Mech. Adv. Technol., Vol. 9, No. 1, 2025, pp. 22-31

DOI: 10.20535/2521-1943.2025.9.1(104).314726
UDK 621.7.044.4+539.374

Modelling of the process of interaction of
multi-impulse local loading at electrohydraulic
forming of large-dimensional bottoms

Mykhaylo Taranenko' e Olexandr Naryzhniy'

Received: 6 February 2025 / Revised: 20 February 2025 / Accepted: 4 March 2025

Abstract. Forming of large-dimensional thin-sheet bottoms usually leads to great complexity of technological processes. When forming
is conducted on mechanical presses using male- and female dies one can observe phenomenon of loosing stability of bottom shape
with uniform through perimeter movement of the workpiece flange during drawing and large areas of thin workpiece that do not
support by rigid surfaces of the die and are prone to be loaded with compressive stresses. This leads to the formation of folds and
corrugations on the flange and dome part. Application of presses for stamping with elastic media and high pressure is irra-tional from
energy considerations, because different parts of the workpiece require different pressures for their shaping. Electro-hydraulic (EG)
forming is more effective when stamping such parts occurs consequently by zones of the workpiece and require different loading
at each zone. It is possible to implement sequence control and load locations on multi-electrode EG-presses.

Objective of the presented research was, on the one hand, to study the possibility of the formation of pulsed submerged flows of liquid
medium, that transmits the load, their interaction with each other and the deforming workpiece in the technological zones of EG
presses, and on the other hand, the possibility of using the LS Dyna sofiware in combination with ALE method.

To achieve the specified goal, methods of mathematical modeling of forming processes and interaction of deformed environments
having different mechanical parameters were used, as well as experimental methods to confirm the processes being studied.

The results obtained consider the possibility of creation of high energy-containing immersed jets of liquid, their interaction between
themself and the deformable workpiece depending on the technological pa-rameters. The parameters of the workpiece deformation
process were studied. It is shown that blank shape change has a wave-like character and, by changing the temporal and spatial
parameters of the load, it is possible to control the parameters of the blank stress-strain state.

Comparison of simulation results with experimental data substantiated the possibility of using the proposed modelling method in the
study of pulsed flows in heterogeneous media.

The conclusions state the achievement of the mentioned goal, describe the mechanism of interaction of liquid jets in the case of energy
concentration necessity in the given zones of the workpiece and the possibility of changing the direction of energy flows when the
moment of the of EG discharges beginning in adjacent discharge cavities is changed. The accuracy of the simulation results was
assessed when compared with experimental data.

Keywords: electrohydraulic discharge, discharge cavity, blank, impact waves, hydrostream, porous-gas cavity, plastic deformation,
deformation work.

Introduction

Thin-walled large-dimensional articles (TLA) are
widely used in in up-to-date machinebuilding. These group
of articles include bottoms of different shape-elliptical and
semispherical in cross-section and round in the plan, car
body articles for different vehicles, space communication
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antenna mirrors; rigidity panels for air-planes and helicop-
ters, heatexchangers and articles of chemical apparatus. Dif-
ferent requirements to dimensional precision, deformation
distribution or residual stress apply to mentioned articles.

Main manufacturing processes for such articles for
producing them on widely used sheet-forming equipment
in majority are well-proven. But in case of necessity of
manufacturing TLA in low-volume production some diffi-
culties appear related to technical-economic parameters of
existent manufacturing processes.
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There are such processes for TLA manufacturing by
impulse methods: explosive forming with brizant explo-
sive and electrohydraulic forming (EHF) [1], [2]. Presses
with large saved energy (up to 500 kJ) and spatial-tempo-
rary loading control are developed and used for trial pro-
duction for the second above-mentioned method of form-
ing [2]. Such presses can be implemented for consequent
local forming of TLA.

In view of this the problem for determination ra-
tional consequence of loading of deformable blank with
different goals appears. These goals can be: maximum en-
ergy efficiency, required distribution of deformations to
minimize blank sagging or residual stress and also to sat-
isfy other technical requirements. Results of a part of pre-
pared natural experiments and results of trial developing of
manufacturing process are shown in papers [2]-[5]. These
results are shown high potential possibility of loading con-
trol for increasing forming processes efficiency but also
high labor intensity and cost of natural studies. Reduction
of these parameters can realized by means of numerical
modeling of forming processes.

