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1. Introduction 

The existence of any settlement in today’s conditions is 
difficult to imagine without the supply of electrical energy, 

both for the functioning of electrical equipment and for 
providing heat, water, and sewerage. Fire safety of electrical 
networks is determined by a number of factors, in particular, 
the compliance of the brand of conductor and the method of 
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An issue related to using cable prod-
ucts for building structures is to ensure 
their stability and durability when oper-
ating within wide limits. Therefore, the 
object of research was a change in the 
properties of the polymer sheath of the 
cable during the formation of a swol-
len coating layer under the influence 
of high temperature. It is proved that 
in the process of thermal action on the 
flame retardant coating, the process of 
thermal insulation of the cable involves 
the formation of particulate products 
on the surface of the sample. Under the 
action of the burner flame, a tempera-
ture was reached on the surface of the 
sample, which led to a swelling of the 
coating of more than 16 mm. The mea-
sured temperature on the inverse surface 
of the sample was no more than 160 °C, 
which indicates the formation of a bar-
rier for temperature. In this regard, a 
calculation and experimental method for 
determining thermal conductivity when 
using a flame retardant as a coating has 
been developed, which makes it possible 
to estimate the coefficients of tempera-
ture conductivity and thermal conduc-
tivity under high-temperature action. 
According to the experimental data and 
established dependences, the coeffi-
cients of temperature conductivity and 
thermal conductivity of wood were cal-
culated, which are 214.4·10–6 m2/s and 
0.62 W/(m∙K), respectively, due to the 
formation of a heat-insulating swollen 
layer. The maximum possible tempera-
ture penetration through the thickness of 
the coating was assessed. A temperature 
was created on the surface of the sam-
ple, which significantly exceeds the igni-
tion temperature of the polymer sheath 
of the cable, and, on a non-heated sur-
face, does not exceed 160 °C. Thus, there 
is reason to argue about the possibility of 
directed adjustment of the fire protection 
processes of an electrical cable by using 
coatings capable of forming a protec-
tive layer on the surface of the material, 
which inhibits the rate of heat transfer
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laying, the nature and properties of the environment. When 
assessing fire danger, internal shop electrical networks de-
serve the most attention since cables and wires in them are 
most often located openly in the form of harnesses. And the 
main reasons leading to the ignition of combustible material 
(insulation, protective cover of the shells) of cables and wires 
are emergency operating modes of electrical equipment. 
Therefore, cable and wire articles are an intermediate link 
between the source of energy and the place of its application 
that enables uninterrupted power supply and safe operation 
of any enterprise. 

The sheath and insulation of cables mainly consists of 
combustible polymeric materials that, under the influence 
of an open flame, high conductor temperature, or due to a 
short circuit, can ignite and distribute the flame. Due to the 
passage of cable lines in transit through all premises, there is 
a risk of fire and fire spreading to other electrical networks. 
An example would be a fire at the Chernobyl nuclear power 
plant when overloading electrical cables led to their ignition. 
In turn, fireproof treatment of cable and wire articles with a 
special coating makes it impossible to spread the flame on 
the surface, reduces the burning rate, reduces the smoke for-
mation of volatile articles and their toxicity and could cause 
self-attenuation.

The application of special flame-retardant coatings on 
an inorganic base is characterized by a rigid structure and, 
over time, low adhesion, which causes shedding and, when 
exposed to high temperature, leads to fire. In addition, the 
mechanism for protecting cable lines with coatings against 
the effects of fire temperature has not been sufficiently 
studied, which makes it impossible to obtain objective infor-
mation about the nature of the processes that occur during 
operation. And the lack of theoretical ideas about the impact 
on their stability of flame retardants, which are swelling 
coatings, significantly limits the scale and prospects for the 
use of these materials.

Therefore, studies aimed at determining the patterns 
of inhibition of the combustion process of cable lines when 
treated with a swelling coating are relevant.

