1200 K and the ignition source energy is 460 J,
the second mode at 1900 K and the source energy 730 J.
The set valuesof E,, Z, v,, v, (Table 3) give the following
combustion indices: in the deflagration mode, the pres-
sure at the CJ point is 0.8 MPa (Fig. 3, a), in the detona-
tion mode the wave amplitude (ZND point) was 3.2 MPa,
which satisfactorily coincides with the experimental val-
ues of the parameters and is good with the calculated [13].

In the graphs of Fig. 2, the dashed line shows the
pressure profile for the parameters of macrokinetics of

P: T o C/' 10_3
MPa con‘v'l;zgztlon mol/I
1.0
CH,

a
) A e
........... fawaw;

B 4.2

/ s
& - \
Za\\ | L L-H \
R N = t 0
0 4 8 10 - 10—2, m
b

Fig. 2. Dynamics of the pressure profile P and methane
concentration cf during the ignition and combustion
of the gas-air mixture in the deflagration (a) and
detonation (b) mode, along the 7 axis, for the macro-
kinetics parameters of the explosive (solid line) and
laminar combustion (dotted line)

Table 3

Effective parameters of the macrokinetics of
combustion reactions in the regime of deflagration and
detonation in an extended channel

Gas Z,s' | E,, xJ/mol s Vv,
CH, 1.3-10° 115.0 -0.3 1.3
C,Hg 9.7-10" 110.7 0.1 1.65
C;Hq 9.1-10" 104.5 0.1 1.65
CH, |52102] 983 05 | 125
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Fig. 3. Kinetic curves for the change in the methane con-
centration with c;(0), the burning rate W;(A) and the
Jraction of methane of the reactioned o,,(0) as a func-
tion of the reaction time T

combustion of methane in a flame (Table 2). As you can
see, the profile shape of the graph is closer to the acoustic
wave, the amplitude of the wave is understated by 2.5—3
times, which gives errors in determining the explosion pa-
rameters. The autoignition temperature was determined in
a numerical experiment by establishing the preset initial
temperature in the entire volume of the gas-air mixture.
Thus, uniform heating of the reaction gases. The obtained
temperature of the beginning of the oxidation reaction cor-
responded to 620 °C, the error with the experimental data
4.8 %. Data on the temperature of the ignition of a mixture
by a thermal source were obtained from a numerical ex-
periment where a spherical heat source was modeled as a
cylinder with dimensions of height and diameter close in
value. A numerical experiment showed stable ignition of
9 % methane-air mixture at source temperature 1590 °C.
Thus, the discrepancies in the numerical calculation with
the experimental values do not exceed 8 %.

At the next stage of justifying the effective parame-
ters of the macrokinetics of combustion of hydrocarbons
in the regime of deflagration and detonation, a kinetic
analysis of the reaction [14]. To do this, the inverse prob-
lem was solved by the method for determining the reac-
tion rate constant and the activation energy from the ex-
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perimental data obtained in a numerical experiment. The
paper considers the global reaction mechanism which is
formal Kinetics, therefore it can be considered as an el-
ementary reaction and accordingly it is possible to apply
this method. The kinetic parameters of the reaction were
estimated from experimental data that were registered in
the steady state in the combustion zone. In the detona-
tion mode, this zone coincides with the detonation zone,
and in the deflagration mode it was behind the front of
the shock wave (Fig. 2). Let us consider the analysis us-
ing the example of the combustion reaction of methane.

The kinetic curves constructed from the data of the
deflagration combustion experiment of methane have a
form close to the exponential (Fig. 3), which reflects the
chain-thermal reaction mechanism and corresponds to
the combustion theory.

According to the experimental data (Table 2), the to-
tal order of the methane reaction is unity. In this case,
the differential equation of the reaction rate for the first
order W= W (C, T) has the form

—=kC, 9
e )

where k =k, -exp[— IfaT] is the rate constant of chemi-

cal reaction.

Starting from the theory of the kinetics of chemical
reactions, from equation (9) it is possible to obtain an
integral expression for the reaction rate constant

k = lln[&J ,
T C

where C,, C are the initial and current concentration of
reagent.

Determination of the rate constant is done graphi-
cally. For this, we represent the reaction constant in the
following form

k‘t=ll‘1C0 —InC => 1r1C=11‘1C0 —kr.

