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Cmamms npuceauena axmyaivHOMy NUMAHHIO 6U3HA-
UeHHS MENJOMEXHIYHUX XaAPAKMePUCmuK 602He2acH020
NOpowKy 0151 Mennoiz0Nauii 0cepeoKy NoJjiCex Ci CMmpyic-
Ko6uUx Mamepianié Ha OCHOGL CNJAGI8 MAZHIIO 3 MemoI0
3anobizanns po3eumKy ma nowupenns novicexici ma edex-
muenozo ii eacinna. /{na eupiwmenns oanoi 3adaui npo-
6edeni nabopamopni ma nonizonHi excnepuMenmanvii
0ocnioxcenus mennoizontoeansioi 30ammocmi eoznezac-
H020 nopowrxy Komobinosanoi dii. Y pesynvmami ooepicani
dani w00 memnepamypu y ocepeoKy NONcexci CMPYHCKo-
uUX Mamepianax Ha 0CHOBI MAZHIEBUX CNIAGIE ma 3a 11020
Medcamu npu ix 2acinmi 802HE2ACHUM NOPOUKOM KOMOI-
noeanoi 0ii. Ilpu yvomy memnepamypa neodiepisroi cmo-
POHU wapy 6ozHezacHoz0 nopouwky He nepesuuwiye 170 °C
npu cepeoniii. memnepamypi ocepedxy nodxcexci 740 °C,
W0 NOKA3Ye BUCOKY MEnOoi30NAUiUNY 30amHicmb nopo-
WKy i, AK HACTIOOK, 1020 BUCOKY 802He2ACHY eeKmueHicmo
NpU 2aCiHHI NOJNCENHC CMPYIHCKOBUX MaAmepianié HA OCHO-
6i cnaagie maeniro. Ompumani memnepamypui dani 6yau
euKopucmani 0151 GUIHAMEHH S MenaoPi3uuHux napamempie
wapy 60eHe2acH020 NOPOWKY 3 6UKOPUCMAHHAM CMEope-
Hoi mamemamuunoi modeni npouecy menaonepeoaui y wapi
nopowky npu mennoeii i30nauii ocepeoky nosicedxci. [ns
CMmeopeHns mamemMamuynoi Mooei npoyecy menionepeoa-
ui YU CPOPpMYNBLOBAHT OCHOBHI NOJLONCEHHS NPU NOCAL006-
HOMY PO32130i 0CKIIbKOX eKCnepuMeHmaivHux Cumyauii.
Ilepwa excnepumenmanvna cumyauis 6ionogidae ymosam
CMAauioHapHozo mensi06020 NPouecy, a iHuwli excnepumen-
manvHi cumyauii 610n06i0aroms YmMo6am HeCMAuioHAPHOZ0
menno6020 npoyecy. Cmeopenns danux excnepumenmao-
HUX cumyauiii 6100yY6anocs 3a 00NOM02010 IMIHU MOGULUHU
wapy 602He2ACH020 NOPOWKY NPU PIZHUX NAPAMempPax 1ozo
nodasanns 6 ocepedox nodxcesici. Poapoénena mamemamu-
Ha Mo0estb npoyecy 6asyemves Ha uKopucmanti ougdepen-
UIAILHOZ0 PIBHAHHSA MENIONePe0ai nPu 1020 anpoKCUMAauii
3a memodom xinyesux piznuup. Ipu yvomy esaxcacmo-
Csl, WO YMOBU MenJi06i00axi Ha epanuyi Midc Heobiepieoro
CIMOPOHOIO 1307110104020 WAPY B602HE2ACHO20 NOPOWKY MA
OMouYyIoMUM cepedosumiemM Y KOXNCHIN eKCnepumMeHmavtil
cumyauii € 00HAK0BUMU.

3 eukxopucmannam cmeopenoi modeni 6ye eusnaue-
Hull Koeiyienm mennosiooaui mixnc HeobiepieHo0 cmMopo-
HO0 1307110101020 WAPY 602HE2ACHO20 NOPOWIKY MA OMO-
uyrlouum cepedosumem, axuii cxnae 395.7 Bm/(m>-°C).
Hocnioxcena 3anexcnicmo epexmuenozo roegiuicuma
menaonposionocmi 610 MoGWUHU 130110104020 WAPY.
Iloxazano, wo dana 3anexcnicmo moxce Gymu anpoxcumo-
eana nainiunoro 3anexcricmio A(5)=-0.016+93.907-56 (6 —
MOBUUHA WAPY 602HE2ACHO20 NOPOWKY 8 MEMPAX).

