UDC 621.318: 539.3
D.V. Lavinsky, Yu.l. Zaitsev

https://doi.org/10.20998/2074-272X.2023.5.11

Computational analysis method of the electromagnetic field propagation and deformation of
conductive bodies

Introduction. The electromagnetic field is an integral attribute of the operation of many technical and technological systems. The action
of an electromagnetic field leads to deformation, a change in temperature, a change in the physical properties of the materials. Problem.
High-intensity electromagnetic fields can cause such a strong deformation of conductive bodies that it can lead to irreversible shape
change or destruction. This fact is used in a class of technological operations: electromagnetic forming. Here, both the workpiece and
the equipment are subjected to intense force action. As a result, equipment elements may become inoperable. Goal. Creation of a
computational analysis method of the electromagnetic field propagation in systems of conductive bodies and subsequent analysis of
deformation. Application of this method to the study of processes in electromagnetic forming systems in order to determine rational
operational parameters that provide the result of a technological operation. Methodology. A variational formulation of the problems of
an electromagnetic field propagation and deformation of conductive bodies systems is used. Numerical modeling and analysis are
performed using the finite element method. Results. In a general form, a system of resolving equations for the values of the vector
magnetic potential and displacements is obtained. The influence of the electromagnetic field is taken into account by introducing
electromagnetic forces. The results of calculations for a technological system designed for electromagnetic forming of curved thin-
walled workpieces are presented. Originality. For the first time, a method of computational analysis is presented, which involves
modeling within the framework of one design scheme both the process of electromagnetic field propagation and the process of
deformation. Practical significance. The proposed method of computational analysis can be used for various technological systems of
electromagnetic forming in order to determine the rational parameters that ensure both the operability of the equipment and the purpose
of the technological operation - the necessary shaping of the workpiece. References 18, table 1, figures 3.
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Bcemyn. Enexmpomacnimne none € Hegio'emHum ampubymom pobomu 6a2amvox mexuiyHux i mexuonociynux cucmem. Jis
ENeKMPOMACHIMHO20 NOAA Npu3eooums 0o Oegopmayii, 3MiHU Memnepamypu, 3MiHU @QI3UYHUX GIACMUBOCMEN MAMepiaiie.
Ilpobnema. Enexmpomacnimui noas 6UCOKoi iHmMeHCUBHOCHI MOICYMb GUKAUKATNU HACMITbKY CUTLHY Oehopmayiio nposioHux mix,
Wo ye Mooice npuzsecmi 00 He360pOMHOI 3Minu hopmu abo pyinyeanns. Lleti pakm 6uKOpUCMOBYEMbCA 6 KNACT MEXHON02IUHUX
onepayiu: enekmpomacHimua oopooxka. Tym sk 3aeomoeka, max i 061a0HAHHA NIOOAIOMbCA IHMEHCUBHIN cunogiil Oii. B pesynomami
enemMeHmuy  0ONAOHAHHA MOdCymb  euxooumu 3 naady. Mema. Cmeopenns memody pO3PAXYHKOB020 AHANIZY HNOWUPEHHS
ENeKMPOMASHIMHO20 NOJIA 8 CUCMEMAX NPOGIOHUX MiN i NOOANbUI020 AHANIZY Oedhopmysants. 3acmocy8ants ybo2o memody 0/a
00ciodicents npoyecie 6 cucmemax eiekmpoMAazHimHoi 0OpoOKu 3 Memor GUHAYEHHSI PAYIOHATLHUX pOOOYUX napamempis, ujo
3abe3neyyioms pe3yiomam mexHono2iuHoi onepayii. Memoodonozia. Buxopucmano eapiayiiiny nocmanosKky 3a0ay npo noulupeHHs.
eNIeKMPOMAZHIMHO20 NONA MA OehopMYBanHs cucmem nposionux min. Hucenvne MOOen08aHHA MA AHANI3 BUKOHAHO MEMOOOM
cKinvennux enremenmis. Pesynomamu. Y 3a2anvnomy uensioi ompumano cucmemy GU3HAYANbHUX DIBHAHb O 3HAYEHb BEKIMOPHO20
MazcHimHO20 nomenyiany ma nepemiwjensb. Bnaug enekmpomazHimHnoz2o nois 6paxo8yemuCsi 86e0€HHAM eNeKMPOMACHIMHUX CUIL.
Hasedeno pesynomamu po3paxynkie O MeXHONOIYHOL Cucmemu eleKmpoMacHimiol 00pOOKU GUSHYMUX MOHKOCMIHHUX
3azomogok. Opuzinansuicme. Bnepuie npeocmasneno memoo po3paxyHko6o2o ananisy, AKuili nepeodaiac Mooento8anHs 6 pamkax
€0UNOI pO3PAXYHKOBOI cxeMu AK Npoyecy NOWUPEHHS eleKmpoMacHimHo20 noas, mak i npoyecy oegopmysanns. Ilpakmuune
3HauenHnA. 3anponoHosanull Memoo pO3PAXYHKOBO20 AHANIZY MOJiCe Oymu GUKOPUCHMAHUL ONs DI3HUX MEXHOAOIYHUX CUCmeM
e1eKMpOMACHIMHO20 (OPMYBAHHA 3 MEMOI0 BUIHAYEHHS DAYIOHANbHUX NApamempis, wo 3abe3neuyioms 5K RPAYe30amuicms
00AOHAHHS, MAK | Menmy MmexHOI02IuHOT onepayii — HeoOxione hopmoymeopents 3acomogku. bion. 18, Tabmn. 1, puc. 3.

