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Abstract

In this article, a computational model is presented which can be used to predict the heating of
insulating material surfaces by low-current high-voltage arcs. The discharge is represented by
a so-called three-cylinder model. Based on this, the heat flows onto the insulating material
surface and its heating by means of thermal conduction and convection are calculated. The
calculation results are compared to the measurements of the surface temperature on a model
arrangement. The overall model reproduces the dynamic behavior of the heating very well.
The quantitative deviations from the measurement are only in the range of a few percent.
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Introduction

The use of polymeric insulating materials as housing materials for components in medium and
high voltage applications is widespread. These offer various advantages compared to glass or
porcelain components [1]. When polymeric insulating materials are used for outdoor
applications, they are exposed to various environmental influences that can lead to
degradation of the insulating material. Accordingly, these materials must meet various
minimum requirements with regard to their properties (e.g., UV resistance) [2]. Especially in
outdoor applications and under severe indoor conditions, contamination layers may be
deposited on the surface, which contains electrically conductive particles (e.g., salts). If the
material does not exhibit hydrophobic properties or has temporarily lost them, a conductive
pollution layer can be formed by the presence of moisture. As a result, electrical surface
discharges, so-called dry band discharges or high voltage arcs, can occur. The insulating
materials used under these conditions must have sufficient resistance to such discharges. This
is verified for AC applications by means of various test methods (e.g., inclined plane test
according to IEC 60587 [3], high-voltage arc test according to IEC 61621 [4]).

Tests of the tracking and erosion resistance with DC voltage usually show both considerably
greater damage and a greater scatter of results [5]. It is assumed this is caused by be a higher
local and temporal stability of the discharges as well as a higher power transfer [6], [7]. The



thermal effect of low-current surface discharges is considered to be the main effect of damage
or decomposition of polymer insulating materials. [8], [9], [10].

Based on this assumption, a thermal model is developed to calculate the heating of insulating
material surfaces by electrical surface discharges. This model should allow conclusions on the
thermal stress of insulating material surfaces and support the interpretation of measurement
results, especially on the influence of the voltage type. Furthermore, the evaluation of
different influencing factors on the heating (thermal conductivity of the insulating material)
should be made possible and e.g., a specific material optimization for DC voltage applications
should be facilitated. The knowledge gained on the basis of the model also flows into the
development of a test procedure for evaluating the DC erosion and tracking resistance.

In the first step, a model is used for an AC arc and a geometrically simplified electrode
arrangement with an inert insulating material. In the future, the model will be extended to
include more complex geometries, insulation decomposition, DC stress, and sensitivity
studies will be performed.

1 Model Test Setup and Temperature Measurements

As a simple geometric experimental arrangement, the electrode arrangement of the high
voltage arc test according IEC 61621 [4] is used, as shown in Fig. 1. A low-voltage arc (3) is
ignited between two tungsten electrodes (1). The heat of the hot plasma is transferred to the
surface of the ceramic test specimen (2) by heat radiation, convection and conduction.
Convection is the dominant effect [11]. For the heat distribution in the test specimen, heat
conduction is the predominant effect mechanism.

Source: Own
Fig. 1: Electrode arrangement according IEC 61621: (1) tungsten electrode; (2) ceramic
specimen, (3) high voltage arc

The test voltage of 12.5 kV (rms value) is generated by a high voltage transformer (max.
17kV, 4.4 kVA). The test circuit is conforming with IEC 61621. The arc current is adjusted
by a variable series resistor on the primary side of the transformer. The current is measured by
a shunt resistor and recorded by A/D converter. The arc voltage is measured by an ohmic
voltage divider and recorded as well. To avoid influences of the arc by the thermal
decomposition of the test specimen, an inert test specimen made of aluminum oxide ceramic
(A1203) with the dimensions 38 mm x 33 mm x 6 mm is used for these experiments. The
heating of the test specimen is recorded with a thermal imaging camera “VarioCAM hr head”
from InfraTec GmbH and recorded with a measuring frequency of 1 Hz (Fig. 2). The camera
is placed at an angle of 90° above the test specimen. The arc is applied to the specimen for
60 minutes overall with continuous temperature measurement.
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Source: Own

Fig. 2: Example of a thermogram (20 mA, 500 s)

At the given geometrical set-up one pixel of the IR camera corresponds to a square of about
0.4 mm of the specimen. The pixels are combined in such a way that they correspond to the
size of the nodes of the calculation model. Parameters of the temperature measurement are
summarized in Tab. 1.

