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TECHNOLOGICAL PARAMETERS OF THE COOLING MODE OF POLYMER
INSULATION OF POWER CABLES

Introduction. The cooling mode of polymer insulation after application to the extruder is one of the main factors determining
cable performance. Theoretically, it is ideal to cool the insulation when the temperature of the cooling medium is equal to the
melting point of the insulation material: in this case, the probability of formation of voids in the insulation is less. The cooling
process is usually not subject to stringent requirements, since most insulating materials allow for quite sharp cooling. The
exception is polyethylene, which requires gradual cooling. When the insulation is cooled in a cooling bath, the temperature
decrease starts from the surface. In this regard, the cooling of the insulation of polyethylene is carried out in steps to a
temperature at which the cooled extruded insulation will not be deformed or damaged on the receiving drum. Polyethylene is
characterized by a large value of thermal expansion coefficient, the maximum value of which is in the temperature range
(90-125) °C. As a result, there is an uneven reduction in the volume of the upper and inner insulation layers, especially for
cables with a considerable insulation thickness. The rapid cooling of polyethylene leads to the formation of cracks, air
inclusions both between the insulation and the conductive core, and in the layers located near the core. Purpose. The
substantiation of the technological parameters of the cooling mode of power cables based on the calculation of the thermal
equivalent circuit of a conductive core insulated with polyethylene in transient thermal mode. Methodology. The calculation of
the temperature distribution in the thickness of extruded polyethylene insulation at different points in time, depending on the
temperature of the cooling water, is made by the method of electrothermal analogies. There is a transition from the thermal
equivalent circuit of power cables to the equivalent circuit of the discrete resistive equivalent circuit method, which is
calculated using the nodal potential method. As a result of solving a three-diagonal system of linear algebraic equations by
sweeping and finding at each discretization step (time step) thermal power fluxes in the branches of the thermal equivalent
circuit, the temperature in the thermal capacitances determines the temperature in each insulation layer. Practical value. The
duration of the transition process, corresponding to the achievement of the same temperature throughout the thickness of the
insulation, can be considered as a criterion in determining the length of the cooling bath sections depending on the extrusion
(reception) rate. References 12, figures 6.

Key words: cooling mode, polyethylene insulation, thermal equivalent circuit, discrete resistive equivalent circuit method,
transient mode, nodal potentials method, system of linear algebraic equations, cooling bath length.

O0rpynmosano MemoouxKy pO3PAXYHKY PeHCUMY O0XO0N00MHCeHHA CUN0BUX KaDeie 6 nepexioHoMy meni06omy pexcumi.
Ilpeocmaeneno mennogy cxemy 3amiu{eHHA i3071606aHOI CIMPYMONPOGIOHOT dcunu. 3a OONOMO2010 Memo0i€ OUCKPEMHUX
DPE3UCMUBHUX CXeM 3AMIUEeHHA | §Y3/108UX NOMEHUIAIIE OMPUMAHO PO3NOOII MeMnepamypu 6 moeui noiemunenosoi izonauii
6 pi3Hi MOMeHmu uacy 6 3anexdcHocmi i) memnepamypu 600u, w0 oxonooxcye. Ilokazano, wio mpuesanicme nepexionozo
npouecy, wo 6i0nogidac 00CAZHEHHIO 00HAKOB0I memnepamypu no 6ciii moGWiUHI 301AUil, MONCHA PO32A0AmMU 8 AKOCHI
Kpumepilo npu 6u3nauenni mexnonoZiunux napamempie oxonooxcenns. bion. 12, puc. 7.

Knrouogi cnosa: pesxuM 0X0JI0/KeHHS, TOJIieTHIEHOBA i30JI511isI, TEMJI0BAa cXeMa 3aMillleHHsI, MeToJ TUCKPETHHX Pe3HCTHBHUX
cXeM 3aMillleHHsl, HeCTaJIMii pe:KUM, MeTOJ BY3JI0BHUX IOTeHLialiB, cucTeMa JIiHIiiHMX anre0paiuHMX PiBHSAHb, JOBKHHA
BAHHU 0XOJIOMKEHHSI.