2. Literature review and problem statement

The purpose of article [1] was to obtain data using gen-
erally accepted standard tests that would make aallow for 
an unbiased analysis of the relative advantages of materials 
for fire hazard. The results indicate the following: materials 
may be suitable for use in wires and cables, regardless of 
their chemical composition. Halogen-containing materials, 
as a group, as a rule, are superior to non-halogen materials 
in terms of the basic properties of fire: heat dissipation, 
flammability, flame propagation. Most commercial materials 
tend to have appropriate mechanical and physical properties, 
but halogen-containing materials tend to be slightly more 
satisfactory. Compared to fire-resistant non-halogenated 
materials, halogen-containing materials tend to have bet-
ter performance in terms of some of the more important 
electrical properties, in particular the dielectric breakdown 
voltage. The aging resistance of non-halogenated materials 
is somewhat suspicious, especially with regard to the effects 
of oils. Smoke absorption per unit mass of non-haloge-
nated (polyolefin-based) materials is preferable than that 
of vinyl-based materials. But the differences are greatly 
reduced when we consider the expected eclipse of smoke 

during actual full-scale fires because of the tendency of hal-
ogen-containing materials to burn; the eclipse of smoke from 
fluorine-containing materials is also low. However, smoke 
corrosion is the only property where non-halogenated mate-
rials are clearly superior to halogenated materials.

In [2], compositions of ethylene-propylene-diene rubber 
containing mixtures of aluminum hydroxide (ATH) and 
soot (HAF) as insulation fillers in electrical wires and 
cables for fire resistance storage are given. After deter-
mining the flammability, the developed compositions were 
analyzed for the dielectric constant, dissipation coefficient, 
dielectric strength, volumetric and surface resistivity. It was 
found that for fire resistance the minimum amount of ATH 
should be 160 units. However, this composition contains 
15 HAF units, which is harmful to electrical properties. 
Only a composition of 170/7.5 (ATH/HAF) showed the 
desired performance.

Paper [3] noted that damage and overheating of the in-
sulation of wires is the main source of ignition in the case of 
fire. Since, for fire safety on manned spacecraft, it is very im-
portant to study the occurrence of a fire insulation of wires 
under microgravity conditions. Therefore, the influence of 
ambient pressure, wire diameter, number of wire harnesses 
and overload currents was studied with an emphasis on 
constant equilibrium temperature and the rate of increase in 
wire insulation temperature using the functional modeling 
method. The results are important for studying the harbin-
ger of fire under microgravity conditions and have been used 
to determine experimental parameters, but it is not specified 
what measures need to be taken to increase the fire resis-
tance of the cable.

The propagation of the flame through the wire with poly-
mer insulation at a reduced (below atmospheric) pressure 
was investigated experimentally in [4] in order to assess 
the fire safety of the electrical circuit in the aircraft, as well 
as space environments. As a combustion sample, NiCr wire 
with polyethylene (PE) insulation is used. Experimental 
results show that the shape of the flame varies from typ-
ical “teardrop-shaped” to “round” (and even oval) with a 
decrease in total pressure. The rate of flame propagation in-
creases at reduced pressure, although the partial pressure of 
oxygen “decreases” along with the total pressure. This “pro-
nounced” distribution behavior is observed continuously to 
a state immediately before extinction (approximately 25 kPa 
in this study). Changing the shape of the flame can increase 
the flow of heat to unburned polyethylene due to the conduc-
tivity in the gas phase, as well as conductivity along the wire, 
and they must be responsible for the faster propagation of the 
flame at pressures below atmospheric. The heat balance is 
approximately estimated by the measured temperature, and 
the relative contribution of the above two heat input paths 
is considered almost comparable. But issues related to the 
presence of metal wire remain unresolved.

