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FIRE EXTINGUISHING DEVELOPMENT DIRECTIONS FOR LIQUIDS
BASED ON THE FOAM GLASS PRIMARY LAYER

The combustible liquid modulating parameter was established to predict the foam glass fire-
extinguishing layer as the primary means for liquids ensuring reliable fire extinguishing in combination
with other fire-extinguishing means. The formation peculiarities and buoyancy indicators of dry and
wet foam glass in polar and non-polar liquids (alkanes and alcohols) were investigated. It is shown that
the foam glass buoyancy increases with an increase in the liquid density. The foam glass buoyancy in
polar and non-polar liquids was described depending on the liquid density by an approximate linear de-
pendence separately for dry and wet foam glass. The deviation from the linear trend is explained by the
foam glass different wettability, some alcohols water solubility, and liquid mixtures peculiarities. The
buoyancy relation with flash point was established, which works separately for n-alkanes, n-alcohols
and glycols, which was described mathematically. A formula was developed to describe the relationship
between flash temperatures and the liquids density. Correlations with a fire-extinguishing layer of dry
foam glass for molar mass, molecule or cluster length, stoichiometric combustion reaction coefficient,
burning rate on a free surface, density, flash point, boiling point, autoignition temperature were studied.
The forecasting possibility the dry foam glass fire-extinguishing layer based on the description of
flammable liquids clusters has been established. Mathematical dependences were obtained for the dry
foam glass fire-extinguishing layer depending on the expected clusters length in the liquid and a similar
dependence for flash points. The conditions for effective extinguishing of alcohols and alkanes with dry
foam glass have been determined. Different modes of extinguishing hydrocarbons with flash tempera-
tures t;,<28 °C and t;>28 °C are recommended, based on the primary layer of 6 cm of wet foam glass
with a fraction of 1.0-1.5 cm, with the possibility of finalizing the extinguishing, if necessary, with an
inorganic gel by spraying components with an application rate of 0.2 g/cm®.

Keywords: fire extinguishing, flammable liquid, cluster, foam glass, buoyancy, isolation, cooling,
gel, consumption

1. Introduction

Worldwide fire statistics show the class "B" fires widespread prevalence. During
the war, this problem worsened. Improving facilities fire safety with the circulation or
storage of flammable liquids and rescue units ensuring the efficiency during the class
"B" fires elimination are work important areas for the SESU. Extinguishing Class "B"
fires with a significant free liquid surface area is one of more difficult firefighting prob-
lems, both in the case of extinguishing tanks and emergency spills. Such fires are char-
acterized by their duration, significant material and environmental damage, the danger-
ous factors presence for the human life, and difficult conditions for extinguishing. [1].

The more common ones include fires involving petroleum products of class "B1".
Modern technical petroleum products (alcohol-containing gasoline) contain polar addi-
tives, which brings their combustion regimes closer to "B2" fires and imposes appropri-
ate restrictions on the fire-extinguishing foams use. The petroleum products main list
can be classified as flammable liquids with a flash point of t¢, < 61 °C. That is, they can
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be classified as those that, under typical storage conditions at a certain air temperature
and (or) the thermal radiation action, heat up to tz, and independently form vapor which
ignition capable. Regulatory requirements allow the installation of tanks with a volume
of up to 120.000 m> [2], but the means for extinguishing them have disadvantages.
Therefore, extinguishing oil products can be attributed to the most large-scale and com-
plex fire extinguishing cases. Currently, extinguishing such fires is carried out using
various chemical nature foams. But these means are either not effective enough, expen-
sive, or environmentally unacceptable. Therefore, scientific and practical research con-
tinues to search for alternative ways to extinguish class "B" fires.

Thus, the providing fire protection problem with a reliable, inexpensive, environ-
mentally friendly means of extinguishing class "B" fires, which does not contaminate
flammable liquids and will be universal for both class "B1" and "B2" fires, both for
tanks and for emergency spills, remains unresolved.

2. Analysis of literature data and problem statement

All known extinguishing mechanisms are used to extinguish liquid fires: cooling
(of flammable liquid or flame), isolation (including shielding), dilution (of both the gas
space and the liquid), flame inhibition [1]. But at present, the existing scientific devel-
opments level does not allow replacing foam fire extinguishing in many cases [3]. In
this direction, the granular closed-pore solid materials use (as a floating system) turned
out to be a promising solution, among which foam glass (FG) has proven itself well in
model fires [4]. Granular FG satisfies most of above requirements as a fire extinguish-
ing agent for liquids. But as an individual extinguishing agent, FG works only for high-
boiling liquids, and in other cases, the such a solution implementation requires the ex-
tinguishing completion by other means. There are many possibilities for stopping com-
bustion weakened by the FG floating layer. These can be both means used to extinguish
solid combustible materials, and developments for extinguishing liquids. The only thing
that remains is the ban on using a compact water jet to extinguish class "B1" fires.

The main factor in successfully extinguishing liquids fires is ensuring a balance of
insulating and cooling properties of the extinguishing material in contact with the burning
liquid surface [5]. In practice, this is done without control by feeding either low multiplic-
ity film-forming fluorosynthetic fire-extinguishing foams or medium multiplicity other
origin foams [4]. Film-forming foams form a “light water” layer on the liquid surface and
isolate the evaporation surface better than other foams, but are expensive, pollute the lig-
uid, and are environmentally unacceptable [6]. Nevertheless, they are currently the domi-
nant foam firefighting technology. Perhaps their use together with FG will significantly
reduce their consumption for extinguishing, but this has not been studied. In addition, the
polar liquids fire extinguishing problem has not been finally solved, and this depends sig-
nificantly on their water solubility [7]. Also poorly studied is the medium-multiplicity
foams behavior on the granular FG surface, although previous experiments have shown
the accumulation and retention possibility of an isolating foam layer on the FG surface.
The fire-extinguishing efficiency of medium-multiplicity foams is increased by the urea
addition [8], which most likely has an inhibitory effect on the flame, increases the foam
stability, and promotes decomposition into non-flammable gases.

Completion of flame quenching above the FG layer can be accomplished by inhibit-
ing, diluting, or cooling the flame. This is usually difficult to implement for extinguishing
liquids with a large burning area, but possible for slow burning. That is, it is necessary to
create a cloud of water aerosol, pyrotechnic fire extinguishing aerosol, general-purpose
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powder, or non-flammable gas that will simultaneously cover the flame entire volume.
Flame suppression with aerosol inhibitors is especially relevant for polar liquids, which
remains a difficult problem for modern firefighting [9]. However, for a powerful flame,
this is difficult to do. Under wind loads, this task becomes more difficult even for a weak
flame. Therefore, to extinguish severe combustion in tanks, it is proposed to carry out
sublayer combustion of the aerosol-forming composition with simultaneous nitrogen
supply [10], the proportionality of the aerosol supply intensity to the reduction in the
thermal radiation of alcohols up to extinction defined [11]. But the aerosol part will be
lost during the "bubbles" rising and contaminate the liquid, the method is not suitable for
emergency spills (i.e., it is not universal), and sublayer agents delivery systems often fail.
Therefore, an alternative method of supplying a similar system have developed — directly
into the flame under a pressure of 10 atm [12], which can also be implemented for FG.
Based on the fire extinguishing agents comparison that supply into the flame volume:
non-flammable gases, general-purpose powders, and gas-aerosol agents, researchers con-
cluded that the latter are superior in terms of efficiency, cost-effectiveness, and supply
ease [13]. In aerosol fire extinguishing, a new direction has emerged: extinguishing with
microencapsulated gel-like liquids, which reduces water loss and provides cooling, dilu-
tion, and inhibition effects [14]. In the integrated use case of this agent together with FG,
it is easier to overcome powerful convection currents near a developed flame.