Obocnosana memoOuKa pacuema pexcuma 0OXnaxcoeHus cunioeslx Kadenei ¢ nepexoOHom mennogom pexcume. Illpeocmaenena
Mennoeas cxema 3ameuieHus U30aUPOSaHHoll moxkonpogooauiell rxneunvl. C nomMoupbio Memoooe OUCKpPemHvIX pe3UCHIUGHDIX
cXem 3amMewieHusn U P3106bIX NOMEHUUAI06 ROJIYYEHO paAcChnpedesienue MmemMnepamypvl 6 moauwe 3IKCMmPyOupoeanHoil
ROMUIMUNEHOBOTL U3OAUUU 8 PA3HBIE MOMEHMbL 6DEMENI 6 3A8UCUMOCINU OM Mmemnepamypul oxaaxcoaroweii 60ovt. Ilokazano,
Ymo OnUmMeIbHOCMb NEPEXOOHO20 NPOUECcCd, COOMEEMCMEYIOUAA O0CIUNCEHUIO 00UHAKOE0I MeMNepamypsl NO 6ceil MOAuiUHe
U30NAYUU, MONHCHO PACCMAMPUBAMD 6 KauecHee KPUMEPUA NPU ONpedesieHUU MeEXHON02UYECKUX NapaMempos 0X1aicoeHus.
bu6n. 12, puc. 7.

Kniouesbie cnoga: peRuM OXJIA:KICHHS, MOJMITHIICHOBAsl H30JsALMS, TelJoBasi cXeMa 3aMelleHHsl, MeTO] IHCKPEeTHbIX
Pe3NCTHBHBIX CXeM 3aMelleHHsl, HeyCTAHOBHBIIWICSI PeKHM, METOA Y3JOBBIX MNOTEHIHAJIOB, CHCTEMAa JIHMHEHHBIX
aaredpanyecKuxX ypaBHeHMId, JIJINHA BAHHBI OXJIAKIEHH.

Introduction. The cooling mode of polymer movement of the workpiece during the technological

insulation after application in the extruder is one of the
main  factors  determining cable  performance.
Theoretically, the cooling of the insulation is ideal at the
temperature of the cooling medium equal to the melting
point of the insulation material: in this case, the
probability of formation of voids in the insulation is less
[1-3]. In the process of cooling, heat from the surface of
the insulation is removed with the help of air or water of
lower temperature. The cooling process is mainly subject
to the laws of convective heat transfer, and, here forced
convection is usually observed due to the continuous axial

process. The process of temperature change over the
thickness of the insulation or shell, that is, inside a solid,
occurs according to the laws of heat conduction.

The cooling process is usually not subject to
stringent requirements, since most insulating materials
allow for quite sharp cooling. The exception is
polyethylene, which requires gradual cooling. When the
insulation is cooled in a cooling bath, the temperature
decrease starts from the surface. In this regard, the
cooling of insulation of polyethylene is carried out
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stepwise to a temperature at which the cooled extruded
insulation will not be deformed or damaged on the
receiving drum [2, 3]. At cable companies, extruded
coating is cooled to temperatures (40...50) °C to comply
with safety requirements [4].

The length of the cooling bath depends on the speed
of extrusion, the diameter of the core (or cable) and the
thickness of the insulation (shell). The length of the bath
for cooling insulation based on crystalline polymers is
longer than for cooling insulation of amorphous polymers,
since the crystallization process is exothermic [2, 3].

The rewinding speed depends on the diameter of the
extruded cables. So, for telephone cables, the conductor
diameter of which does not exceed 1 mm, the reception
speed is one of the highest and reaches 1200 m/min. As
the diameter of the core increases, the reception speed
decreases and for power cables it is about (6-30) m/min.
At cooling of polyethylene insulation, speed is limited by
the length of the cooling bath.

Existing methods for calculation of the cooling
modes of extruded insulation allow one to calculate the
cable rewinding speed at a known cooling bath length or
the bath length at a given rewinding speed [5, 6] without
taking into account the temperature distribution over the
entire insulation thickness in transient thermal mode.

Problem definition. Technological parameters of
the cooling mode affect the internal structure of the
polymer: the lower the cooling rate, the higher the content
of the crystalline phase in the polymer insulation. At rapid
cooling, relaxation processes do not have time to
complete, a violation of the internal morphological
structure occurs, leading to the formation of a non-
equilibrium structure of polymer insulation with a
predominance of the amorphous phase [1-3]. The
quantitative ratio of the crystalline and amorphous phases
ultimately determines the thermal, mechanical and
electrical characteristics of extruded insulation.

