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The purpose of the research of this work is to study the effectiveness of extinguishing a fire using carbon dioxide, taking
into account changes in gas exchange. An analysis of the use of neutral gases in automatic fire extinguishing systems,
which provide a three-dimensional method of extinguishing. The analysis shows that the rate of elimination of combustion
will depend on the gas exchange in the room, ie the number and location of vents, doors, windows, etc. To study the effect
of gas exchange on the efficiency and rate of cessation of combustion, an installation was developed, the camera of which
simulates a real room and a computer model of the same room for simulation. The created installation allows to apply quali-
ties of a phlegmatizer — carbon dioxide, nitrogen, argon, etc. The structural components of the installation are substantiated
so that the phlegmatizer enters the combustion chamber from the pressure chamber, which is equipped with two openings:
the first for removal of combustion products from the chamber, the second for input of phlegmatizer and two openings
that simulate ventilation and inlet passage. in the cell. The amount of phlegmatizer supplied to the combustion chamber is
regqulated by a reducer. A thermocouple is built into the chamber to control the temperature in the combustion zone. A com-
puter model of a combustion chamber similar to a full-scale experiment has been created. A computational experiment
was performed. A full-scale experiment was conducted. It is established that the effect of open ventilation ducts on the rate
of cessation of combustion is most significant at low inert gas flow rates. The relative deviation of the results of mathematical
modeling from the experimental data is calculated. The results of the study show the effectiveness of modeling of thermal
processes for further studies of the effect of gas exchange on the rate of fire extinguishing in closed volumes.
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Introduction. In Ukraine, as always, the problem
of fighting fires and their consequences is acute. According to
the results of the analysis of fires and their consequences in
Ukraine in 2020 trends that indicate an increase in the number
of fires and material losses from them, people injured in fires
compared to 2018 are revealed. Substances, which are
conventionally called fire extinguishers are used to fight fires.

Traditionally, all substances used to stop burning are
conventionally divided into 4 types (H. |. Yelahin et al.,
2020; V.O. Duniushkin et al., 2011; V.O. Borovykov et al.,
2000; A.V. Antonov et al., 2001; V.O. Borovykov et al., 2001;
A.V. Antonov et al., 2003; T.le. Kisil et al., 2003; A.V. Antonov
et al., 2006; N. M. Koziar et al., 2007; A. I. Turchyn et
al., 2008; A.V. Antonov et al., 2010; A.V. Antonov, 2012;
A.V. Antonov, 2013; A.V. Antonov et al., 2007):

—those that dilute substances in the combustion reaction
zone are mainly neutral gases: nitrogen (N,), carbon dioxide
(CO,), water vapor (H,0), helium (He), argon (Ar) and some
others;

— those that cool the reaction zone or combustible
substances are mainly water, powder, sand and others;

— those that insulate substances (combustibles
or oxidants) from the combustion zone are sand, fire-
extinguishing powders, foam (air-mechanical, chemical);

— those that inhibit the combustion reaction (chemical
active inhibitors) are some types of chemical powders
and liquids that contain chemical elements of group 7
of the periodic table, — halides such as carbon tetrachloride
(CCl,), methylene bromide (CH,Br,), ethyl bromine (C) ,
tetrafluorodibromoethane (C2Br,F,) and many others.
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At first glance, such a conditional division is almost
unquestionable. ~ The  conditionality —and  relativity
of such a division, that the extinguishing agent acts on
the process of cessation of combustion by a combination
of its physical and chemical properties, is described in
many works (A.V. Antonov, 2017; A. G. Tropinov et al.,
1990, A.V. Antonov, 1993; A.V. Antonov, 1995; A.V. Antonov
et al.,, 2000; A.V. Antonov et al., 2001; Yu. B. Tsapko,
2002; D. M. Derevynskyi et al., 2004; A.V. Antonov et al.,
2005; V. M. Balaniuk et al., 2006; B. B. Kovalyshyn et al.,
2013; A.V. Antonov, 2013; V. O. Duniushkin et al., 2014;
S. Ohurtsov, 2014; Y. Cai et al., 2015; J. G. Gatsonides et al.,
2015; M. Trevits et al., 2010; Ju. V. Capko et al., 2001; DSTU
3958: 2000). For example, neutral gases, when introduced
into the combustion zone, dilute the molecules of combustible
substance and oxidant; their collision becomes less probable,
the oxidation reaction slows down, the combustion intensity
decreases, the heat release is weaker, and at a certain
concentration of inert gas it stops altogether. As a result,
the burning stops and the fire goes out.