The article presents new results. The parameters of
the workpiece deformation process are obtained and inves-
tigated. It is shown that the change in the shape of the work-
piece is wave-like and, by changing the time and spatial
parameters of the load, it is possible to control the parame-
ters of the stress-strain state of the workpiece. Comparison
of the modeling results with experimental data substanti-
ated the possibility of using the proposed modeling method
in the study of pulsed flows in heterogeneous media.

References review

Quite comprehensive review of equipment, forming
schemes and main problems appeared during forming is
observed in the [2]. In the papers [3], [4] description of
mechanisms of appearing and development of gas-steam
cavities, which cause starting of movement of immersed
energy jets of liquid is shown. Paper [5] deals with consid-
eration of studies and derivation of numerical values of pa-
rameters of electrical energy transformation to gas-dyna-
mic energy form. Results of studies of mechanisms of
blank deformation under influence of impulse loading are
analyzed in [6]. Paper [7] describes experience of applica-
tion of LS Dyna software at modelling of processes of EH-
forming. Grounding of possibility of loading control for defi-
nite tasks is done in the [8]. Article [9] shows the approach
and results of studies devoted to estimation of precision of
forming process modelling by means of FEM of ALE.

Results of Preliminary Experiments

Preliminary (prearranged) experiments were con-
ducted on trial multi-electrode installation developed by
KhAI On this installation following experimental data
were obtained: about shape of locally created blank zone at

different consequence of loading and distribution defor-
mation of thinning along radius of loading zone (see be-
low). Manufacturing processes of TLA of different shapes
forming were conducted on natural equipment. Trial
batches of articles with different shape were formed on
trial-industrial press PEG-500 [2].

Some forming results of thin-walled bottoms are
shown on the Fig. 1.

Generalized preliminary conclusions are the fol-
lowing:

— at central loading of flat blank one can observe in-
tensive and progressive wrinkles appearing on flange and
dome part of a blank (Fig. 1, a). Wrinkles (corrugations)
move over female die rib and pass to dome part at increas-
ing degree of flange drawing.

During this process blank tearing is observed (Fig. 1, b);

— this processes become more intensive with in-
creasing blank flexibility (ratio of blank diameter to its
thickness);

— flange non-uniform drawing degree along perim-
eter of matrix space is observed that can be explained by
non-uniform conditions of drawing. To increase uniformity
of drawing it is necessary to shift loading zone from the
center to zones with less drawing degree;

— higher drawing degree can be realized at definite
consequence of local loading (Fig. 1, b) but in this case one
has to control less thinning on loaded blank zones because
elevation of thinning above allowable values can lead to
local tearing (Fig. 1, ¢).

Results of determination of thinning distribution on
formed article (Fig. 1, d) permit to make conclusion that at
definite consequence of local impulse loading it is possible
to control both the shape of article in wide range and dis-
tribution of thinning deformations along article surface.
Examples of positive results of consequent local forming
of TLA can be found in [2]. For rational application of such
technology one has to use computer modelling with appli-
cation of interrelated mathematical models of processes of
load creation and blank deforming.

Conditions of Modelling. The system shown on
Fig. 2 is considered. It consists of three discharge cavities
immersed to liquid. Deforming blank is disposed below, it
is installed on drawing die with diameter 252 mm. Diame-
ter of a blank is 320 mm and it is clamped to the die. Such
conditions exclude material drawing from the flange zone
to die cavity.

Zone of energy releasing in discharge cavity was lo-
cated asymmetrically with respect to axis of cavity and at
definite spacing from its bottom. This corresponds to real
structure.

Geometrical dimensions of model are following:

— diameter of discharge cavity is 40 mm, depth of
zone of energy releasing from the edge of cavity — 30 mm;

— spacing of discharge cavities location — 60 mm;

— distance from the edge of discharge cavity to
blank was selected in four variants: 40, 32, 20 and 12 mm.
This corresponds to relative distances of discharge d/h
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Fig. 1. Typical examples of defects at forming of thin-walled sheet large-dimensional bottoms [2]: a — intermedi-
ate shape of a blank after central loading, diameter of drawing rib of female-die is 1050 mm, diameter of semi-
finished article is 1480 mm, material — steel X18H9T with thickness 1.6 mm; b — progressive wrinkle-creation
after consequent forming stages: wrinkles can be seen which transfer ty dome part and torn zones at the tops of
wrinkles; ¢ — blank discontinuities at the zone of bending local loading; d — distribution of logarithmic defor-
mations of thinning at local consequent loading over entire surface (at the left) and central loading (at the right)
of a bottom with diameter 1070 mm, depth is 415 mm, material — steel 08kp, thickness is 1.6 mm. Diametral
section is above, latitudinal section is below. Bold line-article outline, dashed line-distribution of € in latitude

direction at central loading

equals to 1.0; 0.75; 0.5 and 0.25. The last value is the most
close to experimental conditions.