It is necessary to plot the graph in coordinates /n(C) —
1, and in the case of its linearization with respect to the
slope of the straight line one can find the rate constant
tga.=—k. By plotting this graph for several values T =
const, we also graphically determine the activation energy
from the following considerations. We shall logarithm the
equation of the constant of the chemical reaction

E, E, 1
k=k0~exp(—RT] => Ink=Ink, 2T

Graph in coordinates /n(k) — 1/T allows obtaining
activation energy fgo. = E, /R.

However, finding the function In(C) — t at T'= const,
is impossible, because the burning reaction proceeds with
an intensive release of heat, which determines its self-ac-
celeration. But if we turn to the reaction rate graph (Fig. 4,
a), it can be seen that two sections with a low and high
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speed can be distinguished on the kinetics curve. Since
the reaction rate is determined by the temperature, ac-
cordingly, in the general process, two combustion phas-
es can be distinguished, the low- and high-temperature
phases with quasistationary temperature. The latter can
be taken as the weighted average of its value in each phase.
This approach was used in [9], where in the kinetics of
the description of the multi-stage oxidation of hydrocar-
bons, low- and high-temperature reaction regions were
singled out for which the kinetic parameters were inde-
pendently determined. The point of the region section
was a certain switching temperature. In our case, such a
point is the temperature of 1007 K, which is fixed at t* =
273 us of the reaction, at the average temperatures in two
phases of 983 and 1316 K (Fig. 3). Constructed function
graphs /n(C) — t for these phases for times 0—273 ps and
273—-348 us (Fig. 4) are very close to a linear function,
so they can be approximated by a straight line. The ap-
proximation in this case is satisfactory and has a coeffi-
cient of determination of 0.94 and 0.95, which is entire-
ly acceptable from the variance of the random calcula-
tion error. This error arises because of the relatively coarse
grid of graphs on which the parameters are counted in a
numerical experiment.

Thus, two values of the rate constants of the chemi-
cal reactions 819.9 and 28135 at temperatures of 983 and
1316 K were obtained from the approximation equations

T US
0 100 200 300
-5.5%“
.Q%\A
-5.6 RN
5 AN
S
5.7 R
y=-819.9x- 54
R =0.95
5.8
a
T pS
300 310 320 330 350
6.0 R ]
62
S 64 I
8 6.
S ~7*\\Q
= 66 =2
6.8 y =-28135x - 2.5 — v
R =0.94 N
70 I
b

Fig. 4. Functions of the logarithm of the methane concen-
tration In (c) at time T in the low (a) and high-tem-
perature (b) phase of the explosive combustion reaction

96

for the In(C) — © dependence, which makes it possible to
plot the function In(k) — 1/T (Fig. 5).

The equations of the direct experimental depen-
dence In(k) — 1/T make it possible to determine the ac-
tivation energy of the explosive burning process for meth-
ane, kJ/mol.

E,=—1tgo- R=13734-8.31 = 114.1.

Therefore, the graph of In (k) — 1/T is the value of the
pre-exponential factor of the Arrhenius equation. This
value is cut off on the y-axis by the line of the graph (Fig. 5)

In(ky) = 11.7 => ky = 1.21 - 10°s°\.

The values of E, and &, obtained with acceptable ac-
curacy coincide with the values established in the course
of the experiment (Table 3). The relative error for £, was
2.5 %, for ky— 7.4%.

Next, we estimate the correspondence of the half-
transformation time t,,, and the degree of conversion of
the reagent o to the kinetics of the first-order reaction.
In this case

T]/Z =ln2/k, o = I—e_kT.

The methane half-conversion time can be estimated
from the high-temperature phase of the reaction, and
the degree of conversion of the reagent through a low-
temperature one at the time of 250 us

T, =0.693 / 28135 =24,
a = 1— exp(-820 - 250-10) = 0.18.

The results obtained for the half-transformation pe-
riod coincide with the center of the kinetic curve of the
second phase of the reaction (Fig. 3, a), and the degree
of methane conversion in the first phase corresponds to
the calculated o = 0.18 (Fig. 3, b).

Thus, the kinetic characteristics of the explosive com-
bustion reaction correspond to the accepted reaction
order and the established effective values of £, and Z.

Fig. 6 shows the kinetic curves of the dependence of
the reaction rate on temperature constructed from the
established effective parameters of the explosive com-
bustion macrokinetics.

