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MODEL ASSESS THE IMPACT OF THE CHEMICAL COMPOSITION OF THE
CONDUCTIVE VEINS ON THE OPERATIONAL CHARACTERISTICS OF AN
ISOLATED ELECTRICAL WIRE

The influence of the chemical composition of the conductive core of an insulated electric wire with single-layer
isolation on its heating temperature depending on the operating time at different load currents is investigated. An
improved mathematical model was used, which allows us to estimate the temperature increase of a single-core electric
wire with the time of operation. The calculations were carried out using computer equipment in the MATHCAD
software package for a copper conductor with impurities of iron, cobalt, and manganese in different proportions. For
example, the temperature-time dependences for the PVC1 2.5 (H05V-U 2.5) electric wire were built for load currents
less than, equal to, and greater than the maximum permissible values. The analysis of the obtained temperature-time
characteristics made it possible to state that the heating temperature of electric wires during their operation is
significantly determined by the impurity material of the copper conductor. The paper shows that the temperature-time
characteristics of PVC1 2,5 (HO5V-U 2,5) electric wires with different materials of copper conductor impurities have
approximately the same nonlinear character at load currents of 20, 30 and 40 A. The simulation results show that for
materials of iron, cobalt, manganese impurities to copper, the highest heating temperature for load currents of 20, 30
and 40 A is achieved by electric wires PVC1 2,5 (HO5V-U 2,5) with an iron impurity, and the lowest - with a
manganese impurity. It is shown that the heating temperature of an electric wire depends significantly on the number
of impurities in the conductor material - as the number of impurities increases, the temperature rises. Therefore, the
heating temperature of electric wires with different volumes of impurities in the conductor material will differ
significantly. At the same time, a tendency was observed to increase the difference between the heating temperatures
of electric wires with an increase in the volume of various impurities in the materials of conductive cores for all values
of the load current. It was concluded that modeling allows to determine the time during which PVC1 2.5 (HO5V-U
2.5) electric wires with various impurities in the conductor material heat up to critical temperatures.

Keywords: current loading; electrical wire; intensity of heating; material of electrical core; material of the
isolation.

achieved by introducing impurity chemical elements,
which leads to a change in the electrical conductivity of
the material of the CP’s conductive core. Therefore, there
is a necessity to search for the optimal amount of

Introduction

Formulation of the problem. At present, the
phenomenon of the influence of the chemical

composition of conductive cores on the performance
characteristics of the CP is not sufficiently studied.
Impurities can both improve and deteriorate the
performance characteristics of the CP, for example,
change the heating temperature during operation.

Thus, the problem of determining the influence of
the chemical composition of conductive cores on the
performance characteristics of the CP is relevant.

The conductors cores of the CP are usually made of
aluminum or copper. Metals are not chemically pure
substances and may contain various impurities. The main
electrical characteristic of metals for CP is their electrical
conductivity. The metals of CP's conductive cores are
also subject to requirements for their mechanical
properties (in particular, strength), which is due to the
peculiarities of their operation. Increasing strength is

impurities in the materials of conductive cores of CP and,
as a result, to study the effect of impurities on the
electrical conductivity of conductive materials.

Analysis of recent research and publications. The
thermal effect of electric current is one of the main causes
of fires in/from cable products (CP) used as part of
electrical networks [1-4]. The ignition of the isolation of
CP is caused by internal and external ignition sources
[5-6]. The most common internal ignition sources are the
thermal effect of short-circuit current and the thermal
effect of overload current. External ignition sources in
some cases accelerate the fire development process [7].
Isolated CP potentially contribute to the development of
fires in premises and buildings [8-11], which leads to
environmental pollution [12-13]. To detect pollutants in
the atmosphere, various methods and tools are used to
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determine their composition and concentration [14-17].

Currently, there are mathematical models that allow
estimating the heating temperature of the CP over time
(calculating the temperature-time characteristics of the
CP), for example [18-19]. In [18], a mathematical model
was built based on the heat balance equation to determine
the dependence of the heating temperature of the
isolation material of a single-core electric wire with
single-layer isolation on the current strength and time of
its flow. In [19], using the mathematical model proposed
in [18], the influence of the thickness of the insulation
material (polyethylene, polyvinyl chloride, enamel,
rubber) of the wire on its heating temperature during
operation was assessed.

