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The conducted studies of the impact of ther-
mal action of a high-temperature magnesium
flame on construction materials for timber pro-
tection from atmospheric factors revealed a pat-
tern of temperature transfer to timber. It was
proved that depending on the thermophysical
properties of the material, this can lead to its
ignition or slowing down the thermal conduc-
tivity process. That is why there arises the need
to study the conditions for thermal conductivi-
ty and establish the mechanism for inhibition of
heat transfer to timber. In this regard, a mathe-
matical model of the process of transferring heat
flow on the surface of timber when protected by
coatings was developed. According to the exper-
imental data and obtained dependences, it was
established that the density of heat flow through
a steel plate increases to a value of more than
200 kW/m?, which is sufficient for ignition of
timber. Instead, the density of heat flow through
a vermiculite plate did not exceed 5.2 kW,/m?,
which is not enough for its ignition. It was
established that the main regulator of the heat
transfer process is the heat-insulating proper-
ties of a construction product, its resistance to
high temperature, because certain construction
products, such as an asbestos-cement product,
are destroyed under the influence of magne-
sium flame. That is why a significant impact on
the process of protection of natural combustible
material when applying the protective coating
is made in the direction of heat insulation of the
timber surface. This makes it possible to argue
about the relevance of the detected mechanism
of the formation of heat-insulating properties
when it comes to the protection of storage sites
of explosive products and the practical attrac-
tiveness of the proposed technological solutions.
Thus, the features of inhibiting the process of
transferring heat to timber during the action of
the magnesium flame include heat insulation of
timber surfaces by thermally resistant material.
Thus, the temperature of a magnesium flame was
created on the vermiculate surface, and it did
not exceed 100 °C on the surface of the timber
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1. Introduction

and explosion in the storage of ammunition, for example,

The operation of buildings, structures, and premises
at the warehouses of explosives storage is closely related
to the use of a wide variety of construction and packaging
products, which are made of timber. The process of ignition

instantly leads to progressive destruction. However, there
are no sufficient methods of fire suppression, necessary to
ensure the reliability of the operation of sites, which leads to
the active destruction of combustible materials, consequent
explosion, and propagation of new hotbeds.



Thus, unidentified people using unmanned flying vehi-
cles dropped incendiary objects on the territory of the am-
munition storage site. As a result, there occurred hotbeds of
fire, which were difficult to extinguish. Despite the storage
under canopies, some magnesium particles got under wooden
boxes, in which the ammunition was stored.

A necessary measure to improve the safety of the oper-
ation of ammunition storage sites and to prevent and limit
dangerous combustion factors is the isolation of flammable
materials.

An unprotected timber sample was found to be capable
of igniting and spreading flames around the surface after
ignition, causing the structure to collapse [1,2]. The use of
heat-insulating materials makes it possible to slow down the
warming of the material and to retain its functions in case of a
fire for a specified period but requires considerable costs [3, 4].
In addition, the temperature of separate combustive substanc-
es by far exceeds the hydrocarbon flame [5]. That is why the
effectiveness of using protective coatings is aimed at creating
an insulating or a swelling layer on the surface, acting by the
principle of thermal conductivity reduction [6].

Given that igniting products that are able to create a
very high temperature (more than 2000 °C) have become
widely spread today, there arises the need to protect the
timber from the action of such temperatures.

However, the use of timber coatings that protect from
atmospheric factors does not always provide the required
level of timber insulation from combustible material, which
correspondently affects the implementation of fire measures.
Taking into consideration the significant requirements for
these indicators, there is a problem in determining the
heat-resistant properties of atmosphere protective coatings
of timber and the establishment of their effectiveness.

That is why it determines the need to investigate the
conditions of timber insulation by a coating and to substan-
tiate conditions of protection against the ignition source.

