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1. Introduction

Modern means of volumetric fire suppression, as it is
known, do not always provide adequate fire extinguishing
efficiency and retardation. That is why quite often there are
cases when a fire and an explosion still occur even under
condition of protection of the volume with fire extinguishing
gases or powders. In such cases, the explosion front might
propagate at the corresponding velocity, which may lead to
a partial or complete destruction of the equipment through
creation, in this case, of the elevated pressure. It is known
that the fire extinguishing concentration of CO, for most
hydrocarbons is about 21 %, and retarding concentration
is about 30 % or higher [1-4]. For nitrogen, these values
are, respectively, for n-heptane (C,H,,) 33.6 % [4, 5], and
retarding concentration of N, is 43.9 %, which is 3—4 times
as high as the retarding concentration of khladons [5]. In ad-
dition, according to the Montreal Protocol [6], CO, relates
to greenhouse gases, emissions of which are regulated. Often
enough, in order to limit the use of CO,, it is replaced with
nitrogen N, as an environmentally friendly fire extinguish-
ing agent. Nitrogen as a fire extinguishing agent is chemi-
cally neutral to most substances, cheap and easily available.

Thus, for effective explosion protection, it is required to
use enormous amounts of CO, or N, gases, or khladons, which
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in most cases are toxic; in addition, their production and usage
are banned because they deplete the planet’s ozone layer [7].

At present, an alternative to gas extinguishing agents
is the binary mixtures of the specified gases with a fire
extinguishing aerosol [4], in which (at certain ratios) fire ex-
tinguishing and retarding concentrations of CO, and N, are
considerably smaller than their individual fire extinguishing
and retarding concentrations.

In this case, a combination of advantages of the aerosol as
a clean, efficient and low-cost fire-extinguishing agent, and
benefits of gases makes it possible to obtain a super-effective
binary mixture with universal fire extinguishing charac-
teristics. The specified mixture will possess high fire extin-
guishing capacity, will be environmentally clean, quite cheap
and have the capability to effectively suppress explosions or
decrease the scale of consequences due to a decrease in the
velocity of propagation of the explosive flame front. This will
prevent or minimize the effects of explosions.

Thus, at present, there is a lack of effective extinguishing
agents, which would provide protection against explosions
and fires for sites of chemical, light, petrochemical, nuclear,
and machine-building industry. In these industries, there are
sites with considerable volumes of circulation and storage of
flammable, combustible and explosive substances, which in
case of explosion or fire lead to catastrophic consequences.




Such fires cause significant destructions and contamination
of the environment as a result of possible explosions and
significant volumes of combustion. Thus, over the past few
years, there have been several dozens of catastrophic fires.
The most devastating of them are the fires that took place
in Kuwait in 1990-1992 at oil wells, oil storage depots,
in Hemel Hempstead, Hertfordshire, UK; in the village of
Kriachki, Kyiv Oblast, Ukraine, on June, 8, 2015, at the
oil depot, etc. All of these fires lasted for up to 7 days, the
modern means of fire extinguishing were used — fire extin-
guishing foam, water with wetting agents, and extinguishing
powders. The possibility of initiation and lengthy existence
of such fires emphasizes the relevance of the specified topic
of research.

2. Literature review and problem statement

Gas-vapor-air mixtures are known to explode at various
velocities of flame front propagation In general, at an explosion
of a homogeneous gas-vapor-air mixture, velocity of flame
front propagation is 0.5-10 m/s for deflagrational combustion,
7-12 m/s for kinetic combustion, and 200—-3000 m/s for det-
onational combustion [8]. Under certain conditions, namely,
when the walls of a reaction vessel are rough or at large volumes
of flammable mixture [8], a combustion of gas-vapor-air mix-
ture abruptly passes into detonational. Detonation is extremely
dangerous, because flame velocity rises up to several thousand
meters per second, and pressure — up to several thousand at-
mospheres.