It is known from the physics of combustion and explosion
that when the volume concentration of oxygen in
the combustion zone decreases less than 14%, kinetic
(and diffusion) combustion stop. But if it is only a matter
of mechanically diluting the molecules of the combustible
substance with the oxidant, then it seems that it does not
matter what to dilute with — nitrogen, carbon dioxide, helium,
water vapor and so on. However, studies (I. M. Abduragimov,
2012) have shown that this is not the case. And the efficiency
of extinguishing fires with inert gases is significantly affected
by their thermophysical properties.

The dependence of the required concentration of different
inhibitors and phlegmatizers for methane dilution is shown in
work (I. M. Abduragimoyv, 2012) (Fig. 1). The figure shows that
the most effective are inhibitors (halogenated hydrocarbons)
and phlegmatizers (carbon dioxide and water vapor).

However, neutral gases are mainly used in automatic fire
extinguishing systems, which provide a three-dimensional
method of extinguishing. It is clear that the rate of fire
elimination will depend on the gas exchange in the room, ie
the number and location of vents, unlocked doors, windows
and so on. Research in this direction, both in Ukraine and in
the world is almost not conducted, so the purpose of this
work is relevant.

Materials and Methods. The basics of the theory
of diffusion flame extinguishing are presented in particular
in the work (V.O. Dunjujushkin et al., 2014). It is proved
that the cessation of combustion in a gas diffusion flare
occurs when at the moment of supply of extinguishing agent
the rate of chemical reaction in the flame front localized in
the stoichiometric composition circuit becomes insufficient
for chemical conversion at given fuel and oxidant velocities.
The phlegmatizer can be supplied with both oxidizer and fuel.

There are many works devoted to the determination
of the minimum fire-extinguishing concentration (limiting
concentrations of phlegmatizer for supply to the oxidant
zone) (see, (Y.Cai et al., 2015; J. G. Gatsonides et al., 2015;
M. Trevits et al., 2010; Ju.V.Capko et al., 2001). In works
(Y.Caietal., 2015; J. G.Gatsonides et al., 2015; M.Trevits et
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Fig. 1. Dependence of methane concentration in
the mixture on the phlegmatizer content in the
atmosphere: 1, 2 — halogenated hydrocarbon type
C,Br,F,; 3 — carbon dioxide CO,; 4 — water vapor H,0;
5 — nitrogen N_; 6 — helium He; 7 — argon Ar.

al., 2010; Ju. V. Capko et al., 2001) the effect of synergism
when applied to the oxidant zone by phlegmatizers
of different chemical nature (for example, chemically inert
and those with inhibitory action) was revealed. Based
on the use of synergistic effects, new highly effective fire
extinguishing compositions have been proposed (M. Trevits
et al., 2010). The influence of agents of different chemical
nature on the extinguishing of the diffusion flame during their
supply together with the oxidant was studied in (M. Trevits
et al., 2010; Ju.V.Capko et al., 2001). Thus chemical
mechanisms of suppression of combustion of hydrocarbons
by means of fluorinated agents are revealed.

At the same time, the analysis of literature sources in
which the extinguishing of the flame diffusion torch by
feeding the phlegmatizer together with the fuel was studied
(G. E. Golinevich et al., 1991). One of the first works in this
direction is the work (G. E. Golinevich et al., 1991), which
investigated the concentration limits of diffusion combustion
of the mixture H, + He in the air. Along with this, the study
of the conditions of stabilization of diffusion flares of mixtures
of hydrogen and methane with various inert solvents should
be noted (Golinevich, G.E. et al., 1991).

To study the effect of gas exchange on the efficiency
and rate of combustion cessation, an installation was
developed (Fig. 2), the chamber of which simulates a real
room and a computer model (Fig. 3) of the same room for
simulation.