The model equations are solved in a Cartesian coor-
dinate system.

D:l&v.ft

Fig. 2. Triple-planed analysis scheme of numeri-
cal modeling: D — chamber diameter; d — dis-
charge cavity diameter; S — spacing between axes
of immersed chambers; 4 — discharge spacing;
Dbiank — blank diameter

Consequence of numerical experiment was selected
as following.

1. Mechanism of blank deforming was considered at
single discharge at central discharge cavity on selected dis-
tances;

2. Mechanism of impulse loading appearing was
considered at discharges in two cavities (central and side)
shifted in time;

3. Interaction of three discharges was considered: in
two side cavities simultaneously and in central cavity —
shifted in time.

Analysis of energy releasing process at high-voltage
underwater discharge was considered at condition that
definite quantity of heat energy (9.375 kJ) releases during
32 ps in the volume of channel with continuous conductiv-
ity. In this case energy losses on impact waves creation,
electrode material evaporation and heat losses were not
consider at all.

Thus power function of heat releasing is assumed to
be a triangle with height 400 MW and basement 32 ps.
These values come in an agreement with analogous para-
meters given in the paper [5].
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Blank had diameter 320 mm and thickness 1.0 mm.
Its material is considered to be elastic-plastic aluminum al-
loy with deformation strengthening describes as following
power law.

n
oy = Ae”,

where 4 = 604.9 MPa; n = 0.275.

Original value of yielding strength is 100 MPa, den-
sity — 2100 kg/m?, elasticity modulus — 7-10'° Pa, Poisson’s
ratio 0.33. These mechanical properties correspond approxi-
mately to widely used aluminum alloys like AMg6 or D16AT.

Modeling was conducted in medium LS-DYNA by
means of ALE [3], [7] method application.

For numerical experiments following parameters of
analysis scheme was selected:

30 us

180 us

300 us

<

1110 s

a

— high-voltage discharges are conducted in central
discharge cavity (DC) and simultaneously in central and
two side DC with the same level of released energy;

— discharges spacing with respect to a blank h were
selected as a consequence: 40 (1.0d), 32 (0.75d). 20 (0.5d)
and 12 (0.3d) mm that corresponds to conditions of natural
experiments.

Results of Researches. At realization of the first
stage, i. e. modelling of process of interaction single im-
pulse jet with blank following situation was met — de-
veloping of steam gas bubble (SGB) inside DC, SGB
leaving out and distribution in space of transferring me-
dium between side of DC and blank, interaction of jet
(directed by head part of SGB of liquid stream) with
blank (Fig. 3).

3000 s

b

Fig. 3. Consequence of porous-gas bubble development: a — at single discharge and bubble interaction with de-
formable blank at spacing 12 mm (0.3d); b — at double electrode discharge

Fig. 4. Schematic imaging of interaction of impulse loading with thin-walled blank at charge explosion in water [6]:
1 — charge; 2 — impact wave front; 3 — SGB boundaries; 4 — blank; 5 — reflected wave of compression; 6 — cavitation
zone; 7 — upper boundary of cavitation zone
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During first 30 ps after beginning of energy releas-
ing (32 ps) impact waves leave discharge zone (not shown
on Fig. 3), then waves distribute at first in DC and then pass
through the side of DC. Velocity of waves movement from
side to direction of blank lays in the range 1600...1900 m/s.
They lead to beginning of blank movement and create di-
rected to blank the field of liquid velocities movement. Af-
ter that boundaries of SGB begin to move at first in frames
of DC rigid boundaries and then in space between DC side
and blank. SGB become stretched egg-like shape and its
head part pushes ahead definite volume of liquid which
supports blank has begun to move. Next stage is the fol-
lowing: axial translation of SGB boundaries starts to chan-
ge its direction (frame 300 ps), i. e. horizontal components
of SGB boundaries movement appear. This leads to non-
productive kinetic energy consumption of moving liquid.

