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CALCULATION AND EXPERIMENTAL DETERMINATION OF CRITICAL SECTIONS
OF ELECTRIC WIRES AND CABLES IN THE CIRCUITS OF DEVICES OF HIGH-
VOLTAGE HIGH-CURRENT PULSE TECHNIQUE

Purpose. Implementation of calculation and experimental determinations of critical sections and current densities in electric
wires and cables of circuits of devices of high-voltage high-current impulse technique (HHIT), characterized flowing of pulse
current iy(t) with different amplitude-temporal parameters (ATPs). Methodology. Electrophysics bases of technique of high-
voltage and large pulse currents, theoretical bases of electrical engineering, bases of electrical power energy, technique of high
electric and magnetic fields, and also measuring technique. Results. The results of the developed electrical engineering approach
are resulted in calculation choice on the condition of electric explosion (EE) in atmospheric air of current-carrying parts of
cable-conductor products of critical sections of Scc; of the uninsulated wires, and also the insulated wires and cables with
polyvinyl chloride (PVC), rubber (R) and polyethylene (PET) insulation with copper (aluminum) cores (shells) on which in the
circuits of HHIT the pulse axial-flow current iy(t) flows with arbitrary ATPs. On the basis of this approach the results of choice of
critical sections Scc; are shown for the indicated electric wires (cables) of power circuits of HHIT with pulse current, ATPs of
which with amplitudes of 1,,,=(0.1-1000) kA change on a aperiodic law or law of attenuation of sine wave in nano-, micro- and
millisecond temporal ranges. The results of calculation estimation of critical amplitudes of current densities dcc; of -pulses of
current iy(t) of the examined temporal shapes are presented in the indicated electric wires and cables of circuits of HHIT. By a
calculation way it is set that critical amplitudes of current densities dcc; of pulse current iy(t) for its indicated temporal shapes in
the copper (aluminum) cores of the uninsulated wires and insulated wires and cables with copper (aluminum) cores (shells),
PVC, R and PET insulation for nanosecond range are numerically 1176 (878) kA/mm’, for the microsecond range 64 (48)
kA/mm’ and for the millisecond range 1.29 (0.97) kA/mm?. By the powerful high-voltage generator of current of artificial
lightning experimental verification of applicability of the offered calculation relations is executed for the choice of critical
sections Scc; and amplitudes of current densities dcc; in wires (cables) at their EE. Originality. First by a calculation way for the
specific temporal shapes of pulse currents i,(t) in the discharge circuits of HHIT, changing in nano-, micro- and millisecond
temporal ranges with the wide change of the amplitudes I,,, on an aperiodic law or law of attenuation of sine wave, the numeral
values of critical sections Scc; and amplitudes of current densities dcc; are obtained for the uninsulated wires, insulated wires and
cables with copper (aluminum) cores (shells), PVC, R and PET insulation. Practical value. Application of the obtained results is
in practice of tests of objects of electrical power energy, aviation and space-rocket technique on resistibility to action of pulse
currents iy(t) with different ATPs of natural (currents of the imitated lightning) and artificial (discharge currents of HHIT) origin
will be instrumental in the increase of electro-thermal resistibility of the uninsulated wires, and also the insulated wires and
cables with PVC, R and PET insulation of HHIT widely applied in power circuits. References 15, tables 7, figures 6.

Key words: high-voltage high-current pulse technique, electric wires and cables, calculation choice of critical sections of wires
and cables in circuits of pulse technique, experiment.

Haoani pezynomamu po3poonenozo eneKmpomexniunozo nioxooy 00 po3paxyHKko6020 eubopy 3a ymoeoo ea1eKmpuiHozo 6uoyxy
(EB) cmpymonpogionux uacmun KadenbHO-npogiOHUK060I npolyKuii Kpumuunux nepepizie Scc; Hei301b06aHux oOpomis, a
makosic i301v06anux opomie i kabdenie 3 nonigininxnopuonor (IIBX), zymoeoro (I) i noniemunenosor (IIET) izonauicro 3
MiOnumu (anwominiceumu) dcunamu (00010HKAMU), RO AKUX 6 KOJIAX 6UCOKOBOTNbMHOI CUNbHOCMPYMHOT IMRYIbCHOI meXHIKu
(BCIT) npomikae imnynvcnuit axcianshuii cmpym iy() 3 O0oeinbHumu amniimyono-uacosumu napamempamu (A4Il). Ha
niocmasi Yyb020 NiOX00y NPOOEMOHCMPOBAHI pe3yibmamu eUGOPY KpUMUYHUX nepepi3ie Scc; 0714 6KA3AHUX eeKMPUYHUX
opomie (kabenie) cunosux kin BCIT 3 imnynscuum cmpymom, AYII axozo 3 amnnimyoamu I,,=~(0,1-1000) kA 3minioromoca no
anepioouyHomMy 3AKOHY a0 3aKOHYy 3amyxalouoi cunycoiou 6 HaAHO-, MIKpO- | MINICEKYHOHOMY uacoseux Oiana3oHax.
Ilpeocmasneni pesynomamu po3paxynko6oi OWIHKW KPUMUYHUX amMRAimyo winbhocmell dcc; IMnyvcie cmpymy () yux
uacoeux Gopm y 6exazanux enekmpuunux opomax i kabenax kin BCIT. Buxonana excnepumenmanvna nepesipka
npaye30amnocmi 3anponoHOEaAHUX PO3PAXYHKOBUX CRIBGIOHOUIEHb OnA eubOpy nepepizie Scc; I wiinonocmeil dcc; CMpymy 6
opomax (kabenax) npu ix EB. Ompumani pesynomamu Ccnpuamumyms 3a0e3ne4yeHHIo eneKmpomepmiunoi cmiikocmi
eNeKMpPUYHUX Hei30/1b08aHUX Opomie, a maxodxc izonvoeanux opomie i xabenie 3i IIBX, I' i IIET i3onauicto, aki wupoxo
3acmocogytomusca y cunosux koaax BCIT. bi6n. 15, tabn. 7, puc. 6.