Impurities  can  significantly  change the
electrophysical properties of a material. The degree and
nature of this effect depend on the properties of the
materials themselves. Figure 1 shows the results of the
effect of impurities on the electrical resistance of
copper [20]. Even with the addition of 0.1 % silver (a
metal with a lower resistivity) to copper, the overall
resistance of the metal compound increases by several
percent. Chemical impurities such as phosphorus, iron,
cobalt, and arsenic reduce the electrical conductivity of
copper especially sharply.
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Fig.1. Effect of impurities on the electrical resistance
of copper
A source: generated by the Authors.

The analysis of literature sources has shown the lack
of research on the influence of the chemical composition
of conductors on the performance characteristics of CP, in
particular, their heating temperature at different current
loads. An increase in the heating temperature of CP
beyond the permissible values [21] leads to an increase in
the likelihood of fire or damage to CP.

Thus, the unresolved part of the problem considered
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is the lack of a model for assessing the influence of the
chemical composition of conductive cores on the
temperature and time characteristics of CP.

The purpose of the article is to improve a
mathematical model for assessing the influence of the
chemical composition of conductive cores on the
temperature and time characteristics of CP in the form of
an isolated electric wire.

Achieving this goal requires solving the following
tasks:

1. To create or modify an existing mathematical
model for assessing the influence of the chemical
composition of the core on the temperature and time
characteristics of an isolated electric wire.

2. Construction and analysis of temperature and
time characteristics for the most common macro-sizes of
isolated electric wires at different chemical impurities to
chemically pure materials of their conductive cores.

Main part

Let's assume that the temperature of the conductor
and isolation of the electric wire is constant throughout
their thickness, and the electric wire is located openly in
the air (for example, laid singly on brackets).

Practical calculations will be carried out on the
example of an isolated single-core electric wire with a
copper conductor with three types of impurities (iron,
cobalt, manganese) and single-layer polyvinyl chloride
insulation — PVC1 wire (according to national labelling
rules [22]), which is equivalent to HO5V-U wire
(according to European labelling rules [23]).

The object of study is a single-core electric wire
with a copper core and polyvinyl chloride isolation.

The subject of the study is the effect of impurities
in the material of the conductive core on the temperature
and time characteristics of a single-core electric wire with
copper conductor and polyvinyl chloride isolation.

It is assumed that impurities will have a certain
effect on the temperature and time characteristics of a
single-core electric wire with copper conductor and
polyvinyl chloride isolation, which will lead to a change
in the safe operating modes of the electric wire.

To build a mathematical model, we will modify the
previously proposed model, which allows us to estimate
the temperature increase of a single-core electric wire
with the time of operation.

The calculations will be carried out by computer
hardware in the MATHCAD software package.

In [19], a mathematical model is proposed that
allows estimating the temperature increase of a single-
core electric wire with the time of operation. The final
expression for the calculation is as follows:
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where | —current strength, A; T — heating temperature
of the isolation material, °C; t— current flow time, s;
T, — air temperature, °C; r, — wire core radius, m;

Ar, — thickness of the wire isolation material, m; y. —
density of the wire core material, kg/m?; vy;, — density of
the wire isolation material, kg/m; C,, — heat capacity of

the wire core material at the initial moment of time, J/°C;
a — heat transfer coefficient from isolation to air,
W/m?2-9C; p.q - resistivity of the wire core material at the

initial time, Om'm; Cj,o — heat capacity of the wire
isolation material at the initial time, J/°C; a., ¢¢, ¢i; —

thermal coefficients.

The presented mathematical model allows us to
calculate the temperature and time characteristics of the
operation of single-core CP.

We modify this mathematical model to enable the
calculation of temperature and time characteristics for
single-core electric wires with copper conductive core
with impurities, namely:

—the initial value of electrical resistance is
determined according to Fig.1, depending on the volume
of impurities in the conductor material;

— calculations are carried out for two volumes of
impurities in copper: 0,05 % and 0,01 %.

In the mathematical model, the density of the
material of the conductive core of an electric wire is
approximately defined as follows:

An Example of equation

(100-n)

n
Ve = W'Vcopper +ﬁ'yimpurity , (11)

Where ycopper — COPpEr density; Yimpyriry — density of

the impurity material.

The calculations are carried out for a cable of mark-
size PVC1 2,5 (HO5V-U 2,5). According to [21], the
maximum permissible current for this wire is 30 A.
Therefore, we construct the temperature-time
characteristics for three load currents 1 = 20; 30; 40 A.