Also considered is an extinguishing method with CO, granules sublayer supply,
which cools the liquid entire volume, not just the surface (this reduces the method ef-
fectiveness) and the CO, gas phase dilutes the combustion zone [10]. When supplying
granules to the liquid surface — they first sink, and then float up when the average diam-
eter decreases to 3 mm (floated by their own gases). It is possible to choose an FG layer
that will hold these granules, but the liquid surface cooling will be weakened, but the
gasification of the granules will increase. A similar problem will arise in the supplying
liquid nitrogen case, which has a certain effectiveness for extinguishing liquids [15].

It is theoretically possible to extinguish liquids with water spray, and it is recom-
mended that for particularly flammable liquids, the droplet dispersion be 0.1 mm, and
for others, 0.5 mm [16] to prevent the transformation of a water-insoluble liquid into
foam that burns and flows outward. In the FG base layer case on the liquid surface,
there is no such problem. On the one hand, the greater water dispersion (small droplets)
allows for increased cooling and flame extinguishing efficiency, on the other hand, it is
difficult to create a water aerosol with such dispersion simultaneously throughout the
flame over a simultaneous burning large area, especially taking into account convection
flows near the flame and possible wind loads. Above the FG base layer, when the com-
bustion is weakened, it is easier to provide fire extinguishing conditions, and a coarser
aerosol can be applied, which will provide moisture to the FG. The flame extinguishing
effectiveness is increased by water fine spraying [17], by adding sodium bicarbonate or
other flame inhibitors to the solution [18], by adding film-forming foaming agents (wa-
ter mist is another way of forming a water film on the liquids surface), and by simulta-
neously adding an inhibitor and a film-forming agent [19, 20]. In the FG layer presence,
the surfactant role changes: it allows for a finer water aerosol and increases FG wetting.
The water aerosol fire-extinguishing effect on a flame is well calculated mathematical-
ly [21], but in the complex effect case due to certain additives, predicting fire-
extinguishing efficiency becomes more difficult.

Regarding specific means of improving the FG fire extinguishing effect, the fol-
lowing can be distinguished. First, it is the FG pre-wetting with water [4]. In this case,
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the buoyancy and insulating capacity of FG are reduced, while the cooling capacity in-
creases several times (depending on the liquid temperature), and extinguishing is
achieved with a FG smaller layer. But for low-boiling liquids with low density, this
worsens the extinguishing effect (the fire-extinguishing layer FG increases), and then
another means is required to complete the fire extinguishing.

Secondly, the FG isolating effect enhancement was investigated by applying an
inorganic gel, the reaction product between 10 % solutions of calcium chloride and lig-
uid glass, which is carried out during extinguishing, with a feed rate of 0.1-0.2 g/cm?
depending on the residual flame intensity above the FG [4]. At the same time, calcium
and chlorine ions create an inhibitory effect. For pentane, one of the most volatile non-
polar liquids, this reduces the FG fire-extinguishing layer from 50 to 12 cm. The gel al-
lows solving the problem of tank sides cooling efficiency increasing [22], which is usu-
ally done by water jets [23]. But the gel, as a water-containing substance (like general-
purpose foams), is of little help in extinguishing water-soluble polar liquids: the evapo-
ration delay is reduced from 30 to 3 times. In addition, coating the FG with gel makes it
difficult to reuse the FG for extinguishing.

Since the gel use as an additional means when extinguishing class “B” fires has
the specified limitations, it is proposed to strengthen the isolation with a FG layer by
compacting its surface with solid materials small fractions with low density [24]. This
can be FG, perlite or vermiculite with a granule size of up to 5 mm. But this size FG has
poor buoyancy — the external open pores proportion increases, so two other materials
were investigated. Gasoline extinguishing was achieved with a FG base layer 4 cm.
This system all components can be reused. The method is suitable for extinguishing
both non-polar and polar liquids.

Inhibitor granules can also be applied to the FG layer, or the FG itself can be treated
with flame retardants in a dry powder or liquid state. Researchers have followed a similar
path with perlite and vermiculite, which they treat with an inhibitor [25]. But the inhibitor
particles possibility from the liquid surface getting into a large flame remains questiona-
ble. Therefore, it is more likely to achieve extinguishing if such systems are applied to the
FG layer, when the combustion is already weakened due to insulation and cooling.

Liquids extinguishing existing studies by FG-based systems do not focus on the
selected extinguishing modes universality for different chemical nature liquids and rely
on the tg, indicator, which in some cases gives an extinguishing incorrect expectation.
Therefore, it is relevant to conduct scientific research to substantiate the feasibility of
selecting one or another means of completing fire extinguishing to create a universal
binary means based on FG.

Thus, a considered scientific problem unsolved part is the method improvement
the extinguishing of liquids based on the FG base layer by combining it with other
means to ensure efficiency, environmental friendliness, and versatility.

3. The purpose and tasks of the research

This work purpose is to establish a modulating liquids parameter for predicting the
foam glass fire-extinguishing layer as a base to ensure liquids reliable fire extinguishing
in combination with other fire extinguishing means.

To achieve the set purpose, the following tasks solution is provided:

— to determine the foam glass buoyancy as a base layer for the fire extinguishing
for polar and non-polar liquids;

— to identify the liquids extinguishing parameters dependence with foam glass on
their properties.
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4. Research materials and methods

The research object is extinguishing liquids fires with foam glass-based agents.

The research subject is the correlation between the liquids parameters and the
foam glass fire-extinguishing layer.

The research hypothesis is the identifying possibility of the such liquids parameter
among such as flash point, boiling point, molar mass, combustion reaction stoichio-
metric coefficient, molecular skeleton length, cluster length, by which the foam glass
fire-extinguishing layer can be predicted.

The research method is to conduct an experiment on a class "B" laboratory model
fire on the use of dry or wet foam glass for the fire extinguishing, as well as on the ex-
tinguishing completion with an inorganic gel, followed by the search for correlations
with certain substance parameters.

Foam glass (FG) is investigate as a fire extinguishing agent for liquids. In this re-
search, the FG floating layer is considered as the basic one, which either provides extin-
guishing or provides for the extinguishing completion by any other fire extinguishing
method of surface or volumetric action. For this aim, a comprehensive experiment is
planned, which involves establishing the difference in the buoyancy of dry and wet FG in
polar and non-polar liquids, operations on wetting FG, experiments on extinguishing lig-
uids with the foam glass, and completing extinguishing by forming the isolating gel layer
on the FG layer. For experiments, crushed FG with the following characteristics was se-
lected: granule size 1-1.5 cm, true density 186 kg/m®; apparent density 105 kg/m®; water
retention 29+4 %; heat capacity 0.78 kJ/(kg'K). The wetted FG formation was carried out
by filling it with water and pressing it with a load for complete immersion under a water
layer. After 1 min of holding, the FG was placed on a grid, where 5 min of excess water
free outflow, which the external pores were unable to stably hold, was ensured. Under
such conditions, the FG absorbs and retains up to 50% of water from its total mass.

The starting components for the gel formation system (GFS) were prepared by di-
lution. First, a saturated solution was prepared from the technical CaCl,. After that, a
10 % solution was prepared by the gravimetric method. A 10 % solution of the liquid
sodium glass was prepared by the dilution. The solutions concentration was controlled
by density using the hydrometric method. Household OP-2 spray guns were used to
supply GFS components in aerosol form. The sprayed liquid droplets diameter
was 0.2-0.5 mm, and the total flow rate was 0.2 g/cm®. The gel forms during the aero-
sols reaction, settles and adheres to surfaces.