Polyamide structural plastics, as stated in [5], demon-
strate excellent mechanical properties (for example, high 
strength at high temperatures, viscosity at low tempera-
tures, and good resistance to wear and abrasion) and chemi-
cal resistance. They are used in automotive parts, electrical/
electronic devices, and industrial applications (PA). In most 
of these applications, PA must meet some critical fire stan-
dards, such as UL 94, comparative tracking index (CTI), 
and glow wire testing (GWFI/GWIT). This document will 
examine modern halogen-containing PA technology and 
problems in commercial applications. More importantly, 
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the latest advances in halogen-free PA will be presented. 
The mode of action of these flame retardants in PA will 
also be considered. However, issues related to the ability 
to maintain color and resistance to destruction remained 
unresolved.

In [6], the standard IEC 60335-1 was investigated that 
establishes new limits on the ignition temperature of the hot 
wire (GWIT) for materials used for electrical connectors. 
GWIT and CTI properties for three technical thermoplas-
tic polymers (PBT, PET, and PC) have also been reported. 
They also investigated the phenomena associated with this 
test, considering phenomena using a parameterization ap-
proach that has already been used in studies of the behavior 
of polymers in fire. PC, PBT, and PET, filled with 30 wt % 
fiberglass have been tested, and material properties that 
may be related to GWIT and CTI characteristics have been 
measured by TGA, Laser Flash Thermal Diffusivity (LFTD), 
Pyrolysis-GC/MS. CTI correlates with the tendency to form 
charring materials, so PBT shows higher tracking resistance 
than PET and PC. Polycarbonate was the only material to be 
tested on hot wire (GWIT above 775 °C). In general, GWIT 
performance is not directly related to the degradation tem-
perature as PET is thermally more stable compared to PBT 
but less stable in hot wire testing. The ignition process, as well 
as the non-stationary heat and mass transfer process charac-
teristic of testing hot wire, is affected by many parameters 
simultaneously. But the results of TGA, laser flash, pyroly-
sis-GC/MS remain unrelated to the ignition temperature of 
the hot wire of the materials under study.

In [7], a life cycle assessment (LCA) is given to compare 
polymer coatings hardened with nanoclay with conventional 
ones. The main purpose of that study was to compare the 
environmental impact of wire coating (mineral flame retar-
dants such as ATH or MDH in a polymer matrix) with a wire 
coating hardened with a low amount of nanoclay. The system 
limits of the study include the following single processes: 
the production of nanoclay, the production of thermoplastic 
materials and mineral flame retardants, the production of 
cable coating by extrusion, and various end-of-life scenarios 
(processing, incineration, and disposal in landfills). While 
nano-reinforced composites have demonstrated increased 
fire resistance, the addition of nanomaterials is not essential 
for environmental evaluation. The absence of nanospecific 
factors for nanomaterials and emission levels is mainly in the 
extrusion and use phase where accidental combustion may 
occur. However, it is still a challenge to model the assessment 
of its life cycle. 

Article [8] lists a high-temperature superconducting 
device (HTS) that demonstrates several advantages, includ-
ing low volume, low weight, high efficiency, strong overload 
capacity, and no risk of fire. When HTS devices operate in a 
power supply system, superconducting tapes can go out due 
to a malfunction of the power supply system and withstand 
electromagnetism and mechanical stress caused by large or 
unbalanced current. This document first introduces a core 
cable that has a copper form, a conductor layer, and an insu-
lation layer. Then a simulation experiment is proposed on the 
thermal stability of the superconducting winding using the 
cable core to analyze temperature and voltage curves under 
quenching conditions with various thermal perturbations. 
Using a combination of stability theory, we estimate the 
rate of spread of quenching and analyze the factors affect-
ing the rate of propagation of quenching and the minimum 
extinguishing energy. When the main cable’s quenching 

propagation speed is higher, it is efficient and convenient 
for monitoring the situation and diagnosing HTS device 
malfunctions.