Theclosestanaloguetothetechnicalessence ofthe device
is a gas fire extinguishing system (O.A.Derevianko et al.,
2018), which contains a cylinder with a gas extinguishing
agent, shut-off valves, pipelines and outlets. However, this
installation does not provide for the possibility of regulating
the flow of extinguishing agent and changing the number
of open armholes.

Results. The installation (Fig. 2) works according
to the following scheme. From the pressurized tank
the phlegmatizer comes to the combustion chamber
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(simulation room), equipped with two (working) holes:
the first to remove combustion products from the chamber,
the second to enter the phlegmatizer and two holes that
simulate ventilation and inlet and allow to change gas
exchange in the chamber. The amount of phlegmatizer
supplied to the combustion chamber is regulated by
a reducer. A thermocouple is built into the chamber to control
the temperature in the combustion zone.

When introducing a neutral gas into the combustion
zone, in addition to reducing the concentration
of the components of the combustible mixture, there is
also a loss of heat for heating this diluent from the initial
temperature to the temperature of the combustion zone.
The installation allows to use as a phlegmatizer — carbon
dioxide, nitrogen, argon, etc..

During our research (Fig. 4), carbon dioxide was chosen
as the phlegmatizer (CO,). A paraffin candle was chosen as
the source of combustion. The experiment was conducted
in two modes: 1 — all armholes are open, 2 — all armholes

are closed. The temperature change was recorded using
a DT-838 multimeter complete with thermocouples. During
the research, the time from the beginning of the supply
of carbon dioxide to the combustion zone to the cessation
of combustion was recorded. To correlate the results,
2 experiments were performed.

The study was conducted at carbon dioxide feed rates
of 60, 80 and 100 | / min.

The results of the research are presented in the graph
(Fig. 5). They show that the cessation of combustion with
closed vents (gas exchange mode Ne 1) occurs faster than
with open vents (gas exchange mode Ne 2). So at a feed
rate of carbon dioxin equal to 40 |/ min it happens 4 s faster,
which is more than 40% faster; at a carbon dioxide feed rate
of 60 | / min this happens 3.5 s faster, which is more than
35% faster; at a carbon dioxide feed rate of 80 | / min this
is 3.3 s faster, which is more than 35% faster; at a carbon
dioxide feed rate of 100 | / min 1.9 s, which is more than
25% faster.

Fig. 2. Installation for the study of cessation of combustion by phlegmatization (a);
constructive scheme of installation (b):
1 - container with phlegmatizer under pressure; 2 — the valve; 3 - flexible pipeline;
4 - an opening for air inflow with a latch, 5 — a reducer; 6 — combustible substance;
7 - hole for removal of combustion products; 8 — temperature sensor; 9 — isolated camera;
10 - heat-resistant glass; 11 — screen; 12 -rotameter.

Fig. 3. The view of the model of the simulation room, which was used for the computational experiment
(yellow dots show the places of calculation of temperatures)

BicHuk CymcbKoro HauioHanbHOro arpapHoro yHiBepcureTty

34

Cepist «MexaHisaLjig Ta aBTomaTi3aLjis BUpobHU4MX MpoLiecisy, Bunyck 3 (45), 2021



Fig. 4. Conducting experimental studies to determine the effect of gas exchange
on the rate of extinguishing a fire with carbon dioxide

From this we can conclude that the effect of open
ventilation ducts (window doors) on the rate of cessation
of combustion is most significant at low inert gas flow
rates. And also that increasing the speed of flow rate
of phlegmatizers in a burning zone extinguishing time
decreases.
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Fig. 5. Graph of the dependence of time (from the
moment of the beginning of supply of carbon dioxide
to the cessation of combustion) on the mode of gas
exchange and the rate of supply of extinguishing agent

To conduct a computational experiment using the created
mathematical model of the model room (Fig. 3) for testing
the following sequence of calculation procedures was used.

1. With the help of CAD program the geometric
configuration of the model room of the necessary sizes is
created. Inside, models of partitions, openings for the exit
of combustion products and places of air support are created.
The geometric model is imported into the environment
of the FDS calculation complex.

