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ABSTRACT. The present paper studies the problem of modern fire-fighting modeling for
inhibition of laminar flame by the particles of inorganic salts. The main goal of the work is to find
out whether the inhibition stages can efficiently compete with the most important chemical processes
proceeding in the flame (including the branching of the reaction chains). The inhibition of methane
combustion, the simplest hydrocarbon, by the particles of sodium chloride of various size (their
diameters comprised 5pm, 10pm and 20pm) was selected as the model process. For determination of
the degree of heating and evaporation of solid particles in the flame zone the corresponding
differential and integral equations were written. Their solution was carried out by numerical
methods. The modeling showed that at flame extinguishing by small-size particles (do < 10um) the
homogeneous inhibition may efficiently compete with important gas-phase reactions in the moderate
and high-temperature regions of the flame (T > 500 K). At flame extinguishing by the coarse-size
particles (do > 20pum) much attention must be also given to the heterogeneous inhibition in the low-
temperature region of the flame. © 2018 Bull. Georg. Natl. Acad. Sci.
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The study of the detailed mechanism of the effect
of inhibiting additives on the combustion processes is
one of the central problems of modern physical
chemistry. Such investigations allow to reveal the
internal regularities of combustion processes [1].
From this viewpoint the study of the inhibition of
chemical reactions, developed in the combustion
zone, and their modeling is of significant interest for
further development of the combustion theory [2,3].
Along with it, these problems are directly associated

with fire-fighting and prevention of inflammation of
the combustible mixtures [4].

In the last few decades the special fire-fighting
powders, prepared on the basis of the natural
mineral inorganic salts, are
successfully used in fire-fighting practice. They are
characterized by low toxicity, high activity and
universal action [4-6]. Along with it the detailed

resources and

mechanism isn’t adequately studied up to the
present [3,5, 7-9].
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Nowadays it is considered that at the inhibition
of laminar flame by small-size particles (diameter
< 10pm) of the powders of inorganic salts the gas-
phase interaction of the active centers with the
molecules, formed at evaporation of the particles in
the flame zone, is of particular attention. The main
goal of present paper is to elucidate of the problem:
whether the inhibition stages efficiently compete
with the most important chemical processes in the
flame, in particular, with the branching of reaction
chains.

The inhibition of the combustion of methane,
the simplest hydrocarbon, was selected as the
modeling process (the kinetic mechanism of the
high-temperature oxidation of CHs4 is well-known
at present). In accordance with the existing
conceptions [8-10] the most important stages at
methane oxidation present the “total” branching of
the reaction chains (I) as well as the stage of
formaldehyde formation (11):

H+0, > 0OH+0O(I)

CH; + 0, » H,CO+OH(II)

As it is seen, the mentioned stages take place by
the participation of active centers of the reaction, H
atoms and CHjs radicals. On this basis the flame
inhibition by the powder additives implies the
additional breakage of the reaction chains including
the mentioned centers.

In accordance with [8], the homogenous
inhibition of the flame by solid particles of
inorganic salts most likely involves the following
stages: a) evaporation of particles in the flame zone;
b) the rapid formation of the molecules of metal
hydroxides (MeOH) in gaseous phase; c) the
interaction of formed hydroxides with the leading
active centers of the reaction causing the reduction
of combustion rate.

Let us consider the temperature profile of
heating zone of the laminar kinetic flame. In
accordance with the “heat” theory of the flame
propagation [7, 9], in the mentioned zone the
increase of temperature ( T ) of gaseous phase can
be described by exponential function:
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T=a+be, (1)
wherein
=% (2)
c p PoVo

In this expressions x represents the coordinate
taken along the normal to the flame front, | -
arbitrary thickness of the heating zone, 4 -average
coefficient of the mixture heat conduction, c, - heat
capacity of the gas, v, -fundamental rate of the
combustion, p,- density of initial air-fuel mixture.
Coefficients a and b present the empirical values.

The degree of the exaporation of spherical solid
particles- B(x), together with the other physical-
chemical factors, depends on the particles
temperature (8) and on the corresponding diameter
( dy). At the displacement of the particles in the
flame the variation of the mentioned parameters
may be roughly described by the following
equations [8]:

o A(T-8)
E_lzvcspstZl (3)
8M A(T-6
do=do— 50 (RO dx,  (4)
ds\3
Bro=1- (%) . ®)

In these equations A presents the coefficient of
the gas heat conduction, V- the rate of mutual
displacement of the solid particle and flame front,
C,and pgrepresent specific heat capacity and
density of the particle, respectively, M - molar mass
of the molecule, L- molar heat of the particle
evaporation, d,- initial diameter of solid particle.

For modeling the following system was
selected: propagation of laminar flame inhibited by
the solid spherical particles of NaCl in the initial
mixture of the following composition: 10% CHa
and 90% air. Total pressure of the mixture - 1
atmosphere, initial temperature-300K ( it should be
noted that earlier we carried out the corresponding
experiment) [10]. In the given case v, =0.45m - st
and V=3m -s. Initial diameters of the solid
particles comprised Sum, 10um and 20um and their
content in gaseous mixture 0.1 kg/m® (such
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concentration of the particles provided
considerable reduction of the flame propagation
rate in methane-air mixture and decay of the flame
intensity). The physical characteristics of the
system under consideration and their temperature
dependences were calculated by the well-known
data of the handbooks [11, 12]. At modeling the
melting of the solid particles in the flame zone at
their displacement was also taken into account. In
the course of the solution of the equations (3) and
(4) the numerical methods of differentiation and
integration were used [13]. Obtained results are
presented in Fig.1.