At present, gases and powders are mainly used for the re-
tardation and prevention of explosion. Retardation concen-
tration is known to be 1.4 times as high as a fire-extinguish-
ing concentration; the consumption of fire-extinguishing
agents (mixture) for retardation will increase, accordingly,
by times. At depressurization of volume, consumption may
increase even larger and it is not always possible to create
the necessary concentration for effective retardation. Given
these characteristics, all known means of volumetric fire
extinguishing share a common drawback — devices that
implement the retardation method with their use are rather
sizeable, gas storage requires a significant number of cylin-
ders, and powder storage requires rather big containers. Fire
extinguishing aerosol powder in this case requires regular
replacement, as it possesses the ability to cake. In addition,
it takes too long to supply the above-mentioned substances,
compared with a velocity of explosive front propagation.
Therefore, these methods have a number of shortcomings
that render relevant the subject matter of explosion safety of
homogeneous combustible mixtures.

It is known from an analysis of scientific literature [4, 5]
that binary mixtures of fire-extinguishing aerosol and gas-
es-retardants have a high fire extinguishing and retarding
efficiency. In a binary gas-aerosol mixture, their effective
extinguishing ratios is from 5 g/m?® of aerosol and from 2.5 %
of CO, or N, gases.

Fig. 1, which shows results of research [9], demonstrates
that a fire extinguishing aerosol concentration with the
addition of CO, rapidly decreases. Thus, when adding CO,
in a range of concentrations of up to 5 %, fire extinguishing
aerosol concentration decreases larger than twice.

The structure of aerosol [9] is known to be constantly
changing — from the moment of aerosol formation and its
transformation under the influence of flame in the process of

extinguishing. In this case, the first to occur is the process
of absorption of CO, and N, gases with the formation of salts
K,CO,, KCL, KHCO,, KOH, which provide a fire extin-
guishing effect. Such structures will have much more efficient
fire-retardant effect due to a combined action of the mixture
of inhibitors and retardants [10]. The same indicators will
be characteristic for the fire extinguishing aerosol, formed
during combustion of the aerosol forming mixture that addi-
tionally contain gasifiers — DCDA, DFA, which provide for
the formation of CO, and N, gases. This greatly enhances fire
extinguishing effectiveness of the aerosol and is in line with
results of papers [9—11]. Thus, article [9] indicated that the
addition of CO, gases to the fire-extinguishing aerosol, based
on potassium salts, leads to reducing its fire-extinguishing
concentration for hydrocarbon fuel from 33 g/m? to 12 g/m?
at CO,concentration of only 5 %. In article [10], authors also
established a significant decrease in the fire-extinguishing
concentrations of aerosol at suppression of a diffusive methane
flame. Paper [11] reports a significant retarding effectiveness
of the specified mixtures for hexane-air media; at 10 % of
CO,, it is necessary to add only 8 g/m? of the aerosol to pro-
vide effective retardation. Therefore, the addition of gases to
aerosol considerably increases fire extinguishing effectiveness
of a gas-aerosol mixture. Effectiveness of the binary mixture
increases dramatically at addition of CO, to aerosol, prob-
ably due to its large thermal capacity, which can be proved
by results of the work, given on the diagram in Fig. 1. As for
fire-extinguishing gases, we should note that gases-rarefiers,
which include in particular carbon dioxide, nitrogen, argon
and their mixtures, are non-toxic and do not produce toxic
products of thermal decomposition, do not deplete the ozone
layer and are more readily available and cheaper than the
combustion inhibitors. One of the first gas fire-extinguish-
ing substances, proposed as an alternative to khladons, was
carbon dioxide (CO,) [12].
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Fig. 1. Effect of CO, addition on the fire extinguishing
efficiency of aerosol [9]

As for a fire-extinguishing aerosol, its fire extinguishing
effectiveness mostly depends on the size of particles. Thus,
paper [13] shows that with a decrease in the dimensions of
particles from 100 to 20 um, velocity of flame propagation
drops dramatically with the addition of dispersed particles
of salt NaCl, K,CO,, KHCO, and others to the propane-air
mixture. As authors of [13] assume, this happens due to heat
absorption and particles evaporation into the flame.

