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Abstract— The paper evaluates the influence of wire
thickness and insulation material on its heating temperature
during operation. The temperature and time characteristics of
wire exploitation under conditions of different load currents are
analysed. The ranges of the wire temperature increase during
operation are determined for wires with insulation made of
polyethylene, polyvinyl chloride, enamel, and rubber.
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[. INTRODUCTION

The issue of improving fire and environmental safety has
become particularly relevant in the context of the Russian
invasion of Ukraine. Air strikes on chemical, oil refining and
energy facilities could result in the release of hazardous
chemicals into the environment and cause fires of various
sizes.

Various methods and tools are used to detect dangerous
elements in the atmosphere, which allow determining the
composition and concentration of harmful substances [1-5].

It is advisable to simultaneously solve the problems of
detecting fires by signs [6-9] and predicting the scale and
consequences of fires in different conditions [10-12], in the
case of conflagrations.

At the same time, solving the problem of effective
conflagrations detection requires the development of new and
improvement of existing fire detectors [13-15].

Particular attention should be paid to the functioning of
the country's power system in the event of possible damage
to electrical power facilities, when the entire power system is
operating in an overload mode. Ensuring the level of fire
safety of cable products as one of the main components of the
power system is one of the priorities in such conditions.

Cables and wires that carry more current than the current
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they are designed to carry heat up and can reach temperatures
that cause the insulation to ignite, which can lead to a fire [16-
19]. Insulation is made of dielectric materials, such as
polyethylene, polyvinyl chloride (PVC), enamels and rubber,
which can burn or support combustion. Therefore, in practice,
to determine fire safety, it is important to estimate the
temperature to which the cable product will heat up before
the protection devices are activated.

Thus, assessing the impact of wire insulation parameters,
in particular, thickness and material, on its heating
temperature during operation is an imperative task of ensuring
fire safety.

II. SELECTION OF THE EVALUATION MODEL

In [20, 21], an improved model for assessing the heating
of cable products during operation was proposed and tested.
As shown, this model can be used to calculate the temperature
and time characteristics of wire operation according to the
following expressions:
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where / — electric current, A;
peo — the initial value of the electrical resistivity of the cable
product core material according to the initial time
T = To,Ohm;
rg — cross-sectional radius of the lead, m;
7iz — insulation material density, kg/m?;
Ari, — insulation layer thickness, m;
Cizo — the initial value of the heat capacity of the insulation
material, which corresponds to the initial moment of time
T = To, J/grad.;
7¢ — density of the core material, kg/m?;
Cyo — the initial value of the heat capacity of the core material,
which corresponds to the initial moment of time 7 = Ty,
J/grad.;
a — heat transfer coefficient from insulation to air, W/m? grad;
T, — air temperature, grad.,
a, g, — thermal coefficients.

The model allows you to analyse the impact of cable
product parameters, including insulation, on their heating
temperature during operation at specified load currents.

III. ANALYSIS OF THE TEMPERATURE AND TIME
CHARACTERISTICS OF THE OPERATION OF WIRES
WITH DIFFERENT THICKNESSES OF INSULATION
MATERIAL

The first step is to analyse the effect of insulation
thickness on the heating temperature of a cable product. The
corresponding characteristics are plotted for a polyvinyl (PV)
wire (1x1.5) with PVC insulation for a given insulation layer
thickness of Ari, = 7x10%; 10-3; 1,3x107 m at load currents /
=19, 30, 40 A and the following input data:

t=300c;

re=8,9%10* m;

@y =0.000257;

@iz = 0.0003;

iz = 1350 kg/m?;

7o = 8960 kg/m>;

C, =373 J/grad;
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Ci, = 1200 J/grad,

a=0.003 W/m?;

a =0.00433;

T, =20°C;

pe0=0.0000000189 Ohm.