2. The initial parameters of modeling are entered, as it
is impossible to change in the course of calculation: initial
temperature of the environment, support of air on the one
hand, necessary time of burning, etc..

3. The combustion process is initiated in the middle part
of the room. For this purpose the fire center is modeled.

4. During the calculation, the temperature
of the respective points in the room and the temperature

gradient are monitored online.
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In order to control the temperature regime by means
of the computer complex FDS 27 places of its control were
created (yellow dots of fig. 3).

After completion of the computational experiment,
temperature data were obtained at each control point for
verification.

Discussion. In fig. 6, 7 there are graphs of the average
temperature in the middle of the model room during
the computational experiment.

As a result of calculations of cessation of combustion
in the model room with closed vents with a carbon dioxide
supply rate of 40, 60, 80 and 100 | / min. we obtained
the following time intervals for cessation of combustion —
8.2;6.7; 6.3 and 5.8 seconds.

As a result of calculations of combustion cessation in
the model room with open vents with a carbon dioxide supply
rate of 40, 60, 80 and 100 | / min. we obtained the following
time intervals for cessation of combustion — 12.4; 10.3; 9.6
and 7.8 seconds.

Analyzing the comparison of the results of mathematical
modeling of the heat transfer process (Fig. 7) in case of fire
in the model room and experimental data, it can be stated
that the relative deviation averages 5.6%, which shows
the efficiency of modeling thermal processes for further
studies of gas exchange on fire extinguishing rate in closed
volumes.

Conclusions. This work investigates the effect of gas
exchange on the efficiency of extinguishing fires with carbon
dioxin by conducting experimental studies on a specially
designed installation and by computational experiment
using the software package CFD Fire Dynamics Simulator
6.2. The efficiency of modeling of thermal processes for
further research of the influence of gas exchange on the rate
of extinguishing fires in closed volumes is proved. To achieve
this goal, the following tasks were performed:

1. A mathematical model of the model room, similar
to the full-scale experiment was created. A computational
experiment was performed. A full-scale experiment was
conducted.

2. It is established that the influence of open ventilation
ducts (window doors) on the rate of cessation of combustion
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is most significant at low velocities of inert gases. It is also
established that with increasing speed of phlegmatizers
entering the combustion zone, the extinguishing time
decreases and the cessation of combustion with closed
vents occurs faster than with open vents. So at a feed rate
of carbon dioxin equal to 40 | / min it happens 4 s faster, which
is more than 40% faster; at a carbon dioxide feed rate of 60 | /
min this happens 3.5 s faster, which is more than 35% faster;
at a carbon dioxide feed rate of 80 | / min this is 3.3 s faster,

which is more than 35% faster; at a carbon dioxide feed rate
of 100 1/ min 1.9 s, which is more than 25% faster.

3. The relative deviation of the results of mathematical
modeling from the experimental data, which is 5.6%, is
calculated.

4. The results of the study show the effectiveness
of modeling of thermal processes for further studies
of the effect of gas exchange on the rate of fire extinguishing
in closed volumes.
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HocnidxeHHs ennuey 2a306MiHy Ha eghekmueHicmb 2aciHHsA noxex diokcudom syaneuyro