IIposiswu mneobxioni pospaxynxu, 0yno ompumane
3HauenHs HeoOXi0noi mMoGwUHU wapy 602He2aACH020
nopowxy 5=45.2 mm

Knrouoei cosa: soenezacnuil nopowox, 20pinnsa mema-
216, CNIABU MA2Hil0, 13071010MUL WaAP, THMEHCUBHICMD
eacinmns
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1. Introduction

Light metals include magnesium, aluminum, titanium,
sodium, lithium, and others. Combustion of these metals and
their alloys belongs to the fires of class D. By 2014, the fires
of class D were divided in fires D1 (combustion of light met-
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als, such as aluminum, magnesium, beryllium, titanium, and
their alloys), D2 (combustion of alkaline metals), D3 (com-
bustions of metal-containing compounds, such as hydrides).
Now combustion of metals in accordance with EN-2:2014 is
included in the fires of class D. The most hazardous fires are
the combustion of magnesium, aluminum, and their alloys.



In this research, we consider the class D fires in the presence
of magnesium, aluminum, titanium. The course of these fires
is practically the same. The use of magnesium and its alloys is
practical and effective in the industry. Magnesium is used in
the form of metal plates to protect sea vessels and pipelines
from corrosion. Magnesium and its alloys are often used in
apparatuses of space and aircraft engineering, automotive
construction, various units, and responsible devices.

Light metals burn when they are present in the form
of products of processing: powders of different dispersion,
chips. Class D fires happen in the world every year [1]. The
features of light metals, which are combustible, explosive,
and flammable, include the ability to explode in the crushed
state in the interaction of burning metals with water and
some gas fire-extinguishing compounds. Such compounds
include refrigerants (chlorofluorohydrocarbon), nitrogen,
carbon dioxide (for example, magnesium), etc. The import-
ant feature is limited data on analysis that systematizes tac-
tical actions and technical aspects of the use of extinguish-
ing powders when extinguishing the combustion of materials
based on magnesium alloy chips.

Let us analyze the most resonant fires of class D, caused
by the existence of magnesium alloys [1].

In April 2010, at the factory “Kyivprylad” (Ukraine),
which is situated in Harmatna Street, 2, in the Solomensky
district of the capital, there was a powerful explosion of
magnesium. The explosion was caused by a spark from a gas
welding machine, which hit a container with magnesium. As
a result of the explosion, two men died. Metal structures of
the lift were melted from high temperatures, and the frames
in the workshops from the first to the fourth floors collapsed
as a result of the explosion.

On February 17, 2016, the explosion of ammunition de-
potsin the Zaporizhya region (Ukraine) led to the fire on the
territory of military warehouses. Unknown people dropped
ignition items on the territory of the site with the help of
unmanned flying vehicles. It was impossible to use water in
fire-fighting because it is not effective in extinguishing these
metals. There was no primary firefighting equipment, fire
extinguishers filled with special powders, and nozzles-extin-
guishers. The fire tank and soil were used. About 50 places
of combustion were detected.

On October 2, 2015, more than 20 firefighters extin-
guished 47 tons of combusting magnesium at the PolMag
plant in the town of Olszowej in the Republic of Poland. At
the first stage, there was an unsuccessful attempt to extin-
guish melted magnesium alloy. The extinguishing powder
was used, but the fire was so intense that it was impossible
to suppress. There were no necessary devices for feeding fire
extinguishing agents [1].

The fire of magnesium in 2010 in Sonneberg inflicted
the damage worth millions of euros, 30 tons of magnesium
was burned. The localization and elimination of the fire
were started late, there was no effective means of primary
firefighting.

Aluminum compounds were burning in the fire, which
occurred at the “Zenit” plant in Donetsk in 2019. On Janu-
ary 2, 2009, a fire broke out in the shop of cold rolling No. 1,
JSC “Zaporizhstal”, where all aluminum was burnt.

The cars with engines made from magnesium-aluminum
alloys combusted repeatedly on fires. Water getting on them
was the cause of an explosion. Therefore, the extinguishing
agent, which showed the greatest efficiency in suppressing
such fires, is the use of extinguishing powders of combined

action in order to take into consideration the complex nature
of fire. In view of this, fire-extinguishing powders require
substantial improvement.

Fires of light metals, aluminum, magnesium are ex-
tinguished by covering their surface of combustion with a
special extinguishing D-powder for isolation of combustible
metal, thereby preventing the possibility of fire propagation
over the area. There are virtually no class D fires. At first,
there may be fires of flammable liquids or solid combustible
materials, and then fires of light metals that require com-
bined methods of extinguishing. It is necessary to consider
the high temperature of magnesium combustion. Feeding
the fire-extinguishing agent under high pressure leads to
magnesium and its alloys splatter and increase the com-
bustion area. First, it is necessary to extinguish the light
metal, and then other combustible materials of fires of class
A, B. Thus, it is necessary to develop a formulation of the
fire-extinguishing powder and to improve the technology
of extinguishing these fires, taking into consideration the
peculiarities of the combustion of magnesium, aluminum,
and their alloys. Under such conditions, the successful ex-
tinguishing of such fires depends on the thermal isolation
capacity of the layer of the fire extinguishing powder under
these conditions, as it inhibits any further propagation of a
fire. Given the above, it can be noted that for the effective
and economical use of the fire-extinguishing powder for
suppressing fires of materials based on magnesium alloy
chips, it is a relevant problem to determine the amount and
intensity of feeding the fire-extinguishing powder to stop
the combustion of the fire-extinguishing layer, determined
by its thermophysical properties.