Article [14] shows that there is a direct relationship
between dimensions of particles and fire-extinguishing effi-
ciency, flame propagation velocity, which is manifested due
to a possible decomposition of these particles in the flame,
which provides retardation and inhibition of combustible
mixture and the flame.

Thus, paper [15] argues that by using a mixture of free
radicals and CO, it is possible to decrease the concentration



of fire-extinguishing chemical agents by 3—4 times. The con-
clusion of the authors [16] indicates that non-combustible
gaseous components dilute a combustible system and de-
crease oxygen concentration. This leads to a decrease in the
fire-extinguishing effectiveness of an inhibitor, which, natu-
rally, dramatically decreases the velocity of flame propaga-
tion. In article [17], it is indicated that the addition of nitro-
gen leads to a significant decrease in the fire-extinguishing
concentration of hladone 1301, for n-heptane, while main-
taining all useful properties of the components. Paper [18]
clearly states that the fire extinguishing effectiveness of the
mixture of inhibitors and retardants significantly increases
due to synergy among them [18—23]. Paper [19] presents
calculations of flame temperature at addition of inert gases
to a mixture of inhibitor and flegmatizer. They showed a
decrease in flame temperature, which in turn provides en-
hancing of inhibiting effect of the mixture of hladone-1301
and CO,. Author of paper [20] pointed out to a substantial
efficiency of fire-extinguishing aerosol during extinguishing
flammable liquids in the open space with a fire-extinguish-
ing supply intensity of 8 g/m?s. Regarding the influence
on living organisms, authors of article [21] note that male
rats tolerate a 60-minute influence of aerosol without any
significant damage. In this case, a fire-extinguishing aerosol
remains in suspension in the air for maximum 40 minutes.
Accordingly, it is possible to argue about relative safety of
the fire-extinguishing aerosol for living organisms, in par-
ticular humans. Combined use of CO, and N, gases along
with fire-extinguishing powders is also known. Paper [22]
indicates that the combined fire-extinguishing with powder
and inert gases also leads to a decrease in fire-extinguishing
concentration of the powder. The same is stated in article
[23]. In paper [24], authors emphasize that the additional
amount of combustion products in the volume will cause
an increase in the activation energy of combustible systems
by almost 100 times. Addition of CO, and N, gases results
in a decrease in the velocity of laminar hydrogen flame and
low pressures. In this case, the addition of CO, has greater
effectiveness in contrast to N,, the impact of which on the
flame propagation velocity is not sufficiently known, which
is outlined in paper [25] that notes a somewhat larger signif-
icant supressing effect of N, on flame propagation than that
expected. Article [26] also highlights a significant impact of
CO, on the velocity of propagation of laminar flame under
conditions of decreased gravity, and emphasizes considerable
fire-extingushing influence of CO, under these conditions.

Thus, the use of binary mixtures of fire-extinguish-
ing aerosol and gases-retardants for retarding combustible
mixtures is effective, but not completely studied, given the
fact that almost all factors of influence are implemented in
them — inhibition, cooling, dilution and retardation. In par-
ticular, a problem of the impact of these mixtures on flame
propagation velocity during explosions of homogeneous gas-
vapor-air mixtures was not sufficiently examined.

To determine characteristics of influence of binary mix-
tures of fire-extinguishing aerosol and CO, or N, on the
velocity of explosive combustion of a homogeneous combus-
tible mixture, it is most expedient to use a vapor-air heptane
mixture. Accordingly, determining a dependence of the
velocity of flame propagation throughout a stoichiometric
heptane-air mixture (SHAM) on additives and parameters
of binary gas-aerosol mixture will make it possible to deter-
mine conditions of effective retardation and explosion sup-
pression. Obtaining data on the influence of binary gas-aero-

sol mixtures on the velocity of flame propagation throughout
a stoichiometric n-heptane-air mixture will make it possible
to prevent the emergence of deflagration, kinetic or detona-
tional combustion in homogeneous combustible systems, as
well as it will minimize effects of explosions in such cases.