Tab. 1: Parameters of the temperature measurement

Distance to IR camera 48 cm
Angle to surface 90°
Instantaneous Field of View (IFOV) | 0.8 mrad
measurement spot size 0.38 mm
Measurement frequency 1 Hz
Emissivity Al,O3 0.9

Source: Own

2 Modeling of the Dynamic Behavior of the Surface Temperature for the

Experimental Setup

The thermal model of the above-mentioned experimental setup consists of three sub-models
that mathematically describe different physical mechanisms. Sub-model 1 describes the arc as
a current-voltage model (VCM), the 3-cylinder model (3CM) determines the heat fluxes from
the arc to the specimen surface (sub-model 2), and the third (THM) determines the resulting
surface temperature due to heat transport within the specimen and to the environment.

The overall model serves the purpose of investigating the influence of the various parameters
and their uncertainties on the result.

The sub-models are described in detail in the following sections.

2.1 Sub-Model 1: Arc as Voltage-Current Model (VCM)

If a 50 Hz alternating voltage is applied to the described electrodes it leads to periodical
electrical stress to the air gap. If the voltage exceeds the electrical strength of the air a break-
through will occur and an electrical discharge is created. The gas is ionized and forms plasma
that can reach extremely high temperatures, depending on the carried current. The conditions
used in these experiments result in a discharge called a high voltage arc. Using alternating
voltage, this process essentially occurs with every change from positive to negative half-
wave. If the voltage exceeds a certain amount, the arc ignites. This voltage is defined as
ignition voltage U,;, whereby the moment this occurs is called ignition moment ¢;. If the



voltage falls below the minimum required for the arc, the extinction voltage Uy, the arc
extinguishes. This moment is defined as extinction moment ¢,.

The equations are documented in detail in [10]. The characteristic values were determined
from the measurement results of the performed experiments. The voltage and current of the
arc are described by equations (1) and (2). The sign function “sign” is used to take care of the
positive and negative half-wave:

ug(6) = JZ- U, - sin(wy - t) - 1+stgn((t;t1)(t—t2)) n [Utl _ U::Ztl] ) 1—stgn((t;t1)(t—t2))(1)

ia(t) = \/7 1, - sin (“)i . <t - (wl - t2)>> . 1_Sign((t;t1)(t_t2)) )

u

In the model, interpolation with a 7"-order polynomial is used to describe the part when the
arc is ignited. Tab. 2: summarizes the experimentally determined parameters, exemplarily for
a test current of 40 mA.

Tab. 2: Parameters for arc current-voltage model using the example of test current 40 mA
Parameter |Value Description

U,/ kV 13 RMS value of the voltage

1,/ mA 40  |RMS value of current

Uy /' kV 2.1  |Ignition voltage

Up / kV 1.297 |Extinguishing voltage

w, / rad / ms|0.314 |Circular frequency of the voltage
w; / rad / ms|0.314 |angular frequency of the current
t1 / ms 0.402 |Ignition moment

t, / ms 9.68 |Extinguishing moment
Source: Own, inspired by [10]

2.2 Sub-Model 2: Arc as 3-Cylinder Model (3CM)

The 3-cylinder model determines the heat flows that warm the test specimen. The model
represents the arc as a straight cylinder. This is divided into three cylinders (zones 1-3), see
Fig. 3. The electrical power within the arc forms the basis for the heat flows to the test
specimen The electrical power is allocated in equal parts to the three cylinders (zones) as
P(%), Py(f) and Ps(f). The respective k-factors determine the weighting of the individual heat
flows within the arc (Pi3(¢), P32(?), P31(t), P23(t)) as well as those flowing to the electrodes
(Pi(t), P,(t)) and the specimen (P4(¢), Pas(f), P3s(f)). The physical meaning of the k-factors is
explained in [12] and the values are adapted from [10], cf. Tab. 3.
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Source: Own, based on [10]
Fig. 3: Resulting heat flows to the test specimens and the zoning of the 3-cylinder model

according to [12]

The parameters from Fig. 3: have the following meaning:

Pi(?) — heat flux delivered to the cathode,
P,(¢) — heat flux delivered to the anode,
Pi(?), Px(t), P3(t) — thermal power transferred from the respective zone to the
material surface.
the corresponding k-factors have indices that characterize their source and sink:
o a —the anode,
o k- cathode respectively,
o s —material surface.