Polymer insulation dripping, as indicated in [9], is a 
different type of dangerous behavior during a wire fire, 
which has a potential risk of ignition of adjacent combustible 
material. This is the reason for the sharp growth and spread 
of fire in buildings, airplanes, spacecraft, and nuclear power 
plants. To improve the fire safety strategy, bench tests are 
being carried out to study the phenomenon of dripping using 
a sample of thin wire under various atmospheric pressures 
and electric current. The results show that the change in 
the flame front has small vibrations during the dripping of 
the melt, while the size of the flame (especially the height 
of the flame) varies significantly. In addition, the dripping 
frequency (f) decreases with pressure (P) due to a sufficient 
combustion effect but increases with electric current (I) due 
to a stronger cumulative effect.

In [10] it is noted that the main condition for fire resis-
tance is that wire breaks or short circuits cannot occur in 
the cable system. To do this, wires from various plastic shells 
were subjected to flame and heating, and also checked at 
what actual oxygen content they begin to burn and spread 
the flame. In addition, they investigated how fire-resistant 
cables react to possible overvoltage during spontaneous 
combustion. The results showed that factory certificates are 
not enough to ensure complete fire safety. For example, plas-
tic PH 180, E90 received the lowest LOI value. PH 30 and 
PH 120 confirmed their flammability. Due to the complex 
layers that are being investigated, their testing is complex 
and requires a variety of tests to obtain complete combus-
tion behavior. The most important exothermic peaks of the 
charts give the expected LOI values. The first and second 
decomposition indicate only damage and smoke, that is, only 
according to the results of overload tests.

Assessment of environmental conditions under which 
fire-fighting equipment is triggered is one of the main design 
tasks that must be taken into account when developing elec-
trical systems that supply such devices [11]. All solutions are 
aimed, among other things, at preserving the environmental 
parameters in the building that burns for the estimated time 
and at a level that ensures safe evacuation. These parameters 
include temperature, thermal radiation, range of visibility, 
oxygen concentration, and environmental toxicity. A new 
mathematical model of heat transfer between the environ-
ment and an electrical cable under thermal conditions ex-
ceeding the permissible values for commonly used non-com-
bustible mounting cables is presented. To simulate the heat 
flux, the method of analogy between thermal and electrical 
systems was used. The definition of how the thermal conduc-
tivity of the cable and the heat capacity of the conductor-in-
sulation system can be applied to calculate the temperature 
of the wire depending on the heating time t and the distance 
x from the heat source is discussed. Thermal conductivity 
and capacitance were determined on the basis of experi-
mental tests of halogen-free flame retardant (HFFR) cables 
with a wire cross-section of 2.5, 4.0, and 6.0 mm2. However, 
the experimental tests carried out make it possible to check 
the results calculated according to the mathematical model.

To calculate the temperature of the insulating layer, 
paper [12] built a mathematical model of an electrified 
insulated cable. The temperature of the insulating layer is 
defined as a function of current strength, time, thickness 
of the insulating layer, etc. As an example, a widespread 
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polyvinyl chloride (PVC) cable with a cross-sectional area 
of 4 mm2 was selected and the temperature of its insulation 
layer was modeled using ANSYS. The simulation revealed a 
change in the temperature of the insulation layer over time, 
as well as along the radius after a certain time, when the ca-
ble was superimposed with a direct current of 40 A and 60 A, 
respectively. The analysis method is of practical importance 
to prevent an electric fire and can be used to analyze a spon-
taneous combustion accident involving an insulated cable.

To determine the fire resistance of cables, two popular 
methods of fire protection were used in [13], one of which is 
to apply a fire retardant coating directly to the cable surface. 
And the other is in placing the cable in a metal pipe coated 
with a fire-retardant coating based on structured steel. The 
results showed that for both methods of protection, the cable 
failure time increased with the thickness of the coating. How-
ever, if the applied flame-retardant coating of the cable has a 
thickness of more than 1.5 mm, then it is destroyed when the 
cable is moved. When the coating based on structured steel 
was thinner than 1 mm or thicker than 3 mm, the protective 
effect was not noticeable due to the relatively small multiple 
expansion. However, neither of the two methods has been ef-
fective in protecting electrical cables that supply power to the 
equipment needed to operate in a fire for a long time. 