2. Literature review and problem statement

Paper [7] shows that the use of plate insulation materials
(gypsum board and gypsum-fiber sheets, etc.) for external
structures leads to material costs and an increase in the vol-
ume of a structure. However, such coatings are rigid and are
destroyed by high thermal action. That is why in most cases,
they are modified by polymer complexes and fire retardants,
but they increase the smoke formation [8]. In addition, the
issue, related to their resistance to washing out, remains
unresolved.

The most promising flame retardant compositions in-
clude swelling coatings, which are complex systems of
organic and inorganic components. The materials are char-
acterized by high thermal insulation capacity, but the heat
inhibition mechanism was not shown [9].

At the present stage, fire protection is aimed at creating
the means that in the process of heating form a coke thermal
insulating layer on the surface of a construction structure
from organic materials [10]. Specifically, the model for calcu-
lating thermal conductivity, which takes into consideration
phase transformations of a coating, but does not take into
consideration heat transfer to the structure itself, was pre-
sented. That is why there is a need to study the change in
thermal conductivity and to establish the effective action of
the coating with the formation of a coke layer.

Research [11] describes the composites of epoxy resin,
strengthened, and inhibited from fire by the surface treated
with carbon fibers. However, such coatings have a dark color
and change the surface of a wooden product when treated.

In addition, many coatings have a number of shortcom-
ings, such as the application of separate components, loss of
functional properties at an increase in the temperature of
the environment [12]. This means that it was not determined
exactly how the process of decomposition of a fire-retardant
coating goes on.

The studies of protective materials made with the use of
liquid glass were also conducted [13]. The obtained results
are aimed at the development of technology and materials
that combine fire resistance, low thermal conductivity, and
the technological intensity of the products and protective
coatings. However, the life cycle of the coating and the mech-
anism of thermal insulation were not determined.

Paper [14] suggested the use of polystyrene. This article
describes the benefits of polystyrene as an insulator that
meets all the insulation requirements in the process of de-
signing buildings, including fire safety. Polystyrene of the
fire resistance class is a prerequisite for compliance with fire
safety rules and solving the problem of flammability and
flame propagation on the surface of a polystyrene product.
However, fire resistance of such protection of combustive
structures was not pointed out, neither was the resistance to
other combustive substances.

The results of the study of the impact of the graphite sys-
tem with kaolin and titanium oxide on thermal properties,
the swelling degree, and the integrity of the structures pro-
tected by films based on epoxy resins were presented in [15].
Analysis of thermal gravimetry showed that the resulting
systems shift the reaction of the epoxy resin decomposition
toward high temperatures. The presented results show that
ceramic fire retardants can successfully interact with organ-
ic components that protect protective coatings. However,
it is not known how this additive influenced the coating’s
burnout.

Thus, it was found from literary sources [8, 13, 14] that
during operation, coatings protect the surface of timber
from atmospheric factors, but the parameters that ensure
fire resistance of timber, as well as the factors that affect
this process, were not determined. That is why the estab-
lishment of parameters of timber protection and the impact
of coatings on this process caused the need for research in
this direction.

3. The aim and objectives of the study

The aim of this research is to study the process of ther-
mal conductivity in the action of magnesium flames on the
protective coating of wooden structures. This will make it
possible to find the most effective protective measures for
timber in the manufacture of building structures.

To accomplish the aim, the following tasks have been set:

— to simulate the process of thermal conductivity at the
thermal action of a high-temperature flame on the protective
coating of a construction structure from timber and to estab-
lish the dependence of a heat flow on the properties;

— to establish the features of reducing the heat flow at
the temperature impact of the magnesium flame on a wood-
en construction structure when using a thermal insulation
coating.



4. The study materials and methods

4.1. The examined materials and equipment used in
the experiment

The research was carried out using the samples of
zinc-coated tin measuring 120x120x1 mm, slate (asbestos
cement) measuring 100x100x10 mm, and vermiculite mea-
suring 120x150x20 mm produced in Ukraine to protect
wooden products from atmospheric influence.