Kniouosi cnosa: BUCOKOBOJIbTHA CHJIBHOCTPYMHA iMIIY/IbCHA TeXHiKka, eJeKTPU4Hi ApoTH i Kaleji, po3paxyHKkoBuii BuOip
KPUTHYHHUX NepepisiB ApoTiB i kabeJiiB B Kos1axX iMIIy/IbCHOI TeXHIKH, eKCIICPHMEHT.

Ilpugedenvt pe3ynomamol pazpadoomannozo INeKMPOMEXHUUECKO20 NOOX00a K PpACUEmMHOMY 6bl00py NO  YCl06ul0
Inexkmpuyeckozo 63pviea (IB) mokonecywux uacmeil KabenbHO-nPOEOOHUKOE0IU RPOOYKUUU Kpumuyeckux cedenuil Scc;
HeUu301upPoBAHHBIX NPOBOO0G, A MAKIHCE U3OIUPOCAHHBIX NPOBOO08 u Kabenell ¢ noausunuaxaopuonoi (IBX), pesunosoi (P) u
nonuwymunenosoir (I13T) uzonayueir ¢ mednvimu (aniomunuegbimu) ncunamu (000404Kamu), N0 KOMOPLIM 6 UYEnax
6bICOKOGO/IbMHON  CULbHOMOUKOU umnyrvcHoit mexnuku (BCHT) npomexaem umnynbCHblil GKCUGIbHBLL MOK iy(f) ¢
npou3601bHLIMU AMRAUMYOHO-6pemennbimu napamempamu (ABII). Ha ocnosanuu 3mozo nooxooa npooemMoHCHpuposamsl
pe3ynvmamal 86160pa Kpumuueckux cevyenuii Scc; 0714 YKA3AHHBIX IJ1EKMPULECKUX nP06000e (kabeneit) cunogvix yeneit BCUT ¢
umnynscuoim moxom, ABII komopozo ¢ amnaumyoamu 1I,,=(0,1-1000) kA usmensiomca no anepuoouuecKkomy 3aKoHy uiu
3aKOHY 3amyxaiouieil CUHYCOUObl 8 HAHO-, MUKPO- U MUTITUCEKYHOHOMY 6pemeHHbIx ouanazonax. Ilpedocmasnenst pesyniomamot
pacuemnoii OUeHKU Kpumu4ecKux amniumyo niomHocmeit dcc; UMRY1bC06 MOKa iy(t) paccmMampueaemolx 6pemMennsix gopm 6
YKA3AHHBIX  INIEKMPUYECKUX npoeooax u kKabdensax uyeneii BCHT. Buvinonnena 3sxcnepumenmansnas npoeepka
pabomocnocodHocmu npeonazaemvlx paciemnsvlX COOMHOWEHUN OnA ebloopa ceuenuil Scc; U NIOMHOCMEN Jcc; MOKA 6

© M.I. Baranov

ISSN 2074-272X. Electrical Engineering & Electromechanics. 2019. no.2 39



npoeoodax (kabenax) npu ux DB. Ionyuennvie oOaumnvie 0yoym cnocoocmeosamsy o0b6ecneueHur0 3INeKmpomepmulecKon
CMOUKOCMU IJ1IEKMPUYECKUX HEU30AUPOBAHHBIX NPOBOO08, A MaKice npo6ooos u kavenei ¢ IIBX, P u II3T uzonayueii, wiupoko

npumensemuix é cunosvix yenax BCHT. bubx. 15, Tabin. 7, puc. 6.

Knouesvle cnosa: BbICOKOBOJIbTHASI CHIILHOTOYHASI HMIIyJIbCHAsl TeXHMKaA, JJIEKTPUYECKHE NMPOBOJAAa U Kaﬁe.]m, pacquHblii
BblﬁOp KPUTHYECKHMX ceyeHuil MpoBO/10B U KabeJieil B mensx I/IMl'[y.]'Il)CHOﬁ TEeXHUKH, IKCIIEPUMEHT.

Introduction. In practice, when designing, building
and operating high-power electrical installations in the
field of high-voltage high-current impulse technology
(HHIT), specialists need to be able to determine the
critical cross sections Scc; of electrical wires and cables
used in their circuits and containing metal wires (i=1) and
shells (=2). The critical sections S¢¢; of wires (cables) are
their cross sections that are not able to withstand the
current loads acting on them with one or another
amplitude-temporal parameters (ATPs), leading to the
appearance of the electric explosion (EE) phenomenon of
metal cores (shells) of specified wires and cables and,
accordingly, to their failure [1, 2]. Note that the EE
phenomenon of current-carrying parts can also be
observed in the field of industrial electric power
engineering, when wires and cables not reasonably used
in power grids are not designed for the flow of high short-
circuit (SC) currents through them, reaching at durations
of (60-100) ms amplitude values up to (10-100) kA [3].
One of the peculiarities of electrical installations of
HHIT, in contrast to electrical installations of industrial
electric power engineering, is that pulse currents of
various ATPs related to the nano-, micro- and millisecond
time ranges can flow through the current-carrying parts of
their electrical circuits. In this case, the amplitude values
I, of such pulse currents can reach values that usually
vary in the range (0.1-1000) kA [1, 2].