A metal cylindrical container with a diameter of 11.2 cm and Sge =98.5 cm? was
used as a laboratory model of a class "B" fire. After pouring 250 ml of the flammable
liquid into a container, a layer of 2.5 cm was formed. After igniting the fire model, the
entire system mass loss was determined using the gravimetric method. Weighing was
performed on a "TNV-600" continuous measurement electronic scale with an accuracy
of 0.01 g. Measurements were performed at standard atmospheric pressure and ambient
temperature of 18+2 °C. After 2 min of the fire model free burning, FG was applied to
the liquid surface with a 2 cm layer. After 1 min of steam burning through the FG layer,
after the flame size stabilized, the system mass loss was recorded at 30 s intervals for 3
min. The measurements were repeated adding the next 2 cm of FG layer. The measure-
ment results converted into mass burnout rate, g/(m?s). The experiment final result is the
FG layer determination at which combustion ceases.

The FG layer relationship with liquids various properties is subject to analysis:
flash point tz,, boiling point t,,, molar mass M, combustion reaction stoichiometric co-
efficient, molecule skeleton length, cluster length.
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5. Foam glass buoyancy determination depending on liquid properties

The conducted analysis showed that the t,, of most n-alkanes and n-alcohols fit in-
to a smooth dependence [26, 27]. Therefore, the growth rate of the air vapor pollution
zone formation in homologous series should also have a smooth dependence. But t,
mass burnout rate and other parameters of combustion and substances fire hazard are
characterized by oscillation and stepwise nature, which is explained and modeled by us
as a clustering consequence in the flame according to the peroxide mechanism with the
various supramolecular structures formation in a homologous series [26-28]. Ap-
proaches to preventing or stopping the vapor cloud formation and to fire extinguishing
may differ slightly for the same liquid. Usually, the extinguishing agent consumption
for the liquids fire is divided into several modes depending on the tg, but a research in-
teresting direction is the search for another criterion for predicting the fire-
extinguishing isolating layer, which takes into account possible nonlinearities at hydro-
carbons homologous series.

One such parameter may be the mass burnup rate V. But the V,, illogical behav-
ior in the n-alcohols homologous series draws attention. It was expected that V,, would
be proportional to ty, or t,. But it turned out that this parameter formation is much more
complicated — it is the factors complex action result: tz,, ty,, autoignition temperature t,;,
lower flammability limit LFL, molar mass, but this parameter oscillations presence in
the homologous series requires taking into account melting point t,, (but the mass
evaporation rate does not have oscillations, which indicates a peroxide cluster structure
in the flame). According to reference data, n-butanol has a higher V,,, but in the exper-
iment, n-heptanol, which can be explained by better surfaces wettability. Interpretation
of experimental results is hampered by the water content in different proportions in dif-
ferent technical alcohols, which is determined by the azeotropy point (the ty, of rectified
alcohol is 0.3 °C lower than t,, of chemically pure alcohol). But here too there is an
anomaly: it was expected that the water content would reduce the V, value, as tg, and t,
increase, i.e. the conditions for the formation of the flammable vapor and its ignition
worsen (in practice, the opposite is true).

Currently, the extinguishing direction of liquids based on solid floating granular
agents, for example, FG, is developing. During burnout, the liquid surface has a ty,, but
during insulation, it decreases. If the main mechanism for stopping combustion is the
cooling, then the corresponding effect is achieved by cooling the surface to less than tg,.
The FG layer same value provides approximately the same surface cooling and evapora-
tion isolation, but these effects determine a different fraction of the t,, and LFL, so the
decrease in V,, during the FG layer accumulation is not completely synchronous. The wa-
ter content creates many slowing factors for the combustion process: tg, and t,; increase,
lower LFL, water vapor phlegmatizes the combustion zone, the combustion heat and
flame temperature decrease, and can increase the freeboards steel surfaces wetting, which
increases the combustion area and V,, (but there is no such effect during FG supply).

For any flammable liquids, there is a FG fire-extinguishing layer, but for more
volatile ones, such as pentane, it reaches 70 cm. Therefore, a compromise option for
extinguishing is to use FG as a primary fire-extinguishing floating non-combustible
layer, above which the weakened combustion still continues. The easiest way to im-
prove the FG fire extinguishing properties is to wet it with water or an inhibitor solu-
tion with a single-stage application. This reduces the FG buoyancy, i.e. the non-
submerged (insulating) total layer part, and increases the submerged (cooling) part.
Wet FG cools the burning liquid surface 5 times better than dry FG, and has a fire-
extinguishing layer 1-2 cm smaller. The buoyancy of 0.46-0.76 dry and 0.44-0.74 wet
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FG in alcohols is much greater than in alkanes: for dry 0.36-0.58, for wet FG 0.31-
0.49 [4], which is proportional to the liquids densities (Fig. 1).
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Fig. 1. Foam glass buoyancy depending on the liquids density: 1, o, 0 — dry FG; 2, e, m —
wet FG; o, e —alkanes, o, m — alcohols

Fig. 1 shows the buoyancy in liquids: water; alkanes — pentane, heptane, octane,
decane, dodecane, petroleum ether, white spirit, gasoline, kerosene, diesel fuel, engine
oil; alcohols — methanol, ethanol, isopropanol, n-butanol, n-pentanol, n-heptanol, n-
octanol, ethylene glycol, glycerin. The buoyancy dependence of dry and wet FG on the
liquid density in the first approximation is described Dby equations:
Bary=0.0006p+0.0266, Byt =0.0007p—0.1297.

If we compare liquids with the same molecular skeleton length, then in alcohols
the buoyancy is much higher (in butanol — 0.48, in pentane — 0.36), and if we look at the
density, then in alkanes the dry FG buoyancy is somewhat higher (in dodecane — 0.48,
in methanol — 0.47), and the wet FG buoyancy is somewhat lower (in dodecane — 0.4, in
methanol — 0.45). From dependences profile in Fig. 1, white spirit stands out the most,
which has a density of 770 kg/m® and is an alkanes technical mixture. In pentane, wet
FG can be considered non-buoyancy. This shows that the FG wettability by alkanes is
greater than that by alcohols with the same density. In addition, the cooling processes of
the burning liquid surface by supplying wet FG will vary depending on this liquid tem-
perature: up to 100 °C — slow heating of water; up to 120 °C — slow boiling;
above 120 °C — rapid boiling with splashing hot water droplets.

It is also interesting to investigate the relationship between the liquids basic pa-
rameter of the fire extinguishing tg, with buoyancy and with the liquid density, as a re-
lated parameter (Fig. 2). Since the FG buoyancy determines the mechanism and effec-
tiveness of its use for the fire extinguishing, it seemed promising to obtain common de-
pendencies. No generalized dependencies were obtained, which indicates the conven-
tionality of using t;, as a basic parameter for the FG flow rate normalizing for the fire
extinguishing. Nevertheless, there are dependencies within homologous series: for n-
alkanes — B=0.001(tg, + 60) +0.3399, p=1.1239(ts,+ 60) + 9.,21 kg/m®; for n-alcohols —
B=0.0003(t,+ 60)+0.4521, p=0.438(ts,+60)+763.41 kg/m*, where "60 °C" is the liquids
conditional lowest tg,. Thus, an equation was obtained for the FG buoyancy predicting
based on the information on the density or flammable liquid tz,.
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Fig. 2. Relationship between the liquids density (---,A) and the dry FG buoyancy (==,0) with
the liquids ts,: 1 — n-alcohols from methanol to octanol; 2 — n-alkanes from pentane to octane; 3 —
polyhydric alcohols (ethylene glycol, glycerin)

The formation of a primary FG layer on a burning liquid creates sufficient condi-
tions for the extinguishing reliable completion by many methods, most of which do not
contaminate the liquid. A simpler, more effective and economical solution is to extin-
guish with a 4 cm wetted FG layer or to complete the extinguishing by applying a gel
layer with a consumption of 0.2 g/cm?.

