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EXPERIMENTAL INVESTIGATION OF THE CURRENT DISTRIBUTION ON THE
SHEET BLANK SURFACE IN LINEAR TOOLS OF MAGNETIC-PULSED ATTRACTION

Purpose. The purpose of the present work consists in the characteristics experimental determination of the pulsed current
transverse distribution on the surface of a sheet non-magnetic metal between the point contacts of the power source with different
geometry of their connection under operating frequencies variation. Methodology. The measurements were carried out using
methods based on the known positions of electromagnetism. The simulating low-voltage equipment was used, as well as high-
voltage power sources with a high level of the stored energy. Numerical processing of the measurement results was carried out
using standard programs from the «Wolfram Mathematica» package. Results. The space-temporal shapes of the pulsed current
density transverse distribution on the surface of the sheet blank were obtained and analyzed. It is established that the degree of
transverse current concentration in sheet metal relative to the center of the system in the operating frequency range of ~ 1.8...22
kHz depends very little on its temporal characteristics. It was found that the level of the transverse current concentration in the
conditionally allocated band connecting the contacts of connection depends significantly on the ratio of the width of this band
and the transverse dimensions of the contact connection. Moreover, the smallest current is concentrated in a strip whose width is
much less than the distance between the contacts (<11...16 %). Originality. For the first time, the numerical estimates degree of
the current transverse concentration are obtained and the dependence of this parameter on the temporal characteristics of the
current, as well as on the method of connecting the power source contacts, is established. Practical value. The research results
will allow creating the new more efficient linear tools of magnetic-pulsed attraction of sheet metals, based on the force interaction
of conductors with unidirectional currents. References 10, tables 1, figures 7.

Key words: measurement of the current space-temporal distribution, sheet metal, linear tool, magnetic-pulsed attraction,
Rogowski coil.

Memoro pobomu € ekcnepumenmanvHe UIHAYEHHA XAPAKMEPUCIMUK HONEPEUHO20 PO3NOOITY WiNbHOCHI IMRYIbCHUX CIPYMIE
Pi3HOT yacmomu Ha ROGEPXHI TUCMOBO20 HEMAZHIMNO20 MEMAY MiXC MOUYKOGUMU KOHMAKMAMU 0Mcepena nOmyyicHocmi npu
noN0XCeHHAX eNleKmpomaznemusmy. Bukopucmosysanoca moodensne nu3vkoeonvmue 001A0HAHHA, A MAKOHC BUCOKOGOIbMHI
Odcepena NOMyMHCHOCMI 3 GUCOKUM pienem eHepzil, w0 3anacacmocia. Yucenvna o00podka pe3yromamie eUMIpIO8ans
npoeoounaca 3a 00nomozol0 cmanoapmuux npozpam 3 naxemy «Wolfram Mathematica». Pesynomamu. Ompumano i
nPOAHanizoeano nPocmMopoeo-4acosi opmu nonepeunozo po3noodiny wiinbHoCmi IMRYIbCHO20 CIMPYMY HA NOGEPXHI AUCM OG0T
3azomoexu. Haykoeéa noeusna. Bnepwe ompumano uucenvni ouiHKu cmyneHs nonepeunoi Kouuewmpauyii cmpymy i
6CMANHO0GICHO 3A1EMHCHICING 0AHO20 RAPAMEmpPY 6I0 UACOBUX XAPAKMEPUCMUK CIMPYMY, d MAKOMC 6i0 CROCOOY RIOKNIOUEeHH:A
Konmaxkmie 0xcepena nomymcnocmi. Ilpakmuune 3nauennsn. Pezynomamu 0ocniosyncenv 003680a:110ms cmeoprosamu HoGi Oibu
epekmueni niHiAHI IHCMPYMEHMU MAZHIMHO-IMNYILCHOZ0 NPUMAZAHHA JUCHIOGUX MEmAnie, Wwi0 3ACHOGAHI HA CUNOGI
63A€EMO0iT nPOGIOHUKIE 3 00HOCHpAMOsanumu cmpymamu. bion. 10, Tabmn. 1, puc. 7.