100, PG%
1 1
80 4
60 4
40 4
20 4
| 2
0 500 1000 1500 2000

TK
Fig. 1. Dependence of the evaporarion degree of particles
on temperature in flame zone: (1) dg=5 pm; (2) dy =

10 pm.

The theoretical analysis show that the following
stages are the most efficient way of gas-phase
inhibition:

H + NaOH — Na + H,O (111)

CH; + NaOH — Na + CH;0H (IV)

These processes are exothermic and are to be
characterized by low activation energy (E) in
accordance with Semenov’s rule [14].

For quantitative description of the flame inhibition
in the previous work [15] we introduced coeffi-
cient o which was determined as the ratio between the
decay rate of the active center and the rate of the most
important stage by participation of the mentioned

center. The following equations may be written:
_ () _ k(I1)[NaOH]

%= o k(Dloz] ©
_ o(IV) _ k(IV)[NaOH] ™
27 o) k(Dog]
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Here, w(i) and k(i) present the rate of i-stage
and the corresponding rate constant, respectively.
In the square brackets the molar concentrations of
the molecular components are written. Proceeding
from the aforesaid, the conditions of the efficient
inhibition can be written in the following manner:

lga, =20,lga, =0. (8)

For calculation of the values k(1) and k(II) the
well-known handbook data were used [16]. To
describe the temperature dependences of the
constants k(II11) and k(IV) the Arrhenius equation
was used:

K1) =A(Il) e 1350/RT 9)
K(IV)=A(IV) e~ 8250/RT (10)

In this expressions A(i) present the pre-
exponential factors for the rate constants. Because
of the fact that the exact values of the A(lll) and
A(IV) are not known, various probable numerical
values were provided at the use of the expressions
(9) and (20).

For description of temperature dependence of
the concentration of molecular oxygen in the flame
zone the principle of “similarity of concentration
and temperature fields” was used [7, 9]. As to
[NaOH] value, for its calculation the content of the
powder particles in the flame (see above) and the
data of the degree of their evaporation (from Fig.1)
were used.
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Fig. 2. Curve of the a; coefficient variation

(do= 5 pm): A( Il ) = 10% cm® mol™t s71,

A(HT) =102 cm3 mol™1 571,
The results of the calculations are presented in
Fig.2-4. As it is seen, the conditions of the efficient
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inhibition (8) are fulfilled for the moderate and high
temperatures when T>500K. It is also evident, that
the greater is the numerical value of A(lIl) and
A(IV) the broader is the temperature interval of the
efficient inhibition in the flame zone.
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Fig. 3. Aplot of Ig a, versus T (dy = 5 pm):

(1) A(IV)=10"* cm® mol™1 571,
2) A(IV)=102 cm3® mol™* 571,
3) A(IV)=102cm3 mol™1s71.

The calculations were also performed for the
coarse-size particles when do = 20pum. It was
found that in this case B(x) is no more than 2%.
This means that the content of the inhibitor,
passed in gaseous phase, and respectively, the
effect of the homogenous inhibition on the
combustion processes is considerably low.
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As the conclusion, the following can be said: at
extinguishing of methane laminar flame by the
small-size particles (do <10pm) the homogenous
inhibition may efficiently compete with important
gas-phase stages in the reaction zone in moderate-
and high-temperature regions of the flame. At
extinguishing the methane flame by the coarse-size
particles (do>20um) the role of the homogenous
inhibition is negligible and in such conditions the
heterogeneous inhibition in the low-temperature
region attaches much importance.
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Fig. 4. Curve of the Ig a; variation (dy = 10 pm):
A(II) =10 cm3 mol™* 571,
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6590mddo dglifisgeomos mobsdgmmgy bobdstmgmmdolsmzgol 360dgbgwmgzsbo bsgombo -
3650636 mmo  dsMogolb bsfomszgdom wsdobstrmmo sgoll 0630d0Mgdol  dmegmotgds.
658Gmdol doMoms FoBsbl Ggoagbs 0dol 39633935, FgMdmosm Mmvy 365 0b3odoMgdols
bEoogdL 9839JBHvIM0 3MmB3MM9bEos gomfomb semols Bmbsdo BodEobstyg mMIbodgbgummgzsbgls
Jodon® 3GmEgligdl, dsom Bmmol, LsMgsdgom xsF3300L 3560FMgdsls. dmEguye 3MmEglo©
dg0bgmo oygm wdsdEo39b0  6bIoMfYsEdsol, Fgmabols §3ols 063odomgds bs@Mowmdol
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Bmbs8o dgo bofioemogms gsbryMgdols s sgMmemgdol bs@olibols gsblisbmzmolismgols BsfigMom
0gdbs Lsmsbsm EoxgMgbgosmm®mo s 0bGIaMImGmo gsbEMmgdgdo, MHmIgmmms sdmblibs
39bbmH3ogmEs  Mogbgzomo FgmmEgdom. TmEgmoMgdsd sBgghs, GmId dzoMy Bmdol
Bsfognsggdoom (dy < 10 830 ) semols Bsg@mdolsls 3mdmggbum® 0630d0Mgdsls Bgmdeos 9g8gddmMo
3m637M9bgos  yomfoml  8600369¢rm396  50MI@BIBMGH  BYod3090L  seol  bmBogh s
050sen@gd39mo@ Oy dbgddo (T > 500 K). dlbgowo bsfogszgdoo (dy > 20 933 ) seools
Bog®mdolsls oo 360d36germds mbs dogbogmls saMgm39 3G9 magbae 0b30doMmgdsls sgrols
D3EJI3HGYIOHNE «105680.
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