As shown in Fig. 3, five heat fluxes result from the arc affecting the specimen and the
electrodes. The heat flows from the arc to the rest of the environment are not explicitly
calculated. The heat dissipation over the shell surface is primarily weighted by the factors ki,
kys and k3, The value of 0.33 defines a heat dissipation of one third of the shell surface to the
test specimen. The remaining two thirds of the heat are transferred to the environment.
Equations (3), (4) and (5) describe, exemplarily, the calculation of the heat flow Pi(¢), which
is transferred through the circular surface of the arc cylinder (front surface of the arc at the
cathode) via the cathode to the test specimen surface. The parameters are summarized in

Tab. 3.

The heat flow to the cathode Pi(¢) is composed as follows [10], [12]:

Heat flow from zone 2 to zone 3:

1 da(t)
P23(t)=5k1a.P2(t).<1_m> (3)

Heat flow from zone 3 (incl. zone 2) to zone 1:

The resulting heat flow from zone 1 (incl. zone 2 + 3) via cathode to test specimen:

P.(t) = %kk . (P31(t) + Py (t) - (1 - %)) ©)



The model was developed for arcs with significantly larger current values [12]. It is being
investigated whether the model can also be used for low currents (10 mA - 40 mA) [10].

Tab. 3: Parameters for the 3-cylinder model

Parameter Value Description

d;, d, [mm] 1 Half cylinder length zone 1 (cathode) and zone 2 (anode)

d; [mm] 2.5 Half the cylinder length of zone 3 (arc column)

ar, a, as [mm] ke - ia(t) }f{adii of the cylinders (product of current 1,(t) and proportionality

actor kp)

Kia [-] 0.2 Weighting coefficient of heat flow from zone 2 to zone 3

ko, [-] 0.2 Weighting coefficient of heat flow from zone 3 to zone 1

k, [-] 0.3 Weighting coefficient of heat flow from zone 2 to anode

Kix [-] 0.2 Weighting coefficient of heat flow from zone 3 to zone 1

ko [-] 0.5 Weighting coefficient of heat flow from zone 3 to zone 2

ky [-] 0.3 Weighting coefficient of heat flow from zone 2 to cathode

Kie [-] 0.33 Weighting coefficient of the heat flux from zone 2 to the test
s ' specimen surface

Koe [-] 0.33 Weighting coefficient of the heat flux from zone 2 to the test
s ' specimen surface

Kse [-] 0.33 Weighting coefficient of the heat flux from zone 2 to the test
s ' specimen surface

ki [mm/mA] [0.0065 |Proportional factor arc diameter to current

L, [cm] 0.7 arc length

Source: Own, inspired by [10], [12]

Considering the duration of about 1 h until a steady-state surface temperature is established. It
makes sense to choose the simulation step size as large as possible. The dynamics of the
temperature model is significantly lower than that of the arc as voltage-current model (VCM).
The time constants are between 0.01 s and 0.1 s and the period of the sinusoidal oscillation is
20 ms (50 Hz). With a recommended simulation step size of one-tenth of the period duration
(Shannon sampling theorem) [13], this results in a constant step size of 0.002 s. This leads to
an enormous computational effort (computing time). For this reason, the RMS values of arc
current, arc voltage, arc power, and the resulting heat flows are used for further simulations.
The investigations show that there are no significant differences in the resulting surface
temperature curves compared to the use of the time curves of current, voltage, and power. By
using the RMS values, it is possible to perform the simulations with a variable step size
depending on the dynamics of the temperature model. This leads to the next chapter of the arc
as a temperature-heat model (THM).

2.3 Sub-Model 3: Temperature-Heat Model (THM)

The third sub-model determines the surface temperature of the test specimen from the
resulting heat flows. The physical basis is the heat transport within the test specimen and to
the environment. Specifically, the mechanisms of convection and heat conduction are
considered. Heat radiation from the test specimen to the environment is neglected due to its
minor influence [11].

Heat balancing was chosen as the modeling approach. The principle is shown in Fig. 4 and
results in differential equation (6). The heat Q(¢) for a volume element (node) is considered.
The temporal change of this heat depends on the temporally supplied Q,,(t) and dissipated
heat flows Q, (t).
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supplied heat flows node dissipated heat flows

Source: Own
Fig. 4: Model idea of the heat balancing

d?i_it) = Qzu(t) - Qab (t) (6)

The specimen is divided into 38 nodes along the arc, as illustrated in Fig. 5. A node has the
dimension of 0.001 m x 0.0033 m x 0.0006 m (length x width x height). The remaining test
specimen is considered as one large node. For each node, a differential equation is set up, i.e.,
for 39 nodes, a differential equation system results, which consists of 39 differential
equations.

