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Abstract

The dissertation investigates the electromagnetic launcher electromagnetic prop-
erties and their influence on mechanical construction. The main object of research
is open bore two rail construction electromagnetic launcher. The  dissertation
aims to investigate the distribution of electromagnetic forces and their influence
over the electromagnetic launcher construction volume.

The work presents five tasks such as the electromagnetic and mechanical
model application of the numerical model. The first task is formulated to rewiev
the literature. The next two tasks are formulated to calculate the distribution of
electromagnetic forces throughout the electromagnetic launcher construction vol-
ume. The last two tasks investigate the effect of the forces distribution differences
over the electromagnetic launcher construction.

The dissertation work consists of an introduction, four chapters, general con-
clusion, references, a list of publications by the author on the topic of the disser-
tation, a summary in Lithuanian and five annexes.

The introductory chapter discusses the research problem, relevance of the
work, introduces the object of the research, formulates the aim and the tasks of
the work, describes the research methodology, scientific novelty of the work, con-
siders the practical significance of the work results and defensive statements. At
the end of the introduction, the publications and reports published by the author
of the dissertation and the structure of the dissertation are presented.

Chapter 1 is devoted to review the electromagnetic launcher analyses meth-
ods in literature. A brief overview of the adaptation and development history of
electromagnetic launchers are provided. At the end of the chapter, conclusions are
formulated, and the tasks of the dissertation are refined.

Chapter 2 presents the structure and parameters of the electromagnetic
launcher. According to this type of launcher, the electromagnetic and mechanical
models were developed. The mathematical model of each modeling and boundary
conditions are described, and the conclusions are presented.

Chapter 3 and 4 provide the results of electromagnetic and mechanical mod-
eling. The dependence between electromagnetic and mechanical problems are de-
scribed. Conclusions are presented at the end of both sections.

4 articles have been published on the topic of the dissertation in the scientific
journals included in the Clarivate Analytics Web of Science list, one article is in
conference materials in the Clarivate Analytics Web of Science Proceedings da-
tabase, and two is in peer-reviewed international conferencing materials. 4 presen-
tations on the subject of the dissertation have been given in conferences at national
and international levels.



Reziumeé

Disertacijoje nagrinéjamos elektromagnetiniy svaidykliy elektromagnetinés savy-
bés ir jy poveikis mechaninei konstrukcijai. Pagrindinis tyrimo objektas dviejy
bégiy tipo atvirojo kanalo elektromagnetinés svaidyklés. Disertacijos tikslas — i§-
tirti elektromagnetiniy jégy pasiskirstyma elektromagnetinés svaidyklés bégyje ir
§iy jégy jtaka elektromagnetinés svaidyklés konstrukcijai.

Darbe sprendziami penki uzdaviniai pateikiantys elektromagnetinés svaidyk-
lés elgsena veikimo metu. Pirmas uzdavinys uzdavinys apima literatiiros apz-
valgg. Kiti du uzdaviniai suformuluoti siekiant apskaiciuoti elektromagnetiniy
jégu pasiskirstymag visame elektromagnetinés svaidyklés bégio tiiryje. Paskutiniai
du uzdaviniai skirti istirti skirtingai pasiskirsCiusiy taryje jégy poveikij elektro-
magnetinés svaidyklés konstrukcijai.

Disertacijg sudaro jvadas, keturi skyriai, bendrosios i§vados, naudotos litera-
tiiros ir autoriaus publikacijy disertacijos tema sarasai, santrauka lietuviy kalba ir
5 priedai.

Ivadiniame skyriuje aptariama tiriamoji problema, darbo aktualumas, prista-
tomas tyrimy objektas, formuluojamas darbo tikslas bei uzdaviniai, apraSoma ty-
rimy metodika, darbo mokslinis naujumas, darbo rezultaty praktiné reikSmé, gi-
namieji teiginiai. Jvado pabaigoje pristatomos disertacijos tema autoriaus
paskelbtos publikacijos ir pranes$imai konferencijose bei disertacijos struktiira.