In [4], the author presented a generalized electrical
engineering approach that allows for the condition of
thermal durability of cable-conductor products (CCP) to
carry out an approximate computational choice of the
maximum allowable cross sections Sc; of uninsulated
wires, insulated wires and cables with copper (aluminum)
conductors (shells) with polyvinyl chloride (PVC), rubber
(R) and polyethylene (PET) insulation, the current-
carrying parts of which are influenced in the adiabatic
mode by the direct effect of the axial pulse current i,(¢), the
ATPs of which with amplitudes of 0.1 kA</,,<1000 kA
can vary in nano-, micro- and millisecond time ranges. In
this regard, the issues of determining the numerical values
of the critical cross sections Sc¢; of electrical wires and
cables in relation to the power circuits of HHIT remain
relevant in the world and are subject to their decision.

The goal of the paper is to perform the calculation
and experimental determination of critical cross sections
Scei and current densities dq¢; in wires and cables of
HHIT circuits characterized by the flow of pulse axial
currents i,(f) along the current-carrying parts of their CCP
with different ATPs.

1. Problem definition. Consider the widely used
uninsulated copper and aluminum wires in HHIT power
circuits, as well as insulated wires and cables with copper
(aluminum) inner conductors and outer shells (reverse
conductors) with specific electrical conductivity y,; of
their nonmagnetic material, which usually have PVC, R
and PET insulation [1-3]. It is assumed that in the round

solid or split copper (aluminum) conductors (shells) of the
above wires and cables of the HHIT electrical circuits
pulse currents i,(f) flow in their longitudinal direction, the
ATPs of which correspond to nano-, micro- or
millisecond time ranges with amplitudes /,,, varying in
the range from 100 A to 1000 kA. We assume that the
wires and cables under consideration are placed in the
surrounding air environment, the temperature of which
corresponds to room temperature and equal to 8, = 20 °C
[2]. We suppose that the preliminary current load of the
current-carrying parts of the CCP of power circuits of
HHIT is absent. Therefore, the initial temperature O;
(before the affect of the pulse current i,(#) on the CCP) of
the core (shell) material of the wire (cable) will be equal
to the ambient air temperature 6,. We use the assumption
that the pulse axial current i,(f) is almost uniformly
distributed over the cross section S¢; of the core and shell
(screen) of the wire (cable). At the same time, we
remember that the penetration depth A=[61,/(muoye)]"” in
the quasi-stationary mode, where u=4n-10" H/m is the
magnetic constant [2], of the azimuthal magnetic field
pulse with time ¢, corresponding to its amplitude, for
example, for an aperiodic microsecond current pulse of
artificial lightning of the temporal shape 7,/7,=10 pus/350 pus
(t,~1.67~16 ps) [5], where 1, 7, are the front duration and
the duration of the current pulse at the level of its half-
decay, in the studied non-ferromagnetic materials of the
core (shell) of the wire (cable) is for copper
approximately 0.65 mm, but for aluminum is 0.82 mm
[4]. These numerical values A; are often commensurate
with the actual radii of the cores and the thicknesses of
the shells of the wires (cables) under consideration, in
which the EE phenomenon of the current-carrying parts of
the CCP may be observed. For millisecond axial current
pulses i,(f), the accepted assumption about the uniform
nature of its radial distribution in the studied conductors
(shells) of wires and cables becomes even more
legitimate. Thus, for example, for an aperiodic
millisecond pulse of a long-term C- component of
artificial lightning current of the temporal shape 7,/7,=
=7 ms/160 ms (#,~11 ms), the considered penetration
depth A; for copper is about 17 mm, and for aluminum is
22 mm. We use the condition of adiabatic nature of the
electrothermal processes taking place at durations of
pulsed current 7,(f) of no more than 1000 ms in the
materials of the cores (shells) of the CCP under study, at
which the influence of heat transfer from the surfaces of
their current-carrying parts having the current temperature
Oc>0, as well as the thermal conductivity of layers of
their conductive materials of the core (shell) and
insulation on Joule heating of the current-carrying parts of
the CCP are neglected.

It is required by calculation in an approximate form
to determine the critical sections S¢¢; of current-carrying
parts for uninsulated copper (aluminum) wires, as well as
for insulated wires and cables with copper (aluminum)
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cores (shells), PVC, R and PET insulation, used in HHIT
circuits and influenced by direct effect of axial pulse
current i,(f) of various amplitudes /,,, varying in nano-,
micro- and millisecond time ranges. In addition, it is
necessary to experimentally verify the operability of the
obtained relations for the approximate calculation of the
critical sections Scc; of wires (cables) and critical
densities Jdc¢; of the pulse current iy(f) in them on the
operating electrical installations of HHIT.