Knrouosi cnosa: BUMiproBaHHSI IPOCTOPOBO-4aCOBOI0 PO3MOiJIY CTPYMIB, JIMCTOBHIA MeTaJl, JiHiliHUMIl iHCTPYMeHT, MarHiTHo-
iMmynbcHe mpuTAranus, nosic Poroscekoro.

Llenvio pabomer ssnaemca IKcnepumeHmanbHoe onpeoeneHue XapaKmepucmuxK NOnepeunozo pacnpeoenceHus RiIoOmMHOCHIU
UMRYIbCHBIX MOKO6 DPA3HOIl 4ACMOMbl HA NOGEPXHOCHMU JIUCHIO8020 HEMAZHUMHOZ0 MEMAala Mexicoy moyeuHsiMu
KOHmMAaKmamu ucmouHuKa MOWHOCIU RPU PA3IUYHOU 2eomempuu ux nooxkuouenus. Memoouxka. Himepenus npooounucs ¢
HOMOWbIO MeMmO0O006, OCHOBAHHBIX HA U36ECHHBIX NONOMHCEHUAX INeKkmpomazHemusma. Hcnonvzoeanocy mooenvHoe
HU3K08OIbIMHOE 000py00sanue, @ MaKce 8bICOKOBONbMNbIE UCHIOYHUKY MOWHOCIU C 6bICOKUM YPOGHEM 3anacaemoii Inepzuu.
Yucnennasa o6pabomka pe3yibmamos usmepenuii npoeooUIAcs ¢ NOMOUbI0 CMAHOAPMHBIX npozpamm u3 naxema «Wolfram
Mathematicay. Pesynomamol. Ilonyuenst u Rpoananusupoéanst nPOCMPAHCHIGEHHO-6PEMERHblE  (HOPMBL  NONEPEUHO20
pacnpedenenus NAOMHOCIMU UMRYIbCHO20 MOKA HA NOBEPXHOCMU Aucmoeol 3azomoeku. Hayunaa noeusna. Bnepgvie
nOLyueHbl YucIeHHble OUCHKU CIenenu NOnepeuHoil KOHYeHMPayuu moKa U yCImanoeiena 3a6ucumocms 0aHH020 napamempa
OM  6PEMEHHBIX XAPAKMEPUCIMUK MOKdA, 4 MAKyce Om CROCOOA NOOKNIOUEeHUA KOHMAKMO8 UCHOYHUKA MOWIHOCHIU.
Ilpakmuueckoe 3nauenue. Pezynomamer uccine0oséanuii no3eonswm cozoasamsv Hoewvle 0Oonee IPdhexkmuenvie nuneiinvle
UHCIMPYMEHMbl MAZHUMHO-UMNYIbCHO20 RPUMANCEHUA JTUCIMOBLIX MEMANI06, OCHOGAHHbIE HA CUN0GOM 63AUMOOelcIEun
HPOBOOHUKO6 ¢ 00HOHanpasaeHHbimMu mokamu. bubin. 10, Tadn. 1, puc. 7.

Kniouesvie cnosa: u3MepeHHe NPOCTPAHCTBEHHO-BPEMEHHOIO paclipelesieHHs] TOKOB, JIHCTOBOH MeTaJll, JIMHEHHbII
HHCTPYMEHT, MATHUTHO-MMILYJIbCHOE NPUTSIZKeHHUe, osic Porosckoro.