Pirmasis skyrius skirtas literatiiros analizei. Pateikiama trumpa apzvalga apie
elektromagnetiniy svaidykliy pritaikymg ir vystymo istorijg. Apzvalgoje pristatyti
elektromagnetiniy svaidykliy tyrimy aspektai ir metodikos. Skyriaus pabaigoje
formuluojamos iSvados ir tikslinami disertacijos uzdaviniai.

Antrajame skyriuje pateikta elektromagnetinés svaidyklés konstrukcija ir pa-
rametrai, kurios pagrindu buvo kuriamas elektromagnetinis ir mechaninai mode-
liai. Pristatoma kiekvienos metodikos matematinis modelis ir modelio krastinés
salygos. Skyriaus pabaigoje pateikiamos skyriaus iSvados.

Treciajame ir ketvirtajame skyriuose pateikiami elektromagnetinio ir mecha-
ninio modeliavimo rezultatai. Aprasoma priklausomybé tarp elektromagnetinio ir
mechaninio uzdaviniy. Abiejy skyriy pabaigoje pateikiamos i§vados.

Disertacijos tema paskelbtos 7 publikacijos: 4 — mokslo zurnaluose, jtrauk-
tuose j Clarivate Analytics Web of Science sarasa, vienas — konferencijos leidi-
nyje, referuotame Clarivate Analytics Web of Science Proceedings duomeny
bazéje, du — recenzuojamose tarptautiniy konferencijy leidiniuose. Disertacijos
tema perskaityti 4 pranesimai Lietuvos bei kity Saliy konferencijose.
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Notations

Symbols

V — the nabla operator;

H — the magnetic field;

E — the electric field;

D — the electric field displacement;

B — the magnetic flux density;

j — the current density;

| — electric current;

L — inductance gradient;

J — electric current density;

q — electric charge quantity;

¥ — the moving velocity of electric charge;
F- propulsive force;

Exin — kinetic energy;

m — the launching mass;

v — is the speed of launched mass;

p(t) — mechanical pressure on the rail surface;

pe— is the volume density of the free electric charge;

cijj— 1S the stress;

fi— is the body force;

&ij — 18 the strain;

u — is the displacement;

i,j, k=1,2,3;

E —is Young’s modulus;

v — is the Poisson’s ratio;

u(t) — a vector comprising unknown nodal values of the time-dependent displacement;
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u(t) — the vector of nodal velocities;

ii(t) — the acceleration vector;

[K] — the stiffness matrix;

[C] — the damping matrix;

[M] — the mass matrix;

Fn(t) — the magnetic pressure in the form of a vector;
(5 — the lateral displacement dependent upon time;
t — time;

Meai — the mass per rail unit length;

lin — the moment of inertia of the rail cross-section.

Abbreviations

EM — Electromagnetic;

FE — Finite element;

FEM - Finite element method;

GRP - Glass reinforced plastic;

ISL — French-Germany Research Institute of Saint-Louis;
PDE — Partial differential equations;

PFU — Pulse forming unit;

RAFIRA — EM launcher called RApid FIre RAilgun.
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Introduction

Problem Formulation

The principle of operation of the device is based on the impulse accumulation of
electricity and its surface and irradiation energy. Fields of application include
space technology, small space objects, defence technology as a weapon of fire-
arms, or a tool for research into substances in the process of rapid deformation in
industry and science.

Nowadays the most of scientist investigate EM launcher to increase the mass
of payload, projectile velocity, and EM launcher efficiency. The electromagnetic,
mechanical and thermal modelling methods have been used for electromagnetic
launcher technology. However, there is no common linking to a single mathemat-
ical model. Mostly the EM and mechanical investigations are performed sepa-
rately. The mechanical analysis performed with simplifications for boundary con-
ditions of mechanical models because the values at each construction point are
not taken into account.

Using the finite element method, the electromagnetic launcher structure
behaviour, which acts by electromagnetic forces, is analyzed. The dissertation is
devoted to the investigation of two-rail type electromagnetic launcher by solving
coupled electromagnetic and mechanical tasks consistently.



2 INTRODUCTION

Relevance of the Thesis

The mechanical behaviour of the electromagnetic launcher during the flare move-
ment in the fire channel, the changes in force or shape of the components in its
construction elements depends on the frame design of the structure and the effect
of the electromagnetic forces acting on the structure. It is mechanical properties
that are less studied in the field of complex multifunctional processes. The dy-
namic behaviour of electromagnetic transmission and the local effects of electro-
magnetic forces in the structure is an important scientific and technological prob-
lem that solves the research and design of this type of device and improves its
performance.