The following input data were used in the
calculations for the load time t = 300 s:

— I, =8,92x10% m;

— A, =1x10%m;
- ¢, =0,000257;
— ¢;, =0,0003;

— yi; = 1350 kg/m3;
~ Ycopper = 8960 kg/m? for the copper core;
~ Yimpurity = 7874; 8800; 7450 kg/m® for iron;
cobalt; manganese;
- C, =373J/°C;
C;; =1200J/°C;
- a =0,003 Ww*°C;
o =0,00433;
- T, =20°C;
— pco = 0,000000018; 0,0000000188;

0,0000000208; 0,0000000224 Om-m (for chemically pure
copper conductor; for copper conductor with manganese
impurity of 0,05 %; for copper conductor with cobalt
impurity of 0,05 %; for copper conductor with iron
impurity of 0,05 %, respectively);

— pco =0,000000018; 0,000000023; 0,0000000247;

0,0000000278 Om'm (for chemically pure copper
conductors; for copper conductors with a manganese
impurity of 0,1 %; for copper conductors with a cobalt
impurity of 0,1 %; for copper conductors with an iron
impurity of 0,1 %, respectively).

Fig.2 shows the temperature-time characteristics for
an electric wire PVC1 2,5 (HO5V-U 2,5) with impurities
in the conductor material of 0,05 % at a load current
I =20 A (curve 1 — copper without impurities; curve
2 — copper with manganese impurities; curve 3 — copper
with cobalt impurities; curve 4 — copper with iron
impurities).

Fig.3 shows similar characteristics at a load current
I =30 A, Fig.4 —ataload current | =40 A.

Fig.5 shows the temperature-time characteristics for
an electric wire PVCI 2,5 (H05V-U 2,5) with impurities
in the conductor material of 0,1 % at a load current

I =20 A (curve 1 — copper without impurities; curve 2 —
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copper with manganese impurities; curve 3 —copper with  cobalt impurities; curve 4 — copper with iron impurities).
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curve 1 — copper without impurities; curve 2 — copper with manganese impurities; curve 3 — copper with cobalt impurities;
curve 4 — copper with iron impurities
Fig.2. Temperature-time characteristics for an electric wire PVC1 2,5 (HO5V-U 2,5) with impurities in the conductor
material of 0,05 % at a load current | =20 A
A source: generated by the Authors.
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curve 1 — copper without impurities; curve 2 — copper with manganese impurities; curve 3 — copper with cobalt impurities;
curve 4 — copper with iron impurities
Fig.3. Temperature-time characteristics for an electric wire PVCI 2,5 (HOSV-U 2,5) with impurities in the conductor

material of 0,05 % at a load current 1 =30 A
A source: generated by the Authors.
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curve 1 — copper without impurities; curve 2 — copper with manganese impurities; curve 3 — copper with cobalt impurities;
curve 4 — copper with iron impurities

Fig.4. Temperature-time characteristics for an electric wire PVC1 2,5 (H05V-U 2,5) with impurities in the conductor

material of 0,05 % at a load current | =40 A
A source: generated by the Authors.
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curve 1 — copper without impurities; curve 2 — copper with manganese impurities; curve 3 — copper with cobalt impurities;
curve 4 — copper with iron impurities

Fig.5. Temperature-time characteristics for an electric wire PVCI 2,5 (HO5V-U 2,5) with impurities in the conductor

material of 0,05 % at a load current | =20 A
A source: generated by the Authors.
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curve 1 — copper without impurities; curve 2 — copper with manganese impurities; curve 3 — copper with cobalt impurities;
curve 4 — copper with iron impurities

Fig.6. Temperature-time characteristics for an electric wire PVC1 2,5 (H05V-U 2,5) with impurities in the conductor

material of 0,05 % at a load current | =30 A
A source: generated by the Authors.

200
4
.12
150 — =
~ "’. 1 1
- - e
"//
T.°C 100 =
0
0 100 200 300

t c

curve 1 — copper without impurities; curve 2 — copper with manganese impurities; curve 3 — copper with cobalt impurities;
curve 4 — copper with iron impurities

Fig.7. Temperature-time characteristics for an electric wire PVC1 2,5 (H05V-U 2,5) with impurities in the conductor

material of 0,05 % at a load current 1 =40 A
A source: generated by the Authors.

Fig.6 shows similar characteristics at a load current ~ single-layer insulation on its heating temperature
I =30 A, Fig.7—ata load current | =40 A. depending on the operating time at different load currents
Thus, the influence of the chemical composition of ~ Was evaluated. The calculations were performed using
the conductor core of an insulated electrical wire with ~MATHCAD software for a copper conductor with
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impurities of iron, cobalt, and manganese in various
proportions.

Conclusions

Thus, a mathematical model has been improved that
allows estimating the temperature rise of a single-core
copper conductor over time under various impurities.