Thus, from literary sources it has been established that 
during the operation of cable lines their ignition is possible, 
which requires effective protection with environmentally 
friendly substances. In addition, the parameters that provide 
resistance to thermal effects of coatings are not defined. 
The lack of mathematical models to explain and describe 
the process of fire protection of cables, neglect of the use of 
organic substances for the formation of elastic coatings leads 
to inefficient use of protective equipment. Therefore, the es-
tablishment of the parameters of the stability of the polymer 
shells of the cable to thermal destruction and the ef-
fect of coatings on this process necessitated research 
into this area.

3. The aim and objectives of the study

The aim of this work is to establish the patterns of 
formation of fire-retardant coating on the surface of 
the sheath of the electrical cable. This makes it possi-
ble to justify the directions of expanding the scope of 
application of articles made of electrical cables. 

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

– to simulate the process of thermal conduc-
tivity in the formation of a swollen coating layer under the 
influence of high temperature; 

– to establish the features of temperature inhibition 
through the swollen layer of coke to the cable during thermal 
effects on the flame-retardant coating. 

4. The study materials and methods

4. 1. Research hypothesis
The object of our study is a change in the thermophysical 

properties of the polymer sheath of the cable during the ther-
mal decomposition of the coating. The sscientific hypothesis 
assumes the use of a swelling coating for fire protection of 

a cable that can, under the influence of high temperature, 
create a heat insulating swollen coating layer on the surface 
of the polymer shell.

4. 2. The studied materials used in the experiment
For the research, a control copper cable KVVG 4×1.5 

was used (cross-section of the core, 1.5 mm2; number of 
cores, 4, insulation of cores/cable sheath – PVC compound/ 
PVC compound), Fig. 1. 

To study the effectiveness of cable fire protection, a coat-
ing “FireWallWood” (manufactured in Ukraine) was applied 
to the surface, capable of swelling under the influence of 
high-temperature exposure [14]. The coating consumption 
was 147.0–150.0 g/m2.

After drying to a constant mass of the coating, the pro-
cessed cable samples were tested for protection efficiency.

4. 3. Procedure for determining the indicators of fire 
protection of fabrics with an intumescence coating

To conduct research on the fire protection of the cable, 
special equipment with a gas burner modeling the source of 
ignition was used (Fig. 2).

Determination of the flame-retardant properties of the 
coated cable was carried out by assessing the combustion 
characteristics of the cable under the action of a flame in 
the controlled laboratory setting [15]. Inside a sample of the 
electric cable with the applied coating, the thermocouple 
was placed and fixed in the sample holder. For research, a 
test unit is used in which a sample of a cable with a length 
of 200 mm is fixed. Surface tests are carried out under the 
action of a burner for 300 s, for the burner was installed in 
an upright position with a flame height of 40 mm. To do this, 
the burner was brought to the sample cable to set it on fire 
and measure the temperature on the rear surface.

The criterion for determining the thermal conductivity of 
the flame-retardant coating under thermal action is the forma-

Fig. 1. Cable sample for research

Fig. 2. Device to study thermal conductivity of a fireproof cable

Temperature 
recording device 

Heat 

Coating Shell Electric core 

Thermocouple 
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tion of a temperature on the inner surface of the cable sheath, 
which does not exceed the ignition temperature. At the same 
time, the swelling of the coating is fixed in the form of a layer 
that is located between the heating medium and the starting 
material. Using the measured temperature values, the thermal 
insulation properties of the swollen layer were calculated.

To simulate the process of thermal conductivity of the 
swollen coating layer during thermal action on a cable, the 
main provisions of mathematical physics were applied [16].

5. Results of determining the thermophysical 
characteristics of the swelling layer of cable coating 

under thermal exposure 

5. 1. Modeling of thermophysical characteristics for 
a layer of swollen coating on the surface of cable articles 
under thermal action

Under the action of heat flow on samples of fireproof ca-
ble, the process of formation of non-combustible gases and a 
highly flammable coke oven layer takes place, which absorbs 
heat and reduces heat transfer to the material.