2. Literature review and problem statement

Magnesium alloys, depending on the content of magne-
sium in the alloy, a layer of chips, granules, and dust may
have combustion temperature from 1,100 to 2,800 °C [1, 2].
At this temperature, water is decomposed into hydrogen and
oxygen, the combustion takes place with a blast, conven-
tional fire-extinguishing powders burn out. The thickness
of the layer, which is applied to the surface of combustible
magnesium will depend on the insulating properties of the
fire-extinguishing powder for special purposes, Approxi-
mate estimation of the required amount of the extinguishing
powder for fire-fighting will make it possible to construct
fire equipment.

Fires with the combustion of magnesium and other light
metals occur annually all over the world. Magnesium and
aluminum compounds for ignition of such sites as stadiums,
ammunition depots [1] are used increasingly often. Losses
are calculated in millions of euros [1, 2]. Nevertheless, these
papers contain limited data on formulations and modes of
feeding fire-extinguishing powders, specifically for ma-
terials based on magnesium alloy chips as the most likely
fires of similar metals to ensure, on the one hand, the high
extinguishing effect by deterring a fire by blocking thermal
action in the fire cell and, on the other hand, its economic
application.

The issue of extinguishing metal fires is considered in the
scientific literature from different angles. One part of the pa-
pers is aimed at studying the characteristics of the combus-
tion of metals under different conditions, the other focuses
on extinguishing and limiting the propagation. However,



the issue of the influence on these conditions of the thermal
properties of the powder layer under conditions of fire was
not sufficiently studied.

In paper [3], the combustion of liquid sodium in order to
obtain a deeper understanding of the characteristics of both
the combustion process and extinguishing by the fire-extin-
guishing powder were studied. As a result of the study, the
authors prove that extinguishing liquid sodium at the initial
stage is more effective due to less heating of the lower layers.
At the same time, the quantitative interrelation between the
technical parameters of the process of powder extinguishing
and the parameters of heating the powder layer were not
discussed in this paper.

The danger of self-ignition of layers of metal powder
mixtures was explored in paper [4]. The article studied
the characteristics of the ignition of sediments of metal
powders, including zirconium and tantalum mixtures with
the purpose of proving the previously proposed two-dimen-
sional model.

The combustion of boron and aluminum mixes was ex-
plored in [5]. The authors developed the model for studying
the rate of combustion of the boron and aluminum mixture,
depending on the dimensions of particles and concentra-
tion. The proposed model demonstrated a decrease in the
rate of combustion of the mixture and an increase in the
required ignition energy at an increase in the mass particle
of boron.

The specific features of combustion and selection of
fire-extinguishing substances for extinguishing metals
were considered in article [6]. The paper notes that such
extinguishing agents as water, carbon dioxide, and ordi-
nary extinguishing powder can not be used to suppress the
fires of D class. To extinguish a particular kind of metal, it
is necessary to use the appropriate dry fire-extinguishing
agent. In paper [7], the possibility of using well-known
extinguishing agents to stop the burning of various metals
was analyzed.

Minimization of the effects of explosions of metal dust-
air mixtures was studied in paper [8]. It was proved that
suppression of deflagration combustion of aluminum dust is
possible even in large volumes.

In paper [9], the inhibiting properties of the fire-extin-
guishing powder of the “ABC” brand during extinguishing
aluminum dust were studied. It was shown that inhibiting
properties are intensified at the decrease in dimensions of
particles of the extinguishing powder. The peculiarity of these
works is the limited data that would be concentrated on the
combustion of materials based on magnesium alloy chips as
one of the most common structural and pyrotechnic materials.

The extinguishing vermiculite-based substance [10],
which can be used for extinguishing the fires of several class-
es, including class D, is known.

As arule, there are no fires purely of class D. Magnesium
or its compounds are the first to combust, followed by solid
combustible substances or combustible liquids, that is, the
fires of class A take place. Under certain conditions, such
fires may be accompanied by explosions. The aspects of pro-
tection from explosions at construction sites are discussed in
detail in papers [11, 12]. However, the aspects of extinguish-
ing these substances with the powders of combined effects
were not studied enough.

Powders KM-1, PCK, substance SUPER D (based on
sodium chloride), Ansul Met-L-X Class D, D Favorit M were
developed to extinguish the fires of pure class D.

PCK powder is intended for extinguishing combustions of
aluminum, magnesium, and other light metals and alloys [13].

Fire extinguishers Amerex Model B570 are refilled with
the SUPER D powder and can extinguish the fires contain-
ing magnesium alloys, uranium, and powder aluminum [14].

Ansul Met-L-X Class D powder for the fire extinguish-
er, which extinguishes the fires of lithium, magnesium,
sodium, and potassium. In some cases, it will completely
extinguish the fires of zirconium, titanium, and sodium-po-
tassium alloy [15].