Introduction. The technique of high pulsed currents and the corresponding equipment do not allow, for
and their magnetic fields is increasingly used in modern  example, the molding of products from many aluminum-
industrial technologies for metal forming [1]. This fact is based alloys. An obstacle to the successful
due to the appearance of new alloys with high strength  implementation of traditional technology is the
characteristics and low density. As follows from destruction of the formed samples, since the required
production practice, the established traditional schemes
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forces significantly exceed the yield strength of their
materials. The use of magnetic pulse metal processing
(MPMP) methods solves this problem, since with a short-
term force action the allowable relative deformations
increase significantly [1, 2]. Tools of technologies of this
type make it possible to practically realize efficient
stamping of products from flat sheet conductors.
Obviously, the amplitudes of the excited electrodynamic
forces substantially depend on the spatio-temporal
distribution of currents flowing in the metal of the object
being processed [1]. This fact determines the relevance of
the research topic.

A brief review of the literature. Separate attempts
at practical testing of linear tools of magnetic-pulsed
attraction of specified sections of sheet metals to remove
dents in car body covers were first presented by the
authors of publications [2, 3]. Continuation of work in
this direction is described in research publication [4-6].
Here, for the first time, the theoretical foundations of the
effectiveness of tools of this type [4] and technical
solutions protected by patents for their design [5] were
laid. The authors of [6] performed numerical estimates of
the characteristics of magnetic-pulse attraction of metals
with low electrical conductivity.

For clarity of the further discussion, we should dwell
on the physics of processes in linear tools of magnetic-
pulsed attraction, the principle of which is based on the
force interaction of conductors with unidirectional
currents [7]. Structurally, instruments of this type contain
two geometrically parallel conductors connected to the
discharge circuit of a high-voltage power source. One of
the conductors is the main current lead (an analogue of
the inductor in magnetic pulse processing of metals
[1, 4]), the second one is the section of sheet metal to be
deformed. According to Ampere law, electrodynamic
attraction forces arise between parallel conductors with
unidirectional currents [7]. With hard mechanical fixation
of the main current lead, the dent metal will be attracted
to its working surface [2, 3].

A distinctive feature of the presented instruments of
attraction is the presence of contact electrical connection
of the sheet metal section to be deformed directly to the
discharge circuit of a high-voltage power source. In this
regard, the issue of the transverse distribution of currents
flowing between the contacts of the connection on the
surface of the object of power exposure is of particular
importance.

The first quantitative estimates of the characteristics
of the current density distribution function on the surface
of a sheet metal sample between the connection contacts
of a high-voltage power source were described in the
author's patents [5]. The results of studies of similar
issues aimed at creating effective tools for progressive
magnetic-pulse technologies for the force processing of
metals with different electrophysical characteristics are
also presented in [8, 9].

In general, an analysis of well-known publications
shows that the results of all previous works require further
development.

We concretize the research task. So, the main
indicator determining the effectiveness of the force
interaction of parallel currents (one in the main current
lead, the second on in the metal with a dent) is the degree
of their «spreading» in the transverse direction.
Obviously, if «spreading» is absent, there is a maximum
force of attraction. Otherwise, its integral value decreases.
In this regard, the solution of the problem of assessing the
characteristics of the spatio-temporal distribution of
currents in conductors is necessary to determine, first of
all, the capabilities of the method proper, based on the
force interaction of magnetic fields of unidirectional
parallel currents.

The solution to this problem is possible by
experimental evaluation using two different approaches.
The first one involves the direct measurement of the
surface distribution of the linear current density flowing
between the contacts of the connected source. The second
one is the measurement of currents flowing in the selected
zones of the transverse distribution. The totality of the
results of the first and second experimental approaches
allows to establish the level of reliability of theoretical
estimates.

The goal of the work is the experimental
determination of the characteristics of the transverse
distribution of the density of pulsed currents of different
frequencies on the surface of a sheet of non-magnetic
metal between the point contacts of a power source with
different connection geometry.

Note that the methodology for conducting these
experiments, measurement methods, and numerical
processing of the obtained results using the Wolfram
Mathematica standard software package were performed
in accordance with the methodology and calculation
algorithms described in [2, 3, 7, 10].