On the frame 1110 ps one can see definite zone of
selected analysis scheme — low width of rigid wall of DC,
which is began to be enveloped by SGB at its expansion
upper (out of blank. In future this drawback was elimi-
nated).

At the beginning of deformation blank takes convex
axis-symmetrical shape. Then this monotonic convex
shape begins to distort — zones with non-monotonic shape
as movable wave appear in transversal section. This distor-
tion of shape is shown with arrow on the frame 1110 ps.

Deforming impact-waved zone of blank has the
shape of truncated cone basement boundaries of which
move to boundaries of blank clamping.

Analysis of plate movement at such conditions
shows that two types of waves distribute in blank: longitu-
dinal and transversal. They move with different velocity
which depend on stress-strain state parameters. Changing
of'this state under influence of impulse jet loading has com-
plicated waved character (Fig. 5). Deformations of thin-
ning (third principal deformation) appear inside epicenter
of loading and my means of longitudinal waves transfer to
peripheral zones of deformation. This considerations are
adjusted well between each other.

To estimate adequacy of used mathematical model
to real process it was decoded to conduct comparison of
results got with experimental results given in the paper [2].
Fig. 6 shows frames from high-rate photo registering the
process of leaving of liquid impulse jet from horizontally
disposed DC and interaction of jet with perpendicularly in-
stalled rigid plate (Fig. 6, b) and the same plate but which
applies angle with respect to cavity axis (Fig. 6, ¢). It can
be seen consequently on frames that at first the cloud of
small energy particles are removed from DC cut and then
move in axial direction. This cloud is braked up by impact
wave (foggy zone). Then certain morphosis (black color)
having cylindrical shape appears and leaves at the cut. This
is immersed liquid jet moves away from the chamber side,
begins to expand in sides and then close up with rigid plate.

At interaction of sloped plate with jet the last ex-
pands in radial direction nonuniformly: at less gap between
chamber edge and plate radial expansion is less than at

large gap. One can see a sort of jet changes direction to the
side of more gap.

Frame-by-frame increment of both time and velosity
of jet side translation are comparable in numerical and nat-
ural experiments.

This permits to make conclusion about quite ade-
quate numerical model to reality in respect with of mecha-
nism of jet leaving from DC and jet interaction with rigid
blank.

It is possible to compare shapes of obtained local
formings and distribution of logarithmic deformations of
thinning by means of results of natural experiments and nu-
merical modelling (Fig. 7). One can see that at comparison
of dependencies predefined shape of local forming climbs
above value of natural local forming depth in center on
30 %. It can be explained by certain non-compatibility of
mechanical properties of natural blank (aluminum alloy
AMDAM) and blank thickness: natural blank has thickness
1.5 mm but modelled — 1.0 mm.

Calculated value of thinning in center of local form-
ing equals to 0.13, that twice less that natural blank has.
This mismatching also can be explained by the same rea-
sons.

Based on above-mentioned considerations one can
make conclusion that used in numerical analysis mathe-
matical model is adequate to reality from the point of view
of SGB developing mechanism and SGB interaction with
deformable blank but not very precise at calculation of
thinning deformations and shape of local forming.

Compressing of impulse jet from side, i. e. increased
resistance of jet to spreading in horizontal direction has to
stipulate more effective usage of released energy at elec-
trohydraulic discharge. This is possible to realize by gen-
eration of pressure increasing in liquid by sides of main jet.

For numerical modelling of such process triple-cavi-
ty analysis scheme was used (see Fig. 2). Saved energy re-
leases simultaneously or with definite shifting in time in
three DC. Illustration of final stages of such process is
shown on Fig. 8. One can see as side SGB compress central
one and as consequence concentrate its energy in direction
to blank. At different time delay values degree of compres-
sion of central (main) SGB is different. Optimal delay time
of discharges in side SGB equals to 300 ps in considered
variants of structural-manufacturing parameters values of
given analysis scheme. But value of this optimal time de-
pends on distance of blank disposing from discharges zone,
released energy in side cavities and spacing between cavi-
ties.

Center of blank loading zone with impulse jet it is
possible to shift in frames of definite range at double dis-
charge. This mechanism of jet controlling rationally to use
at calibration stage of zone of conjunction of sides with
bottom of box-like article.