At sharp cooling, it is also possible the formation of
internal voids in the thickness of extruded insulation. This
process is most likely to occur when cooling
polyethylene, in which the volume of the melt at
temperature of 200 °C is practically 25% higher than at
20 °C: a sharp change in volume occurs near its melting
point [7]. Polyethylene is characterized by a large value of
thermal expansion coefficient, the maximum value of
which is in the temperature range (90-125) °C. As a
result, there is an uneven reduction in the volume of the
upper and inner insulation layers, especially for cables
with a considerable insulation thickness. The sharp
cooling of polyethylene leads to the formation of cracks,
air inclusions both between the insulation and the
conductive core, and in the layers located near the core.

Thus, in [5] the degree of cable cooling is
determined at a given temperature at the inlet to the bath
and the temperature of the cooling water during
convective heat exchange between the surface of the
insulation and cooling water [8].

For power cables, it is important to obtain the
temperature field distribution over the thickness of
extruded polyethylene insulation, which is determined by
the thermal conductivity of polyethylene insulation,

taking into account the temperature of heating of the
conducing core and the temperature of the cooling water.

The goal of the paper is the justification of the
technological parameters of the cooling mode of power
cables based on the calculation of the thermal equivalent
circuit of a conductive core insulated with polyethylene in
transient thermal mode.

Thermal equivalent circuit of extruded insulated
core in transient thermal mode. In the general case, the
calculation of the temperature field over the thickness of
the insulation when it is cooled is reduced to the
specification of single-valued conditions: geometric
conditions that characterize the shape and dimensions of
the extruded conductive core; physical conditions
characterizing thermal conductivity, heat capacity, density
of the core, insulation and cooling medium, respectively;
initial  conditions characterizing the temperature
distribution at the initial moment of time (at ¢ = 0);
boundary conditions characterizing the interaction of the
extruded insulation under consideration with the
environment [9].

To calculate the temperature distribution in the
thickness of extruded polyethylene insulation at different
times, depending on the cooling water temperature, we
use the method of electrothermal analogies [9]. There is a
complete analogy between the thermal and electrical
equivalent circuits, which allows using the well-known
methods of the theory of electrical circuits to calculate
thermal circuits. The analogue of the potential in the
thermal equivalent circuit is the temperature (7), and the
analogue of the current is the heat flux (P) per unit length
of insulation along its axis (per unit length of cable).

The thermal equivalent circuit of insulation of power
cables (Fig. 1) is calculated using the method of discrete
resistive equivalent circuits [9]. For this, thermal
quantities will be replaced by their electrical counterparts.
Then we calculate the thermal circuit and determine the
desired temperature [9].

The thermal substitution circuit (Fig. 1) reflects: the
heat capacity of the core C,; the temperature-dependent
(non-linear) thermal resistances R; and thermal
capacitances C, of each insulation layer (from 1 to M), the
thermal resistance of heat transfer R,, from the surface of
the wire insulation, as well as the effect of the source of
heating of the wire to the medium temperature 7,,.

Fig. 1. Thermal substitution circuit of the extruded
insulated core in transient thermal mode

To calculate the temperature field in the process of
cooling of a moving insulated conductive core, we take
the following assumptions:

1) an insulated core is considered symmetric about
its axis;

2) the core moves at a constant speed;
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3) the core material and insulation is isotropic;

4) changes in the size of the wire caused by
shrinkage of the insulation are not take into account;

5) the heat transfer along the conductive core is
neglected;

6) the internal sources of heat released during the
phase transition of the polymer during cooling of the
insulation are not take into account;

7) each element has constant electrical and physical
characteristics in its volume.

Given the initial values of the temperature at the exit
of extruded polyethylene insulation from the
vulcanization chamber at time ¢ = 0, namely: of a heated
conductor, insulation (the temperature of which is the
same throughout the thickness and on the surface),
cooling water, it is possible to obtain the temperature
distribution across the insulation thickness at different
points in time.