However, all these powders are not of combined effect
and are not used for extinguishing the fires of class A, B.
The study of thermophysical properties of these powders
makes it possible to significantly increase their fire-extin-
guishing effect by ensuring the required thermal insulat-
ing capacity of the center of a fire of materials based on
magnesium alloy chips. At the same time, the development
of recommendations for technical parameters of their sup-
ply to the fire center makes it possible to increase their
economic consumption, thereby improving their tactical
characteristics.

3. The aim and objectives of the study

The aim of this study is to identify the patterns of the
dependence of thermotechnical characteristics of fire-ex-
tinguishing powders on the parameters of the insulating
layer created by these powders under conditions of extin-
guishing the powders of magnesium alloys as scientific
substantiation of the parameters of powders feeding to
prevent fire propagation by thermal insulation of combus-
tion centers.

To achieve the aim, the following tasks were set:

—to carry out experimental measurements of tempera-
ture in the center of a

the fire of powders of magnesium alloys and beyond it
under the conditions of it being extinguished by the extin-
guishing powder;

—to create the mathematical model for determining
the insulating layer of fire-extinguishing powder and ex-
tinguishing intensity on the example of the special purpose
powder KM-2 for suppressing fires D, A, B;

—to study the regularities of changes in effective co-
efficient of thermal conductivity of the insulating layer of
fire-extinguishing powder and heat transfer coefficient at
the boundary between it and environment, depending on the
thickness of the insulating layer;

— to develop the procedure for determining the required
amount of the extinguishing powder to achieve the appropri-
ate insulating effect and determine the required thickness of
the layer of the extinguishing powder.

4. Experimental study of the efficiency of extinguishing
the combustion of metals

4.1. Equipment for the experimental study of tem-
perature in a fire-extinguishing powder layer when extin-
guishing chips of magnesium alloys

To predict the possibility of thermal insulation of the
center of the combustion of chips of magnesium alloys,
the experiment under laboratory conditions was carried
out, Fig. 1.
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Fig. 1. Schematic of a laboratory plant to determine the efficiency
of extinguishing light metals: 1 — heat resistant deco of 15x19 cm;
2 — thermocouple to determine the temperature on the surface of
combusting metal; 3 — thermocouple on the powder surface at the
boundary with the air; 4 — computer; 5 — chips of magnesium and
aluminum alloy; 6 — fire extinguishing powder; 7 — vessel with fire-
extinguishing powder; 8 — spade to apply powder on a hot surface

4. 2. The procedure of the experimental research into
the temperature in a layer of fire-extinguishing powder
when extinguishing magnesium alloys chips

The experiment was performed at two stages. At the first
stage, there was a study of a thin layer of the extinguishing
powder at a lengthy extinguishing process in order to achieve
the establishment of the thermal process. In the second stage,
several experiments were conducted, for which the establish-
ment of the thermal process was not required [16, 17]. After

prd —_—

1) the thermal process in the layer of the fire-ex-
tinguishing powder when extinguishing magnesium
alloy chips is not stationary, except for the process in
the first experiment, for which such prerequisite is
met during the creation of appropriate experimental
conditions;

2) the conditions of heat exchange at the boundary
between the fire-extinguishing powder and the air
remain the same and unchanged for all experiments;

3) the temperature of the layer at the boundary
with the combustible medium is constant and does not
change during the time of extinguishing;

4) the layer of the fire-extinguishing powder is ho-
mogeneous, isotropic and contains no cavities;

5) accompanying thermal processes in the layer of
fire-extinguishing powder are taken into consideration
when introducing an effective coefficient of thermal
conductivity, determined by empirical indicators;

6) effective coefficient of thermal conductivity A(8)
does not depend on temperature and its value may be
dependent on the thickness of the layer of the extin-
guishing powder §;

7) specific capacity C, and density p of the pow-
der have constant values and do not depend on the
temperature or thickness of the layer and are accepted
according to the data of papers [2, 16, 17].

In view of the adopted basic provisions for the creation
of the mathematical model, two types of processes were
considered — stationary and non-stationary. The calculation
scheme for the stationary process is shown in Fig. 2.

the experiment, the temperature indicators were obtained. [ ——]
They are shown in Table 1.
Table 1 Ma). Cp 0
- . L . 0
Temperature indicators in the layer of extinguishing powder during the process of P
extinguishing magnesium alloy chips 0
’
. . . - //"
No. of Thlckn.ess Temperature at the | Temperature (7z) | of extine Dlmen— Weight of | 0,45~
entr of applied | boundary of metal | the boundary of air dishing s | Sions of | consumed
Y| EP mm and powder, °C and powder, °C 8 & decay | powder
1* 1 730 170 25 26.5
—
2 3 740 130 20 Width 795 5
3 5 735 110 18 -15 132.5
4 6 748 94 15 Lfnﬁ;h 159.0 Fig. 2. Calculation scheme for
3 8 750 72 12 212 construction of a mathematical
6 10 732 60 265 model of stationary thermal process

*Note: experimental situation, when thermal process enters the stationary mode

Powder feed intensity, at which temperature 7z at the
boundary of air — powder would be less than 100 °C, is from
0.372 t0 0.93 kg /m2s.