2. Electrical engineering approach to the
calculation selection of the critical sections Scc and
current densities dc¢ in electrical wires and cables of
HHIT circuits. For critical cross sections S¢¢ of
conductive cores (shells) of the considered non- and
insulated with PVC, R and PET insulation electrical wires
and cables in HHIT circuits with pulse axial current #,(f)
of arbitrary ATPs from the equation of their heat balance
at the adiabatic Joule heating of current-carrying parts of
the CCP the following calculated relation follows [1]:

Scer =)' 1 D (1
T

14
where Jciy = Ji,z, (¢)dt — the integral of the action of the

0
pulse current i,(f) with the duration of its flow 7, in the
CCP and given ATPs, Az-s; D = (JC,-k)l/z, A~s1/2/m2; Jcir
is the critical value of the current integral for the material
of the current-carrying cores (shells) of the studied
electric wires and cables of the HHIT circuits, A%s/m®.

In Table 1 at ;=20 °C known numerical values are
given for such basic characteristics of copper and
aluminum cores (shells) of the studied wires (cables) of
the HHIT power circuits as y,; and Jy.

Table 1
Thermophysical characteristics of the material of the considered
cores (shells) of electrical wires and cables of power circuits of
HHIT before exposure to them of pulse axial current 7,(f)
(at 6,=20 °C) [2]

Numerical value of the characteristic

Material of the

core (shell) of
the wire (cable) Yo, 107 (Q-m) ™! Jei, 1017 A2sm™
Copper 5.81 1.95
Aluminum 3.61 1.09

As for the calculation determination in (1) of the
integral of action J¢;, of the pulse axial current 7,(¢) with
arbitrary ATPs, for the case of its change over time ¢
according to the aperiodic law of the form [1]

iy (1) = kil lexp(-ant) —exp(-axn]. (@)
where ,~0.76/1,, a,~2.37/7; are the shape coefficients of
the aperiodic current pulse with given ATPs, flowing in
the HHIT; k,=[(a1/02)" — (o/an)"]" is the normalization
factor; m=a,/(ar—a1); n=ay/(ar—0y), the calculation
expression for the integral of action J¢ of the current
pulse i,(f) flowing in the HHIT power circuit takes the
following approximate analytical form [4, 6]:

T = K212, 06587, ~0.6337 . 3)
In case of a change in time ¢ of the current pulse
i,(t), acting on the materials of the wire (cable) of the

HHIT, according to the law of a damped sinusoid of the
form [1]

i (t) = kpolpp exp(=d)sin(ar), 4)

where 0=A,/T, is the current attenuation coefficient;
w=2n/T, is the current frequency; 7, is the current
oscillation period; A,=In(f,,1/L,3) is the logarithmic
decrement of pulse current oscillations with the first 7,
and the third 7,,; amplitudes in the HHIT circuit;
kp2=[exp(—Ap/27r~arcctgAp/Zﬂ)sin(arcc‘[gAp/27r)]’1 is the
normalizing coefficient for the damped sinusoidal current,
then the approximate calculation expression for the
integral of action Jg, of the pulse axial current i,(?)
flowing in the HHIT power circuit takes the following
simplified analytical form [4]:

Jeia = kool [T, (40 ) = A T, (47, +167°)7'1. (5)

Knowing from  normative  documents  or
experimental data the numerical values of the quantities
Ly, T 75, Ay, T, and taking into account the estimates of
the values of the normalizing coefficients k,; and &,, by
(2)-(4) for the two temporal shapes, the changes in the
pulse current i,(f), we can in an approximate form (with
an error of no more than 10%) calculate the critical cross
sections Sc¢; of current-carrying cores (shells) of wires
and cables used in electrical power circuits of HHIT.
Having found the numerical values of the cross sections
Scci, taking into account the accepted assumptions, the
critical amplitudes of the densities J¢c; of the pulse
current 7,(f) of a given temporal shape in electrical wires
and cables of HHIT circuits can be determined as a first
approximation from the relation dcci~lup1/Scci-

3. Calculation determination of critical cross-
sections S¢; and current densities dc¢ in electrical
wires (cables) for nanosecond current pulses in HHIT
circuits. Let us consider the case when an aperiodic
current pulse of temporal shape 7,/7,=5 ns/200 ns flows
through copper (aluminum) cores (shells) of the HHIT,
which was used at the time to simulate an electromagnetic
pulse (EMP) of a high-altitude nuclear explosion and test
of various objects of military and civilian use for
resistibility to the damaging effects of the indicated EMP
[4, 7, 8]. From (2), we find that for this calculation case,
the shape coefficients «; and a, of the used current pulse
i,(t) take the following numerical values: 0,~3.8:10° s7';
a,~4.7-10% s°!. In this case, the normalizing coefficient k,,
is approximately equal to £,=1.049. In Table 2, taking
into account (3) for a specific set of values of the current
amplitude /,,, the numerical values of the integral of
action J¢4 are given for the aperiodic nanosecond current
pulse of the temporal shape 7/7,=5 ns/200 ns flowing
through the current-carrying copper and aluminum parts
of the studied wires and cables [4, 9].