The equipment and the object of study are shown
in Fig. 1:

1. The power source is a low voltage current pulse
generator.

2. Digital oscilloscope — PV6501.

3. The matching device is of cylindrical type,
providing a decrease in the operating frequencies of the
exciting current to values of ~ 1.5...2 kHz.

4. The object of study is a sample of sheet non-
magnetic steel ~ (150x150)-10"* m, thickness ~ 2--10° m.

The transverse distribution of the linear current
density was measured in the central part of the sheet metal
by varying the operating frequencies of the flowing
current and various distances between the source
connection contacts.

Option No. 1, high-frequency signal. The operating
frequency in pulse is ~ 20 kHz. The distance between the
contacts is 2H=0.1 m and 2H = 0.02 m.

Option No. 2, low-frequency signal. The operating
frequency in pulse is ~ 1.5...2 kHz. The distance between
the contacts is 2H = 0.1 m and 2H = 0.02 m. The diameter
of the connection contacts is ~ & 0.005 m.

The measurement results are oscillograms of current
pulses (Fig. 2).
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Fig. 1. Experimental equipment and the object of study:
a — complex for modelling of electromagnetic processes in
MPMP: 1 — low-voltage current pulse generator,
2 — oscilloscope, 3 — measuring probes, 4 — sample of sheet non-
magnetic steel; b — steel sample as an object of study in the
adopted experimental scheme

The first thing that should be noted as a feature in
the implementation of the experiment is a change in the
temporal shape of the current pulse with a decrease in
the operating frequency (~ 1.8 kHz, Fig. 2,¢) in
comparison with the signal frequency directly from the
source (~ 21.1 kHz, Fig. 2,a). This circumstance is due
to the influence of the matching device, which, in fact,
is a pulse transformer with a primary multi-turn wire
winding and a secondary single-turn winding in the
form of a thin-walled aluminum cylinder with a
longitudinal section. The current induced in a thin-
walled metal, as shown by the authors [4], has the form
of the time derivative of the current in the primary
winding, which is actually illustrated by the
oscillograms in Fig. 2,a and Fig. 2,c.

We add that the measurement of the current supplied
to the contacts was carried out by voltage oscillography
on a low-inductance ohmic shunt connected in series in
the source circuit with a load in the form of a sheet metal
sample. Here there was an active, that is, directly
proportional, connection between the voltage and the
flowing current.
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Fig. 2. Oscillograms of current pulses in the experiment:
a — signal supplied to the contacts, frequency ~ 21.1 kHz;
b — signal taken from electrical terminals, frequency ~ 21.1 kHz;
¢ — signal supplied to the contacts, frequency ~ 1.8 kHz

Transverse distribution of linear current density.
The measured signal was taken from the electrical
terminals soldered into the sheet metal according to the
geometry in Fig. 2,b. The results of measurements at
various points were normalized to the central maximum.
The final experimental data are presented in relative units
(applicate axis) and are presented as graphical
dependencies along the axial line between the source
connection contacts (abscissa axis). The absolute abscissa
coordinate — «X» is normalized to the distance between
the source connection contacts, the relative abscissa
coordinate — xo = (x / 2H) (Fig. 3-6).

Option No. 1, high-frequency signal, f=21.1 kHz.
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Fig. 3. Linear current density distribution
in relative units (normalization to maximum)
atf=21.1kHz,2H=0.1m
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Fig. 4. Linear current density distribution
in relative units (normalization to maximum)
atf=21.1 kHz,2H=0.02 m

Option No. 2, low-frequency signal, f= 1.8 kHz.
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Fig. 5. Linear current density distribution
in relative units (normalization to maximum)
atf=18kHz,2H=0.1m

1%

Julxy)

|
-
08 /

/

~

\

0.6

O e

e

~—

az 04 a6 08 1%Q
Fig. 6. Linear current density distribution
in relative units (normalization to maximum)
atf=1.8kHz,2H=0.02 m

1 -a8 -af 04 -02

_.____________:>_

Graphic  illustrations of the investigated
electromagnetic processes should be supplemented by
numerical estimates of the degree of current concentration
in the transverse dimension. We denote this indicator by 7

and define it as the ratio of the corresponding areas of
curvilinear trapezoids (certain integrals)

n= St 100%, (1)
St
where S; is the area of the curved trapezoid with the base
equal to / (I is the length of the selected zone where the
current concentration is determined), S; is the area of the
curved trapezoid with the largest base L = 2H.
The calculation results are summarized in Table 1.