This work uses a coupled two-way electromagnetic and mechanical applica-
tion solution to investigate the overall behaviour of the EM launcher construction.
The calculation method is a composite and performed in a series of steps: solving
the electromagnetic problem, introducing integrated force density into the force
volumes and the task of the task force in solving mechanical assignments. Such
consistency allows solving large-scale problems by saving computing resources.

The task of the 3D modelling of the electromagnetic launcher operation is
complex and important, helping to improve the existing equipment and identify
the most problematic design issues.

The Object of Research

The contribution of the 3D magnetic field to the mechanical behaviour of the two-
rail open-bore design EM launcher is the object of research.

The Aim of the Thesis

The evaluation of the contribution of the 3D magnetic field forces to the mechan-
ical behaviour of electromagnetic launcher presents the main goal of the thesis.

The Tasks of the Thesis

In order to achieve the aim of the thesis, the following tasks have to be performed:
1. To review the literature studies on electromagnetic launcher fields, to
analyze existing electromagnetic and mechanical analysis methods.
2. To develop the 3D electromagnetic and structural FE models for the two-
rail open-bore RAFIRA EM launcher.
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3. To evaluate 3D variation of the magnetic field and magnetic load in the
vicinity of the moving armature using developed EM model sequence.

4. To evaluate the difference between the EM load into the EM launcher
construction volume and the mechanical load on the EM launcher rail sur-
face.

5. To investigate the influence of electromagnetic load on the mechanical
behaviour of the EM construction.

Research Methodology

To investigate the object, the weak coupling research of numerical
electromagnetic and structural analysis by the finite element method is chosen.

Scientific Novelty of the Thesis

The following new results were obtained when researching open bore EM launch-
ers construction:

1. An algorithm for local application of the EM force model, for the mechan-
ical analysis of the whole structure, was developed. The solutions of these
models allow estimating the influence of structural elements and projec-
tile armature geometrical parameters.

2. Calculated volume forces generated by a magnetic field that estimate the
spatial effects of these forces on the mechanical behaviour of the con-
struction.

3. The mechanical behaviour of the structural elements characteristic of an
open bore EM launcher has been investigated: acting forces of the con-
structing bolts and rail surface deformation.

Practical Values of the Research Findings

In this work, an electromagnetic and mechanical model of the electromagnetic
launcher is introduced, which can be adapted to each mode of operation of the
electromagnetic launcher. The applied computational algorithm allows one to
study the distribution of electromagnetic and mechanical gradients in the volume
of the electromagnetic launcher design, which can identify the weakest points of
the structure and make improvements in order to improve the efficiency of the
electromagnetic launcher operation.



4 INTRODUCTION

The investigations carried out in this work have a functional value and can
be very useful in practice, and the proposed idea of a connected task can be applied
to the study of other forms of electromagnetic launcher.

The Defended Statements

The following statements based on the results of the present investigation may
serve as the official hypotheses to be defended:
1. Estimation of distributed volume forces reduces localized deformations
into EM launcher rail.

2. The volumetric magnetic forces distributed overall rail volume cause an
uneven deformation of the rail surface.

3. The magnetic force decreases at the region near EM launcher construction
bolts.

Approval of the Research Findings

The main results of the doctoral dissertation were published in 7 scientific papers:
4 papers in journals indexed in Clarivate Analytics Web of Science (Schneider
et al. 2013), (Stonkus et al. 2015), (Rackauskas et al. 2018), (Rackauskas et al.
2018) 1 paper in conference proceedings indexed in Clarivate Analytics Web of
Science Proceedings (Stonkus et al. 2015), and 2 paper in conference proceedings
(Rackauskas et al. 2015), (Rackauskas et al. 2016).
The author has made 4 presentations at 4 scientific conferences at national
and international levels:
e International conference “The 17-th Electromagnetic Launch Technology
Symposium (EML)”, held on 7—11 July 2014 San Diego, California.
e International conference “Polish Congress of Mechanics and Computer
Methods in Mechanics (PCM-CMM 2015)”, held on 8-11 September
2015 in Gdansk, Poland;
e International conference “The 18-th Electromagnetic Launch Technology
Symposium (EML)”, held on 24-28 October 2016 Wuhan, China.
e 13-th International conference “Mechatronics Systems and Materials”
held on 3-5 July 2017, Vilnius, Lithuania.
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Structure of the Dissertation