Memoto docnidxeHHs € UBYEHHS EGheKMUBHOCMI 2aCiHHSI NOXexXi OiOKCUOOM 8Y211EUI0 3 ypaxy8aHHSIM 3MiHU 2a3000MiHY.
lposedeHo aHanis 3acmocysaHHs1 HelimpasbHUX 2a3ig y cucmemax asmoMamu4yHO20 NoXexoeaaciHHs, ujo nepedbaqyaroms
06’emHull criocib eaciHHA. [1i0 yac aHanisy ecmaHoeneHo, wo weudkicms niksidauii 20piHHA 3anexamume 8i0 2a3000MiHy
y npumiweHHi, mobmo 8i0 Kinbkocmi ma Micuyb po3mally8aHHsi eeHmunsauitiHux omeopis, deepel, 8ikoH mouwjo. 3adns
docnidxeHHs 8nnugy 2a30006MiHy Ha eghekmueHicmb | WeUudKiCMb NPUNUHEHHST 20PIHHST PO3POBIIeHO yCmaHo8KY, Kamepa
AKOI iMimye pearibHe NPUMIWEHHS i 020 KoMmomepHy MoOerb Ons nposedeHHs1 ModentosaHHS. CmeopeHa ycmaHoska
0oseorisie 3acmocosygamu K ¢hneamamusamop Oiokcud eyaneuto, azom, apaoH mouwo. O6rpyHMo8aHO CMPYKMypPHi
KOMIMOHEHMU YCMaHO8KU MaKuM YUHOM, WO i3 eMHocmi rid muckom Hadxodumb ¢brieamamu3amop 00 kamepu O5isi
crnanogaHHs, obradHaHoi dgoma omeopamu: nepwuti omeip cryxumb 0ns 8ideedeHHs nMpodykmie 20piHHS i3 Kamepu,
Opyeuli — Ons eeeleHHs1 hrieemamu3samopa Yyepe3 0sa 0Meopu, SKi iMimyroms 8eHMUAYH0 | 8xiOHUU npoxid, A0380/5HYHU
3MiHto8amu 2a3006MmiH y kamepi. Kinbkicmb chneemamusamopa, wo nodaemscs 00 KaMepu Crano8aHHs, pe2ynoemscs
pedykmopom. Y kamepy 8MOHMO8aHO mepmonapy 07151 KOHMPOIT0 memnepamypu y 30Hi 20piHHSA. CmMeopeHO KOMITIomepHy
mMoOenb Kamepu Onisi CriasitoeaHHsl, aHasrozidyHy HamypHOMy ekcriepumeHmy. Komm'iomepHy modenb MpuMIileHHs i3
3a0aHuUMU 2e0MEMPUYHUMU KOHGizypauisimu i po3mipamu cmeopeHo 3a donomozoto CAD-npozpamu. YcepeduHi makox
6yno cmeopeHo mModeri nepe2opodok, omeopy 0151 8UX00y MPoOykmig 320PpsIHHS | Micusi nidnopy nosimps. [eomempuyHy
Mo0erb iMIopmoeaHo y cepedosule po3paxyHkoeozo kommnaekcy FDS 0nsi nodanbuwio2o npogedeHHs1 064UCI08aIbHO20
ekcriepumeHmy. [(pogedeHo ob4ucto8anbHUL eKcriepuMeHm. 13 Memoro 8idciOKo8y8aHHS 3MIHU meMnepamypHO20 PeXUMy
nid yac obyucosanbHO20 ekcrepumeHmy 3acobamu KommtomepHo20 Kommnekcy FDS cmeopeHo 27 micub ii KOHMpOro.
[icns 3asepuwieHHs1 064UCTH8aNIbHO20 EKCIePUMEHMY OMPUMAaHO MOKa3HUKU meMepamypu 3a KOXHUM MiCUeM KOHMPOITH
0ns nposedeHHs sepucpikauii. NposedeHo HamypHUU eKcriepuMeHm. YecmaHOo8/eHo, Wo 6riue, KUl YuHImMb eidkpumi
8EHMUNAUIUHI KaHanu Ha WeudKicmb MPUMUHEHHS 20PIiHHS, € HaliCymmesilum 3a HU3bKUX weudkocmel nodadi iHepmHuXx
2asig. PospaxosaHo 6IOHOCHe 8iOXuneHHs pe3ynbmamie MamemMamu4yHo20 MOOeneaHHsI 8i0 eKcrepuMeHmarnbHUX
rokasHukie. Pedynsmamu nposedeHo20 00CiOXeHHs ceid4amb Mpo eghekmusHicmb MOOET08aHHsI Meriogux rMpouecis
nid Yac nodanbLWo20 8USHEHHS 8MIUBY 2a3000MiHy Ha WUOKICMb 2aCiHHS MOXEX y 3akpumux 06’emax.

Knrovoei cnoea: noxexoaaciHHs, iHepmHi ea3u, 80eHe2acHi Pe408UHU, KOMITIOMEPHE MOOEI08AHHSI.
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