12
In (k)T >~
10
Sy I~
S 8
\\.
6 y =-13734x + 20.68 ——
R=1.0 ‘
4 | | |
0.7 0.8 0.9 1.0
10° 1T, K’

Fig. 5. The experimental dependence of the logarithm of
the reaction rate constant In(k) on the reciprocal tem-
perature of 1/T reaction
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Fig. 6. Kinetic curves of the dependence of the reaction
rate W on the temperature T, in a numerical experiment
using the established parameters of macrokinetics

The graph clearly shows the differentiation of hydro-
carbon characteristics from the ignition temperature
and the rate of reaction build-up, which corresponds to
the gradation of explosive properties of the gases under
consideration: the minimum detonation initiation energy
for acetylene, the maximum in methane [15]. Kinetic
data obtained for stationary combustion processes (Ta-
ble 1) have identical values of activation energy and do
not give similar effects, since the dynamics of the ordi-
nary combustion for which these values were established
are practically the same. The established values of E,, in
contrast to the steady-state combustion process, are ob-
tained lower due to the effect on the speed of the com-
bustion processes of gas-dynamic effects from the action
of shock waves.

Conclusions. The obtained parameters of macrokinet-
ics of the global reaction mechanism of explosive com-
bustion, for the hydrocarbons under consideration, are
consistent according to gas-dynamic and kinetic char-
acteristics. They allow us to apply simple kinetic mecha-
nisms in practical calculations of the processes of defla-
gration and detonation combustion, and to predict the
parameters of emergency explosions in conditions of mine
workings with sufficient accuracy. This also makes it pos-
sible to solve the problem of accounting for the presence
of heavy hydrocarbons in the mine atmosphere as prod-
ucts of coal pyrolysis in underground fires as factors of
increasing the risk of emergency explosions.
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Meta. BcraHoBieHHST e(heKTUBHUX MMapaMeTPiB Ma-
KPOKIHETVKM TOPIiHHS BYIVIEBOAHIB y pexknMi nediia-
rpauii il AeTOHallii 1711 CXeMU YMCEIbHOIO PaXyHKY aBa-
PIfHUX BUOYXIiB Y TipChKUX BUPOOKAaX.

MeTtoauka. MaremMaTUYHe MOJCTIOBAHHS, YMCEIb-
HU eKCIIEpUMEHT, aHalli3 KiIHETUKU peakllii BHOYXOBO-
ro FOpiHHSI, aHai3 i y3araJlbHeHHSI pe3yabTaTiB.

Pe3yabTaTu. Y poboTi aHai3yI0ThCs MapaMeTpU Ki-
HETUYHOIO PiBHSHHSI MO BiJHOIIEHHIO 0 eKCMepu-
MEHTaJIbHUX AaHUX. OTPpUMaHHS TaKUX JaHUX Y (i3ny-
HOMY €KCIIEPUMEHTI /11 BUOYXOBUX XIMiYHUX peaKIilii
3yCcTpivae cepiio3Hi TpyaHouli. Lle o0ymoBieHo po3mi-
paMu 30HU peakllii, SKi He MepeBUILYIOTh YACTOK MiJli-
MeTpa, HeJOCTaTHBbOIO MOXJIMBICTIO 33 YaCOM EKCIIe-
PUMEHTAJIbHUX METOAMK Ta iHIIMMU (haKTOpamMu, IO
OPU3BOAATH A0 MOXMOOK y MPSIMUX BUMipax i BUHUK-
HEHHIO HEEMHOTO pillleHHSI. MOXJIUBICTh OTPUMaHHS
JIaHUX 3a0€e3Meuye CIiJIbHE YMCceJIbHE PillieHHST PiBHSIHb
ra3ogMHaMiKM i XiMi4YHOI KiHETUKU. Y TIpOBEIEHOMY
YUCEbHOMY €KCIIEPUMEHTI BCTAHOBJICHO MPSIMUIA 3B'SI30K
MaKpOKiHETMYHUX XapaKTepUCTUK XiMiYHOI peakilii 3
rnapamMeTpaMu pO3pUBHOI Te€Uil Ta30BOr0 MOTOKY, Y SIKiit
MPOTIKa€E XiMiYHA peakllis TOPiHHSL: IBUIKICTIO, THCKOM
y poHTi i1 32 GpOHTOM IEeTOHALIHOI i nedaarpailiii-
Hol xBuJji. Ha migcraBi 1boro orpuMaHi appeHiycoB-
CBbKi XapaKTEepUCTUKU peakKlilii — MpeaeKCIIOHEeHTa Ta
eeKTUBHA eHepris aKTUBAllii 1JIs1 pO3TJISTHYTUX ByTJIe-
BOIIHIB.