Knowing the numerical values of the integral of
action of the current J¢;4 (see Table 2) and the integral of
current Jey (see Table 1), the critical sections Sc¢; of the
considered electrical wires (cables) can be determined
relatively easily from (1). Table 3 shows the calculated by
(1) numerical values of the critical sections Sc¢; for
uninsulated wires with copper (aluminum) cores and
insulated wires (cables) with copper (aluminum) cores
(shells), PVC, R and PET insulation, experiencing the
effect of aperiodic nanosecond current pulse of the
temporal shape 7,/7,=5 ns/200 ns.
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Table 2
Numerical values of the integral of action J¢;, for a nanosecond
aperiodic current pulse of the temporal shape 5 ns/200 ns,
flowing in the current-carrying parts of the considered CCP [4]

Table 4 shows the numerical values of the integral of
action Jgyy calculated by (5) for a microsecond current
pulse varying in time ¢ according to the law of a damped
sinusoid of the form (4) [12].

Amplitude value 7,,,= I,,,; of the current Value of the integral
mp~— Lmpl : . .
pulse of the temporal shape 5 ns/200 ns, of action Jci, of the Tek .M. ® Acq Lomplete M Pos: 200005 - CURSOR
KA current pulse r : : z : : : : ]
5 n5/200 ns, A’s
1 0.141 ; NG
10 14.13 i o i ————t S
30 1.27-10 - . - - . 1 CH1
30 353108 | Feifin Sl
70 6.92:10° O = S S ST SR 117
100 1.41-10° L A B - 1
200 5.65-10° T T S S ST RIS SO
500 3.53-10° : Cursor 1
1000 1.41-10°0 | F et S 000
Table3  F i .............. g ........................ I:i|_-||r;|::1[v2
Numerical values of the critical sections S¢¢; for wires (cables) R N N T S T R T Lo '
with copper (aluminum) cores (shells) in the HHIT power CH1 5.00%Ey M 5008 CH1 ™ -G00mt

circuits with a nanosecond current pulse of 5 ns/200 ns, whose
amplitude varies from 10 kA to 500 kA

Type of . _ 5
insulation in |Material of the Value of the section Scc;, mm
the wire core (shell) of | Amplitude 7, of the pulse

(cable) of the the wire current 5 ns/200 ns, kA
HHIT power | (cable) 10 | 50 | 100 | 500
circuit
Without
insulation, Copper 0.008 | 0.042 | 0.085 | 0.425
PVC, R and
PET Aluminum 0.011 | 0.057 | 0.114 | 0.569
insulation

From the data of Table 3 it follows that the
estimated critical amplitudes of the densities dcc=L,,/Scci
of a nanosecond current pulse of temporal shape 5 ns/200
ns for both uninsulated wires and wires and cables with
copper (aluminum) cores (shells) and PVC, R and PET
insulation are, respectively, approximately 1176 kA/mm”
and 878 kA/mm’.

4. Calculation determination of critical cross-
sections Scc; and current densities dc¢; in electrical
wires (cables) for microsecond current pulses in HHIT
circuits. Figure 1 shows a typical oscillogram of a pulsed
A- component of an artificial lightning current formed in a
high-current discharge circuit of a high-voltage lightning
current generator (LCG) for testing objects of
aeronautical and rocket technology on lightning
resistibility in accordance with US regulations [10, 11]. It
can be seen that this component of current pulses 7,(f) of a
lightning simulated under laboratory conditions in time ¢
varies according to the law of damped sinusoid. Let us
make the choice of critical sections Sc¢; and densities dcc;
of current in current-carrying cores (shells) of wires and
cables for the discharge circuit of the LCG in relation to
current pulse i,(¢) of lightning shown in Fig. 1.

From the experimental data presented in Fig. 1, we
obtain that for the used in approximate calculations of
critical cross sections Scc; a large exponentially decaying
sinusoidal pulse current, the decrement of its oscillations
is equal to A,=In(Z,p1/1,,,3)=2.505. From (4) for this type
of current pulse, we find that the coefficient k,,=1.731.

Fig. 1. Typical oscillogram of a microsecond pulsed
A- component of an artificial lightning current flowing in a high-
voltage discharge circuit of a high-voltage LCG (/,,,;==207 kA;
1,,3~=16.9 kA; T,=185 us; vertical scale - 56.3 kA/division;
horizontal scale - 50 ps/division) [12]

Using (1) and summarized in Table 4 the results of
the calculation of the integral of action J¢;4 of the pulse
current i,(¢) of the form (4), we find the critical sections
Scc: for the wires (cables) under study in the HHIT power
circuits, in which the microsecond current pulse of the
form (4) with the ATPs corresponding to the experimental
data characteristic of Fig. 1 flows. Table 5 presents the
results of such a computational determination of the
critical sections Sc; for the wires and cables under
consideration, which are widely used in HHIT discharge
power circuits [1, 2, 12].

Table 4
Values of the integral of action J¢;, for current pulse i,(%),
changing in the microsecond time range according to the law of
damped sinusoid of the form (4)

Value of the first amplitude /,,,, Value of the integral of
of a damped sinusoidal current action J¢;, of the current
pulse, kA pulse of the form (4), A*s

10 4.77-10°

30 4.29-10*

50 1.19-10°

70 2.34-10°

100 4.77-10°

207 2.05-10°

300 4.29-10°

500 11.92-10°

700 23.4-10°

1000 47,7-10°

From the presented in Table 5 calculated data, it
follows that the estimated critical amplitudes of the
densities d¢cc~lp1/Scar of the microsecond current pulse
i,(t) with ATPs corresponding to the experimental data of
Fig. 1, both for uninsulated wires and wires (cables) with
copper and aluminum cores (shells), PVC, R and PET
insulation are numerically, respectively, about 64 kA/mm”
and 48 kA/mm”.
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Table 5