6. Extinguishing parameters dependence identification of liquids with foam
glass on their properties

The isolating and cooling agents effectiveness in the liquids burning stopping can be
assessed by reducing the evaporation mass rates V) and burnout V). If, by cooling, the
liquid surface temperature is ensured to be < tg, or a certain fire extinguishing substance
isolating layer is accumulated, then the evaporation intensity will become less than the
critical one, and the vapor concentration will become less than the LFL, so combustion
will become impossible [29]. That is, fire extinguishing by isolating or cooling the surface
should slow down evaporation to achieve a vapor concentration less than LFL Then it is
possible to introduce the theoretical evaporation retardation coefficient K, which must be
provided: for example, for the ty,, the liquids vapor concentration is 100 %, for gasoline
LFL =1 %, i.e., it is necessary to slow down evaporation by 100 times.

The dry FG action first effect on the liquid surface is cooling, but for low-boiling
liquids it is insignificant — about 5 °C, which reduces the saturated vapor pressure by
only 10-12 kPa and a similar fraction of the concentration. The FG direct isolating ef-
fect has 2 components: reducing the evaporation area and slowing down the steam dif-
fusion into the combustion zone, with the first component being the main one. The non-
flammable particles presence on the liquid surface reduces, and FG particles wetting
with a flammable liquid slightly increases the evaporation area (particles contact points
act as capillaries), so the resulting reduction in the evaporation area can be estimated
as 50 %. The vapor concentration above the surface decreases proportionally (the Vi
decreases) and a certain K, is reached.

For practical use, it is desirable to know which liquid parameter can be relied on
to predict the FG reserve for forming a basic fire-extinguishing layer for different ho-
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mologous classes liquids. In the foam firefighting practice, this is a liquid tg,. To estab-
lish such compliance, it is necessary to conduct a research of the FG fire extinguishing
effect for liquids with similar key parameters.

Regarding the extinguishing mechanism, granular closed-pore FG provides effec-
tive fire extinguishing only for high-boiling liquids (starting with tg, >100 °C, the dry
FG fire-extinguishing layer is 4-6 cm). The FG additional insulating effect is that it
shields the liquid surface from flame radiation, with the flame and its heat flux already
reduced due to the cooling and isolation stages. Extinguishing gasoline (hexane) re-
quires accumulating a dry FG layer of 0.5 m thick, which is not technologically feasi-
ble. Therefore, an extinguishing option with a dry FG base layer 12 cm and extinguish-
ing completion by adding an inorganic gel isolating layer with a total consumption of
0.2 g/cm? was developed, which ensures an evaporation slowdown by another 30 times.
Then the FG contribution to the reduction in evaporation intensity was 70 %
(3.3 times). Wet FG has a greater cooling effect, water vapor dilutes the burning zone,
water from the submerged FG layer dilutes flammable water-soluble liquids. Therefore,
we recommend extinguishing hydrocarbons with t;,>28 °C with a wet FG base layer 6
cm of fraction 1.0-1.5 cm, which is sufficient to stop the burning or requires the extin-
guishing completing with an inorganic gel with an application rate of 0.2 g/cm?; for hy-
drocarbons with tg, <28 °C the wet FG base layer is 12 cm, which is sufficient to stop
burning or requires the gel — of 0.45 g/cm?.

For a more detailed study of the isolation and cooling contributions by the FG lay-
er, an experiment was conducted on the extinguishing of the polar liquid — n-heptanol,
which has an anomalously increased V) through the FG layer among all alco-
hols [30]), in comparison with the extinguishing of alkanes which have similar ty,, ts,
molar masses M (n-octane, n-decane, n-dodecane) (Tab. 1).

The heptanol anomaly disappears for FG layers close to fire-extinguishing ones:
with such a thickness of the FG layer, the burning process already occurs according to
the evaporation principle — higher V) through the FG layer are observed for alcohols
with lower ty,. A higher tg, simplifies fire extinguishing by cooling the liquid surface
with a FG layer. A higher t,, increases the starting surface temperature during extin-
guishing. A higher t is not directly related to the extinction effect, but makes it more
difficult to re-ignite from a hot surface. A higher p determines a higher oxygen re-
quirement, which makes combustion more difficult and extinguishing easier. A larger
M is related to the factors described, but does not correlate with B molecules with dif-
ferent oxygen contents. For heptanol and dodecane, the main extinguishing mechanism
when FG is applied is the liquid surface cooling (according to Tab. 1, a significant de-
crease in the saturated vapor pressure Pg,), and for octane and decane, the evaporation
isolation to the combustion zone. There is an effective cooling depth that determines the
lowest FG consumption for the fire extinguishing — a layer of 6 cm (=3 c¢m of the sub-
merged part), which is typical for liquids with t;, >100 °C. Therefore, a 6 cm thick FG
layer can be considered basic for the liquid fires extinguishing based on this agent.
Based on this layer, it is possible to decide on further tactics for the completing extin-
guishing: wetting the FG, flame extinguishing agents, adding the FG layer as a floating
carrier for inorganic isolating gel or other substances. A FG base layer is sufficient for
extinguishing high-boiling liquids.

The residual K., after the cooling stage the liquid surface by the FG layer is the
largest for n-decane, but this did not determine the most difficult conditions for its ex-
tinguishing, which can be associated with the large M, and therefore with the slower
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diffusion of the vapor through the granular FG layer. The lower the liquid t,, the great-
er the residual Py, and the required K., the closer the liquid cluster structure will be to
the monomeric state (for example, for hexane). That is, the FG isolating capacity is re-
lated to the M, and the cooling capacity (in addition to the heat capacity) is related to
the tp, and liquid density. Therefore, given the complex action of isolating fire extin-
guishing means which contact with a surface engulfed in flames, there cannot be a sin-
gle indicator with which the fire extinguishing ability of a given agent for a substances
wide range would be correlated.

Tab. 1. Flammable liquids characteristics [31] and their extinguishing with dry foam glass

Parameter n- heptanol n-octane n-decane n-dodecane
thp, °C 176 126 174 216
tep, °C 74 14 47 77
ta, °C 275 215 210 202
tpp — tep, C 102 112 127 139
Ateoorrs™, °C 14.74 7.73 14.36 24.7
Py residual, KI12 64.4 84.1 72.2 54.3
O %0 1 0.9 0.7 0.63
Kev residual 64.4 93.4 103.1 86.2
M, g/mol 116 114 142 170
p, kg/m’ 821.9 680 730 750
B 8 12,5 15,5 18,5
Ncion 8 8 10 12
Neeq iN liquid 29 16 20 24
Nceq iN flame 12 17 15.5 16.5
B 0.49 0.42 0.45 0.48
hes, CM 8-10 10-12 7-9 5-6

* At:4,160'013t-1, oc [5]

There is a FG layer values range within which for the heptanol and octane extin-
guishing effect may be achieved. At such layers, weak combustion is observed, which
may be extinguished either at slightly smaller FG layers or, with a weak flame, will be
observed at slightly larger FG layers. The prolonging weak combustion effect with an
FG layer increase can be associated with the hydrodynamic resistance disappearance in
narrow channels between particles of a FG fraction at low pressures and vapor concen-
trations of the flammable liquid. Then the final extinction when dry FG is applied is a
consequence of the liquid surface shielding by this layer from the flame thermal radia-
tion. This effect will be stronger if the white FG is used. Among the liquids studied,
heptanol has the highest density and buoyancy (B) of dry FG; then for it, with the same
FG layer, the FG isolating part will be larger.

Close values of tg, for dodecane and heptanol did not result in the same fire extin-
guishing layer FG (6 cm versus 10 cm), although the ty, is the is the aim for the surface
cooling. Close values of ty, for decane and heptanol brought the V) closer together —
for decane, the values are smaller and extinguishing occurs with a smaller FG layer (8
cm). Close values of M for octane and n-heptanol gave a close fire extinguishing layer
FG — 10 cm, but they have different extinguishing mechanisms. Also, these compounds
have the same molecular skeleton length, which suggests that at the fire extinguishing
beginning, when the liquid surface has a ty,, evaporation occurs with the monomer state
same characteristics.