Taking into account that the determination of the ther-
mophysical characteristics of the swollen coating layer is 
associated with measuring the temperature within a thick-
ness of 0.5÷1 mm. Therefore, to establish the thermophysical 
characteristics of the heat-insulating swollen coating layer 
formed on the cable sheath, a method for solving the problem 
of thermal conductivity for a two-part rod with different ther-
mophysical properties is proposed [17]. At the initial point in 
time, the outer surface of the rod is heated to the insulation 
decomposition temperature constant throughout the time and 
the temperature distribution passes through the swollen layer 
until the critical temperature of the cable sheath is reached.

To this end, two areas are considered (Fig. 3):
1 – zone of the swollen coating layer, 0<x≤R (R – coordi-

nate of formation of the swollen coating layer, m); 
2 – cable sheath R≤x≤∞.
Differential equations for heat transfer on the surface of 

a flame-retardant cable, representing two cylinders, take the 
form [18]:

‒ for a coating:
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∂ ∂τ

2
1 1

1 2

, ,
0,

T x T x
а

x
 (τ>0; 0<x<R); 		 (1)

‒ for cable sheath:

( ) ( )∂ τ ∂ τ
− =

∂ ∂τ

2
2 2

2 2

, ,
0,

T x T x
а

x
 (τ>0; R<x<∞), 	 (2)

with initial and boundary conditions:

( ) ( )= =1 2,0 ,0 0,T x T x 		   (3)

( ) ( )τ = τ =1 2, , 0,T R T R  	 (4)

( ) ( )∂ τ ∂ τ
λ = λ

∂ ∂
1 2

1 2

, ,
 ,

T x T x

x x
 	 (5)

( )1 , const,cT x Tτ = =  	 (6)

( )∞ τ =2 , 0,T 	  (7)

where a1, a2 – coefficients of temperature conductivity of the 
coating and cable;

λ1, λ2 – coefficients of thermal conductivity of the coat-
ing and cable;

R – coating thickness.

The solution to equations (1) and (2) with initial and 
boundary conditions (3) to (7) is considered in article [19] 
as dependences:
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So, in particular, equation (8) shows the temperature 
distribution in the swollen coating layer; thickness mea-
surement is a difficult task. Therefore, it is proposed to 
analyze equation (9), which depicts the distribution of 
temperature in cable insulation. At low values of the cable 
sheath (0.5÷1.0 mm), the convergence of the series (9) in-
creases, and the temperature value is quite accurately de-
scribed by the first term [19]:

−
ε
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Given the above, the determination of the thermophysi-
cal characteristics of the swollen coating layer can be carried 
out according to the following scheme.

Suppose that at the point x=R at time τ1 the temperature 
will be:

ε
=

ε

θ =
+ ⋅τ1 1

2
 ,

1 2
x R

K R
erfc

K a
		   (11)

Fig. 3. Scheme of the process of fire protection of the cable 
sheath: 1 – swollen coating layer; 2 – cable sheath
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and at the point x>R the temperature is reached in time τ2 
and will be:

−
ε
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ε
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1/2

2 2

2
 .

1 2
a

x R

K x R K R
erfc

K a
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Thus, at time τ1, the relative temperature at point x=R is θ1, 
and at time is τ2‒θ2, respectively. 

Given that the function erfc X is unambiguous [18] we 
equate equations (11) and (12) to derive the dependence:
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we solve equation (13) and obtain an expression to deter-
mine the temperature conductivity coefficient of the swollen 
coating layer:
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We substitute (15) in (10) and get an expression to de-
termine the thermal conductivity coefficient of the swollen 
coating layer:
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Thus, we have established the estimation dependenc-
es (16) and (15) that allow us to obtain thermophysical 
characteristics for the layer of a swollen coating according 
to experimental values of temperature difference and known 
values of thermal conductivity and temperature conductivi-
ty of the shell material.