Table 1
Degree of current concentration in the selected zone
Process Frequency Frequency
characte- f=21kHz f=1.8kHz
ristics
Qo (5] Q Q
= = =) =]
g g g g
No. =T =T o S o &
2d 2d 24 g
. S — < S — <
&) q Q . Q . Q .
owen \ | 25 | 25| 2° | 27
a a ) A
contacts
11 2H=01m [n=11%|n=65%|n=12%|n=56%
2 12H=002m | n=9% | n=71%| n=8% |n=63%

A dedicated zone is a section whose center coincides
with the reference point on the abscissa axis in the graph
of the transverse distribution of the linear current density.

The generalization of the data given in Table 1
shows that in the studied system the degree of transverse
concentration of current is determined mainly by the
length of the dedicated zone /. For example, in the zone
with /= 0.1 (2H), which, to a first approximation, is much
less than the distance between the contacts, on average
and regardless of the frequency, ~ 10% of the flowing
current is concentrated. In the zone with [/ = 1.0 (2H)
equal to the distance between the contacts, again, on
average and regardless of the frequency, ~ 60...65% of the
flowing current is concentrated, 30...35% of its integral
value flows outside this zone.

In general, the analysis of the results of
measurements of the transverse distribution of current
density revealed the following patterns:

1. Regardless of the temporal parameters of
electromagnetic processes, the distance between the
contacts has a significant effect on the shape of the
transverse distribution of the linear current density
flowing between them.

2. As the distance decreases, the distribution
becomes more «gentle» (closer to «rectangular»), the
maximum value in the center is not pronounced.

3. With an increase in the distance between the
contacts, the distribution takes on a «triangular» shape
with a pronounced central maximum.

4. When lowering the frequency of the signal in the
pulse (regardless of the distance between the contacts of
the power supply connection), there is a more intense
current spreading across the width of the sheet sample.
This fact can be explained by comparing the current
distribution over the cross section of the conductor in two
limiting physical idealizations. In the case of the skin
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effect (ultrahigh frequencies), the current tends to stretch
out in a line between the contacts. For direct current
(ultra-low frequencies) there is a uniform distribution
over the entire volume of the conductor.

5. The degree of concentration of the flowing current
relative to the center of the system weakly depends on its
temporal characteristics and is determined mainly by the
transverse dimensions of the zone where its concentration
is considered. Out of the zone with a length equal to the
distance between the source connection contacts, about a
third of the total current coming into the system flows.

We supplement the obtained results with
measurements of the integrated characteristics of current
distribution under conditions of connecting a real power
source — a high-voltage magnetic-pulse installation.

Model measurements of the linear current density on
the surface of the sheet sample illustrated the functional
relationships of the degree of concentration of the flowing
current and the size of the zone on the transverse axis
between the contacts. However, the final quantitative
estimates obtained by numerical processing of the results
of model experiments require confirmation in real-life
conditions of the operation of the tool of magnetic-pulse
attraction, when the working currents are tens of
thousands of Amperes.

Measuring complex and its features:

1. The measurements were carried out using a
Rogowski coil, covering a conductor (sheet sample) with
a measured current.

2. The main characteristic of the Rogowski coil is its
so-called constant (allows to recalculate the EMF induced
in the turns of the coil into a real current flowing through
the conductor) — it was G = 13 kA/V.

3. Through the integrating chain (integrator), the
Rogowski coil is connected to a pulsed oscilloscope.
Schematically, the measurements are illustrated by the
graphics in Fig. 7.