Thus, determining the features of the impact of environ-
mentally safe binary gas-aerosol mixtures on the velocity of
explosive combustion of n-geptane will enable us to provide
effective fire-retardant and anti-explosion protection of
sites of chemical, light, petrochemical, nuclear, and ma-
chine-building industry, at which a formation of combustible
homogeneous media is possible.

3. The goal and objectives of reearch

The goal of present research was to provide the minimi-
zation of effects of explosions of homogeneous combustible
mixtures using ecologically safe binary gas-aerosol mixtures
(aerosol and gas CO, or N,).

To accomplish the set goal, the following tasks had to be
solved:

—to establish experimentally the effect of binary
gas-aerosol mixtures (aerosol — CO, or N,) on a stoichiomet-
ric n-heptane-air mixture and to determine flame propaga-
tion velocity in it;

—to perform a frame by frame analysis and to analyze
and identify the features of influence of the addition of bi-
nary mixtures of fire-extinguishing aerosol and gases-retar-
dants on an explosion of stoichiometric n-heptane mixtures.

4. Materials and methods of examining the influence of
gas-aerosol mixtures on flame velocity

To determine velocity of flame propagation throughout
SHAM under the action of binary gas-aerosol mixtures, we
used the following materials and devices: aerosol-forming
mixture (AFM), consisting of 20 % of iditol (C,,H,,0,) and
80 % of potassium nitrate (KNO,). AFM is prepared by
agitating a respective weight of the charge. Nitrogen — N,
and CO, are 99.96 % chemically pure. Viderecording of the
explosive combustion was performed by the photocamera
Nikon 1 J4, which can take 3-second videos with a frame rate
of 1200 per second at a resolution of 416 x 144 p [28].

The base of the plant (Fig. 2) is a thick-walled glass
cylindrical vessel of 0.5 1 capacity with a powerful electri-
cal ignition source, located inside the cylinder. The upper
and lower parts of the cylinder are closed with lids. On the
underside lid, there is source of ignition 2, the top lid has a
opening, covered with rubber cork 4, and a spiral igniter of
AFM 5. The glass housing of cylinder 1 is fixed on the bench
on two vertical racks 6. The fasteners of the glass cylinder
make it possible to rotate it in the vertical plane. The rub-
ber cork contains a gas pipe, by which gas is fed. Distance
from the source of ignition to the top wall of the cylinder is
135 mm, to the bottom wall — 80 mm.

Ignition of the batch of AFM was performed by coil elec-
trical igniter, the amount of gas was measured using a piston
measurer with a volume of 100 ml. The experiment was
carried out as in the following way: the cylinder was heated
up to 50 °C. Then the batch of AFM was combusted in the
volume of the cylinder and appropriate amount of nitro-
gen N,, or CO, was added, after that, an appropriate amount



of n-geptane was dripped in order to obtain the stoichoi-
metric concentration, the resulting mixture was stirred and

ignited by pushing the electrical igniter button 3. Results of

the tests were recorded on video under the following states:
“explosion”, “failure”, “slow combustion”.
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Fig. 2. Plant for determining a retarding concentration of
gas-aerosol mixture: 1 — glass housing of the cylinder;
2 — electrical igniter; 3 — electrical igniter button;

4 — rubber cork; 5 — gas pipe; 6 — coil igniter of AFM;
1 — vertical racks; 8 — plug

5. Results of study of the effect of additions of gas-
aerosol mixture on flame propagation velocity

The frame by frame video recording of the effect of bina-
ry mixture on the process of ignition of SHAM, which con-
tains 11 g/m?® of aerosol and 6 % of CO,, is shown in Fig. 3.