The time-dependent heat O(¢) of a node is described by equation (7).

Q(t) = myoge - Conode | Inoge (L) (7)

Equation (7) is the product of the material mass of the node moqe, the heat capacity ¢, node and
the temperature of the nodes 9node(). The mass and heat capacity are considered constant.

test specimen

Source: Own
Fig. 5: Scheme of the node arrangement, arc and test specimen

In addition to the energy supplied by the arc, the test specimen (between the nodes) is affected
by thermal conduction and through the test specimen surface by thermal convection (heat
dissipation to the environment). The thermal conductivity Q.;¢(t) in a homogeneous material
is generally defined by equation (8) [14]

Queie(®) = 40 A~ (*52) (8)

dx

where A(f) describes the thermal conductivity of the test specimen material. This is
temperature dependent. 4 is the area to the neighboring node and d9(f)/dx describes the
temporal change of the temperature along one dimension (x-axis). By referring to two
adjacent nodes, equation (8) becomes equation (9)

QLeie(®) = A(t) - A~ (W)x o



where Iny(2) stands for the temperature of the neighboring node. The distance of the node
centers is defined by Ax. The heat convection Qj,n,(t) to the environment is determined by
equation (10). The heat transfer coefficient o describes the intensity of heat transfer at the

specimen surface and Ao is the surface over which the heat flux flows to the environment
[14].

Qkonv(t) =a4Ap- (ﬂNode(t) - 19U) (10)

With equations (6), (7), (9) and (10) plus a part of the heat flow from the arc, the respective
differential equations for the nodes are set up. Three different basic equations crystallize,
which differ in the heat fluxes supplied and dissipated. Fig. 6 illustrates the three different

types:

e Type A: These are the two nodes on the left and right edges of the specimen. The heat
flow supplied is defined by the heat conduction from the neighboring node. Heat is
dissipated by convection to the environment and by conduction to the rest of the
specimen.

e Type B: Is characterized by the heat supply of the arc. The heat is dissipated to the cooler
neighboring nodes by heat conduction. These nodes are located under the arc.

e Type C: These nodes are located between the edge nodes and the under the arc nodes.
They absorb heat by conduction from the warmer neighbor and transfer it to the cooler
one as well as to the rest of the specimen. Heat is transferred to the environment via the
surface by convection.

heat flow from arc

heat convection

Source: Own
Fig. 6: Scheme of model representation for the different node types based on the resulting
heat balances.

As an example, the resulting differential equation (11) for type B (nodes under the arc) is
given. Q,p(t) represents the heat flux from the arc. Equation (11) describes how the

temperature of the node 95 (t) changes in time as a function of the heat fluxes supplied and
removed.

oy 4050
B +9p(t) =

ap-A ArAr ArAr ZArAr
= o Qup(®) + =252 By + TEEE 0 (0) + 2 0,(0) + T Bp(8) (11)
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where

_ aB~AOB-Ax-h+2~ﬂpr-Alr-h+2~lpr-AprAX

Gg = ok (12)

Tab. 4: contains the explanations of the parameters used. The differential equation system is
composed of 39 DGL (two type A, seven type B, and 29 type C). For the first studies, it is
assumed that the material parameters (thermal conductivity, heat capacity, density, heat
transfer coefficient) are independent of temperature.

Tab. 4: Parameters used in equations (11) and (12)

Parameter Explanation
Dx Distance of the node centers (symmetrical)
h Node height

Ay Surface to neighboring node (left and right neighbor)
Ap, Surface between node and remaining test specimen
Aos Surface between node and environment
mp Mass of a node (density [3800 kg / m*])
Ip, Thermal conductivity of the test specimen material
CpB Heat capacity of the test specimen material [950 W / (kg * K)]
ag Heat transfer coefficient [12 W / (m * K)]

9s(2) Node temperature

() Temperature of the left neighboring node

9,(1) Temperature of the right neighbor node

p.(t) average temperature of the remaining test specimen
Yy Environmental temperature [295 K]

Source: Own

3 Verification and Validation of the Model

The simulations of the temporal behavior are carried out with MATLAB®. The aim is to
determine the change in surface temperature over time for different test current levels
(10, 20, 30 and 40 mA) and to validate the models using the measured data.