Kinetics of blank behavior at delaying of side dis-
charges with respect to central one can be demonstrated by
temporal dependences of velocity and translations of refe-
rence points (Fig. 9 and 10).
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360 us 450 ps

500 ws 550 us

Fig. 5. Character of changing of the third principal strain at impulse loading at the distance 12 mm (0.3 d/h)

Fig. 6. High-rate photo registering-gramma of impulse jet appearing process at electrohydraulic discharge in low
volume chamber with cylindrical inner cavity: a — original stage of SGB leaving from DC — leaving of small
particles of liquid under impact wave influence (frame 1) and cylindrical SGB leaving (frame 3, 4 and 5), time
between frames is 64 ps; b — interaction of cylindrical shape SGB with rigid barrier, installed perpendicular to DC,
time between frames is 96 ps; ¢ — interaction of SGB with sloped rigid barrier, time between frames is 96 ps [6]

il iy

-0.21

Fig. 7. Shape of local forming (half of diametral
section) — bold line with values; distribution of
logarithmic deformations of thinning — bold line;
estimated shape of local forming — thin line with
dots [2]

0.0027 s

Fig. 8. Longitudinal section of triple SGB inter-
acting with deformable blank at equal value of en-
ergy released in each DC and delay of electrohy-
draulic discharges in side LC on 300 ps and spac-
ing 40 mm
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Fig. 9. Dependence in time of blank reference points shifting rates at triple discharge with delay 300 ps
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Fig. 10. Dependence in time of blank reference points translations at triple discharge with delay 300 ps

From the process beginning central zone of a blank
(points D, E, F) start intensive movement which continues
during 190 ps, i. e. moment of energy releasing in central
DC. It is possible under impact waves influence only. Then
uniform accelerated movement of this zone stops but
movement of peripheral zones of blank starts. After that
dependence of the velocity on time has monotonic growing
character. It can be called as oscillatory and velocity of
central point reaches values up to 25 m/s. After reaching
maximum (duration is about 0.5...1.0 ps) decelerated mo-
tion starts which also has oscillatory character. After total
running out negative (reversed) movement with oscilla-
tions can be observed. Suspectedly these oscillations can
be explained by elastic aftereffect.

Dependencies of blank points translations in time have

monotonic character (Fig. 10). Velocities oscillations are not
shown at this figure because velocity oscillation period is quite
low (up to 30 ps) and comparing with scale of temporary de-
pendencies is not seen. One has to pay attention that maxi-
mum deflection is shown not in the blank center (point £) but
at epicenters of side discharge cavities (points /' and G) that is
quite understandable. Blank plastic deformation appears in
DC epicenter (point 4, Fig. 11) in which first by time dis-
charge is conducted. Three focal points of plastic deformation
in corresponding epicenter appear in case of energy releasing
simultaneously in three DC. Deformations spread in wavy
mode as ring zones from blank center to peripheral zones after
plastic focal point appearing. Duration of this process of de-
formation close to 1.0 ps that corresponds to duration of max-
imum sagging of blank central zone (Fig. 10).
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It is easier to estimate quantitative indexes of inten-
sive deformation changing as function of time by graph
shown on Fig. 11. It can be seen that developing and accu-

mulation of parameter & differs for different points.

For point A close to blank center and point £ close to die
rib accumulation of plastic deformations happens mono-
tonically with average deformation rates, for point A4 it
equals to 14 x 10% ™' and point £ — 49 s™'. Accumulation
of plastic deformations in points B, C, and D occurs non-
monotonically, in stepped way. It is result of waved defor-
mation accumulation. Average deformation rate in these
points close to 20...30 s™!. Velocity of plastic deformation
wave distribution from point 4 to point B equals to 240 m/s,
but in point B and point C — 54 m/s. These values of waves
velocities of deformation transferring to a blank signifi-
cantly less that velocity of sound in aluminum alloy in 20
times (sound wave is an elastic distortion).

LS-DYNA USER INPUT
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Fig. 11. Temporary dependence of plastic defor-
mation intensity (&7 last ) for correspondent

points of a blank at double power developed. Du-
ration of energy releasing is 16 ps. Increment of
points is near 27 mm, point 4 is disposed at the
center of a blank

Comparison of deformation velocities at the blank
center for loading variant in triple-cavity discharge system
with duration of energy releasing 32 ps and variant under
consideration shows, that in first variant even at releasing
factually triple quantity of energy average deformation
rates at point located near female die rib are equal to 14 57!
that is in 4 times less comparing with variant considered.
In another words one can say that blank deformation rates
become more with increasing rate of energy releasing and
this growing prevail over the rate of parameter growing as
function on quantity of energy released.