Kniouoei cnosa: po3paxyHKOBMil aHaJi3, eJeKTPOMArHiTHe I0Jie, eJeKTPOMATrHiTHa 00po0ka, xedopMyBaHHS, MeTOJ
CKiHYEHHHX eJIeMeHTIB.

Introduction. A large number of technical and
technological facilities are exploited under conditions of
intense electromagnetic fields (EM-fields). Technologies
that use EM-fields cause a variety of power, thermal
effects on materials, influence on magnetic properties,
and so on. The most important is the power effect that
occurs when the EM-field acts on the conductive body
and causes its motion or deformation. The above-stated
facts indicate the necessity of using the computational
methods analysis of EM-field propagation and
deformation process of technological devices equipment
elements of the electromagnetic forming (EMF) at the
design and proofing stage. Thus, the scientific and applied
problem, which consists in the creation of new
computational methods for evaluating the EM-fields
effect on elastic-plastic deformation of workpieces and
equipment, taking into account the association of EM-
field propagation and deformation processes, as well as
computational investigations of the EM-field distribution
and deformation processes under the conditions of
specific technological operations is relevant, which
determines the direction of this article.

The creation of computational methods for the
analysis of any processes is based on an appropriate
theoretical basis. Theoretical fundamentals describing
models of continuum mechanics, which take into account
the effect of the coupled fields of different physical nature
(including electromagnetic) presents in classical works of
Maugin, Nowacki, Eringen and others [1-4]. Within the
framework of these models, the influence of an external
EM-field on the thermomechanical state of the body is
taken into account by introducing electromagnetic forces
into the equilibrium equations. The presented model is
based on Maxwell's equations, describing the nature of
the electromagnetic field in vacuum and in moving
deformed body, in accordance with its electromagnetic
properties. For tasks in which the main objective is the
analysis of the structural strength can be used the theory
of magnetoelasticity. Fundamentals of the theory of
magnetoelasticity with consideration of the coupling
effects EM-field and mechanical stresses and strains in a
moving conductive body (in the general case, the body is
polarized or magnetized), were founded by Knopoff [5].
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Force influence is used in the class of technological
operations, called EMF. The technological equipment of
EMF is deformed together with the workpieces under the
influence of EM-field, which can lead to a reduction in
durability and inoperability.