The dissertation consists of an introduction, four main chapters, general conclu-
sions, references, a list of publications by the author on the topic of the dissertation
and a summary in Lithuanian. The total scope of the thesis is 100 pages, 31 equa-
tions, 41 figure and 4 tables. For the present dissertation, references were made to
92 source papers.

Acknowledgements

Firstly, I want to thank my supervisors Rimantas Kacianauskas that lead and con-
sulting me during my study time.

I also thank my supervisor at ISL Markus Schneider who trained and helped
me while I was doing this research. I would like to thank him for his suggestions,
advice, especially for interesting and valuable discussions.

My sincere thanks are extended to colleague at ISL: Martin Roch for spend-
ing time on exciting conversations and leisure activities during the staying period
at ISL.

I want to express my heartful gratitude to my family. The support of my wife
Ieva and my son Izidorius was priceless. I am grateful to my parents Danguolé
and Gintautas for their support during my life and education.






The Review of Numerical Analysis
Methods of Electromagnetic
Launcher

An EM launcher is a device which converts electric energy into kinetic energy
(Liebfried 2011). This chapter provides an overview of the literature on investi-
gation scopes and methods of the EM launcher application.

Parts of this chapter are published in Schneider et al. (2013), Stonkus et al.
(2015) and Rackauskas et al. (2018).

1.1. History of an Electromagnetic Launcher

The idea of EM launch was suggested in the 19th century. The first efforts to
develop an EM launcher were undertaken by Kristian Birkeland in Norway
(McNab 1999). In the following World War I further ideas were developed by
French scientist Fauchon-Villeplee. He built the EL launcher in about 1916 and
submitted a patent application on June 22, 1916. Later, during World War II, the
work in Germany was very important for the breadth of its innovation and derailed
analyses undertaken. Dr. Joachim Hansler was the focal point for the studies in

7



8 1. THE REVIEW OF NUMERICAL ANALYSIS METHODS OF ...

railgun application. At the same time, the Japanese program for railgun was
undertaken by the 7th Army Technical Research Laboratory and Tokyo Shibanara
Electric Company (McNab 1999). Over the last century, many experiments have
been done to improve the launcher design and to create more powerful devices.
In the last years, scientists and engineers have focused on the development
of simulation methods. Simulation provides the potential to obtain information
about the main physical parameters such as current density, magnetic flux density,
mechanical deformation and thermal distribution during EM launcher operation.

Table 1.1. The classification of electromagnetic launchers

Device | Group Class EM launcher name
Reconnection
Collapsing wave
Linear induction motor
Conventional railgun
Series-augmented railgun
Parallel-augmented railgun
Muzzle-shunt railgun

Armature current provided
by the indirect connection

Multi-rail
Armature current provided Coaxial rail
by direct connection Conventional helical
Voice coil
o High n helical
g § Variable gradient helical
fé &b Reluctance
=t g Synchronous (powered coil)
3 = Electro-thermal-chemical: SIRENS
3 )
= use plasma hydrostatic Electron beam electro-thermal
pressure

Magnetic: uses only mag-
netic field force
Electrostatic: use only Contact
electric field force Bombardment
Externally-augmented railgun
Voice coil (permanent magnet)
Hybrid: uses combinations | Synchronous (permanent magnet)
of devices, groups, clas- Electrical exploding railgun
ses, and types Electro-thermal-railgun
Gun-railung
Railgun-rocket

Permanent magnet
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Till nowadays a lot of EM launchers concepts were created. The differences
of EM launchers and their special types are presented in Table 1.1 (Engel 2017).
Also, Table 1.1 represents the classification of EM launchers. It indicates a huge
amount of EM launchers concepts and various opportunities for use of this appli-
cation. The stage of classification is to divide the EM launcher group into six clas-
ses. The specific manner in which the EM force is produced serves as the standard
to perform this division. All cases can be divided into 27 types of the EM launch-
ers. The EM launcher type classification indicates the refinement of the force
generation mechanism. The thesis presents the investigation work based on
Conventional railgun type EM launcher from Armature current provided by direct
connection class.