It was expected that there might be a correlation of the fire-extinguishing layer for
FG or other isolating means for class “B” fires with the V), but it turned out that for
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alcohols from methanol to n-heptanol there is an anomaly: instead of this parameter ex-
pected decrease, it increases [30]. The parameter V) can be considered as the mass
evaporation rate at ty,, but intensified due to the heat flux from the flame to the liquid
surface. The evaporation intensity even in one homologous series is also affected by the
even-odd molecules phenomenon according to the carbon atoms number in the carbon
chain. For example, a zigzag dependence is observed for V) in the homologous series
of both alkanes and alcohols [30]. Previously, the various dependencies zigzag pattern
in homologous series for certain physicochemical parameters we explained by the clus-
ter structure alternation observed for the solid and liquid states, in flames and agqueous
solutions [32]. Tab. 1 shows the molecules predicted framework lengths of studied sub-
stances, in liquid and flame. The correlation with the FG fire-extinguishing layer is
more noticeable for the molecular state, which can be explained by the fact that the
burnout process occurs in a boiling state. But for substances such as glycerin and eth-
ylene glycol, this principle does not work (frame lengths of 5 and 4, and dry FG extin-
guishing layer — 3 and 4 cm).

In view of the above, an additional study was conducted of the extinguishing pro-
cess with dry FG of some alkanes, alcohols, glycols and in the presence of water in the
liquid in order to find a correlation with supramolecular structures lengths (Fig. 3).
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Fig. 3. Correlation of the liquid state clusters equivalent length with the extinguishing layer
FG thickness (==, 0) and the liquid flash point (---, A): 1 — methanol, 2 — ethanol, 3 — isopropanol, 4 —
isopropanol (1.5 % water), 5 — n-octane, 6 — n-butanol, 7 — n-pentanol, 8 — ethanol (4 % water), 9 —
n-decane, 10 — n-heptanol, 11 — n-octanol, 12 — n-dodecane, 13 — ethylene glycol, 14 — glycerin

The burnout liquids process is accompanied by a transition from liquid state struc-
tures to gaseous state structures with the peroxide complexes formation in the air.
Therefore, it is currently not possible to clearly determine which of these structures will
predominate in influencing the burnout process. The chosen approach assumes a
dimeric structure for alkanes, starting with octane, for alcohols — a tetrameric structure
(for methanol — a hexameric), for glycerin and ethylene glycol — a heptameric, for pen-
tane, hexane, heptane — a monomeric, technical ethanol is modeled as a tetramer with
the addition of 4 links of intermediate water molecules, technical isopropanol — as an
aqueous dimer of an alcohol dimer (a tetramer with 2 additional links of water mole-
cules). It should be noted that spectrometry detects clusters up to the octamer size in al-
cohols [33]. Based on processing experimental data results on class "B" model fires ex-
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tinguishing, a dependence was obtained for the extinguishing layer FG depending on
the expected clusters equivalent length neeq, as well as the correlation tsp(neeq):

heg=20.212e00°3C¢d R2=() 89, (1)

tp=7.6972 Neeq-92.769, R?=0.93, @)

This method error main component is determined by the fact that modeling prin-
ciples of the clusters structure are indirect. Technical ethanol, which contains the most
water, deviates the most from general dependences. Moreover, the cluster modeling
variability does not help here: a small t;, implies a short cluster, a small FG
extinguishing layer — a long cluster. The weak correlation of dependencies shown in
Fig. 3 in the form of formulas (1) and (2) is also determined by the fact that the extinc-
tion moment has a probabilistic component. Depending on the FG particles arrangement
randomness in the layer and the channels formation between them, the extinguishing
moment may occur with a slightly smaller or larger FG layer.

7. Study results discussion of the extinguishing of liquids by means based on a
foam glass

The conducted experimental studies allowed us to establish the extinguishing ac-
tion proportions of binary means components based on FG and the substance
supramolecular structure influence on fire extinguishing. To do this, we relied on the
FG buoyancy index in this flammable liquid as a determining factor of its insulating
ability, and on the determined cooling effect by the FG layer on polar and non-polar
flammable organic liquids artificially heated to different temperatures. This made it
possible to establish new relationships between the liquids density, their flash point,
buoyancy, the supramolecular clusters length, and the FG fire-extinguishing layer. The
fire extinguishing layer FG is inversely proportional to the average cluster length of the
flammable liquid during extinguishing, which depends on the primary cooling propor-
tion by the FG layer.

The chosen approach to studying the fire extinguishing of liquids using FG-based
means allowed us to clearly separate the successively implemented parts of the cooling
and insulating action of FG, the sufficiency and necessity of such action, as well as the
additional agent use intensity to the complete fire extinguishing. This result was achieved
by introducing a theoretical evaporation retardation coefficient for analyzing the agent
effect, the share of which is satisfied by the actual evaporation retardation coefficient due
to a certain agent’s action component. In addition, previous works [4, 10, 12, 13, 16, 18]
did not justify the modulating indicator use, which can be used to select the extinguishing
agent supply intensity for different liquids, and by default used the flash point. This paper
conducts this issue detailed study and establishes relevant correlations.

At the research first stage, the FG buoyancy in alcohols and alkanes of the normal
structure and some of their technical mixtures was determined. Buoyancy determines
the amount of isolating and cooling action that an FG layer has, and the second compo-
nent mass as a binary fire extinguishing system that the FG can hold without immersion
in flammable liquid. This can include agents such as foam, vermiculite, perlite, gel, CO,
granules, etc. The FG buoyancy study showed that in alkanes with a similar molecular
length it is smaller than in alcohols, and for liquids with the same density it is larger.
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The dependences for the buoyancy of dry and wet FG on the liquid density were ob-
tained and described mathematically with R?>=0.9. A similar result was obtained from
studies of the relationship between buoyancy and density from tg,. This is partly due to
the fact that the technical mixtures under consideration, unlike individual liquids, have
disproportionate densities and wettability FG relative to the values for components.

The buoyancy of dry and wet FG does not differ as much as the water weight
gained would suggest, because the same external open pores that previously contained
the flammable liquid are now filled with water, and the difference in buoyancy is de-
termined by the difference in densities of water and flammable liquid, and the changed
flammable liquid contact area with the FG surface. In addition, methanol, ethanol, pro-
panol-2, ethylene glycol and glycerin are infinitely soluble in water, so in the wet FG
external pores, part of water is replaced by a flammable liquid. This effect further ex-
plains the buoyancy nonlinearity in alcohols and the difference with alkanes. Yes, the
water density is less than the density of ethylene glycol and glycerin, so wetting with a
lighter component should have slightly increased buoyancy, but this did not happen.
The explanation may be the solution formation with water with a higher density than
have components. Thus, this work presents the first analytical comparison of FG buoy-
ancy in polar and nonpolar liquids, individual and technical mixtures.

The extinguishing completion with a FG layer is currently more investigated with
a non-flammable gel, which is formed by the reaction of 10 % solutions of CaCl, and
liquid glass. To hold the gel applied at a rate of 0.2 g/cm?, the supporting layer of dry
FG is 12 cm [3]; CaCl, also has an inhibitory effect on the flame. FG immersion by the
gel increases the cooled layer thickness of the hot liquid, but hardly changes the heat
balance inside the “liquid + FG” layer. That is, there is an effective cooling depth that
determines the lowest FG flow rate — 4-6 cm (2-3 cm of the submerged part) for extin-
guishing only by cooling liquids with large t,.