Experimental samples of the coating were mounted
on wooden samples, which were made of pine timber that
was 4 mm thick with average dimensions of 150150 mm

(Fig. 1).

Fig. 1. Sample of timber

Magnesium chips, at combustion of which the tempera-
ture of 2,200 °C is released, were used as fuel [16].

4. 2. Procedure for determining the indicators of sam-
ples’ properties

The study on the simulation of the process of thermal
conductivity of the coating during the thermal action was
carried out using the basic provisions of mathematical phys-
ics [16].

Protective efficiency of timber was determined ac-
cording to the working procedure, the essence of which
was to experimentally determine the temperature on the
surface of a wooden sample. Specifically, to affect the sam-
ple of coating with the magnesium flame (the model was
solid combustible substance) with specified parameters
and to record temperature on the surface of the timber
during testing.

To obtain the values of thermal conductivity of timber
coatings, special equipment was developed and manufac-
tured, and magnesium flames that simulate a high-tempera-
ture ignition source were used (Fig. 2).

The sample of timber protected by coatings was placed
on the table. The sample was fixed so that the end of the ther-
mocouple should be pressed to the inner surface of the sam-
ple coating. The igniting substance in the amount of 8 g per
1 dm? of the surface was placed on the sample of the coating.
Fuel was ignited and the sample was kept in the fuel flames
during the burnout time and until there was no independent
combustion and glowing. The temperature on the surface of
the timber was controlled.

The changes were recorded and the insulating properties
of the coating and the magnitude of heat flow, which is trans-
ferred to timber during combustion of magnesium flames,
were determined by the measured magnitudes.

Coating

Thermocouple

Temperature
recording device

Fig. 2. The device to study the thermal conductivity of reed

5. Simulation of the thermal conductivity process at the
thermal influence of a high-temperature flame on the
protective coating of a wooden building structure

As a result of the treatment of cellulose-containing ma-
terials by protective coatings under the influence of the heat
flow, the direction of heat transfer changes, that is, the insu-
lating layer, which is largely able to absorb heat and decrease
heat transfer to the material.

Taking into consideration the above, there is a question
about the study of a heat flow on the boundary “timber —
coating” during the heat influence.

In order to establish the heat flow to a timber layer, it
was proposed to use the method of solving the problem of
thermal conductivity for a double-component wall with
different thermophysical properties (Fig. 3). At the initial
point of time, the outer surface of the coating is instantly
heated to the temperature Ty, which is maintained con-
stant throughout the entire heating process. Temperature is
distributed through the coating until the critical tempera-
ture of the timber at the boundary of a coating — the wall of
timber T.

Heat

v

Fig. 3. Schematic of the heat transfer process: 1 — coating;
2 — timber

Differential equations of heat transfer at the boundary of
two plates “timber — coating” take the following form:

i—aa—2 T=0, (—0<x<0) 1)
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where ay, ay are the factors of thermal conductivity of the
coating and timber, m?xs; A4, A are the factors of thermal
conductivity of the coating and timber, Wxm™x°C; T'is the
temperature, °C; x is the coordinate, m.

It is necessary to determine the instant temperature val-
ue at the boundary “timber — coating” Ty and, accordingly, to
find the value of heat flow between the regions:

Q=12 (7)

2
ax x=+0

Given that for the left semi-plane x<0, the initial condi-
tion is not equal to zero, make the substitution:

T=T,-T, ®)
where T} is the maximum temperature at the boundary “tim-
ber — coating”.