Numerical values of critical sections Sc¢; for wires (cables) with
copper (aluminum) cores (shells) in HHIT circuits with a
microsecond current pulse of the form (4), the first amplitude of
which 7,,,; varies from 30 kA to 207 kA

~ Type of ) Value of the section S¢¢y, mm?
insulation in |Material of the i
the wire core (shell) of The first amplitude 7,,,, of the
(cable) of the the wire current pulse of the form (4),
HHIT power (cable)
circuit 30 50 100 207
Without
insulation, Copper 0.469 | 0.781 | 1.564 | 3.243
PVC, R and
PET Aluminum | 0.627 | 1.045 | 2.092 | 4.337
insulation

5. Calculation determination of critical cross-
sections Scc; and current densities dc¢; in electrical
wires (cables) for millisecond current pulses in HHIT
circuits. Figure 2 shows a typical oscillogram of a long-
term C- component of the artificial lightning current
generated under laboratory conditions according to the
requirements of [10] in the LCG discharge circuit for the
purpose of experimentally determining the lightning
resistibility of aerospace objects under direct lightning
conditions. From the data in Fig. 2 it can be seen that the
aperiodic current pulse i,(f) of the artificial lightning of
negative polarity of this component of the total current of a
thunderstorm discharge varies in the millisecond time range.
Its amplitude 7,,, at 7,11 ms is approximately 835 A. At
the same time, the duration of the front of the test current
pulse is about 7=7 ms, and its duration at the level of
0.51,, is 7,160 ms. In addition, from the data in Fig. 2 it
follows that the total duration of the flow of the used
component of the current pulse i,(¢) of artificial lightning
in the discharge circuit of a high-voltage LCG reaches a
value of about 1000 ms. On the basis of the proposed
electrical engineering approach, we perform the
determination of the critical sections Sc¢; of wires (cables)
for the LCG discharge circuit involved in the formation of
the specified current pulse i,(¥).
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coefficient k, takes a numerical value equal to about
k,=1.077. Using (3) and varying the amplitude value 1,
one can calculate the numerical values of the integral of
action J;, for the millisecond current pulse i () used.
Table 6 shows the numerical values of J;4 for a series of
amplitudes /,,, of the current pulse i,(¢) of temporal shape
7 ms/160 ms.

Table 6
Numerical values of the integral of action J¢;, for a current pulse

i,(¢) varying in a HHIT circuit in the millisecond time range
according to the law of the form (2)

Amplitude value /,,,=I,,,; of an Yalue of the 1nt§gral of
. s P action J¢;, of a millisecond
unipolar millisecond aperiodic
current pulse 7 ms/160 ms,
current pulse 7 ms/160 ms, A Als
100 1.17-10°
200 4.6810°
300 1.05-10*
400 1.87-10%
500 2.92-10*
700 5.73-10*
835 8.15-10*
900 0.95-10°
1000 1.17-10°

Then, taking into account the data of Table 6,
according to (1) in the accepted approximation, one can
find the critical sections S¢¢; for uninsulated and insulated
wires and cables with copper (aluminum) cores (shells),
PVC, R and PET insulation, which are affected by an
axial millisecond aperiodic current pulse i,(f), ATPs
which correspond to the data in Fig. 2. Table 7 shows the
calculated numerical values of the critical sections S¢¢; for
the indicated wires (cables) with a millisecond aperiodic
current pulse i,(#) of the temporal shape 7 ms/160 ms,
found as described above. Based on the relation of the
form Jcc~lp/Scei, the data of Table 7 allows us to
estimate the numerical values of critical densities dc¢; in
wires (cables), along which a millisecond aperiodic
current pulse i,(f) of a temporary shape of 7 ms/160 ms
with an amplitude of /,,, varying in a wide range from
100 A to 1000 A, flows in the longitudinal direction.

Table 7
Numerical values of the critical sections Sc; for uninsulated
wires and insulated wires (cables) with copper (aluminum) cores
(shells), PVC, R and PET insulation in HHIT circuits that are
affected by a millisecond current pulse of temporal shape
of 7 ms/160 ms varies from 100 A to 1000 A
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Fig. 2. Typical oscillogram of a millisecond long-term
C- component of the current of artificial lightning flowing in the
discharge circuit of a high-power high-voltage LCG
(1,y=—835 A; 7~7 ms; 7,160 ms; vertical scale — 282
A/division; horizontal scale — 100 ms/division) [12]

From (2) at 7=7 ms and 7,160 ms, we find that
a=4.75 s and 0,3.3810> s”'. Then the normalization

Type of . 2
insulation in | Material of the| ¥21u¢ Of the section Scc, mm
the wire | core (shell) of | Amplitude 7, of the current
(cable) of the the wire pulse 7 ms/160 ms, A
HHIT power | (cable) 100 | 500 | 835 | 1000
circuit
Without Copper | 0.077 | 0.387 | 0.647 | 0.775
insulation,
PVC, R and
PET Aluminum 0.103 | 0.518 | 0.865 | 1.036
insulation

From the presented in Table 7 quantitative data, it
follows that the estimated critical amplitudes of the
densities d¢c=lyp/Sce; of a millisecond aperiodic current
pulse i,(f) of the shape 7 ms/160 ms with ATPs
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corresponding to the oscillogram in Fig. 2, for uninsulated
wires with copper and aluminum cores, as well as wires
(cables) with copper and aluminum cores (shells) having
PVC, R and PET insulation, are approximately equal to
1.29 kA/mm? and 0.97 kA/mm?, respectively.