It is possible to supply sprayed water or an inhibitor solution to the flame, then in
addition to inhibition, cooling of the flame, the FG surface, and the liquid after FG
deeper immersion will be involved. It is possible to coat the FG layer with a layer of
flame retardant, substances that melt or swell under the flame influence. It is possible to
complete the extinguishing with other standard means: medium-multiplicity foams,
fire-extinguishing aerosol, general and special-purpose powders, non-flammable gases.
Thus, the FG base layer formation on a burning liquid creates sufficient conditions for
the extinguishing reliable completion by many methods, most of which do not contami-
nate the liquid.

At the study second stage, in order to clarify the normalized indicators of the FG
use as a extinguishing base layer for liquids, the fire extinguishing mechanism and the
modulating indicator of the process as a whole were established. It established that the
FG layer has a primary effect in the liquid surface cooling form, which reduces the va-
por pressure, its concentration, and the required evaporation retardation coefficient. At
the same time, FG isolates the evaporation process by reducing the free surface area and
retards the vapor diffusion into the combustion zone. The FG effectiveness is hindered
by it wettability by flammable liquid, which increases the evaporation area, i.e. it does
not decrease equally with the liquid mirror area occupied by FG particles. In addition,
the wettability is not the same for different liquids. It was also previously observed [30]
that technical aqueous solutions of methanol and ethanol burn out faster than pure lig-
uids, which implies more difficult extinguishing conditions. In contrast, the fire-
extinguishing layer FG for such solutions is reduced [4]. We assume that water-
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containing clusters decompose more intensively at t,, and under the flame heat flux in-
fluence than clusters of pure alcohol.

Thus, the work investigated the correlations with the dry FG fire-extinguishing
layer of such indicators as molar mass, length of the molecular or cluster skeleton,
combustion reaction stoichiometric coefficient, burning mass rate from the free surface,
density, flash point, boiling point, and autoignition. It turned out that all these parame-
ters work only for some liquids, because each of them does not take into account some
factor from the complex that determines the formation of the extinguishing FG layer
value. The solution to this problem in this work was to take into account the cluster
supramolecular structure of the substance, with the correction that the primary cooling
effect for different liquids constitutes a temperature range different fraction of they ex-
istence, therefore, a different reduction in saturated vapor pressure is achieved. A
smaller effect is observed for low-boiling liquids, therefore it is assumed that their sur-
face has a substance monomolecular state, for other liquids dimeric structures are as-
sumed, for high-boiling liquids — up to heptameric, which corresponds to the cold alco-
hols spectrometry [33]. This approach for the first time allowed us to obtain mathemati-
cal relationships for the dry FG extinguishing layer depending on the expected clusters
predominant length in the liquid.

The study results are limited to the homologous classes of alkanes and alcohols,
therefore, for other organic compounds classes, separate tests and approximations must
be carried out. Moreover, the deviations obtained during the description of physico-
chemical and fire-extinguishing properties of studied homologous series indicate the
need to improve the experimental processing methodology. The problem with this and
other approaches to modulating the FG extinguishing layer is that the extinguishing
process by the supplying FG depends on the evaporation process (at different parts of
the tn, — t,p range), the FG wettability by the combustible liquid, the vapor diffusion
rate through the FG layer, the LFL in the air, the combustion heat, cluster structures in
the flame, and have different oxygen requirements for the combustion process. Given
such an influencing factors number, it is difficult to achieve greater accuracy in predict-
ing the dry FG extinguishing layer without developing a complex dependence. But the
developed approach is sufficient to predict the conditions of the significantly weakened
combustion above the FG, which can be extinguished by the vast majority of fire extin-
guishing means of volumetric or surface action.

Regarding the supramolecular structure consideration as a liquids extinguishing
modulating indicator, a clear calculation principle has not yet been developed for de-
termining the equivalent cluster length when describing a certain substance state, in-
cluding for the liquid actual temperature. t,, — t,, The simplest way is to take into ac-
count the residual portion of the temperature range "tp, — ty, (Or t)" after the fire extin-
guishing agent cooling effect on the surface has been triggered. But, most likely, this
part will have to be taken into account in the certain function form, for example, a cube
root, as a typical description of non-azeotropic mixtures.

For the studied options for extinguishing polar and non-polar liquids with dry or
wet FG and under the condition of the additional coating with the inorganic gel, there
are limitations to the method application. Effective extinguishing of alkanes with a dry
or wet FG layer up to 8 cm is achieved only for flammable liquids with t;,>61 °C, for
alcohols in the dry FG case — for liquids with tg, >45 °C, in the wet FG case — t;,>10 °C.
The gel extinguishing is poorly effective for polar liquids due to their water solubility.

Thus, in the field of FG application for the polar and non-polar liquids fire extin-
guishing, there are still many unexplored combinations with other fire extinguishing
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means, which can provide a reliable fire extinguishing effect, cost-effectiveness and en-
vironmental friendliness.

8. Conclusions

1. The buoyancy characteristics of dry and wet foam glass in polar and non-polar
flammable liquids have been determined. With increasing liquid density, the foam glass
buoyancy increases according to a general law close to linear, which is described by
approximation formulas separately for dry and wet foam glass, but taking into account
both polar and non-polar liquids. The dry foam glass buoyancy in alkanes varies from
0.36 for n-pentane to 0.58, and for wet foam glass from 0.29 to 0.49 (in pentane, wet
foam glass can be considered non-floating). The largest deviations from the linear law
are observed for alkanes technical mixtures. The dry foam glass buoyancy in alcohols
varies from 0.46 to 0.76, and for wet foam glass from 0.44 to 0.74 (the dependence is
nonlinear due to the different alcohols water solubility). A relationship between buoy-
ancy and the hydrocarbons flash point has been established, but the dependencies
turned out to be individual for n-alkanes, n-alcohols, and glycols, which is described
mathematically. A linear relationship between flash points and the liquids density has
also been established. The obtained data allow us to predict the foam glass base layer
for the binary fire extinguishing.

2. Correlations with the dry FG fire-extinguishing layer of molar mass, length of
the molecular or cluster skeleton, combustion reaction stoichiometric coefficient, burn-
ing mass rate from the free surface, density, flash points, boiling points, and
autoignition were found. The predicting possibility the extinguishing layer of the dry
foam glass based on the chemical structure of the molecular and supramolecular states
of flammable liquids has been established. An equation for the dry foam glass extin-
guishing layer depending on the expected clusters length in the liquid, as well as a simi-
lar dependence for the flash point, was obtained. Effective extinguishing with dry or
wet foam glass of alkanes with a layer of up to 8 cm is achieved only for flammable
liquids with t¢, >61 °C, for alcohols for the dry FG case — with tg, >45 °C, for the wet
FG — ts >10 °C. It 1s recommended to extinguish hydrocarbons with t,>28 °C with a
base layer of wet foam glass 6 cm of fraction 1.0-1.5 cm, which is sufficient to stop the
burning of most of such hydrocarbons or requwes extinguishing completion with an in-
organic gel with an application rate of 0.2 g/cm?; for hydrocarbons with ty, <28 °C, the
wet foam glass base layer is 12 cm, which is suff|C|ent to stop the burning or requires
the gel supply with an application rate of 0.2 g/cm? for some substances.
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HAIIPAMKHN PO3BUTKY I'ACIHHA INOKEX PIIUH
HA OCHOBI BA30BOI'O HIAPY IIITHOCKIJIA