The general model behavior is plausible, with increasing current intensity the surface
temperature increases. The surface temperature also reaches a stable steady-state final value.
Like mentioned above the model behavior are investigated with the time characteristics of
current and voltage and the RMS values. No difference in the resulting surface temperatures
was observed.

3.1 Validation of Sub-Model 1: Voltage-Current Model (VCM)

As an example, the validation is carried out with a test current of 40 mA. The curve of the arc
voltage is shown in Fig. 7 (left) and of the arc current in Fig. 7 (right). Two periods were
shown (40 ms). The blue curves are the experimentally obtained data and the orange curves
are the calculated time curves. Fig. 8 shows the curve of the electric arc power. The achieved
agreement is qualitatively and quantitatively very good.
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Fig. 7: Time course of the arc voltage (left) and time course of the leakage current in the arc
(right) for a test current of 40 mA: blue — experimental data; orange — simulation

data
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Fig. 8: Time course of the arc power for a test current of 40 mA: blue — experimental data,
orange — simulation data

When comparing the RMS values of the arc voltage and arc current, cf. Tab. 5, a relative error
of approx. 3% is found for the voltage and 1% for the current.

Tab. 5: Comparison of the rms values of the arc voltage and arc current

Data source Arc voltage | Arc current | Relative arc voltage | Relative arc current
[kV] [mA] [Yo] [o]
Experimental 1.03 40.4 100 100
data
Model data 0.996 39.97 97 99

Source: Own
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3.2 Validation of Sub-Model 2: 3-Cylinder Model (3CM)

To validate the model, heating calculations were first performed with a test current of 10 mA
and compared with the measured data. The electrical power of the high-voltage arc is equally
distributed for all three cylinder elements (cathode, column and anode), as described in
section 2.2. Tab. 6 contains the experimental and calculated data.

Tab. 6: Data on the distribution of electrical power in the high-voltage arc

Test current | Data source Electrical power / W

. Total | Cathode | Plasma | Anode
D e e i
0mA Kol 05| 596|658 996
0mA gl e8| oe0| 060 o
S ) ¥ YR T MY

Source: Own

The total power determined from the measured values was used as the output variable. The
electrical power at the cathode and anode was calculated from the corresponding voltage
drops of the literature. The column voltage was determined from the difference between the
total power and the power at the anode and cathode.

33 Validation of Sub-Model 3: Temperature-Heat Model (THM)
Fig. 9 illustrates the node distribution under the arc.
\\\

\i 4 i i
Source: Own w |8 2

Fig. 9: Scheme of the node distribution below the arc

Fig. 10 shows an example of the time curve of the surface temperature in node 21 between the
mean value of the experiments and the simulation for an alternating test current of 10 mA. At
a time of 30 s, the arc is ignited and there is a very steep rise in the surface temperature. The
increase decreases and becomes approximately linear after 40 s. The simulation results mirror
the measured values. This shows that the results are within the confidence interval of the
averaged values of the tests.
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Fig. 10: Time course of the surface temperature in Node 21 between the mean value of the

experiments (with the confidence interval of 95%) and the simulation for a test
current of 10 mA

This becomes clearer in Fig. 11, which shows the deviation over time between the mean value
of the experiments and the simulation for all nodes under the arc. The chart shows that the

deviations for the nodes at the edge (nodes 16 and 22) are greater than for those in the middle.
The largest deviation is about 5 K.
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T|r1n‘f course of the deviation of measurements and simulation

eN16

- gMN1T

81 y -eN18

Al eN19

6 g eMN20

i elN21

eM22
b
S
o
18]
5
=]
&
i ]
=L

_8 L
% : L . L L = | .
0 500 1000 1500 2000 2500 3000 3500
Time /s

Source: Own

Fig. 11: Time course of the deviation between the mean value of the experiments and the
simulation for all nodes under the arc for a test current of 10 mA

Analyzing the relative error, shown in Fig. 12, it is clear that the error for the middle nodes
(17-21) is in an error band of £2%. In general, the relative error is smaller than £5% (green
zone). This allows the conclusion that the model reflects the experiments very well and it is
suitable for the given experimental constellation to be used as a prediction tool.