The obtained data can be used to determine the coeffi-
cient of thermal conductivity of the layer of fire-extinguish-
ing powder and heat exchange coefficient at the boundary
between the air and the powder.

5. Research results

5. 1. Basic provisions on creating the mathematical
model for studying the thermotechnical properties of the
insulating layer of fire-extinguishing powder

To create the mathematical model for the given thermal
process, we formulated the following basic provisions:

in the layer of fire-extinguishing
powder during extinguishing
magnesium alloy chips

5. 2. Basic mathematical ratios of the mathematical
model for studying the thermotechnical properties of the
insulating layer of the fire-extinguishing powder

According to the calculation scheme, which is shown
in Fig. 2 and given the stationarity of the thermal process
for the first experiment according to Table 1, we obtain
the equation. This is the equation of thermal balance at
the boundary between the air and the layer of the fire-ex-
tinguishing powder using Fourier and Newton-Richman
laws [18]:

A(3)

0([61—9a]=T[90—61], )]



where 0y is the temperature of the powder surface on the side
of combustion media of the magnesium alloy chips; 0y is the
temperature of the powder surface layer on the side of the
boundary between them and the air; 8p=20 °C is the tem-
perature of the air; o is the heat transfer coefficient between
the powder layer surface and the air.

For further research, the special coefficient was introduced
that establishes the ratio between the thermal conductivity
coefficient and heat transfer coefficient, which is determined as:

o 6,-6,

) o[e, 6] @

As an assumption, we accept the provision that such an
equation can be written down for all experiments, as the sta-
tionary thermal process implies that the temperature gains
the highest values. This means that this simplification will
lead to determining the approximate temperatures towards
an increase in relation to actual.

In the case of the non-stationary thermal process for all
experiments, including the first one, before the thermal pro-
cess enters the established mode, the non-stationary equa-
tion of thermal conductivity in the form of [18, 19] is used:

20 A(8) 9’0 3)
ot Cpox*

Equation (2) is written down taking into consideration
the provisions of the calculations formulated above. This
equation is solved numerically at the approximation of equa-
tion (3) according to the finite difference method. To do this,
it is possible to use the calculation scheme, shown in Fig. 3.

According to the scheme shown in Fig. 3, we establish
that it is possible to write down boundary conditions of
I kind at the boundary between the combustible medium and
the layer of fire-extinguishing powder [18, 19]:

0]l:-5=60- )

For the boundary between the layer of the fire-extin-
guishing powder and the air, the boundary conditions of the
third kind are established [16, 17]:

20
7»(?5)a

xzoza[e1_ea]' (5)

Using the calculation scheme in Fig. 3, the expression of
the finite-differential approximation of the thermal conduc-
tivity equation (3) was obtained in accordance with [16, 17],
which is shown below:

21(3) 6,,-26,,,+6,,

9 2 b
Cp )

ot (©6)

m,k+1 = m,

In the given equation, parameter k determines the num-
ber of the pitch of integration by time, expression (6) is re-
corded for the magnitude of a pitch by time Az=1 s.

The expression for the finite-differential approximation
of boundary conditions of the third kind at the boundary
between the layer of fire-extinguishing powder and the air
has the following form [18, 19]:

em,k _91,}2 —

2A() 5

ax(3)[6,,-9,] )

0.58

0o

0
(), Cy
p
—
o)

Fig. 3. Calculation scheme for construction of the
mathematical model of non-stationary thermal process in
the layer of fire-extinguishing powder during extinguishing
magnesium alloy chips

In equation (6), the temperature at the boundary be-
tween the layer of the fire-extinguishing powder and the air
is determined from the expression:

_2)(3)e,,, +a,51(3)6,
F 20(8)+ a0 (3)

®)

Expression (8) is a recurrent formula and can be written
down as an equation with respect to variable of magnitude
A(8) in the form:

el,k max_elexp=0v (9)

where 64,y is the corresponding value of temperature at the
boundary of the layer of the fire-extinguishing powder and
the air, according to Table 1.

5. 3. Results of calculating the thermotechnical char-
acteristics of the insulating layer of fire-extinguishing
powder

To calculate the heat transfer coefficient, the ratio of the
heat transfer coefficient to the thermal conductivity coef-
ficient was determined from formula (2). The determined
values of this ratio are given in Table 2. In addition, in view
of papers [16, 17], we accept the corresponding magnitudes
of specific thermal capacity and the density of the fire-extin-
guishing powder, which are also shown in Table 2.