6. Results of experimental verification of the
calculation relations for the determination of the
critical sections S¢c; and the current densities d¢c¢; in
the wires (cables) of the HHIT circuits. This functional
test of the critical sections Scc; of wires (cables)
recommended for calculation determination by the
relation (1) and the critical amplitudes of the pulse current
densities i,(#) in their cores (shells) calculated by relation
Occln,/Sce; we carry out using a powerful high-current
high-voltage LCG [13] which simulates the normalized
by [10] ATPs of the pulsed A- components of the artificial
lightning current (see Fig. 1) and is equipped with verified
by the state metrological service appropriate measuring
equipment [15]. To do this, we first realize on the
specified generator the effect of this lightning current
component with ATPs normalized by requirements [10]
Lnp1=205  kA;  1,3~169  kA; T,2200 ps;
AN/ 1,p3)=2.495; 1,38 us; Jeis=2.17-10° A”s)
previously obtained at the load equivalent (cable brand
PK 75-17-31 with a copper core of section of 10.2 mm?),
on the test sample (TS) with length of 0.55 m wire of
grade [1B-2.5 with PVC insulation and a cross-section of
a split copper core equal to S¢=2.5 mm® According to
the above initial data for ATPs of the used damped
sinusoidal current pulse of the microsecond range and (1),
the critical section for the tested copper wire is
approximately equal to Scc1~3.34 mm®. At |Lip1|=205 KA,
this critical section corresponds to the critical amplitude
of the density of this current pulse, which is numerically
equal to dcc~61.4 kA/mm?. It is seen that S¢;<Sccy. In
this regard, it was possible to conclude before the planned
experiment that the tested wire, when exposed to its
copper core with cross section S¢;=2.5 mm? of the pulsed
A- component of the lightning current with normalized
ATPs, should undergo the EE and fail. Indeed, this
conclusion was confirmed by the corresponding
electrophysical experiment carried out on the indicated
high-current LCG under the conditions of the high-
voltage laboratory, the results of which applied to the
nature of the abrupt change in time ¢ due to the EE of the
copper core with section S¢=2.5 mm? of the tested wire
of grade I1B-2.5 with PVC insulation PVC insulation of
the original current pulse i,(¢) are presented in Fig. 3.

From the data in Fig. 3 it follows that the EE in the
discharge circuit of the specified LCG of the copper core
with cross section S¢i=2.5 mm’ of grade TIB-2.5 wire
with PVC insulation causes a sharp deformation of the
current pulse i,(¢f) flowing through it compared to its
original shape (see Fig. 1). From the oscillogram in Fig. 3
it follows that the experimental value of the critical
amplitude of the density dcc; of the microsecond current
pulse i,(¢) in the conducted electrophysical experiment is
approximately  dcc1=lu/Scci=205 kA/3.34 mm’~61.4
kA/mm*. Compared with the calculated value of the
critical amplitude density dcc; used in the experiment the
damped sinusoidal current pulse i,(f) which equals to
Sccr=hy/Sccr=205  kA/3.34 mm’=61.4 kA/mm’, the

obtained experimental value of the critical current density
dcc differs from it by about 8 %.
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Fig. 3. Oscillogram of the pulsed A- component of the artificial

lightning current, deformed by the EE process in the LCG

discharge circuit of a split copper core with S¢;=2.5 mm? section

of the tested TS of grade I1B-2,5 wire, 0.55 m long with PVC
insulation (7,,1=~166.7 kA; cc1=/l|/Sc1=66.7 kA/mm®;
vertical scale — 56.3 kA/division; horizontal scale —
50 ps/division) [1, 14]

Figure 4 shows a general view of a desktop of a
high-voltage high-current LCG, on which a tested on
electrothermal resistibility to the action of pulsed A4-
component of an artificial lightning current with ATPs
normalized by [10, 11] (£, ==205 kA; 1,,5=-16.9 KkA;
7,200  ps;  4,=38  pus;  ARIN(p1/1p3)=2.495;
Jei2.17-10° A2~s) TS of the radio frequency cable brand
PK 75-4-11 with length of 0.55 m with solid copper core
with section S =0.407 mm? and copper braid with section
Se=2.44 mm® is fixed prior to exposure on it of the
specified microsecond pulse current i,(f). The inner
copper core and the outer copper shell-braid at the edges
of this cable were connected in parallel and connected
together to the discharge circuit of a high-current high-
voltage LCG [14].

Fig. 4. General view of the desktop of the LCG with 0.55 m
length rigidly fixed on its massive aluminum electrodes the
tested radio frequency cable brand PK 75-4-11 with a solid
copper core with section S¢;=0.407 mm? and a copper shell-
braid with section Sc;=2.44 mm? prior to the impact on it of the
pulsed 4- component of the artificial lightning current with
normalized ATPs (the core and the shell-braid at the ends of this
cable were connected to the high-current discharge circuit of the
LCG in parallel) [1, 14]