In order to minimize the errors, the following improvements are to be investigated in further
work. In the next step, the temperature dependence of the material values density, thermal
conductivity, heat capacity, and the heat transfer coefficient will be investigated. A further
increase of the model accuracy is the increase in the number of nodes.

Finally, the model seems to be suitable to determine the thermal stress caused by electrical
surface discharges.
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Fig. 12: Time course of the relative deviation between the mean value of the experiments and
the simulation for all nodes under the arc for a test current of 10 mA

Conclusion

In this article a thermal model is presented which describes the heating of insulation surfaces
by low current discharges. The model consists of three parts describing the electrical and
thermal characteristic of the arc as well as of heat dissipation to and in the specimen. The
model output is compared with experimental data of measurements of the arc voltage and
current. Further temperature measurements of with an IR camera are used to verify the model.

The combination of the three sub-models is in very good accordance with the experimental
data regarding absolute values and dynamic response. The model was successfully verified
and validated. It is concluded that the models are basically applicable to describe the heating
of surfaces by low current arcs.

This model will be the base for further investigations and a modification to describe the
heating in the case of a DC arc. In a further step, the various influences of the parameters on
the surface temperature are explored, and how uncertainties affect the determination of the
parameters. A further extension of the model is considered to examine e.g., the effect of
material degradation or combustion on the surface heating.
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MODELOVANI CASOVEHO CHOVANi POVRCHOVE TEPLOTY POVRCHU IZOLACNIHO
MATERIALU PRI NIZKOPROUDEM OBLOUKU

V tomto ¢lanku je predstaven vypocetni model, ktery lze pouzit k pfedpovédi ohfevu povrchii
izola¢nich materidlti nizkoproudymi vysokonapét'ovymi oblouky. Vyboj je reprezentovan tzv.
ttivalcovym modelem. Na jeho zakladé jsou vypocteny tepelné toky na povrchu izola¢niho
materidlu a jeho ohfev pomoci tepelné kondukce a konvekce. Vysledky vypoctu jsou
porovnany s méfenim povrchové teploty na modelovém usporadani. Celkovy model velmi
dobte reprodukuje dynamické chovéani ohfevu. Kvantitativni odchylky od méfeni se pohybuji
pouze v fadu né€kolika procent.

MODELLIERUNG DES ZEITLICHEN VERHALTENS DER OBERFLACHENTEMPERATUR
EINER [SOLIERSTOFFOBERFLACHE UNTER EINEM STROMSCHWACHEN LICHTBOGEN

In vorliegenden Beitrag wird ein Berechnungsmodell vorgestellt, mit welchem die
Erwiarmung von Isolierstoffoberflichen durch stromschwache Hochspannungs-Lichtbdgen
vorausberechnet werden kann. Die Entladung wird dabei durch ein sog. Drei-Zylinder-Modell
abgebildet. Ausgehend davon werden die Wiarmestrome auf die Isolierstoffoberfliche und
deren  Erwdrmung mittels Wérmeleitung und  Konvektion  berechnet.  Die
Berechnungsergebnisse werden mit Messungen der Oberflichentemperatur an einer
Modellanordnung vergleichend bewertet. Das Modell bildet das dynamische Verhalten der
Erwiarmung sehr gut ab. Die quantitativen Abweichungen zur Messung liegen lediglich im
Bereich weniger Prozente.

MODELOWANIE CZASOWEGO ZACHOWANIA SIE TEMPERATURY POWIERZCHNI
MATERIALU IZOLACYJNEGO POD WPLYWEM LUKU ELEKTRYCZNEGO O NISKIM
NATEZENIU PRADU

W niniejszym opracowaniu przedstawiono model obliczeniowy, ktéry moze by¢ stosowany
do prognozowania nagrzewania powierzchni  materiatdw  izolacyjnych  przez
wysokonapieciowe tuki o niskim natezeniu pradu. Wytadowanie jest reprezentowane przez
tzw. model trzycylindrowy. Na jego podstawie oblicza si¢ przeptywy ciepta na powierzchnig
materiatu izolacyjnego oraz jego nagrzewanie przy pomocy kondukcji ciepta i konwekcji.
Wyniki obliczen poréwnane sa z pomiarami temperatury powierzchni na ukladzie
modelowym. Caly model bardzo dobrze odtwarza dynamiczne zachowanie ogrzewania.
[lo$ciowe odchylenia od pomiaréw sa rzedu kilku procent.
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