Flg. 3. Frame by frame video recordlng of the effect of
binary mixture of fire-extinguishing aerosol and CO, on
explosion of SHAM. Aerosol — 11 g/m?, gas CO, — 6 %.
Velocity — 0.5 m/s:a— 5ms; b— 50 ms; ¢ — 200 ms;
d— 350 ms; e— 500 ms; f— 510 ms; g — 530 ms; A — 540 ms

The frame by frame video recording (Fig. 3) shows that
the addition of the binary mixture of aerosol and CO, to
SHAM leads to a significant decrease in the flame prop-
agation velocity, which is seen by the time of explosion,
which is about 530 ms (Fig. 3). In this case, (Fig. 3, a—e),
the flame front propagates randomly and in a non-uniform

fashion throughout the combustible homogeneous stoichio-
metric heptane-air mixture. In the process of combustion of
SHAM, not earlier than at millisecond 500 (Fig. 3, ¢) the
flame front increases in size and reaches the walls of the cyl-
inder. At ms 510 (Fig. 3, f), the cork is pushed out (Fig. 3, g)
and the flame front is pressed out towards the outside, but at
aslight pressure. Then complete combustion of SHAM takes
place outside the cylinder (Fig. 3, A).

Thus, based on the results of experiments, we plotted
graphs of dependences of the velocity of flame propagation
throughout SHAM on concentrations and ratios of the com-
ponents of the binary mixture (Fig. 4, 5).
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Fig. 4. Dependence of velocity of flame propagation
throughout stoichiometric n-heptane-air mixture on
concentration and ratio of aerosol and carbon dioxide
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Fig. 5. Dependence of velocity of flame propagation
throughout stoichiometric n-heptane-air mixture on
concentration and ratio of aerosol and nitrogen

Therefore, it is evident from the results of the experiment
that even a slight addition of the binary mixture of aerosol
and an inert diluent significantly reduces the normal com-
bustion velocity of stoichiometric n-heptane-air mixture.

Fig. 4, 5 show that the flame front velocity sharply de-
creases with the addition of even a small amount of mixture
of aerosol with gases. In addition, according to the results
of theoretical analysis and experiments, binary gas-aerosol
mixtures with CO, were found to be much more efficient
than N,-based mixtures. In this case, as it can be seen from
graph in Fig. 4, a maximum decrease in velocity occurs with-
in the concentration of aerosol from 8 g/m? to 2.2 g/m? and
at concentration of CO, from 16 % to 8.2 %. In this case, the
flame propagation velocity was approximately 1.8 m/s. For
nitrogen-aerosol mixture, these values corresponded to the
amount of aerosol from 15 g/m® to 6.5 g/m® and of N, gas
from 20 % to 8.5 %. In this case, flame propagation velocity
was also approximately 2 m/s (Fig. 5).

In a number of cases, an incomplete flame propagation
for the entire mixture was observed; in this case, the flame
front attenuated without propagating throughout the entire




volume of the mixture. Thus, in the case when the mixture
of aerosol and CO, was added, such cases were observed at
concentrations of CO, from 8.2 %, concentration of aerosol
from 2.5 g/m?, and for nitrogen-aerosol mixture, concentra-
tion of aerosol was 6 g/m? and of N, — 8 %. Accordingly, a
significant increase in pressure was not observed.