The analysis of the above graphs obtained during the
calculation in the MATHCAD software package based on the
model (1-10) and presented in Figures 1-3 allows us to
formulate the following conclusions regarding the effect of
insulation thickness on the heating temperature of the wire
during operation:

- Increasing the thickness of the wire insulation layer
allows to reduce the heating temperature of the wire during
operation;

- for a significant reduction in the temperature of the wire
during operation, the thickness of the wire insulation layer
must be increased several times, namely (fig. 1 - 3):

when operated at a load current of I =19 A in 100s, the
temperature drop from 54.0°C to 30.5°C is recorded when the
insulation layer increases 3 times from 0.0007 m to 0.0021
m, the temperature drop from 54.0°C to 24.9°C is recorded
when the insulation layer increases 5 times from 0.0007 m to
0.0035 m;

in 200 s, a temperature decreases from 83.4°C to 40.6°C
is recorded when the insulation layer is increased 3 times
from 0.0007 m to 0.0021 m, a temperature decreases from
83.4°C to 29.7°C is recorded when the insulation layer is
increased 5 times from 0.0007 m to 0.0035 m;

in 300 s, the temperature decreases from 108.5°C to
50.3°C is recorded when the insulation layer is increased by
3 times from 0.0007 m to 0.0021 m, the temperature
decreases from 108.5°C to 34.4°C is recorded when the
insulation layer is increased by 5 times from 0.0007 m to
0.0035 m;

- the degree of influence of the thickness of the wire
insulation layer on the wire heating temperature in the time
interval of 0...300 s increases with time for all given values
of the load current of 19; 30; 40 A, namely:

when operated at a load current of [ = 19 A, the wire heats
up to a temperature of 24.9°C, 30.3°C, 53.7°C in 100 s;

in 200 s - to the temperature values of 29.7°C; 40.7°C;
83.4°C;

in 300 s - to the temperature values of 34.4°C; 50.3°C;
108.4°C, respectively, for the values of insulation thickness
Ariz = 35x10-4; 21x10-4; 7x10-4m (Fig. 1);

when operating at a load current of I =30 A in 100 s, the
wire heats up to a temperature of 32.0°C, 45.5°C, 93.3°C;

in 200 s - to the temperature values of 43.5°C; 68.2°C;
149.4°C;

in 300 s - to the temperature values of 54.4°C, 88.7°C,
190.3°C, respectively, for the values of insulation thickness
Ariz = 35x10-4, 21x10-4, 7x10-4m (Fig. 2);

when operating at a load current of [ =40 A, the wire heats
up to a temperature 0of 43.1°C, 63.7°C, 139.0°C in 100 s;

in 200 s - to the temperature values of 60.2°C; 99.1°C;
211.6°C;

in 300 s - to the temperature values of 77.7°C; 128.6°C;
298.0°C, respectively, for the values of insulation thickness
Ariz = 35x10-4; 21x10-4; 7x10-4m (Fig. 3);

- conductors with a small insulation thickness should be
used only if measures are taken to limit the values of the load
I currents during operation.
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Fig. 1. Temperature-time characteristic of operation of PV wire (1x1.5)
for load current I= 19 A at insulation thickness Arj, = 7x10; 21x10%;
35x10*m
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Fig. 2. Temperature-time characteristic of operation of PV wire (1x1.5)
for load current I =30 A at insulation thickness Ari, = 7x10%; 21x10%;
35x10* m
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Fig. 3. Temperature-time characteristic of operation of PV wire (1x1.5)
for load current I = 40 A at insulation thickness Arj, = 7x10%; 21x10;
35%10*m

IV. ANALYSIS OF TEMPERATURE AND TIME
CHARACTERISTICS OF OPERATION OF WIRES WITH
DIFFERENT INSULATION MATERIALS

At the second stage, we analyse the effect of the insulation
material on the heating temperature of the cable product. The
relevant estimates were made for a wire with a nominal
copper core cross-section of 1.5 mm? for an insulation layer
thickness of Ari, = 7x10* m and a load current of 7 = 30 A.