4. According to the oscillograms, the EMF was
measured in the Rogowski coil, after which the current in
the conductor was determined using the coil’s constant.

To integrator

. Toi
Oscilloscope 0)] ;‘ ©) > To integrator
1 - —
1 Metal
Integrator Isheet —» ()
!with dent) —>

\Vj
_ Dent @r—To integrator

Metal \ —
sheet ‘D —P /(1)
—
Rogowski coil
a b

with dent
Fig. 7. Schemes for measurement of currents in the experiment:
a — current measurement in an arbitrary conductor using the
Rogowski coil; b — measurement of currents in sheet metal
with a dent

Conductor
with current

The experiments were conducted on the basis of the
power equipment of the Department of Engineering
Electrophysics of National Technical University «Kharkiv

Polytechnic Institute» (NTU «KhPI») under the
agreement on scientific and technical cooperation
between the Department of Physics of Kharkiv National
Automobile and Highway University and the Department
of Engineering Electrophysics of NTU «KhPI».

Measurements. Results:

1. The measurements were carried out in the
operating mode of a magnetic pulse installation with
stored energy of 10 kJ — MIU-10 (developed by NTU
«KhPI») with working voltage on a capacitive storage
U = 5.5 kV and operating frequency of the current in the
pulse of ~ 6.75 kHz.

2. The distance between the contacts of the power
source connection to the sheet sample was ~ 0.1 m.

3. The sheet sample in the transverse direction is
divided into sections of equal width: 1 — the whole
sample, 2 — sections outside the dent (~ 1/3 of the sample
width), 3 — section with the dent (~ 1/3 of the sample
width).

4. Currents in sheet metal (in sections) — I, I, I
were measured using the Rogowski coil according to the
diagram in Fig. 7,a.

Measurement results. According to the dedicated
zones on sheet metal — I} = 32.5 kA, I, = 14.3 kA,
I; =7.8kA.

Total current in a sheet sample:

— summation of measurement results:
Licae =25+ I,=36.4 kA,
— direct measurement:
I meas = 32.5 KA.

The reliability level of the measurement results,
determined by the discrepancy between the calculation
and measurement data (/;_cac and /j.peqs), does not exceed
~ 12%, which is quite acceptable for the practice of
MPMP [1, 4].

The ratio of currents in the dent and in the blank
(concentration index): n = I;/I; = 7.8/32.5 =24 %.

Note that a similar value in model experiments,
averaged over frequencies, does not exceed 30 %.

In general, measurements of current distribution on
the surface of a sheet sample, carried out under real
conditions of connection to a high-voltage power source,
did not reveal significant deviations in the assessment of
the degree of concentration of the flowing current as a
function of the dedicated size of the zone along the
transverse axis between the contacts from the results of
model experiments.

Conclusions.

1.1t is found that the degree of transverse
concentration of current in sheet metal relative to the
center of the system in the range of operating frequencies
~ 1.8..22 kHz very weakly depends on its temporal
characteristics.

2.1t is substantiated that the level of the transverse
concentration of current in a conventionally allocated
strip connecting the connection contacts substantially
depends on the ratio of the width of this strip and the
transverse dimensions of the contact connection. The
smallest current is concentrated in a strip whose width is
much less than the distance between the contacts
(£11...16 %).
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3.1t is shown that when the distance between the
contacts connecting the source decreases, the degree of
concentration of the transverse current flow increases.
With a sufficiently small distance (approximately equal to
the width of the actual contacts), the concentration level
can reach values of ~ 65...80 %.

4.For the first time, experimentally substantiated
results of a numerical estimation of the degree of
transverse concentration of current on the surface of a
sheet blank in linear tools of magnetic pulse attraction are
obtained, the dependence of this parameter on the
temporal characteristics of the current, as well as on the
method of connecting the contacts of the power source is
determined, which allows to create new, more efficient
linear tools of magnetic-pulse attraction of sheet metals,
based on the force interaction of conductors with
unidirectional currents.
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