1.2. Principle of Operation

The EM forces are the result of the Lorentz forces produced by the interaction
between the electromagnetic travelling wave and the sleeve. The physics of the
Lorentz force F acting on a charged particle is calculated according to equation
(Bengui et al. 2011; Hasirci et al. 2015):

F=q(E+VxB). (1.1)

The forces f =dF /dV per unit volume containing N charges which move
with velocity Vin a magnetic field, then

f =qE + jxB, (1.2)

this formula without the electric field (gE ) will be referred as the Lorentz force:
F=[7xBdv. (1.3)
v

The electromagnetic forces acting on the armature are not only the source
loads during the structural analysis but also the basis and connecting link between
the magnetic field and the structure. This work deals with rail launcher which
operates according to this principle.

The EM rail accelerator is a device consisting of two rails and an armature
between them (see Fig. 1.1) (Marshall and Ying 2004). The power supply (e.g.,
capacitor and pulse forming unit) and the others components (e.g., switches) are
required to operate railguns (Keshtkar et al. 2008). The pulse forming unit
generates pulsed currents which create high (in range of some Tesla) magnetic
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fields. The armature is a conducting part of the projectile of a railgun which is
capable of moving along the rails because of the Lorentz force acting on the ar-
mature due to the interaction between the current flowing in the armature and the
magnetic field generated by the rails. The accelerating force F of the projectile in
a shot direction (z) can be calculated using following formula (Peterson 1993;
Marshall and Ying 2004):

1,
FZ=5|_|2, (1.4)

here L’ = dL/dz is the inductance gradient of rails in shot direction.

The current flows from the current source along one rail pass through the
armature, which is perpendicular to the rails, returns through another rail (see red
arrows in Fig. 1.1). The magnetic field is mainly produced in contour between two
rails and armature. The rails repel each other and they both, in turn, repel the
armature. The rails are fixed. Thus the armature starts to move as a result of elec-
tromagnetic means (Murugan and Udayakumar 2005).

Pulse
current

Energy Magnetic
supply field

Fig. 1.1. Illustration of electromagnetic rail launcher operation principe

Similar as in conventional guns the law of energy conservation exists which
state that the total amount of energy is conserved over time. According to this law,
the energy can change its as within the system, for instance, magnetic energy can
become kinetic energy (Perotoni et al. 2017). According to kinetic energy equa-
tion:

2
m-v
Exin = 3 (1.5)
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The variation of launching mass variates the velocity of launching mass (if
the mass is increasing the velocity is decreasing, or vice versa). Nowadays, rail-
guns can accelerate very large masses (more than 10 kg) up to velocities below
100 m/s and can accelerate small masses (some grams) more than 10 km/s (Mar-
shall and Ying 2004). The main advantage of EM launchers is that launching pro-
cess can be controlled much more easily than in conventional guns: the different
charged energy creates the different speed of launching mass.

e .
l f
Electrical energy released rapidly is converted in Kinetic energy of
(stored in capacitor (battery is missile (high speed
battery) discharged) moveable element)

Fig. 1.2. Illustration of electromagnetic launcher system (Domin, 2016)

The EM launcher system shown in Fig. 1.1 can be presented by block dia-
gram (see Fig. 1.2) which indicates the energy changing form during four stages.
The first stage is to accumulate electric energy into capacitor battery. The
capacitors keep the accumulated energy for discharge. The second stage is electric
pulse forming stage, where during this stage the capacitor is discharged, and the
energy in the capacitor is converted into an electric pulse. The electric pulse
current flow throws the EM launcher and converts the electric energy into
mechanical energy during the third stage. The mechanical energy can be estimated
according to equations (1.1) and (1.4). The last stage energy in the launched mass
can be estimated according to Eq. 1.5.