Table 2

The ratio of heat transfer coefficient to thermal conductivity
coefficient for experimental situations

Number of experiment

(Table 1) 1 2 3 4 | 5] 6

Magnitude of ratio

a/A(8), x10° m 3.733|1.848 | 1.389 | 1.473 | 1.63 | 1.68
Specific thermal ca-
pacity, Cy, J/(kgx°C) 1,000
Density, p, kg/m? 950

The first stage of calculation is determining the thermal
conductivity coefficient, which according to the calculation
provisions and conditions of the experiment is determined
by the data of the first experimental situation according to
Table 1. Equations (9) and the data from Table 2 are used for
this purpose. Equation (9) is solved using the half-division



method with a preliminary assessment of the numerical
value of the solution with the help of the graphic method.
Fig. 4 shows the graph of the dependence of the left part of
equation (9) on the coefficient of thermal conductivity of
the layer of the fire-extinguishing powder with the marked
position, where the desired value of the thermal conductivity
coefficient for this experimental situation is located.

The predefined value is the first approximation to search
for a solution to equation (9) by the algorithm according
to the half division method. The heat transfer coefficient is
determined after obtaining the value of the thermal conduc-
tivity coefficient using formula (2) and by the found value
of the ratio of thermal conductivity coefficient to the heat
transfer coefficient.

A8y, °C

230 | | | |
0.02 0.04 0.06 0.08 0.1

A, W/m-°C

Fig. 4. Dependence of the left part of equation (9) on the
coefficient of thermal conductivity of the layer of fire-
extinguishing powder for the first experimental situation

According to the half-division method and the previous
value of the thermal conductivity coefficient, determine
the refined value with precision 6=0.001 °C. The obtained
refined value of the thermal conductivity coefficient and the
value of the heat transfer coefficient are brought to Table 3.

Table 3

Value of thermal conductivity coefficient and heat transfer
coefficient for the first experimental situation

AQy, °C
300

200

100

0

-100

-200

0 0.2 0.4 0.6 0.8 A, W/m-°C

Fig. 5. Dependence of the left part of equation (9) on the
coefficient of thermal conductivity of the layer of fire-
extinguishing powder for different experimental situations:
1 — situation 2; 2 — situation 3; 3 — situation 4;

4 — situation 5; 5 — situation 6

Table 4

Value of thermal conductivity coefficients for various
experimental situations

Number of experiment

(Table 1) 2 3 4 5 6

Thermal conductivity coef-

ficient A(8), W/mx°C 0.250

0.442 | 0.532 | 0.717 | 0.953

Thickness of powder layer,

Number of experiment (Table 1) 1
Magnitude of ratio o,/A(8), x10° m 3.733
Thermal conductivity coefficient, A(8), W /(mx°C) 0.106
Heat transfer coefficient, o, W /(m?x°C) 395.733

Using the obtained data, we determined thermal conduc-
tivity coefficients for other experimental situations with the
help of a similar algorithm.

Fig. 5 shows the graphs of dependences of the left part
of equation (9) on the coefficient of thermal conductivity
of the layer of the fire-extinguishing powder. The positions
where there is the desired value, which will be used as a
preliminary approximation for the half-division method, are
marked on them.

We determine the refined value with precision
6=0.001 °C using the half- division method and preliminary
values of the thermal conductivity coefficient. The result-
ing refined values of thermal conductivity coefficients are
brought down to Table 4.

The resulting values of the thermal conductivity coef-
ficient enable the establishment of its dependence on the
thickness of the fire-extinguishing powder layer, presented
in the form of the appropriate chart in Fig. 6.
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Fig. 6. Charts of the dependence of the coefficient of thermal
conductivity of the layer of fire-extinguishing powder on its
thickness: 1 — obtained in the conducted experiment;

2 — linear regression

The charts in Fig. 6 show that the dependence of the
coefficient of thermal conductivity of the layer of the fire-ex-
tinguishing powder on its thickness is close to linear. Regres-
sion analysis conducted by the algorithm given in paper [20]
made it possible to determine corresponding coefficients. The
expression of the obtained linear regression is shown below.

A(8)=—0.016+93.907x3, (10)
where 8 is the thickness of the layer of the fire-extinguishing
powder in meters.



The resulting regressive dependence makes it possible
to determine the necessary layer of the fire-extinguishing
powder to provide its desired heat insulating ability.

To predict the possibilities of thermal insulation of the
center of the combustion of chips of magnesium alloys, it is
possible to use the algorithm developed by us based on the
solution of equation (9). In this case, formula (10) should be
used to determine the thermal conductivity coefficient. The
calculation source data are given in Table 5.

Table 5

Source data for determining the thickness of the fire-
extinguishing powder layer to ensure the necessary thermal

insulation
Heat transfer coefficient, o, W /(m?x°C) 395.733
Temperature at the boundary with combustible 900

medium, 8y, °C

Required temperature at the boundary with the air, 6, °C 80

Time of extinguishing, ¢, s 60

Having carried out the necessary calculations using
formulas (6) to (9), the value of the required thickness of the
fire-extinguishing powder layer was found 8=45.2 mm.