After that, the problem of determining temperature T~
will be recorded in the following form:
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under conditions

T

=0, T'|__=0. (10)
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For region x<0, taking into account the Laplace trans-
form, it is possible to write down the relation of temperature
and a heat flow in the form given in [17].
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X

where P is the Laplace operator.
Returning to initial variable 7, we obtain:

=0, (11)

x=0

T , oT
PYT -T)=—2—-PY2.T =—Ja, =— . 12
(1,-T.) N s \/1Bxx:70 12)
For region x>0, respectively, we have:
Pt =—Ja o8 (13)
ax x=+0

Combining (12) and (13) with the conditions of equality
of flows (4), we obtain:

PV*T, = Vo
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Taking into consideration the Laplace transform, we get
the temperature value on the boundary of the wall:

e
e (15)

Then according to (7), the heat flow through the bound-
ary at maximum temperature is described by the equation:

(14)
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The density of the heat flow from magnesium combustion
can be expressed by the equation [18]:

Q
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st Ja+a, a, e st

where s? is the burning area of combustion of a combustible
substance, m2.

Thus, the estimated dependences that make it possible to
obtain the value of heat flow on the surface of timber when
protected by coating were obtained. However, they provide
an opportunity to directly calculate the shift of the value of

a heat flow depending on temperature.

(16)

q,= A7)

6. Experimental studies of thermal conductivity at the
temperature impact of magnesium flame on a wooden
building structure using thermal insulation coating and
their results

To establish the thermal conductivity of the coating
at the protection of timber, the research into temperature
transfer at the action of magnesium flame, which simulates
the source of high temperature, was carried out. The results
of the studies on temperature transfer conducted under lab-
oratory conditions are shown in Fig. 4—6.

The studies showed that the slate was heated under the
influence of the magnesium flame, which led to its complete
destruction. Then the sample of metal was tested.

During the action of magnesium flame on a steel plate,
intensive temperature transfer on the back surface of the
sample began, which led to timber carbonization and burn-
out. Instead, there was no combustion of timber on the sam-
ple of vermiculite.

The results of the studies on determining the dynamics
of temperature on the surface of timber conducted under
laboratory conditions are shown in Fig. 7.

The studies showed that the sample of a steel plate could
not withstand the temperature impact (curve 2) at the action
of the heat flow. Specifically, there was an intensive transfer
of heat to timber, exceeding the ignition temperature of
timber by 1.5 times, which continued more than 200s. At
the action of the flame on the sample of timber protected by
vermiculite (curve 3), the temperature on the inner surface
did not exceed 100 °C, the ignition of timber did not occur.

This method is limited only to determining the tempera-
ture on the surface of timber from the action of magnesium
flames, specifically, to insulating capacity, because heat



transfer is characterized by thermophysical properties of the
coating.

Fig. 4. Results of the tests on magnesium combustion on the
slate: a — tested structure; b — magnesium ignition;
¢ — intensive combustion of magnesium; d — destruction of slate

c d

Fig. 5. Results of tests on magnesium flame burning
on a steel plate: @ — magnesium ignition; b — intensive
combustion; ¢ — burnout; d — timber after combustion

Thermophysical characteristics necessary to calculate
the heat flow for timber, steel, and vermiculite are shown in
Table 1.

Table 1
Thermophysical characteristics of materials
Name of material
Indicator
Timber [19] | Steel [17] | Vermiculite [20]
Temperature conduc- | 471056 | 1479.406|  0.031-10
tivity factor, m/s
Thermal conductivity
factor, W/(m-K) 0.132 47 0.05

c d

Fig. 6. Results of the tests of magnesium flame combustion of
vermiculite: a — test structure; b — magnesium combustion;
¢ — intensive combustion; d — timber after combustion

The data from Table 1 show different thermophysical
characteristics of materials, hence it follows that the
thermal effect through the wall of the coating will be
different.
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Fig. 7. Dynamics of a temperature increase on the surface of
timber during testing of coating: 1 — slate; 2 — steel plate;
3 — vermiculate plate

7. Results of determining the heat flow action at the
temperature influence of a magnesium flame on a
building structure from timber
when applying the coating

Fig. 8 shows the calculation of density of heat flow g,
depending on the time of influence ¢ on timber at magnesium
flame combustion.