Modeling of forming and stamping workpieces
processes dedicated [6, 7], in which, using the finite
element method (FEM), highlights the solutions features of
the coupled problems of magneto-thermo-elastic with
regard to high-strain-rate deformation. The current state of
issues related to the classification of EMF technological
operations and descriptions of the corresponding equipment
is comprehensively presented in review articles [8, 9]. It
should be noted that non-traditional directions of the EMF
are currently being developed. The basic questions of some
modern trends in the development of EMF technologies are
presented in articles [10-12].

The development of technological equipment for
any EMF operation requires scrupulous computational
studies. For example, works [13, 14] are devoted to these
issues. An analysis of modern sources of information
allows us to conclude that the most effective calculation
tool in this case is the FEM. FEM allows in this case,
within the framework of a single design scheme, to
analyze the distribution of the main components of both
the EM-field and the stress-strain state (SSS).

The goal of the paper is the theoretical
substantiation and creation of a computational analysis
method of the EM-field propagation and the process of
conductive bodies deformation.

Mathematical formulation of the calculation
analysis problem. For real technical and technological
systems, which have a rather complex geometry and the
deformation process is characterized by nonlinearities of
various nature the solution process should be based on the
use of appropriate numerical methods. FEM at the current
stage of the computational mechanics development is the
most suitable for solving the problems of the deformable
body mechanics. Also, FEM has proven itself well for
solving problems of various physical nature fields
determine, including electromagnetic and thermal.

The construction of the FEM algorithm is based on
weak formulations of the corresponding initial boundary
value problems and is reduced to finding the stationary
values of the corresponding functionals. Functionals can be
obtained in various ways, for example, provided that the
original differential equation is the FEuler-Ostrogradsky
equation for a certain functional, or the functional is
constructed according to some general physical principle.

Certain difficulties arise when taking into account
the nonlinearity of the process and the procedure of using
functionals requires linearization of the original problem
in one way or another, most often, an iterative process is
built in which the original nonlinear problem is presented
as a series of linearized problems.

The complete system of differential equations of the
EM-field propagation initial-boundary problem and
deformation of conductive bodies systems is presented in
the articles [15, 16].

To construct functionals that correspond to the
initial-boundary problem of EM-field propagation, we

will consider the vector magnetic 4 and scalar electric @
potentials:
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here B is the magnetic induction vector; E is the vector
of electric field intensity.
Initial and boundary conditions are formulated for
vector magnetic and scalar electric potentials:
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Boundary conditions (3) are applied when the body
is considered together with the surrounding environment
and model the attenuation of the EM-field at a distance. In
the case when the EM-field components are specified at
some boundary of the body, then (in the quasi-stationary
case) the boundary conditions (4) are applied. Here, the
symbol I” means that the corresponding quantity belongs
to the boundary of the body.

In the case of elastic deformation of the conductive
bodies system, the solution is sought from the condition
of minimum total energy Eror:

SETOT = 0, ETOT =U+W, (5)
where U is the energy of elastic deformation; W is the
EM-field energy. The energy of elastic deformation is
determined as follows:
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where ¢ is the tensor of deformations; p is the vector of
surface mechanical loads; u is the vector of
displacements; v is the Poisson’s ratio; E is the Young’s
modulus; [ is the unit tensor; V is the body volume; S is
the body surface on which mechanical loads and

displacements are known.
The EM-field energy is generally defined as follows:
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where H is the vector of magnetic field intensity; D is
the induction vector of electric field.

In the case of a linear relationship between the
vectors that characterize the EM-field (or in the case of a
linearized problem), the expression for the EM-field
energy is simplified to the form:
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where 4. and & are the magnetic and electrical
permeability of the material.

Let's carry out the substitution through the potentials
and get the following expression:
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Formula (8) takes into account the possibility of
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EM-field sources — currents ; and electric charges p,

distributed over the volume.