6. Discussion of results of studying the thermal insulation
of the fire center by the layer of fire-extinguishing
powder

Analyzing the experimental data, it is possible to no-
tice that the dependence of temperature on the non-heated
side of the heat-insulating layer of the fire-extinguishing
powder on its thickness looks close to linear. Given that
the insulating layer is relatively thin, we can assume that
heat exchange conditions at the boundaries of this layer
do not change substantially. This, in turn, proves the
correctness of the assumption that the heat exchange co-
efficient is constant.

The value of the heat exchange coefficient o=
=395.733 W/(mn2x°C), determined for the first experimen-
tal situation, correlates with the data known from literary
sources, for example, paper [21].

An important result is the dependence of effective ther-
mal conductivity coefficient on the thickness of the insu-
lating layer of the powder, which is close to linear. This de-
pendence makes it possible to predict the thermal insulation
ability of the powder layer and determine its minimum thick-
ness, at which the greatest effect is achieved. The linearity of
the dependence of effective thermal conductivity coefficient
correlates with the experimental dependence, shown in Ta-
ble 1, which proves the correctness of the accepted hypoth-
esis. The obtained approximating linear dependence (10)
made it possible to determine such thickness in the assump-
tion that the maximum temperature of the non-heated sur-
face of the fire-extinguishing powder layer should not exceed
120 °C, — it is equal to §=45.2 mm.

The obtained results in totality make it possible to use
the appropriate powder feed to solve the problem of heat
isolation of centers of the fire of magnesium alloys chips by
establishing the necessary thickness of the powder layer,
which performs a thermal insulating function to prevent fire
propagation at storage facilities of such materials.

This calculation method involves the performance of the
following procedures:

1) the initial minimum magnitude of the thickness of the
insulating fire-extinguishing powder layer is accepted based
on the practical recommendations for its feeding to the fire
cell during its extinguishing;

2) based on equations (6) to (10) and the data from
Table 5, the temperature from the non-heated side of the
insulating layer of the fire-extinguishing powder is cal-
culated;

3) the resulting temperature is compared with the per-
missible value of the temperature on the non-heated side;

4)if the temperature on the non-heated side exceeds
the permissible value, the calculation is repeated, if not, the
calculation is terminated, and the current layer thickness
is accepted as the one recommended to achieve the desired
heat-insulating effect.

The obtained value of the thickness of the insulating lay-
er of the fire-extinguishing powder 8=45.2 mm shows that
this method is effective.

All the data were obtained as a result of the conducted
experiments for the fire-extinguishing powder, which is
made based on phosphate-ammonium salts. Accordingly, the
obtained data on the thermophysical characteristics are lim-
ited to the class of such powders, but if necessary, the same
analysis can be performed for other types of powders, which
is a direction of further research.

8. Conclusions

1. The experimental temperature measurements were
carried out in the center of the fire of magnesium alloys
powders and outside it on conditions of its suppression by
the fire-extinguishing powder. As a result, we obtained
temperature indicators of heating of the heated side of the
insulation layer of the fire-extinguishing powder, which
averaged 740 °C, and those of the non-heated side that did
not exceed 170 °C.

2. The mathematical model for determining the tempera-
ture on the non-heated side of the insulating layer of the
fire-extinguishing powder and extinguishing intensity on
the example of special-purpose powder KM-2 for suppressing
fires D, A, B was created.

3. Based on the created model, the coefficient of heat
transfer between the non-heated side of the isolating layer of
the fire-extinguishing powder and the environment was de-
termined, it is 0=395.733 W/(m?x°C). The dependence of ef-
fective thermal conductivity on the thickness of the layer was
explored. It was shown that this dependence is close to linear
and can be described by formula A(§)=-0.016+93.907x3.

4. We developed the procedure for determining the re-
quired amount of the fire-extinguishing powder, the specific
feature of which is that it determines the required thickness
of the heat-insulating powder layer, which makes it possible
to achieve the necessary heat-insulating effect and simul-
taneously avoid unreasonable consumption of the costly
fire-extinguishing powder. This thickness of the heat-in-
sulating layer of the extinguishing powder is achieved by
the appropriate parameters of its feeding to the fire center.
Based on this procedure, the necessary thickness of the
layer of the studied fire-extinguishing powder, which was
8= 45.2 mm, was determined.



10.

11.

12.

13.

14.

15.
16.

17.
18.
19.

20.
21.

References

Kovalyshyn, V., Marych, V., Novitskyi, Y., Gusar, B., Chernetskiy, V., Mirus, O.-Z. (2018). Improvement of a discharge noz-
zle damping attachment to suppress fires of class D. Eastern-European Journal of Enterprise Technologies, 5 (5 (95)), 68-76.
doi: https://doi.org/10.15587/1729-4061.2018.144874

Antonov, A., Stylyk, 1. (2013). Test methods for dry chemical powders for the determination of their fire extinguishing capability
for D - class of fire. Naukovyi visnyk UkrNDIPB, 2 (28), 242—248. Available at: http://nbuv.gov.ua/UJRN/Nvundipb 2013 2 40
Huo, Y., Zhang, Z.-G., Zou, G.-W. (2020). Experimental study on the thermal flow characteristics of a columnar sodium fire af-
fected by a small amount of fire extinguishing powder in a cylindrical confined space. Applied Thermal Engineering, 170, 114983.
doi: https://doi.org/10.1016 /j.applthermaleng.2020.114983