BcTanoBieHO MOAEMIOI0YHI TapaMeTp TOpIovoi PiIMHY U IPOTHO3YBAaHHS BOITHETACHOTO IIapy
MIHOCKJIA K 0a30BOTO 3aco0y I 3a0€3MeUeHHs HalIHHOTO MOXKEKOTACIHHS PiJIUH Y KOMILJICKCI 3 1H-
IIMMHA BOTHETaCHUMH 3acobamu. JlocmiHKeHo 0coOMMBOCTI (popMyBaHHS Ta TMOKAa3HUKIB IUIABYYOCTI
CYXOT0 Ta BOJIOTOTO ITIHOCKJIA y TIOJISIPHUX Ta HEMOJSIPHUX piAuHax (ajdkaHax Ta cruprax). [lokazaHo
3pOCTaHHS IIABYYOCTi MIHOCKJA 31 301MBLICHHSM TYCTHHH piguHH. OmHCaHO IUIaBYYiCTh MiHOCKIA Y
MIOJISIPHUX 1 HEMOJSPHUX PiAUHAX 3aJIe)KHO BiJl TYCTHHU PiAMHA alPOKCHMAIIIHOIO JIIHIHHOO 3a1eXKHi-
CTIO OKpPEMO AJISl CYXOro i Bojiororo miHockia. [loscHeHO BiIXWIIeHHS Bi JiHIHOTO 3aKOHY Pi3HOO
3MOYYBaHICTIO IIHOCKJIA, BOAOPO3YHMHHICTIO JESKHX CIUPTIB, OCOOIMBOCTSMH CyMimiei pimuH. Bera-
HOBJICHO 3B’S130K IIIABYYOCTi 3 TEMIEPATYPOIO CIIANaXy, KUl CIIOCTEPIraeThCs OKPEMO ISl H-aJIKaHiB,
H-CIIMPTIB Ta IIIKOJIB, 10 ONHCAHO MaTeMaTuyHO. Po3polbiieHo dhopMyiy s OMKHCY B3a€MO3B’S3KY
TeMIepaTyp craiaxy 3 TYCTHHOIO piawH. [locmimkeHo Kopensii 3 BOTHEraCHUM IIapOM CYXOTO MiHOC-
KJIa MOJISPHOI MacH, TOBKUHHU KapKacy MOJIEKYJIX a00 KIacTepy, CTeXiOMETPUYHOTO Koe(DillieHTy pea-
KIIii TOPiHHS, MIBUIKOCTI BUTOPSIHHA 3 BUTBHOT MMOBEPXHi, TYCTHHHU, TEMIIEPATyp Clanaxy, KUIIHHI, ca-
MOCTaJaxyBaHHs. BcTaHOBICHO MOKIMBICTH MMPOTHO3YBaHHS BOTHETACHOTO Iapy CYXOTO IHOCKJIA Ha
miZicTaBl OMUCY KJacTepiB Toptoynx piguH. OTpUMaHO MaTEeMaTH4YHI 3aJIeXKHOCTI JJIi BOTHETACHOTO
mapy CyXoro IHOCKJa 3aJIe)KHO Bij TOBKHHU OUYiKyBaHHMX KJIACTEPiB y PiAMHI Ta aHAJOTIYHY 3alieikK-
HICTh JUIA TEMIIEpaTyp cranaxy. BuzHaueHo yMOBH e€()EeKTUBHOTO TaciHHS CHHUPTIB Ta alKaHIB CyXUM
MiHOCKJIOM. PEKOMEHI0BaHO Pi3Hi PEKHUMU TaciHHs BYTJICBOHIB 3 TeMIepaTypamu cranaxy t., <28 °C
Ta t., >28 °C Ha ocHOBI 6a30BOT0 HIapy BOJOroro mHockiaa 6 cM ¢paxii 1,0—1,5 cM 3 MOKIHBICTIO 3a-
BEpILECHHS TaciHHA 32 HEOOX1THOCTI HEOPraHiYHUM TefieM HIISIXOM PO3MHUJICHHS! KOMIIOHEHTIB 3 BUTpa-
TOXO HaHeceHH: 0,2 r/em?.

KarouoBi cjioBa: moxxexoraciHisi, roprova pijiHa, KjlacTtep, MIHOCKIO, IJIaBYYiCTbh, 130,
OXOJIOJKEHHS, T'€Jlb, BUTPATa

Jliteparypa

1. Tpery6os 1., Jlamamos 1., Minceka H., I'amon 0. Yupkina-Xapmamoa M. @i-
3UKO-XIMIYHI OCHOBM PO3BUTKY Ta TaciHHS MOXKEX roprouux pimuH. Xapkis: HYI[3
VYkpainu, 2024. 216 c. URL: http://repositsc.nuczu.edu.ua/handle/123456789/19111

2. ICTY b B.2.6-183:2011. Pe3epByapu BepTHUKaJIbHI HUTIHAPUYHI CTANEB1 s
HadTH Ta HaQTONMPOAYKTIB: 3aranbHi TexHIYH1 yMoBH. [Yunuuii Big 2012-10-01]. Ku-
iB: Minperion VYkpainu, 2012. 99 c. URL: https://zakon.isu.net.ua/sites/default/
files/pdf/rezervuari_vertikalni_cilindrich-3-476789.pdf

3. Hamamog I. ®@., Tperyoos /I.I'., KipeeB O. O., Cenunxin 0. M. Hanpsmku
BJIOCKOHAJIEHHSI TacClHHSA MOXeX HadTompoaykriB. HaykoBuil BiCHUK OYIiBHHUIITBA.
2018. Ne 94(4). C. 238-249. doi: 10.29295/2311-7257-2018-94—4-238-249

4. Nanamos 1., Kipees O. Tpery6os /1., Tapaxuo O. ['aciHHS rOproYuX piuH TBEp-
IMMHU TIOPUCTHMHU MaTepiajlaMi Ta TelIeyTBOPIOIOUMMH cucTtemMamu. Xapkis: HVYI3
VYkpainu, 2021. 240 c¢. URL: http://repositsc.nuczu.edu.ua/handle/123456789/14033

5. Tregubov D., Dadashov 1., Nuianzin V., Khrystych O., Minska N. Relationship
Between Properties of Floating Systems and Flammable Liquids in the Stopping Their
Burning Technology. Key Engineering Materials. 2023. Ne 954. P. 145-155. doi:
10.4028/p-krzrd9

i182¢ © D. Tregubov, 0. Kireev, K. Kyazimov, L. Trefilova and others



ISSN 2524-0226. NMpobnemu Haa3BUMYAUHUX cuTyauin. 2024. N 2(40)

6. Loboichenko V., Strelets V., Gurbanova M., Morozov A., Kovalov P.,
Shevchenko R., Kovalova T., Ponomarenko R. Review of Environmental Characteris-
tics of Fire Extinguishing Substances of Different Composition used for Fires Extin-
guishing of Various Classes. Journal of Engineering and Applied Sciences. 20109.
Vol. 14. P.5925-5941. doi: 10.36478/jeasci.2019.5925.5941

7. Zhi H., Bao Y., Wang L., Mi Y. Extinguishing performance of alcohol-resistant
firefighting foams on polar flammable liquid fires. Journal of Fire Sciences. 2020.
Ne 38(1). P. 53-74. d0i:10.1177/0734904119893732

8. Zarzyka Il., Majda D. Thermogravimetric and qualitative analysis of thermal de-
composition characteristics of polyurethane foams based on polyols with carbamide or
oxamide, borate. Polymer International. 2017. Vol. 66(11). P. 1675-1683. doi:
10.1002/pi.5

9. banantok B., Kozsap H., Konuctunckuii 10., KpaBuenko A. [IpoGiemu raciaas
MOXKE)K CIOUPTIB Ta ix cymimreir. IToxexxna Oesmeka. 2018. Ne 33. C. 5-9. doi:
10.32447/20786662.33.2018.01

10. Balanyuk V., Kozyar N., Garasyumyk O. Study of fire—extinguishing effi-
ciency of environmentally friendly binary aerosol-nitrogen mixtures. Eastern-European
Journal of Enterprise Technologies. Technical science. 2016. Ne 3(81). P. 4-11. doi:
10.15587/1729-4061.2016.72399