6. Discussion of results of examining the effect of
additions of gas-aerosol mixture on flame velocity

During a fire, part of aerosol after contact with flames
loses H,O and CO, and is carried up by hot convective flows,
along with the products of combustion. In addition, a certain
portion of aerosol after cooling may settle down on the walls
or get outside through the openings and will be brought out
of the combustion process, which will lead to a decrease in the
total concentration of aerosol. An introduction of relatively
cold inert gas (CO,or N,) with a temperature of 20-24 °C
will contribute to a rapid establishment of such thermal mode,
under which fire-extinguishing influence of aerosol manifests
itself most effectively. The role of the gas phase in terms of im-
provement of fire-extinguishing effectiveness of aerosols may
be explained by the fact that components of the gas phase CO,
and H,O contribute to the formation of carbonate and hy-
drated forms of solid phase [10]. As it was noted in paper [4],
with an increase in humidity, fire extinguishing efficiency of
aerosol oxides of metals K, Na increases. During combustion
of AFM charge, K,O is formed, which, as a result of reaction
with CO, or with H,O0, leads to the formation of K,CO, or
KON, or, as a result of simultameous reaction with CO, and
H,0, leads to the formation of KHCO,. In these cases, a
volume of the gas phase and, therefore, of the aerosol, slightly
decreases, which leads to an increase in the concentration of
solid phase in a unit of volume of aerosol.

To prove a combined nature of extinguishing, we can
refer to the data from articles [9-12, 20—22], which indicate
that the existence of inert gas rarefiers greatly enhances
effectiveness of the aerosol. In addition, results of these ex-
periments showed another useful effect of additional use of
inert rarefiers along with aerosol, particularly that the exis-
tence of CO, or N, slightly increases optical permeability of
the aerosol, which coincides with the results from paper [10].
This is especially noticeable at concentrations of CO, or N,
of 2 % or larger. At concentrations of components in binary

mixture of CO, from 8.2 %, and of aerosol from 2.5 g/m?
and for nitrogen-aerosol mixture, at concentration of aero-
sol of 6 g/m? and of N, — 8 %, the flame front in some cases
does not propagate around the entire volume of combustible
mixture. In this case, flames erratically and asymmetrically
propagate in the cylinder to its upper top part at a velocity of
approximately 0.01—1 m/s, which can be seen in Fig. 3, a—e.
A decrease in concentration with a simultaneous increase
of fire-extinguishing efficiency corresponds to the results
of studies [4, 10], which described the effect of additions of
different concentrations of gas-aerosol mixtures on the pro-
cess of extinguishing of homogeneous combustible systems.
It follows from them that, for example, an introduction of
5% N, allows us to decrease minimum fire-extinguishing
mass of the charge of AFM by 3.5 times, in this case, the
concentration of oxygen will decrease to 20 % by volume,
which is quite a satisfactory indicator when solving practical
tasks of evacuating people. If there is a problem regarding
extinguishing in volumes where there are no people, the use
of CO, is more beneficial than N, without a doubt.

As far as the influence of N, on the combustion propaga-
tion velocity is concerned, we, by analyzing the results of paper
[27] and using the results of the frame by frame video record-
ing, established a flame propagation velocity under conditions
of the performed experiment. Thus, as illustrated by the frame
by frame video recording (Fig. 6), explosive combustion of
stoichiometric heptane-air mixture (SHAM) can be conven-
tionally divided into two stages. At stage 1 (Fig. 6, a—g), the
flame front propagates in the cylinder at concentration close
to stoichiometric, which is indicated by the intense blue color
of the flame front (Fig. 6, a—j) for around 42 milliseconds. In
this case, the flame front evenly propagates towards both sides
to the position (Fig. 6, /). Next, out of the top opening, under
the influence of the shock wave front pressure, at ms 20, the
cork pops out — position g in Fig. 6.