Dufaud, O., Bideau, D., Le Guyadec, E, Corriou, J.-P, Perrin, L., Caleyron, A. (2014). Self ignition of layers of metal powder mix-
tures. Powder Technology, 254, 160—169. doi: https://doi.org/10.1016/j.powtec.2013.11.053

Afzalabadi, A., Poorfar, A. K., Bidabadi, M., Moghadasi, H., Hochgreb, S., Rahbari, A., Dubois, C. (2017). Study on hybrid com-
bustion of aero-suspensions of boron-aluminum powders in a quiescent reaction medium. Journal of Loss Prevention in the Process
Industries, 49, 645-651. doi: https://doi.org/10.1016/j.j1p.2017.08.012

Sharma, T. P, Varshney, B. S., Kumar, S. (1993). Studies on the burning behaviour of metal powder fires and their extinguishment:
Part IT — Magnesium powder heaps on insulated and conducting material beds. Fire Safety Journal, 21 (2), 153—176. doi: https://
doi.org/10.1016,/0379-7112(93)90040-w

Nam, K.-H,, Lee, J.-S. (2018). Study on the effective response method to reduce combustible metal fire. Journal of the Korea Aca-
demia-Industrial cooperation Society, 19 (12), 600—606. doi: https://doi.org/10.5762/KAIS.2018.19.12.600

Taveau, J., Vingerhoets, J., Snoeys, J., Going, J., Farrell, T. (2015). Suppression of metal dust deflagrations. Journal of Loss Preven-
tion in the Process Industries, 36, 244—251. doi: https://doi.org/10.1016/.jlp.2015.02.011

Jiang, H., Bi, M., Li, B., Zhang, D., Gao, W. (2019). Inhibition evaluation of ABC powder in aluminum dust explosion. Journal of
Hazardous Materials, 361, 273-282. doi: https://doi.org/10.1016 /j.jhazmat.2018.07.045

Hagge, H., Simpson, T., Chattaway, A. (2018). Vermiculite based fire suppression agent. No. 15/935,620. declareted: 26.03.2018;
published: 26.08.2019. Available at: https://patents.google.com/patent/US20190290950A1/en

Zemlianskiy, O., Maladyka, I., Miroshnik, O., Shkarabura, I., Kaplenko, G. (2017). Forecasting the emergency explosive en-
vironment with the use of fuzzy data. Eastern-European Journal of Enterprise Technologies, 6 (4 (90)), 19-27. doi: https://
doi.org/10.15587/1729-4061.2017.116839

Pozdieiev, S., Myhalenko, K., Nuianzin, V., Zemlianskyi, O., Kostenko, T. (2020). Revealing patterns of the effective mechanical
characteristics of cellular sheet polycarbonate for explosion venting panels. Eastern-European Journal of Enterprise Technologies,
1 (1 (103)), 32-39. doi: https://doi.org/10.15587 /1729-4061.2020.192680

Ognetushitel' poroshkoviy spetsial'niy OPS-5 Diapazon+. Available at: https://www.magazin01.ru/catalog/ognetushiteli/Special-
nye-ognetushiteli-klass-D/Ognetushitel-poroshkovyy-specialnyy-OPS-5-z-D-U2/

Class D Stored Pressure Dry Powder Extinguisher. Available at: https://www.amerex-fire.com/products/class-d-stored-pressure-
dry-powder-extinguisher/

Ansul Met-L-X Class D Extinguisher Powder, 50 Ib pail. Available at: https://www.ansul.com/en/us/DocMedia/F-76230.pdf
Kovalyshyn, V., Marych, V., Gusar, B., Navalianyi, V., Fedyuk, Y. (2019). Jusitfication of dry chemical powders testing procedure.
Fire Safety, 33, 53-59. doi: https://doi.org/10.32447 /20786662.33.2018.07

Husar, B., Kovalyshyn, V., Marych, V., Lozynskyi, R., Pastukhov, P. (2020). Combined extinguishing of class D, class A and class B
fires. Fire Safety, 35, 30—34. doi: https://doi.org/10.32447 /20786662.35.2019.05

Isachenko, V. P. et. al. (1981). Teploperedacha. Moscow: «Energoizdat», 415.

Matsevitiy, Yu. M. (2002). Obratnye zadachi teploprovodnosti. Vol. 1: Metodologiya. Kyiv: Naukova dumka, 408.

Beshelev, S. D., Gurvich, F. G. (1980). Matematiko-statisticheskie metody ekspertnyh otsenok. Moscow: Statistika, 263.
Drayzdeyl, D.; Koshmarov, Yu. A., Makarov, V. E. (Eds.) (1990). Vvedenie v dinamiku pozharov. Moscow: Stroyizdat, 424.