As confirmation of possibility to control sheet blank
deformation rate in quite wide range one can consider se-
lection of optimal combination of electrical parameters of
discharge circuit which is very important for creation of
necessary regime of vibroimpulse loading to reduce defor-
mation warping of such kind of articles [4], [5].

One has to mention that intensive oscillations of
blank zones disposed out of direct influence of immersed
jet. Maximum of displacements shift periodically over
poor deformable field of such zones (Fig. 12) that corre-
sponds to obertons of oscillations. This evidences about
complicated oscillational process of deformable blank.

One can suggest that fixation of obertons is stipu-
lated by influence of transversal waves reflected from rig-
idly clamped perimeter of blank, velocity of these waves
distribution is near several dozens meters per second, the in-
tensity of the waves reduces sharply close to blank center.

More deep studying of such oscillation process is
very important since one can determine conditions of reso-
nance at which elevation of plastic properties of blank ma-
terial happens and also conditions for higher degree of re-
sidual stress (deformational) relaxation occurs.

Estimation of precision for developed mathe-
matical model

Estimation of the precision and adequacy of synthe-
sized mathematical model in comparison with experi-
mental results have shown poor correlation between exper-
imental and analytically calculated parameters by the shape
of local stamping up to 20 %, but by the depth of stamping —
up to 40 %. Analysis of values of such deviations allows us

700 us

1250 us

2200 us

Fig. 12. Demonstration of oscillations in vertical directions of blank zones translations, located out of direct

loading zone
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to make the following conclusions. The first — experi-
mental values of parameters have been obtained for a ma-
terial with unknown model of plastic strengthening. In the
analytical model power function for simulation of exact
metal grade strengthening was used. But multiple literature
sources recommend to use for such kind of analysis the
model of Jonhson-Cook. The second — physical-mechani-
cal conditions of experiment don’t correspond to analytical
one fully.

This is why the comparison of developed mathemat-
ical model having specific features (high values of defor-
mations of analysis grid etc.) at modelling of simpler
scheme of deformation, i. e. free expansion of cylindrical
shell was conducted. This modelling was done with very
fine increment by the time and with application of Jonhson-
Cook strengthening model up to the full completing of ex-
pansion process. Then the shape of a shell was compared
with one obtained at conditions of static expansion. Results
of such research are observed in the [9]. Very briefly one
can conclude them as following:

— calculation errors of main mechanical properties
don’t exceed 2 %:

— the best precision (0.43 %) is found for pressure
value, which is the main factor that influences electrohy-
draulic forming quality and processing object.

These results show that calculation process for solv-
ing equations of electrohydraulic forming by means of
FEM-ALE is asymptotically stable.
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MoaesiloBaHHSI IPoIeCY B3a€EMO/Iil 0araToiMIyJibCHOT0 JIOKaJIbHOI0
HABAHTAKEHHS MPH eJEeKTPOriAPaBJIYHOMY IITAMITYBAHHI
BEJMKOradapuTHUX JMCTOBUX JTHMII

M. €. Tapauenko' o O.T. Hapuxunii'

' Hayionanenuii aepoxocmiunuii ynisepcumem im. M.€. JKykoecvrozo “XAI”, Xapxis, Yipaina

Anomauia. [lImamnysanns eenuxo2abapumnux moHKOIUCMOBUX OHUWY 336Ul NPU3800UMb 00 8eNUKOI CKIAOHOCHT MEXHONO0IYHUX
npoyecie. Ilpu popmoymeopenni Ha Mmexaniynux npecax 3 GUKOPUCMAHHAM NYAHCOHA MA MAMPUYi 4aCMO BUHUKAE BMPAMA CMIIKOCI
@opmoymeopenHs 3 HePIGHOMIDHUM 3a NEPUMEMPOM PYXOM (QAAHYIO 3a20MOBKU NPU BUMASYEAHHI MA 6ETUKUMU OLTAHKAMU MOHKOI
3a20MOBKU, AKI He CRUPAIOMBCA HA HCOPCMKI NOBEPXHI OCHAWEHHS, MA CXUNbHI 00 CAPUTIHAMMSA CIMUCKAIOYUX Hanpyicens. Lle npus-
800UMb 00 YMEOPEHHSL CKIAOOK Ma 20(ppis na hnanyi ma KynoavHit vacmuni. Bukopucmanus npecie Ons wimamny8ants enacmudHumu
cepedosuamu 3 BUCOKUM MUCKOM HEPAYIOHANIbHO 3d eHepeemUiHUMU MIDKYBAHHAMU, MOMY WO PI3HI 4aCMUHU 3a20MO6KU nompeoby-
10mb 0I5l 8020 (YPOPMOYMEOPEHHs PizHo2o mucky. binbut epekmuenumu npu wmamnysanni makux oemaeti € NOCIi008He 3a OUlsiH-
Kamu 3a20MoeKu ma J0KAIbHe 3a 30HO0I0 Haganmasicenns enekmpoziopaeniune (EI) wumamnysanna. Ha bazamoenexmpoonux EI-npe-
€ax MOACIUBO Peanizy8amu YnpasiinHs NOCAIO0BHICIIO Ma MICYAMU HABAHMAICEHHS.