If we use formal mathematical approaches, then in
the variational equation (5) we have three independent
variables — scalar electric potential, vector magnetic
potential and displacement, therefore the equality of zero
of the total energy variation leads to three equalities:
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If we present the expressions for the elastic
deformation energy and the EM-field energy in matrix-
vector form:
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where [K] is the stiffness matrix; [M] is the «magneticy
matrix; [2] is the «dielectric» matrix; {u}, {p}, {4}, {¢},
{J}, {p.} are the column vectors of displacements, surface
distributed forces, vector magnetic potential, electric
potential, specified current densities and electric charge.
Then condition (9) leads to such a system of

algebraic equations:
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the additional matrices that arose after the variation are
defined as follows:
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where the matrices [2,,], [M,] characterize the changes in the
magnetic field due to the presence of an electric one, and
vice versa, the matrices [ %], [M,] characterize the changes in
the electric and magnetic fields due to deformation (i.e, piezo
effects). When considering traditional structural materials,
such changes are either absent or insignificant and these
components can be neglected.

In order to find out the nature of the second and third
components from the third equation, we will use the
principle of virtual work, with the help of which we will
determine the forces by which the EM-field acts on a
conductive body. At the same time, we believe that the
EM-field energy is completely spent on body
deformation. In the general case of dependence between
EM-field vectors, we obtain the following expression:
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In the case of considering a linear relationship
between the vectors characterizing the EM-field
distribution, we obtain the following expression for
electromagnetic forces:

T P )
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So, we see that the expression for electromagnetic
forces is exactly the same as the sum of the second and
third components of (12), i.e. in conditions of a conductive
body elastic deformation under the action of EM-field; its
influence is limited to electromagnetic forces distributed
over the volume of the body. Elastic deformation, in turn,
for the selected model does not affect the distribution of
EM-field, therefore the analysis of the distribution of EM-
field and the analysis of SSS taking into account
electromagnetic forces in the case of quasi-stationary
approximation can be carried out separately.

The first and second equations in the system (12)
become independent (based on the results of their
solution, we obtain the EM-field distribution), and on this
basis, it is possible to solve the third equation taking into
account the electromagnetic forces (12) for the purpose of
SSS analysis. Thus, the system of defining equations of
the problem takes the form:
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In the resultmg equations (15), electromagnetic
forces are a consequence of the both magnetic and
electrostatic fields’ action; however, it is known that the
force effect of an electrostatic field is many times smaller
than that of a magnetic field. Based on this, the
contribution of the electrostatic field can be neglected for
the analysis of systems deformation that takes place in
technologies based on strong magnetic fields. Moreover,
in the quasi-stationary setting, the electrostatic field does
not affect the magnetic field (independence of the first
and second equations in (13)).

So, to analyze the deformation of conductive bodies
systems under the action of large magnetic fields in the
quasi-stationary approximation, the defining system of
equations takes the form:
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Calculation example. Let us consider the application
of the proposed approach to the analysis of EM-field
distribution and subsequent deformation for the case of
EMF of thin-walled curved workpieces. In many cases,
curved thin-walled metal workpieces are the basis for the
manufacture of structural elements for various purposes.

Usually, the necessary curved structural elements are
manufactured in two stages: in the first stage, they reach
the required general (overall) dimensions and shape, in
the second stage they achieve the required quality directly
in the corner zone.

Part of the EMF technological operations is aimed at
creating conditions for the occurrence of residual
deformations in curved thin-walled metal workpieces
directly in the bending zone. This group of technological
operations was named technological operations of «filling
corners». This term is known from the field of «traditional»
pressure metal processing, and, in practice, it means the
reduction of rounding radii to acceptable values in the
bending zones of thin-walled workpieces. From the point
of view of the technological operation conditions, it is
necessary to exert the maximum force around the corner.

In works [17, 18], it is proposed to use an inductor
with two turns, which have one common current line
directed along the bend, to «fill the corners» on thin-walled
curved workpieces, each of the turns is a plane that makes
an angle of up to 15° with the wall of the workpiece.

Consider the results of EM-field calculations and
deformation analysis for the design diagram shown in Fig. 1.