The model has been improved by introducing
variables for the density of the conductive core material
and the initial value of its electrical resistance as
functions of the volume of impurities in the material.

The analysis of the constructed temperature-time
characteristics allows us to conclude the following.

1. The heating temperature of electric wires during
their operation is determined by the impurity material in
the copper conductor and depends on the load current.

2. The temperature-time characteristics of PVC1 2,5
(HO5V-U 2,5) electric wires with different materials of
copper conductor impurities have approximately the same
nonlinear character at load currents of 20, 30 and 40 A.

3. For materials of iron, cobalt, manganese
impurities to copper, the highest heating temperature for
load currents of 20, 30 and 40 A is achieved by electric
wires PVC1 2,5 (HO5V-U 2,5) with an iron impurity, and
the lowest - with a manganese impurity.

4.For a load current of 30 A, the heating
temperature of the PVC1 2,5 (HO5V-U 2,5) electric wire
is less than 70°C, which is lower than the standard long-
term permissible temperature for this electric wire.

5. The heating temperature of an electric wire
depends significantly on the number of impurities in the
conductor material — as the number of impurities
increases, the temperature rises. Therefore, the heating
temperature of electric wires with different volumes of
impurities in the conductor material will differ
significantly. At the same time, there is a tendency to
increase the difference between the heating temperatures
of electric wires with an increase in the volume of various
impurities in the materials of conductive cores for all
values of the load current. Thus, when heating an electric
wire PVC1 2,5 (HO5V-U 2,5) with a copper conductor
with an iron impurity of 0,05% within 100s, the
temperature reaches 35°C; 53°C; 76°C for load currents
I = 20; 30; 40 A; within 200s — 50°C; 82°C; 119°C
respectively. Meanwhile, when heating a similar wire
with a copper conductor with an impurity of iron to the
core material of 0,1 % within 100 s, the temperature
reaches the values of 39°C; 61°C; 87°C for load currents

I = 20; 30; 40 A; within 200s — 56°C; 95°C; 137°C
respectively. This trend is maintained when heating
electric wires with copper conductors with cobalt and
manganese impurities in the amount of 0,05 % and 0,1 %
of the core material.

6. The impact of the load current on the heating
temperature of electric wires with all conductor material
compositions increases with the increase in operating
time. For example, when the electric wire PVC1 2,5
(HO5V-U 2,5) with a copper conductor without
impurities is heated for 100 s, the temperature reaches
32°C; 47°C; 66°C for load currents | = 20; 30; 40 A;
within 200 s — 44°C; 71°C; 103°C. Meanwhile, when
heating a similar electric wire with a copper conductor
with an impurity of iron to the conductor material of
0,05 % for 100 s, the temperature reaches 35°C; 53°C;
76°C or load currents /7 = 20; 30; 40 A; within 200 s —
50°C; 82°C; 119°C respectively. This trend is maintained
when heating wires with copper conductors with cobalt
and manganese impurities in the amount of 0,05 % and
0,1 % of the conductor material.

7. As the operating time increases, the difference
between the heating temperatures of electric wires with
different conductor material compositions increases for
all load current values. In particular, for the electric wire
the PVC1 2,5 (HO5V-U 2,5) with a copper conductor
without impurities and a similar electric wire with a
copper conductor with an iron impurity in the core

material with a volume of 0,05 % at load current | = 20
A the difference is 3°C after 100 s; after 200 s — 6°C; at
load current | = 30 A the difference is 4°C after 100 s;

after 200 s — 9°C; at load current | =40 A the difference
is 10°C after 100 s; after 200 s — 16°C. This trend is
maintained when heating similar wires with copper
conductors with cobalt and manganese impurities in the
amount of 0,05 % and 0,1 % of the conductor material.
8. According to national regulations, for cable
products with polyvinyl chloride isolation, the maximum
permissible core heating temperature during long-term
operation is 70°C, during short-term overload — 90°C, at
short-circuit current — 160°C. Therefore, from Figs.2—7,
it is possible to determine the time during which electric
wires PVC1 2,5 (H05V-U 2,5) with various impurities to
the conductor material are heated to these critical
temperatures.  Further research prospects include
calculations for aluminum conductors with magnesium,
iron, cobalt, and manganese impurities in various ratios.
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MOLENb OLIHKU BMUBY XIMIYHOIO CKITAQY CTPYMOBIOHUX XX HA EKCINITYATALIAHI
XAPAKTEPUCTUKW I30JIbOBAHOIO ENEKTPUYHOI'O NMPOBOAY