As Fig. 8 shows, at an increase in temperature, the
density of heat flow through the steel plate increases up
to the value of more than 200 kW/m?. This value is suffi-
cient for ignition of timber (the minimum value is about
12.0 kW/m? [21]), and then gradually decreases due to
fuel burnout. Instead, the density of heat flow through the
vermiculite plate did not exceed 5.2 kW/m?, which is not
enough for its ignition. At the same time, the process of
growth of a heat flow shifted to longer terms.
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Fig. 8. Dependence of heat flow density on time of heating the

environment through the sample of coating: 1 — steel plate;
2 — vermiculite plate

8. Discussion of the results of the research into the
process of transferring high temperature of a magnesium
flame through the coating

When using construction materials to protect the timber
from atmospheric factors under the thermal action of high-tem-
perature magnesium flame, as indicated by the results of
research (Fig.7), the process of transferring temperature to
timber is natural. Depending on the thermophysical properties
of the material, this can lead to its ignition, or slowing down
the thermal conductivity process. Obviously, this mechanism
of coating influence is a factor of regulating the degree of for-
mation of heat flow density and effectiveness of timber insulati-
on (Fig. 8). Thisisin line with the data known from works [7, 8],
the authors of which also attribute the effectiveness of thermal
protection against high-temperature action to the use of ther-
mal insulation products. This work fully reveals the mechanism
of timber protection, transfer, and implementation of high-tem-
perature insulation, but there is also a need to evaluate this
process, create a physical and mathematical model. Unlike the
results of research [9, 10], the obtained data on the impact of
construction products on heat transfer to timber and changes
in insulating properties make it possible to argue the following:

— the main regulator of the heat transfer process is the
heat-insulating properties of a construction product, its re-
sistance to high temperature, as some construction products
are destroyed under the influence of magnesium flame;

— a significant impact on the process of protection of nat-
ural combustible material in the application of a protective
coating is made in the direction of thermal insulation of the
wooden surface.

Such conclusions may be considered appropriate from the
practical point of view, as they make it possible to substantiate
the heat-insulating properties of the protective coating. From
the theoretical point of view, they make it possible to argue

about determining the mechanism of the processes of pro-
tection against high-temperature action, which are certain
merits of this study. The results of determining the heat flow
density (Fig. 7) indicate an unclear impact of the nature of
the protection on a temperature change. Specifically, this
involves the availability of the data that are sufficient to
evaluate the process of temperature inhibition and to estab-
lish a decrease in heat resistance. This will make it possible
to study the transformation of the coating surface destroyed
under the influence of elevated temperature (burnout) and to
determine the parameters that significantly affect the begin-
ning of the transformation of the thermal insulation process.

Based on these results, it can be stated about the exis-
tence of an interesting pattern associated with the formation
of heat resistance to the action of flames and its capability to
insulate timber for a certain period. However, there are cer-
tain constraints, specifically, to establish a critical thickness
of insulation when the capability falls.

Further research may be aimed at studying the pro-
cesses of establishing the relationship between the compo-
nents and properties of heat-insulating materials and their

impact on the insulation processes.

9. Conclusions

1. The simulation of the thermal conductivity process
at the protection of timber during thermal action on a con-
struction structure of a high-temperature magnesium flame
was carried out, the temperature on the timber surface
was determined and dependences that enabled obtaining a
change in the heat flow on the surface of timber were ob-
tained. According to the experimental data and obtained
dependences, it was established that the density of a heat
flow through a steel plate increases to a value of more than
200 kW/m?, which is sufficient for timber ignition. Instead,
the density of a heat flow through the vermiculite plate did
not exceed 5.2 kW/m?, which is not enough for its ignition.

2. The features of inhibiting the process of heat transfer
to timber during the action of a magnesium flame are related
to heat insulation of the timber surface by heat-resistant
material. Thus, the temperature of a magnesium flame was
created on the vermiculite surface, and it did not exceed
100 °C on the surface of the timber.
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