5. 2. Results of temperature determination through a 
swollen coating layer to the cable under thermal exposure

To obtain the flame-retardant efficiency of the coating 
for a sample of an electrical cable, studies were conducted 
on its ignition under the action of a burner that simulates 
a source of ignition. The results of studies on determining 
the flammability of a fireproof cable sample are shown 
in Fig. 4, 5.

During the thermal effect of the burner on the samples 
of the fireproof cable, the coating began to swell and a slight 
increase in temperature on the inner surface of the cable 
occurred. As a result of the tests, it was found that under 
the influence of a flame for 300 s, the swelling for a model 
sample of fabric treated with a flame-retardant composition 
was more than 20 mm.

The results of research on the experimental determina-
tion of temperature on the inner surface of the cable shell in 
the form of an experimental curve are shown in Fig. 6.

Studies have shown that under the action of a burner 
flame, a sample of a fireproof cable withstood thermal ef-

fects. Under the action of high temperature, the coating was 
swelled for 280 s; the temperature on the inverse surface of 
the cable sheath did not exceed 160 °C.

The thermophysical characteristics of the polymer 
shell are determined in [20], the results are given in Ta-
ble 1. Given that the heat flux of the flame of the gas burn-
er is about 10100 kW/m2 [21], and the flame temperature 
of the gas burner is about 1000 °C [22], a temperature 
was created on the surface of the polymer sheath of the 
cable that exceeds the decomposition temperature of the 
material by several times. Taking into account the results 
of temperature measurements (Fig. 6) and using the 
obtained dependences (16) and (15), the thermophysical 
properties of the swollen coating layer are determined. To 
do this, we selected the period of time when the swollen 
coating layer was formed under the action of a gas burn-
er; Fig. 6. Thus, the coefficient of temperature conduc-
tivity of the swollen coating layer is 214.4·10–6 m2/s, and 
the thermal conductivity coefficient was 0.62 W/(m∙K), 
respectively. 

Fig. 4. Determination of flammability of a fireproof cable 
sample under the action of a burner: a – fastening of the 

cable sample; b – setting the height of the flame; c – ignition 
of the cable sample; d – combustion of cable sample

a b

c d

Fig. 5. Cable sample swelling
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The results of studies on the determination of the ther-
mophysical characteristics of the swollen coating layer of the 
fireproof cable sample correspond to the properties of the 
heat-resistant layer of foam coke [23]. The absence of cable 
combustion shows the resistance of the flame-retardant 
coating to the effects of high flame temperature and justifies 
the effectiveness of protection [24].

6. Discussion of results of studying the process of formation 
of a layer of foam coke in the fire protection of fabric

In the study of the process of fire protection of the cable 
with a swelling coating, as it follows from our results (Ta-
ble 1, Fig. 6), it is natural to extend the time of temperature 
transfer through a fire-unprotected cable. This is due to the 
formation of a layer of swollen coke layer on the surface of a 
fireproof cable during the decomposition of flame retardants, 
which slows down the processes of heat transfer to the poly-
mer shell and its combustion.

It should be noted that the presence of a modified 
swelling coating leads to the formation of an elastic film 
on the surface of the polymer shell resistant to mechanical 
vibrations [25]. Obviously, such a mechanism of influence 
of an elastic film is the factor in regulating the process by 
which the fire resistance of the cable is maintained. This is 
the sense of the interpretation of the results of determining 
the swelling layer of the coating after exposure to the flame, 
namely the magnitude of the swelling of samples under 
thermal exposure. Since the layer the coating reached a 
value of more than 16 mm, and the temperature on the in-
verse surface of the sample was no more than 160 °C. This 
indicates the formation of a barrier for temperature, which 
can be identified by the method of thermal exposure of the 
investigated samples. 

This means that taking into account this fact opens up 
the possibility for effective adjustment of the properties of 
the fireproof cable directly under the conditions of serial 
industrial production.