Then stage 2 begins, where in the course of explo-
sive combustion (Fig. 6,%4), combustible mixture, which
remained in the lower part of the cylinder, is completely
combusted; in this case, flame propagation somewhat slows
down and complete combusiton takes almost two times as
long as the combustion at stage 1 (Fig. 6, a—f). In this case,
velocity was determined from the moment of flame front
origin (position @) until the moment it reaches the top of the
cylinder (Fig. 6, g). The time of explosion in this case was
20 ms while the velocity was 8.5 m/s.

g h i

Fig. 6. Frame by frame video recording of the explosion of SHAM. Explosion time: 1,=20 ms, V=8.5 m/s [27]:
a—g—20ms; a—j—42ms; a—/—55ms




By analyzing results of the experiment, conducted in
paper [27], and the frame by frame video recording, shown
in Fig. 3, it was found that 20 ms elapsed from the start of
ignition to the moment of contact of the flame with the top
lid of the cylinder. Thus, velocity of the kinetic flame front
is about 8.5 m/s.

The same paper [27] showed character of the effect
of adding 10 % of nitrogen on the combustible mixture of
SHAM. Results of the course of explosion of SHAM with
the addition of 10 % of N, are shown in the frame by frame
video recording of the process in Fig. 7 [27].

Fig. 7. Frame by frame video recording of the explosive
combustion of SHAM with the addition of 10 % of nitrogen. The time
of explosion 1,=210 ms. V=3.5 m/s. [27]: a—f— 125 ms;

a—c—45ms; h—i—25ms; a—p— 210 ms

Taking into account results of paper [27], we draw
a conclusion on that the addition of only 10 % N, to the
combustible mixture greatly increases the time of explo-
sive combustion (up to 220 ms) and, accordingly, decrease
flame propagation velocity. The first stage, as the author of
[27] points out, which is shown in Fig. 7, a—d, included the
propagation of combustion front; in this case, the flame color
changed from blue (Fig. 7, a—f) to turquoise (Fig. 7, a—d).
The time of stage 1, during which the flame was propagating
outward until the cork was pushed out from the top opening,
was about 5 ms (Fig. 7, a—f). Flame front velocity at this
stage was 1.36 m/s.

After the cork was pushed out, at the second stage, the
flame color drastically changed to turquoise; in this case,
in the upper part of the cylinder, where the mixture was in
contact with the air, the flame color acquired blue coloring
(shown by arrows in Fig.7,j—[), which indicates greater
completeness of combustion of the mixture. In addition, af-
ter analyzing results of paper [27], it was found that the full
time of explosion was 210 milliseconds (Fig. 7, a—f). First,

the flame velocity did not change and was about 3.5 m/s
(Fig. 7, a—f). Time of explosion in this case was 125 ms.
Then, when the cork was pushed out outward, the flame
velocity increased to 7 m/s (Fig. 7, h—/).

An analysis of the frame by frame video recording, given
in Fig. 7, shows that the addition of only 10 % of N, led to a
decrease in velocity of combustion of heptane-air mixture by
2 times, with the period of combustion delay of approximate-
ly 45 ms (Fig. 7, a— ¢).

Thus, as we can see, addition of the gas phase sig-
nificantly influences flame propagation velocity, and
its role in the process of extinguishing with binary
mixtures of gases and aerosols should be considered
equally and simultaneously with the existence of
solid phase.

It is known [29-31] that at consumption of
AFM starting at 70 g/m?, due to heat absorption by
aerosol mixture, flame temperature may decrease to
130-200 °C, reaching in some cases critical values,
at which supression of the process of combustion
takes place. In addition, in paper [28], it was indi-
cated that highly dispersed chemical compounds
of potassium, which are the base for most aerosol
forming compositions, are the most effective among
compounds of alkali metals for using as inhibiting
components of fire-retardent powders. Other data
suggest synergic interaction of gas and powder
[31, 32], which leads to a decrease in their fire-ex-
tinguishing concentrations. This happens due to
the dilution of air with fire-extinguishing gas at a
fire-extinguishing concentration of 14-16 % (vol.),
which leads to a decrease in the concentration of
oxygen in the air. In this case, combustion reac-
tions are inhibited much faster by active particles
of fire-extinguishing powder while the interrelated
physical-chemical factors of flame suppression are
more pronounced.