HaykoBa HoBu3Ha. BcTaHOB/IEHI MaKpOKiHETUYHI IMa-
pameTpu ISl MOJIETIOBAHHSI OAHOCTAiiHOTO 3anaito-
BaHHSI Ta TOPiHHS HaAMOIMBII iIMOBIPHUX BYIJIEBOAHIB
PYAHUKOBOI aTMOCdepu B pexxumi Aedarpallii it 1eTo-
Hauii. [TpoBeneHo Moae 0BaHHSI BUOYXOBOTO TOPiHHS
TOTEPETHBO MepeMillIaHUX BYTJIEBOAHIB Y CTEXiOMETPUY-
HUX KoHUeHTpauisix. [TokazaHo, 1110 3HaYeHHS edeK-
TUBHOI €Hepril akTUBallii B peaklisix BUOyXOBOro ro-
piHHSI MalOTh MEHILIE 3HAaYeHHS Ha BIAMiHY Bill peakiliii
CTalliOHAPHOTO TOPIiHHS Yepe3 BIUIUB Ta30IMHAMIYHIX
edeKTiB ynapHoi XBUJIi Ha IIBUAKICTh peakiii. Bukona-
HO Y3TOIKEHHSI appeHiyCOBCHKUX XapaKTEPUCTUK pe-
aKl1lii — MpeaeKCIIOHEHTH Ta e(peKTUBHOI EHeprii aKTH-
Ballii — 3a ra30AMHaMiYHUMU i KiHETUYHUM ITOKa3HU-
KaMU MPOTiKaHHS peakilii BUOYXOBOIO TOPiHHSI.

IIpakTuuna 3HauumicTb. OTprMaHi apaMeTpy Ma-
KPOKIHETHUKM peakliii BUOYyXOBOTO TOPiHHS TO3BOJISI-
IOTb 3aCTOCOBYBATH MPOCTi KIHETUYHI MEXaHi3MHU Y TIPaK-
TUYHUX PO3paxyHKax MpoueciB AedarpaliiHoro i ne-
TOHALITHOTO TOPiHHS i MPOTrHO3YBaTU 3 TOCTAaTHIM CTYy-
TIeHeM TOYHOCTI IMapaMeTpu aBapiiiHMX BUOYXiB B yMO-
Bax ripHU4ux BUpoOoOK. lle TakoX m103B0oJIsIE BUPILLIUTH
3aJa4y o0JIiKy HasiBHOCTI BaXKKMX BYIJIEBOJHIB Y pYI-
HUYHIN aTMocdepi K TTPOAYKTIB MipoJIi3y ByTiJIIsS MpU
MiI3eMHUX TToXeXKaX sIK (paKTOPiB 301JIbILIEHHST PUBUKY
aBapiliHUX BUOYXiB.

KimouoBi ciioBa: eazonosimpsua cymiut, agapiiinuil éu-
0yx, KIHemuKa eopiHHs, napamempu MaKpoKiHemuku, egex-
mueHa enepeis aKkmuseayii