An electric current evenly distributed over the cross-
section of the current conductor turns was considered as a
source of EM-field. The magnitude of the non-zero
component of the current density vector varied over time
according to the law:

(€)= jime”

(16)
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where j,, =—2 is the current density amplitude; 7,, = 40 kA
d

2
is the amplitude of the current in the pulse; v = 2 kHz is the
current frequency in the pulse; @ = 2zv is the cyclic
frequency; & = 0.3 is the attenuation coefficient; d is the

diameter of the coil of the current conductor.
I

L
Fig. 1. Design diagram of a curved workpiece together with a
two-turn inductor and a dielectric mold: 1 — workpiece; 2 — coils
of the current conductor of the inductor; 3 — inductor insulation;
4 — dielectric mold

The solution was performed for zero initial
conditions for one current pulse, in the time range from 0
to 3 ms, which guaranteed complete decay of the current
in the pulse.

During calculations, the following values of geometric
dimensions were considered: d = 10 mm, L = 100 mm,
h =2 mm, o = 15°. Finite element modeling was carried out
using three nodal finite elements with a linear approximation
of the corresponding (z) component of the vector magnetic
potential and displacements (Fig. 2).

Fig. 2. Permanent lines of vector magnetic potential

The physical and mechanical parameters of the
system elements, which were used in all subsequent
calculations, are given in Table 1 (where o, is the yield
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strength of the material, o is the tensile strength limit,

op is the compressive strength limit.)

Table 1
Physic-mechanical parameters of system elements
Current Workpiece, . Dielectric
: Insulation,
conductor, aluminum mold,
kaprolon
copper alloy fiberglass
A 1 1 1 1
s 107 107
@m)’ 7-10 4.6-10 0 0
E, GPa 120 71 2.5 200
v 0.33 0.29 0,3 0.27
Oy _ _
MPa 380 190
T
OB - - 70 100
MPa
OB - - 90 120
MPa

For the considered value of the current in the
inductor, the maximum value of the stress intensity in the
workpiece, which is observed on the workpiece surface, is
227 MPa (Fig. 3), which is greater than the yield strength
of the aluminum alloy, thus it can be stated that from the
point of view of the plastic deformations possibility in the
workpiece, the technological operation is efficient.
opg (106222 ]2

270

2043

1816

1583

1.362

1135

0.908

0681

0.454

0227

0.000

-Li‘

Fig. 3. Distribution of stress intensity

Note that the maximum values of normal stresses
also occur on the workpiece surface. The largest
displacement values are observed in the middle part of the
workpiece rounding, i.e. directly opposite the current
conductor of the inductor. Their maximum value is 5.4
mm, that is, under the operating conditions considered, the
initial rounding of the workpiece is reduced by
approximately 50 %. Note that the maximum intensity of
stress in the current conductor of the inductor is
approximately 60 MPa, which does not exceed the yield
strength of the material, the maximum value of the
equivalent stress according to Mohr's criterion in the
insulation of the inductor is 52 MPa, which also does not

exceed the limit of the tensile strength of the material. So,
it can be concluded that in this case the inductor remains
operational.

Conclusions. The prerequisites are considered and
the necessity of creating computational methods for
analyzing the propagation of an electromagnetic field and
the further process of technological systems elements
deformation of electromagnetic forming is substantiated.

To create an appropriate method of computational
analysis, the main variational relations based on the
principle of minimum total energy of the system are given.
For a correct and convenient description of the
electromagnetic field propagation processes, the concepts of
scalar electric and vector magnetic potentials are introduced.
Formulas for the energy of the electromagnetic field and the
energy of elastic deformation are presented. For the case of
elastic deformation of conductive bodies subjected to the
action of an electromagnetic field, a system of resolving
algebraic equations for the values of the vector magnetic
potential and displacements is obtained in general form. The
influence of the electromagnetic field is taken into account
by introducing electromagnetic forces, the expression for
which is also obtained.

As an illustration of the computational analysis
proposed method application, the computational analyzing of
a technological system for electromagnetic forming of thin-
walled curved workpieces is considered.

The further development of this work consists in
extending the proposed method of computational analysis
to the cases of various nature nonlinearities and carrying
out calculations for complex technological systems of
electromagnetic forming.
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