11. Balanyuk V., Kravchenko A., Harasymyuk O. Reducing the intensity of ther-
mal radiation at the sublayer extinguishing of alcohols by ecologically acceptable aero-
sols. Eastern-european journal of enterprise technologies. Technical science. 2021.
Vol. 1/10(109). P. 37-44. doi: 10.15587/1729-4061.2021.225216

12. Korolov R., Kovalyshyn V., Shtajn B. Analysis of methods for extinguishing
fires in reservoirs with oil products by a combined method. ScienceRise. 2017.
Ne 6(35). P. 41-50. doi: 10.15587/2313-8416.2017.104613

13. bamantok B. M., Mipomikin B. C., Konuctuncekuii 1O. O., I'ipcekuit O. 1.,
I'epacum’rok  O. 1. TlopiBHSHHS BOTHETAaCHUX PpEYOBMH [JJii TAaCiHHS TOXKEK
JICTKO3aMHUCTHX Ta roprounx piaumH. [Toxexna 6e3neka. 2022. Ne 41. C. 12-19. doi:
10.32447/20786662.41.2022.02

14. Tianwei Zh., Cunwei Zh., Hao L., Zhiyue H. Experimental investigation of
novel dry liquids with aqueous potassium Solution@Nano-SiO, for the suppression of
liquid fuel fires: preparation, application, and stability. Fire Safety Journal. 2020.
Vol. 115. P. 103144. doi: 10.1016/j.firesaf.2020.103144

15. Shi B., Zhou F. Fire extinguishment behaviors of liquid fuel using liquid ni-
trogen jet. Process Safety Progress. 2016. Ne 35(4). P. 407-413. doi: 10.1002/prs.11815

16. Xpuctuu B. B., ManspoB M. B., bounapenko C. M. CydacHi cnocobu mij-
BUIIEHHS €()eKTUBHOCTI FaciHHS MOKEXK1 PO3MOPOIIEHOI0 BOJo0. [IpobieMu moxex-
Hoi Oesmeku. 2016. Ne 40. C. 201-205. URL: http://repositsc.nuczu.edu.ua/
handle/123456789/2198

17. Dubinin D., Korytchenko K., Lisnyak A., Hrytsyna I., Trigub V. Improving
the installation for fire extinguishing with finelydispersed water. Eastern-European
Journal of Enterprise Technologies. 2018. Ne 2(10-92). P. 38-43. doi: 10.15587/1729-
4061.2018.127865

18. KapBaupka M., JlaBpentok O., Muxaniuko b. CyuacHuii ctan 1 HanpsMu BIO-
CKOHAJICHHSI BOJJHUX BOTHEracHux pedoBuH. HaykoBuii BicHuK: L{uBinbHMIA 3aXUCT Ta
nokexxHa o6esmneka. 2023. Ne 1(15). P. 92-100. doi: 10.33269/nvcz.2023.1(15).92-100

19. Abdulrahman S., Chetehouna Kh., Cable A., Skreiberg O., Kadoche M. Re-



ISSN 2524-0226. Problems of Emergency Situations. 2024. N 2(40)

view on fire suppression by fire sprinklers. Journal of Fire Sciences. 2021. Ne 39(6).
P. 512-551. doi: 10.1177/07349041211013698

20. Lu J., Liang P., Chen B., Wu C., Zhou T. Investigation of the Fire-
Extinguishing Performance of Water Mist with Various Additives on Typical Pool
Fires. Combustion Science and Techn. 2019. Ne 192(4). P. 592-609. doi:
10.1080/00102202.2019.1584798

21. A6pamos 10O., Konomiens B., Cob6ina B. Moaeni noxexeraciHHs Npu rOpiHHI
nerkozaimMuctux piaud. Komynanpae rocmogapctBo micT. 2023. Ne 4(178). C. 194—
198. doi: 10.33042/2522-1809-2023-4-178-194-198

22. Chernukha A., Teslenko A., Kovaliov P., Bezuglov O. Mathematical model-
ing of fire-proof efficiency of coatings based on silicate composition. Materials Sci-
ence Forum. 2020. Ne 1006. P. 70-75. doi: 10.4028/www.scientific.net/MSF.1006.70

23. Abramov Y., Basmanov O., Salamov J., Mikhayluk A., Yashchenko O. De-
veloping a model of tank cooling by water jets from hydraulic monitors under condi-
tions of fire. Eastern-European Journal of Enterprise Technologies. 2019. Ne 1/10(97).
P. 14-20. doi: 10.15587/1729-4061.2019.154669

24. Maxapenko B. C., Kipees O. O., Tpery6os /I. I'., Yupkina M. A. JlociimkeH-
Hs BOTHETaCHUX BJIACTUBOCTEH OIHApHHX IIapiB JETKHWX MOpUCTUX MaTepiaiis. Ilpo-
OmeMu Haja3BuuaHux cutyamii. 2021. Ne 33. C. 235-245. doi: 10.52363/2524-0226-
2021-33-18

25. Jelagin G., Kutsenko M., Alekseev A., Nuianzin A. Extinguishing media for
spilled flammable liquids. The scientific heritage. 2022. Ne 84(1). P. 15-25. doi:
10.24412/9215-0365-2022-84-1-15-25

26. Tperyoos /., Tpedinosa JI., CnemyxnikoB €., Cokonos [I., Tperybosa @.
CmiBBiTHOIIIEHHS BJIACTUBOCTEH Y TOMOJIOTIYHUX psfiax BYriaeBoaHiB. [Ipobmemu Hax-
3prvaiiHux curyamniid. 2023. Ne 2(38). C. 96-118. doi: 10.52363/2524-0226-2023-38-7

27. Tregubov D., Trefilova L., Minska N., Hapon Yu., Sokolov D. Nonlinearities
correlation of n-alkanes and n-alcohols physicochemical properties. I[TpoGiemu
Ha3BUYaiHuX cutyartiit. 2024. Ne 1(39). C. 4-24. doi: 10.52363/2524-0226-2024-39-1

28. Tregubov D., Slepuzhnikov E., Chyrkina M., Maiboroda A. Cluster Mecha-
nism of the Explosive Processes Initiation in the Matter. Key Engineering Materials.
2023. Vol. 952. P. 131-142. doi: 10.4028/p-1Zz2Hq

29. Glassman 1., Yetter R. A., Glumac N. G. Combustion. London: Elsevier,
2014. 757 p. doi:10.1016/C2011-0-05402-9

30. Tperyoos /I. I'., Tapaxno O. B., Cokonos /l. JI., Tperyoosa ®. JI. InenTudi-
Kallisl KJacTepHoi Oy/0BM BYIJIEBOJHIB 3a Temmeparypamu IuiaBieHHA. [IpoGiemu
Haj3BHuaiHux cutyariii. 2021. Ne 34, C. 94-109. doi: 10.52363/2524-0226-2021-34-7

31. PubChem. Compound summary. URL.: https://pubchem.ncbi.nlm.nih.gov/

32. Tregubov D., Tarakhno O., Deineka V., Trehubova F. Oscillation and Step-
wise of Hydrocarbon Melting Temperatures as a Marker of their Cluster Structure. Sol-
id State Phenomena. 2022. Vol. 334. P. 124-130. doi: 10.4028/p-3751s3

33. Doroshenko 1. Yu. Spectroscopic study of cluster structure of n-hexanol
trapped in an argon matrix. Low Temperature Physics. 2017. Ne 3(6). P. 919-926. doi:
10.1063/1.4985983

Hapiitunia no penxoserii: 10.10.2024
[puiinsra go npyky: 16.11.2024

1184 © D. Tregubov, 0. Kireev, K. Kyazimov, L. Trefilova and others