As we mentioned above, flame propagation ve-
locity, as it was expected for pure heptane-air mix-
ture is 8.5 m/s. With the addition to combustible
mixture of 10 % of nitrogen, propagation velocity
decreased to 3.5 m/s, and the addition of 10 % of
CO, decreases velocity to 2.5 m/s. By analysing
results of the experiments (Fig. 3, 7), it is possible to argue
that with addition of retarding and inhibiting additives,
explosive combustion is divided into 2 stages. The first stage
is longer and develops rather slowly. In this case, flame front
propagation sometimes occurs not in the form of identical
and symmetrical hemispheres, but rather as chaotic and
irregular flame front (Fig. 3, a—e; Fig. 7, a—h). In this case,
as shown in Fig. 3, 7, the flame front, after supply of electri-
cal discharge, first propagates in the form of semi-circular
spheres, after which it is sharply inhibited and starts slowly,
randomly and unevenly, propagate in the volume of the
cylinder (Fig. 3, c—g and Fig. 7, a—e) at a velocity of approx-
imately 0.5—1.5 ms to ms 500. Generally, a slow increase in
pressure with a low flame propagation velocity in a closed
volume is characteristic of all the cases of combustion of a
homogeneous mixture in the existence of a binary gas-aero-
sol mixture, but only until the moment of depressurization —
pushing out the cork. After the cork was pushed out, velocity
always grew almost instantaneously up to 7 m/s; in this case,
the flame color sharply changed from red to blue, indicating




greater completeness of the mixture combustion. At an in-
troduction into the mixture of additions of gas-aerosol with
a concentration of aerosol from 2.5 g/m® and concentration
of CO, 8 %, we observed a decrease in the flame velocity,
as shown in diagram (Fig. 4), from 8.5 m/s up to 1.8 m/s.
When adding more than 4 g/m?® of aerosol and 3 % of gas,
flame propagation velocity decreased more intensively and,
in some cases, the flame front did not propagate throughout
the entire volume of the mixture.

Thus, a substantial decrease in the original velocity of
flame propagation throughout stoichoimetric heptane-air
mixture from 8.45 m/s to 1.8 m/s or less is the result of
the combined effect of the binary gas-aerosol mixture. The
combined effect of gas-aerosol mixture involves cooling with
aerosol and gas, inhibition and dilution of the homogeneous
mixture with the specified components.

7. Conclusions

1. It was established experimentally that the influence
of binary gas-aerosol mixtures on the stoichiometric n-hep-
tane-air mixture decreases flame propagation velocity by up
to 6.5 times compared with the original flame propagation

velocity. In this case, we found dependence of velocity of
flame propagation throughout stoichiometric n-heptane-air
mixture on concentrations and ratios of components of bi-
nary mixtures — aerosol and CO, or N,, which is in the fact
that within a range of aerosol concentrations from 8 g/m?
to 2.2 g/m?and of CO, gas from 16 % to 8.2 %, there occurs
a maximum decrease in flame propagation velocity. For the
nitrogen-aerosol mixture, these values correspond to the
concentration range of aerosol from 15 g/m® to 6.5 g/m?
and of N, from 20 % to 8.5 %. Maximum flame propagation
velocity, which corresponded to the minimum concentration
ratios of aerosol and gas, was in both cases about 2 m/s.

2. A frame by frame video recording analysis was per-
formed of the explosions of stoichiometric n-heptane-air
mixtures, and special features of effect of the addition of
binary mixtures of fire-extinguishing aerosol and gases-re-
tardants were revealed. They are in the fact that with the
addition of CO, from 8.2 % and of aerosol from 2.5 g/m?,
or hitrogen from 8 % and aerosol from 6 g/m? there were
cases of incomplete flame propagation throughout the entire
volume of combustible mixture. In this case, the flame prop-
agation velocity had minimum values of 0.5-3.5 m/s at the
start of flame propagation, then it dramatically increased af-
ter depressurization of the volume of the explosive cylinder.
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