The calculation technique. From the thermal
equivalent circuit (Fig. 1), we turn to the equivalent
circuit of the discrete resistive equivalent circuit (DREC)
method (Fig. 2) [10], in accordance with which
capacitances are represented by sources of EMF E,, E,
and resistors R, R.. The EMF sources «remember» the
temperatures on the capacitances at the previous (k—1)th
time («old» temperature). Finding a «new» temperature at
the current k-th instant of time in time interval % is
defined as

h
T, ~—-P+T,_,. 1
kG k-1 (1

E cg E ct

Fig. 2. Discrete resistive equivalent circuit of extruded insulated
core in transient thermal mode

The calculation of the DREC is performed by the
method of nodal potentials [9, 10]. The system of linear
algebraic equations (SLAE) of the method of nodal
potentials for the case of M nodes (the number of layers
along the insulation thickness) has the form [9]
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where J; — Jy, are the nodal «currents» (heat flow):

TC ; Gll ! -l-L-i-L is
R

Ji = Iu=0; Jy= =
to Ri+R,y Ry R

the nodal conductivity of the first node (the sum of the
conductivities of the branches converging at the first

node); Gy, = L1 ks the nodal conductivity of

t ct t
the second node;

G33= G223 Gag=Gpo; Gss=Gop5 . G-y -1y = G223

1 1 1 1
Gyy=—+—+—; Gp=— is

R, Ry R,
conductivity between the 1st and the 2nd nodes (taken
with a minus sign the total conductivity between the 1st

and the 2nd nodes); Gy3=G34=Gys5=...=Gy5 ;
G13:G14:G15:...:G1M :0~

As a result of solution of the three-diagonal SLAE
(2) by the method of sweeping and finding at each
discretization step (time interval) thermal power fluxes in
the branches of the thermal equivalent circuit, the
temperatures in the thermal capacitances, the temperature
is determined in each insulation layer. The order of the
resolving system of linear algebraic equations is
determined by the product of the number of nodes and the
number of discretization steps.

The influence of technological modes of cooling
and design parameters of cables on the temperature
distribution across the thickness of extruded
polyethylene insulation. The calculation of the
temperature distribution over the thickness of the
insulation is carried out with given thermal characteristics
(thermal conductivity A, specific heat capacity ¢, density
p): for copper conductor 4, = 200 W/(m'K); ¢, = 420
J(kgK); p, = 8300 kg/m’ [11, 12].

For polyethylene: the density is assumed to be
pa = 940 kg /m’; the dependences of the thermal
conductivity and specific heat capacity on temperature are
given as approximating functions [1, 7]:

A4=0,35 W/(m'K) at 7> 120 °C;
A,=0,41-0,001-Tat T<120 °C;
ca=3150J/(kg'K) at T>115°C;
cq=3750-4,78-T at T<115°C;

Thermophysical characteristics of cooling water
required for the calculation of thermal resistance R, 4,, =
= 0,24 W/(m:K); ¢,, = 5000 J/(kg-K); p,, = 1000 kg/m’ [5].

The calculations are performed for initial insulation
temperature of 200 °C at time ¢t = 0 when extruded
polyethylene insulation exits the vulcanization chamber.

1. The influence of the temperature of the cooling
medium on the temperature distribution. Figure 3
shows the dynamics of the temporal variation of the
temperature distribution in polyethylene insulation 2 mm
thick (i is the layer number in the thickness of the
insulation, measured from the core), depending on the
cooling water temperature. The temperature of the water
in the cooling bath is respectively:

* 30 °C (Fig. 3,a, curve 1 in Fig. 3,d);

* 60 °C (Fig. 3,b, curve 2 in Fig. 3,d);

* 90 °C (Fig. 3,c, curve 3 in Fig. 3,d).

The calculation results are obtained for a conductive
copper core heated to 90 °C with cross section of 95 mm?®.
As the calculations show (compare Fig. 3,c and Fig. 4),
heating the core to 90 °C reduces the probability of
formation of air cavities near the core, provides a more
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uniform temperature distribution across the insulation
thickness during the same transient time and improves
adhesion of the polymer melt to the metal conductor.
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Fig. 3. The effect of cooling water temperature on
temporal distribution dynamics of temperature through the
thickness of polyethylene insulation

At cooling water temperature of 30 °C, the most
sharp cooling of the insulation is observed (compare
curve 1 with curve 3 in Fig. 3,d). The decrease in
temperature starts from the surface of the insulation (see
Fig. 3, layer i = 100 at ¢ = 1 s). The surface layer, cooling
over time ¢ = 5 s, tends to reduce its volume, while the
internal ones, which are not yet cooled, impede this
reduction. In this case, the surface layer hardens under the
action of radial pressure and is in a stretched state with
frozen internal stresses. Upon subsequent cooling of the
inner layers, their volume is reduced, but this occurs
under conditions when the outer layers have already
hardened. Volume reduction may occur unevenly, and at
the most mechanically weak points, i.e. where insulation
is last cooled.
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Fig. 4. Dynamics of temperature distribution over the thickness
of the insulation at the temperature of the core equal to 50 °C