Figure 5 shows an oscillogram of the pulsed A4-
component of the artificial lightning current used in the
experiment deformed by the EE of the copper current-
carrying parts of the tested TS of the radio frequency
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cable of the PK 75-4-11 brand with a total cross section of
the core and braid, equal to (S¢i+S¢)~2.85 mm®.
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Fig. 5. Oscillogram of a pulsed 4- component of an artificial
lightning current deformed by EE in a discharge circuit of a
LCG of a solid copper core with S¢;=0.407 mm? section and a
copper braid with S,=2.44 mm? section of a tested TS of a 0.55 m
in length radio frequency cable PK 75-4-11 brand with PET
insulation (Z,,,==184.7 KA; dcci=|Lpil/(Sc1+Sc2)=64.8 kA/mm?;
vertical scale — 56.3 kA/division; horizontal scale —

50 ps/division) [1, 14]

Figure 6 shows the external view of the LCG
desktop immediately after the impact of the specified
current pulse i,(f) on the tested in its high-current
discharge circuit TS of the cable of the brand PK 75-4-11
with PET insulation and full cross section of its copper
current-carrying parts (Sci+Sc)~2.85 mm?. Due to the
phenomenon of the EE of its solid copper core and hollow
copper shell-braid, which occurred in the TS of the cable,
sublimation of its copper current-carrying parts occurred
with the destruction of the belt and protective PET
insulation of the test cable sample. Insulating and metal
elements of the LCG were subjected to active
metallization with brown-red copper vapor (see Fig. 6).
On this desktop in the EE zone of the tested TS of the
cable, there is the presence of small melted and charred
fragments of its protective PET insulation.

Fig. 6. External view of the desktop of the LCG after the EE of
the current-carrying parts of the tested in its high-current
discharge circuit TS of 0.55 m long of the RF cable of the PK
75-4-11 brand with PET insulation and connected in the gap of
the discharge circuit of a high-voltage generator with total cross
section of its copper core and copper braid equals to
(Sc1+S2)=2.85 mm” (7,,,=—184.7 kA;
OcciMmpil(Sci+Sc2)~64.8 kA/mm?) [1, 14]

Due to the fact that for the tested cable of brand PK
75-4-11, the following inequality is fulfilled
(Sc1tS)<Sce;, its current-carrying copper parts together
with PVC insulation were destroyed by the apparent in
the carried out experiment the EE of the solid round core
and hollow braid-shell of the selected size of the CCP. At
the calculated by (1) value of a critical section for this
type of cable, equal to Scr=3.34 mm’, the calculated
critical amplitude of the density dc¢; of the used in the
experiment a microsecond current pulse zé,,(t) for it was
numerically  d¢cc=lp/Sce=61.4  kA/mm°.  From the
oscillogram in Fig. 5 it follows that the experimental
value of the critical density amplitude Jdc¢; of the specified
current pulse i,(¢) is numerically equal in module to
Occln/(Sc1tSc2)~64.8 KA/mm?. It can be seen that the
obtained experimental value for the value of the critical
amplitude of the density dcc; of a current pulse of
microsecond duration in the cable under study differs
from its corresponding calculated value by no more than
6%. Thus, experimental studies for a microsecond current
pulse i,() performed on a high-current high-voltage LCG
have confirmed the performance of the proposed
calculation relations for determining the critical sections
Sce; and critical amplitudes of current densities dc¢; for
the specified time range in the current-carrying parts of
the wires and cables of HHIT power circuits.

Conclusions. 1. The proposed electrical engineering
approach allows for the condition of EE in atmospheric
air of the current-carrying parts of the CCP to carry out an
approximate calculation of the critical cross sections Scc;
and amplitudes of current densities dc¢; for uninsulated
wires with copper (aluminum) cores, as well as for
insulated wires and cables with copper (aluminum) cores
(shells) with PVC, R and PET insulation, through which
the pulse current i,(f) flows, the ATPs of which varies in
the nano-, micro- and millisecond time ranges.

2. On the basis of the obtained approximate
calculated relations, specific capabilities of the proposed
electrical engineering approach for selecting critical cross
sections S¢¢; and amplitudes of current densities d¢¢; in
the indicated wires and cables of HHIT power circuits, in
current-carrying parts of which large pulse currents i,()
varying in time ¢ according to aperiodic law or damped
sinusoid law with the first current amplitude 7,,, are
demonstrated.

3. It has been determined by calculation that the
critical amplitudes of densities dcc=lupi/Scei of pulse
current i,(¢) for its considered temporal shapes in copper
(aluminum) cores of uninsulated wires and insulated
wires and cables with copper (aluminum) cores (shells),
PVC, R and PET insulation for the nanosecond time range
are numerically approximately 1176 (878) kA/mm’, for
the microsecond time range 64 (48) kA/mm?, and for the
millisecond time range 1.29 (0.97) kA/mm®.

4. Experiments carried out using high-current high-
voltage LCG with regard to the effect on the current-
carrying parts of the IIB-2,5 grade wire with PVC
insulation and the cable of the PK 75-4-11 grade with
PET insulation of a microsecond damped sinusoidal
current pulse of artificial lightning with normalized ATPs
in accordance with the requirements of acting the field of
lightning protection of aerospace technology objects of
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the USA SAE ARP 5412: 2013 document confirmed the
performance of the recommended calculation relations for
determining the critical sections S¢¢; and amplitudes of
current densities dq¢; in indicated wires and cables of the
HHIT circuits.

5. The results obtained for the critical cross sections
Scci and current densities dc¢; can also be used in the
practice of implementation in the atmospheric air with the
help of HHIT electrical installations of the EE phenomena
of uninsulated thin metal conductors (wires) used in a
number of modern applied electrophysical technologies.
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