Hens. YcraHosneHue 3hdOeKTUBHBIX MapaMeTpoOB Ma-
KPOKMHETHKH TOPEHMSI YIJIEBOJOPOJIOB B peXXnMe ned-
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JIarpaliiyl ¥ AeTOHAILIMM TSI CXeMBI YMCIICHHOTO cUeTa
aBapUITHBIX B3PHIBOB B TOPHBIX BEIPAOOTKAX.
Mertoauka. MartemaTuecKoe MOJIeIUPOBaHUE, YHC-
JICHHBIM 3KCIIEPUMEHT, aHAJIM3 KMHETUKU PEeaKIIuU
B3PBIBHOI'O TOPEHMSI, aHAJIU3 1 000011IeHUEe Pe3yIbTaTOB.
Pe3ynbratel. B paboTe aHanu3upyoTcs mapaMeTphl
KWHETUYECKOTO YPaBHEHUSI MO OTHOILEHUIO K JKCIIe-
PUMEHTAIbHBIM JaHHBIM. [ToydeHre TaKX TaHHbBIX B
(pU3MIEeCKOM IKCIIEPUMEHTE IS B3PBIBHBIX XUMUYE-
CKHUX peakilvii BCTPeYaeT Cepbe3HbIe TPYAHOCTU. DTO
00YCIIOBJIEHO pa3MepaMU 30HBI peaKIIUK, He TIPEBhIIIa-
IOIIUMH TOJIeHi MIJUIMMETpPA, HETOCTATOUHOCTBIO pa3-
pellIeHNs IO BPEMEHU SKCIICPUMEHTAIBHBIX METOINK
U IpyTuMH (haKTOpaMu, IIPUBOISIIAMU K ITOTPEITHO-
CTSM B MPSIMBIX U3MEPEHUSIX U BOSHUKHOBEHUIO Hee-
IUHCTBEHHOCTH peleHnit. Bo3MOXKHOCTD OTyYeHUs
JMAHHBIX 00ECIIeYrBaeT COBMECTHOE YMCIEHHOE pellle-
HUE YPaBHEHUN ra30AMHAMUKU U XUMUYECKOM KUHE-
TUKU. B mpoBeneHHOM YMCIEHHOM SKCIepUMEHTe ycTa-
HOBJIEHBI IIPSIMast CBSI3b MAaKPOKMHETUUECKUX XapaKTe-
PUCTUK XMMUYECKON peaKlMM C MapaMeTpaMy pa3pbiB-
HOTO TE€YEHUS pearupyrollero ra3oBoro rmoTtoka: CKo-
pOCTbIO, AaBJieHHEeM BO (DpOHTE U 32 HPOHTOM JETOHA-
LIMOHHOI U nHedarpalilnoHHO BoIHEL. Ha ocHOBaHNMI
5TOTO MOJYICHBI apPPEHUYCOBCKIE XapaKTePUCTUKH Pe-
aKIINM — TIPEIIKCIIOHEHT W 3(PDEeKTUBHAS SHEPTHUST aK-
TUBALIMU JIJIST pACCMaTPUBACMBIX YTJICBOIOPOIOB.
Hayynast HoBu3HA. YCTaHOBJIEHbI MAKPOKHMHETUYE-
CKHM€ TTapaMeTphl I MOAEJIMPOBAHUS OTHOCTATUIHO-
IO 3aKMTaHUs U TOpeHUs HaruboJiee BEPOSTHBIX yIje-
BOJOPOAOB PYAHUYHOI aTMOcdepsl B pexkume neduia-
rpauuu U getoHaunuu. [IpoBeneHo MoneaupoBaHue
B3PBIBHOTO TOPEHUS MPEABAPUTEIHLHO TepeMelTaHHbBIX
VIJIEBOJOPOAOB B CTEXMOMETPUYECKUX KOHLIEHTpAIM-
sx. [TokazaHo, yTo 3HaueHus 3(PGHEKTUBHON SHEPTUU aK-
TUBAIIMX B PEAKLINSIX B3PHIBHOTO TOPEHUS UMEIOT MEHb-
IIee 3HaYCHME B OTJIMUKE OT PEaKIIMil CTAallHOHAPHOTO
TOPEeHUS M3-3a BIUSHUS Ta30IMHAMUICCKUX 3D heK-
TOB yIapHOI BOJTHBI Ha CKOPOCTh peakIiuu. BrimomHe-
HO COIJIaCOBaHME apPEHMYCOBCKUX XapaKTEPUCTUK pe-
aKIMN — TIPEASKCIIOHEHT U 3(D(EKTUBHOMN SHEPTUU aK-
TUBALIUU — IO Fa30AMHAMMYECKUM M KUHETUYECKUM I10-
KazaTessiM MPOTeKaHUsI PeaKIIMU B3PbIBHOTO TOPEHMUSI.
IIpakTnyeckas 3HaumMocTb. [ToyyeHHbIe MapamMe-
TPBI MAKPOKMHETUKH PEAKILINU B3PBIBHOTO TOPEHUSI TT0-
3BOJISTIOT IIPUMEHSTH ITPOCThIC KWHETHUECKIE MEXaH!3-
MbI B IPaKTUYECKUX pacueTax NpoleccoB aedJarpaiu-
OHHOTO ¥ IETOHAIIMOHHOTO TOPEHUS ¥ TIPOTHO3MPOBAThH
C IOCTAaTOYHOM CTEIICHBIO TOUHOCTH TTapaMeTPhI aBapHii-
HBIX B3PBIBOB B YCJIOBUSIX TOPHBIX BEIPAOOTOK. DTO TaK-
K€ TIO3BOJISICT PEIIUTD 3a1auy yueTa HaTUIus TSKETbIX
VIJIEBOIOPOMIOB B PYTHUYHOM aTMochepe KaK MPOayK-
TOB MMPOJIM3A YIJIsI IIPU TTOA3EMHBIX IMoXKapax Kak hak-
TOPOB YBEJIMYEHUST PUCKA aBAPUIHBIX B3PHIBOB.
KimoueBble ciioBa: ea306030yunas cmech, a8apuiiHblil
83Dbl6, KUHEMUKA 20peHUs, Napamempsl MAKPOKUHEMUKU,
aggexmusnas sHepeus aKkmueayuu
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