A .M. Karynin, O.B. Komowmiiities, O.B. Kynakos, B.1. [Tanuenko, P.M. Omiitauk, M.1. Koxyriko

Jocniosceno 6naue XimiuHo2o CcK1A0y CMPYMONPOGIOHOI MHCUNU [301608AHO20 eNeKMPUUHO20 NPOBOOY 3
OOHOWAPOBOIO [30JIAYIEI0 HA Memnepamypy 1020 HASpiey 8 3aNeHCHOCMI 6i0 uacy pobomu npu pPisHUX CIMPYMAX
Haganmagicenns. Buxopucmano 60ockonaneny mamemamuyny MoOeib, AKA O00360JAE  OYIHUMU NIOGUUYEHHS
memnepamypu OOHONCUTLHOZO eNeKMPUYHO20 NPOo8o0Y 3 Hacom eKkcnayamayii. Po3paxyHku nposedeno i3
sUKOpucmanusam komn iomeprozo naxemy npoepam MATHCAD ons mionoeo npogioHuxa 3 domiwkamu 3dauiza,
KoOanemy ma Mapeanylo 8 pi3HUX CchniggioHoulenHax. A npuxkiady nooOyoo8ami memnepamypHo-4acosi
Xapaxmepucmuxu eiekmpuynozo nposody I[IBX1 2,5 (HO5V-U 2.5) ona cmpymie Hasanmasicenusi, MEHWUX, pieHux i
OINbUUX 2PAHUYHO OONYCMUMUX 3HAYUEHb. AHANIZ OMPUMAHUX MeMNepPaAmypPHO-4aACO8UX XAPAKMEPUCUK 003801U8
cmeepoxcysamu, wo memMnepamypa HA2PiBaHHA eNeKMmPUYHUX Npogodie nio uac ix excnayamayii cymmeso
BUBHAYAEMbCST OOMIUKOBUM MAMEPIATIOM 8 MIOHOMY NPOGIOHUKY. Y cmammi ROKA3aHOo, Wo meMnepamypHo-4acosi
xapaxkmepucmuku eiekmpuunozo npogody IIBX1 2,5 (HOSV-U 2.5) 3 pisnumu mamepianamu OOMiUoK 8 MiOHOMY
NPOGIOHUKY MarOmyb NPUOIU3HO 0OHAKO8UL HeliniuHull xapakmep npu Hasanmavicenni 20, 30 i 40 A. Pezyromamu
MOOenio8antsa ceiouams, wo 01 MIOHO20 NPOBIOHUKA 3 OOMIWKAMU 3d1i3d, KOOANbMY, MAP2AHY0 HAUBUULY
memnepamypy naepigy npu cmpymax Haganmaoicenns 20, 30 i 40 A docsaearome enexmpuuni nposoou I1BXI 2,5
(HO5V-U 2.5) 3 domiwxoro 3aniza, a HatHuxzcuy — 3 0omiwikoio mapeanyio. Tlokazano, wo memnepamypa nazpiey
eIeKMPUYHO20 NPOBOOY CYMMEBO 3ANeH UMb 8i0 00 €My OOMIWOK 00 Mamepianry CMpPYMORPOBIOHOT dcunu — 3i
30inbwenHam 00’ emy domiuiox memnepamypa nioguwyemocs. Tomy, memnepamypa Hazpigy el1ekmpudhux npogooie
3 pisHUMU 00 eMamu OOMIWOK 00 Mamepiany cmpymMonpogioHux xcun 6yoe cymmeeo giopisamuca. Ilpu yvomy,
BIOMINAEMbCL MEHOeHYIst 00 30LNbULeHHs PISHUYI MIJC MeMIepamypamu Hazpigy eieKmpuyHux npoeoodis npu
nioguujenHi 06°emi@ pi3HUX OOMIWOK 00 Mamepianié CmMpYMONPOGIOHUX JiCUL OAs YCIX 3HAYEHbL CMPYMY
HasanmaogiceHHs. 3pobeHO GUCHOBOK, WO MOOEN08AHHSA 00360JISE GUSHAUAMU YAC, NPOMSA2OM K020 eleKMPUYHL
nposoou PVCI 2.5 (HO5V-U 2.5) 3 pisnumu oomiwxamu 6 mamepiani npogioHUKa Hazpisaiomuvcs 00 KPUMUYHUX
memnepamyp.

Knrouosi cnosa: enexmpuunutl nposio; iHMeHCUBHICINb HAZPIBAHHS; Mamepial eleKMpUuyHol JCUiu; mamepiai
1305yl Cmpymoee Ha8anMadiCeHHsl.
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