Comparison of experimental studies on the determina-
tion of heat insulation of the coke layer during cable fire 
protection and theoretical studies of thermal insulation of 
the polymer shell indicates the inhibition of heat transfer 
processes. Since the temperature on the inverse surface un-
der the action of the burner did not exceed 160 °C, and the 
coating layer reached a value of more than 16 mm (Fig. 5).

This does coincide with the practical data known 
from [3, 5], the authors of which, by the way, also associate 
the effectiveness of fire protection with the formation of 

a layer of coke foam under the influence of a 
burner flame. But, unlike the results of studies 
published in [26, 27], the data obtained on the 
effect of a swelling coating on the process of 
inhibiting temperature transmission suggest 
the following:

– the main regulator of the process is not so 
much isolation from the effects of air but also 
the formation of a significant amount of gases 
that inhibit the flame since individual flame 
retardant coatings are destroyed under the 
influence of high temperature;

– a significant impact on the cable protection 
process when using a flame-retardant coating 

is exerted in the direction of formation of a layer of coke from 
an elastic film on the surface of the polymer shell resistant to 
destruction under the influence of vibrations of the product.

Such conclusions may be considered appropriate from a 
practical point of view since they allow for a reasonable ap-
proach to determining the required amount of fire retardant. 
From a theoretical point of view, this suggests the definition 
of the mechanism of temperature inhibition processes, which 
are certain advantages of this study. 

However, it is impossible not to note that the results of 
the determination (Fig. 5) indicate the ambiguous effect of 
the foam layer on the change in fire retardant efficiency. This 
is manifested primarily in the temperature on the inverse 
surface of the sample during tests of a fireproof cable. Such un-
certainty imposes certain restrictions on the use of the results 
obtained, which can be interpreted as the shortcomings of this 
study. The disadvantage for the formed swollen coating layer 
for a fireproof cable is the high temperature, which must be re-
duced much lower than the decomposition temperature of the 
polymer cable sheath. The inability to remove these restric-
tions in the framework of this study gives rise to a potentially 
interesting direction for further research. In particular, it can 
be focused on identifying the moment in time from which the 
fall in flame retardant properties begins and the cable ignites 
under the influence of high temperature. Such detection will 
allow us to investigate the structural transformations of the 
elastic film of the coating, which begin to occur at this time, 
and to determine the input variables of the process that sig-
nificantly affect the beginning of such a transformation.

7. Conclusions 

1. We have simulated the process of heat transfer through 
the swollen layer during its protection by a swelling coating 

Fig. 6. Temperature on the inverse surface of the cable 
sheath when exposed to a burner flame
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Table 1

Thermophysical characteristics of cable sheath (polyvinyl chloride) [20] and 
swollen coating layer

Material 
name

Thick-
ness, mm

Thermophysical insulation characteristics

Density 
ρ, g/m3

Conductivity 
temperature, 

m2/s

Thermal 
conductivity 
λ, W/(m∙K)

Nominal heat 
capacity,  

kJ/(kg·K)

Polyvinyl 
chloride

1.1 1.2 12·10–6 0.15 1.2

Swollen coat-
ing layer

16 0.82 214.4·10–6 0.62 3.53
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and obtained dependences that allow us to obtain a change in 
the dynamics of heat transfer and determine the thermophys-
ical properties of the swelling layer of the coating. According 
to experimental data and the derived dependences, the coef-
ficients of temperature conductivity and thermal conductiv-
ity of wood were calculated, which are 214.4·10–6 m2/s and 
0.62 W/(m∙K), respectively, due to the formation of a heat-in-
sulating swollen layer. 

2. Features of braking the process of heat transfer to 
the material treated with a flame retardant coating are the 
formation of a heat-shielding swollen coating layer on the 
cable surface. Thus, a temperature was created on the sur-
face of the sample, which significantly exceeded the ignition 
temperature of the polymer sheath of the cable, and, on a 
non-heated surface, did not exceed 160 °C. 
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