The probability of formation of bubbles and voids in
the core, the temperature of which is higher in comparison
with the outer layers of insulation, increases significantly.
The time required to complete the transient thermal
process in the first section of the cooling bath with water
temperature of 90 °C (see Fig. 3,c, curve 3 in Fig. 3,4,
curve | in Fig. 5) is about 100 s.
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Fig. 5. Temporal diagram of the temperature distribution across

the thickness of the polyethylene insulation with step cooling in
a three-section bath

During this time, over the entire thickness of the
insulation, practically the same temperature is established,
equal to the cooling water temperature of 90 °C, which
reduces the probability of formation of cavities and the
concentrations of thermomechanical stresses in the
thickness of the polyethylene insulation.
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The transient time can be considered as a criterion to
substantiate the relationship between the length L, (m) of
the first section of the cooling bath and the reception
speed v (m/s). For the case considered, the L;/v value is
100 s. At a rewind speed of v = 0,2 m/s = 12 m/min, the
length of the first section should be equal to 20 m. The
length of the bath can be reduced at least twice with that
same reception speed: at such a length, the temperature
difference between the inner and outer layers of insulation
does not exceed 10 °C (see Fig. 5, curve 1).

The insulation in the second and the third sections is
cooled by water, the temperature of which is equal to
50 °C and 20 °C, respectively, in significantly less time
(compare curve 1 and curves 2, 3 in Fig. 5). The length of
the second section L, is 10 m, of the third (to ensure the
insulation temperature of about 40 °C) is L; = 4 m. Thus,
the total length of the three-section cooling bath will be
30 m. Such cooling mode parameters provide less
probability of formation of voids, air inclusions and
cracks in the thickness of the insulation. The results
obtained are consistent with the data given in [1, 5].

2. The influence of cable design parameters on
the temperature distribution across the thickness of
extruded polyethylene insulation. The effect of the
diameter of the conductive core on the temperature
distribution across the insulation thickness at different
points in time is shown in Fig. 6.
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Fig. 6. The influence of the conductive core cross section on the
temperature distribution across the thickness of the polyethylene
insulation

The insulation thickness in both cases is 2 mm.
Curve 1 corresponds to the cross section of a copper core
of 95 mm’, curve 2 — of 240 mm”. At the initial cooling
moment, for internal insulation layers located near the
core of a larger cross section, the temperature is lower
compared to the temperature distribution for insulation
with a core of a smaller cross section. The difference is
further leveled, which allows using a bath of the same
length for cooling.

Increasing the thickness of the insulation leads to an
increase in the time of the transient thermal process, and
hence the length of the first cooling section (Fig. 7). To
maintain the same length of the first section of the cooling
bath when cooling cables with a greater insulation
thickness, it is necessary to reduce the reception rate
accordingly.

Figure 7 shows the effect of the number of layers on
the temperature distribution: M = 100 (Fig. 7,a), M = 300

(Fig. 7,b). The core cross section is 95 mm?, the insulation
thickness is 6 mm. An increase in the number of layers
along the insulation thickness improves the calculation
accuracy by 8 %.

50 100 750 200 250

Fig. 7. The influence of the number of layers on the temperature
distribution over the thickness of the insulation

Conclusions.

A technique is developed for calculation of the
technological parameters of the cooling mode of power
cables. The technique is based on the calculation of the
thermal equivalent circuit of a conductive core insulated
with polyethylene in transient thermal mode, taking into
account the dependence on temperature of thermal
resistance and heat capacity using methods of discrete
resistive equivalent circuits and nodal potentials.

The duration of the transient, corresponding to
achieving the same temperature throughout total thickness
of the insulation of power cables of different designs, is
substantiated. It is shown that the duration of the transient
can be considered as a criterion in determining the length
of the sections of the cooling bath, depending on the rate
of extrusion (reception).

The influence of the diameter of the conducting core
and the thickness of the polyethylene insulation on the
cooling mode of the power cables is established.

The proposed technique can be applied to select
technological cooling modes for other types of cables, for
example, symmetric, radio frequency and optical cables.
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