Memoto npedcmagnenozo docniodcents 6y10, 3 00H020 OOKY, BUBHEHHS MOHCAUBOCHIT YIMBOPEHHS IMIYIbCHUX 3AHYPEHUX NOMOKIE Pio-
K020 cepedosulyd, wo nepeoac HagaHmadiCeHHs, ix 83aemooii midc cobo0 ma 3a20mogKoIo, KA 0ehOpMYEMbC, Y MEXHON02IYHUX
sonax El-npecis, a 3 inwozo 60Ky, modciugicms guxopucmanus npoepamnozo npooykmy LS Dyna y kombinayii i3 memooom ALE.
Jna docsacnenns 3aznavenoi memu UKOPUCHIOBYBANUC MEMOOU MAMEMAMUIHO20 MOONI0BAHNS NPOYecié YMEOpeHHs ma 83aeMooii
cepedosuwy, sIKi 0epopMyIOmbCsl, Ma MarOmy PisHi MEXAHIYHI NOKAZHUKU, A MAKOJC eKCNEePUMEHMALbHI Memoou 05l NIOMEEPONCEHH S
npoyecis, sAKi GUEUAIOMbCAL.

Ompumano pezynomamu npo MONHCAUGICIb YMBOPEHHS 8UCOKOEHEP2eMUYHUX 3AHYPEHUX NOMOKI6 piounuU, iX 63aemo0ii midxc coboio ma
3a20MOBKOI0, WO 0ehOPMYEMbCS, 8 3ANeACHOCI 8I0 MEXHONO2IUHUX napamempis. Jlocniodceno napamempu npoyecy 0e@opmyeanisl
3aeomosku. Iloxkasano, wo it popmosmina mae xeunenodionuL xapakmep mad, 3MIHIOIOYU YACOBI MA NPOCMOPOBI Napamempu Ha8aH-
MANCEHHS, MOJCTUBO KePYBAmU NApaMempami. HanpylceHo-0e@opmosanozo cmamuy.

Topisuauns pezynomamie MoOen08anHs 3 eKCHEPUMEHMATLHUMY OAHUMU OOTPYHMYBANIO MOJCAUBICIG BUKOPUCIANHS 3aNPONOHOBA-
HO20 Memooa MOOeN08AHHA NPU GUEUEHH] IMNYIbCHUX HOMOKIG ) 2emepo2eHHUX cepedosUIax.

YV sucnosxax cmeeposicyemuca docsacnenns nocmaegnenoi Mmemu, ONUCaHo Mexanizm 3acmoo0ii cmpymenie npu neobXioHocmi KoHyeH-
mpayii’ enepeii Ha 3a0anux OLISIHKAX 3a20MOBKU MA MOJICIUBICIb NOBEPMAHHS HANPSMKY NHOMOKIG eHepaii npu 3MIHI MOMEHMY noua-
mxky El-po3psoie y cycionix pospaouux nopoxcrnunax. OyineHo mouHicms pe3ynibmamie MoOent08anHs npu NOPI6HAHHI 3 eKCnepuMeH-
ManbHUMu OaHUMU.

Knrwuogi cnoesa: enexmpoeiopagniunuii po3psao, po3psaoHa nopo*CHUNA, YOAPHI Xeuli, 2iOponomik, napo-2a3o08a NOPOXCHUHA, NAACIU-
una oepopmayis, poboma degpopmayii.
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