The following insulation materials were evaluated:
polyethylene, PVC, enamel and rubber. The parameters y., ¢,
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and C, are determined by the insulation material according to
the data presented in Table 1.

Analysis of the above graphs obtained in the MATHCAD
software package and presented in Figures 4-7, respectively,
allows us to formulate the following conclusions regarding
the effect of different wire insulation materials on the
temperature of its heating during operation:

- the heating temperature of the wire during operation
significantly depends on the parameters of the insulation
material;

- the temperature and time characteristics of the operation
of wires with different insulation materials are similar and
non-linear;

- the lowest temperature values were recorded when
enamel was used as an insulation material, the highest - when
rubber was used as an insulation material (Fig. 5-7);

- range of temperature rise of a wire with a copper core
cross-section of 1.5 mm? during operation in 300 ¢ at a load
of 7=30A:

for polyethylene insulation corresponds to the following
values - 20.0...169.6°C (Fig. 5);

for PVC insulation - 20.0...189.9°C (Fig. 6);

for enamel insulation - 20.0...128.5°C (Fig. 6);

for rubber insulation - 20.0...210.7°C (Fig. 7).

TABLE 1. Insulation material parameters
. Density, Conduction, Heat capacity,
Material kg/m? W/(m-grad) L/(kg grad)
Enamel 1030 ... 2045 0,18...0,4 650...2000
Polyvinyl
chloride (PVC) 1400 ... 1600 0,15...0,2 -
Polychlorovinyl | 1290 ... 1650 0,15 1130 ... 1200
High-density 955 0.35..048 | 1900 ...2300
polyethylene
Low-density 920 0.25...0,34 1700
polyethylene
Soft rubber - 0,13...0,16 1380
Hard rubber 900 ... 1200 0,16...0,23 1350 ... 1400
Porous rubber 160 ... 580 0,05...0,17 2050

For practical use, the modelling results obtained must be
supplemented with the values of permissible wire
temperatures in the event of a short circuit in order to make
decisions on the feasibility of using a particular cable product
in given operating conditions.

300

Fig. 4. Temperature and time characteristics of operation of a wire with
polyethylene insulation for load current I =30 A at insulation thickness
Ari,=7x10* m
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Fig. 5. Temperature and time characteristics of operation of a wire with
PVC insulation for load current I = 30 A at insulation thickness
Ari, =7x10% m
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Fig. 6. Temperature and time characteristics of operation of a wire with
emanol insulation for load current I =30 A at insulation thickness
Ari, =7x10%*m
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Fig. 7. Temperature and time characteristics of operation of a wire with

rubber insulation for load current I =30 A at insulation thickness
Ari, =7x10%m

V. CONCLUSIONS

The fire safety of cable products depends on the ability of
the insulation to ignite when the conductor is heated and
create sources of fire.

Cable products are insulated with dielectric materials,
such as polyethylene, PVC, rubber and enamels, which can
combust or support combustion. Therefore, in practice, to
determine fire safety, it is important to estimate the
temperature to which the cable product will heat up before
the protection devices are activated.
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The results of mathematical modelling show that in order
to significantly reduce the temperature of the wire during
operation, the thickness of the wire insulation layer must be
increased several times, which indicates the cost and material
intensity of this method of improving fire safety. It should
also be taken into account that the degree of influence of the
thickness of the cable insulation layer on the heating
temperature of the wire increases with time for all specified
values of the load current. Therefore, the method of
improving fire safety by increasing the thickness of the wire
insulation layer may be appropriate for long-term
overloading of cable products.

Based on the obtained results of mathematical modelling,
it is possible to conclude that the parameters of the insulation
material have a significant impact on the heating temperature
of the wire during operation. At the same time, the lowest
temperature values were recorded when enamel was used as
an insulation material, and the highest - when rubber was
used as an insulation material. Such data indicate the
prospects of the method of improving fire safety by selecting
the insulation material, which is in line with international
practice.
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