1.3. Types of Constructions

The three types of constructions are presented in Figure 1.3, which are under in-
vestigation nowadays. A simple railgun employs two parallel rails on both sides
of an armature. The conventional railgun constructions also investigated with dif-
ferent rail shapes. Most popular EM rail launchers are with rectangle rail in cross-
section. Moreover, the primary focus is to find the optimal operation mode for this
type EM launcher. However, other forms of rails are under investigation to find
the optimal rails considering the efficiency. The EM launcher constructions with
circular rails are discussed in these papers (Fahrenthold et al. 1989; Peterson 1993;
Bayati and Keshtkar 2015). The second type is the coil gun EML system, which
propels the projectile by an electromagnetic force caused by the electric current
that energizes electromagnetic solenoid coils (Musolino and Rizzo 2011; Abdo
etal.2017).
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Fig. 1.3. Three types of railgun presented: a) conventional railgun; b) coilgun;
¢) augmented railgun (Engel, Neri and Veracka, 2008)

The third type of the EM launcher (see Fig. 1.3) system that is accessible is
the augmented railgun. This type of EM launcher is based on parallel rails con-
struction with additional coils for the magnetic field augmentation. Using the
magnetic field augmentation, it is possible to reduce the current through the arma-
ture by applying an external magnetic field, which supports the magnetic field that
is produced by the electrical current in the rails (Roch et al. 2014).

Also, not only the shape of rails are investigated. The study is performed by
increasing the number of rails such as the hexagonal segmented railgun, the so-
called SR\3-60 s in ISL (Vincent and Hundertmark 2012). Alternatively, new
electromagnetic launcher, with sextupole rails, which the toroidal magnetic field
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interacts with the orthogonal toroidal current to generate axial acceleration force
(Xue et al. 2017).

a)

o\l |
EPM 203/ \Steel '\ Aluminium

Fig. 1.4. Closed bore electromagnetic launchers: a) closed bore type cross section;
b) open bore type cross section

Regarding the mechanical construction, two types of EM launchers exist.
One type is called closed structure, which is based on rail placed in the tube or
particular composite overlap (Fig. 1.4a). The system consists copper rails,
fibreglass sidewalls, an inner ceramic or fibre epoxy cylinder, and a steel outer
cylinder (Daneshjoo et al. 2007; Tzeng and Schmidt 2011). The other type could
be called open bore structure when the rails are connected with discrete bolts, and
in the particular cases the rail is not closed (Fig. 1.4b). The housing is constructed
from a combination of bars made of a glass fibre reinforced plastic material and
symmetrically located steel bolts (Tumonis et al. 2011).

1.4. Electromagnetic Launcher Application Areas

One of the main areas for the EM launchers to be considered is the defence objec-
tives. Naval applications of railguns include ship defence, direct fire, and long-
range indirect fire to support troops ashore. EM launchers will exceed the operat-
ing parameters of conventional guns and will also be able to replace traditional
weapons for various missions (Thomas 2014). The main advantage of EM
launcher is a significantly higher firing speed (2-3 km/s), which exceeds the
standard propellant speed (McNab et al. 2005). For this reason, the propagation
time to the target and the radius of the impact of the flight are shorter. The EM
launcher to not use the chemical propulsion which is highly flammable and ex-
plosive (McNab and Beach 2007).
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When modern railgun research began in the 1970s, it was believed that EM
launcher will be able to achieve up to 50 km/s, because similar velocities had been
observed when arcs alone had been studied (Mcnab 2013). However, by the mid
of 1980s, a velocity ceiling was 6 km/s, and nowadays the experiments with solid
payloads reach 11 km/s. One of the essential assets of such an EM launcher is the
launch fee, which should not exceed $ 600 / kg, while Space Shuttle space cost is
more than $ 20,000 / kg (McNab 2009, 2015).

Also, the application of EM launchers is in nuclear physics (Keshtkar et al.
2008) and other technology fields such as ultra-high pressure investigations space
industry, or hypervelocity research (Hively and Condit 1991; Kolm et al. 2017).

From the very first flight to space, engineers began to develop materials for
the outer shell of satellites, which would protect their electronic equipment from
both harsh space conditions and harmful cosmic dust. The assessment of damage
to these collisions is important for the space industry. Physical tests, when the
protective material is directly exposed in orbit, is expensive and takes a long time,
so for reach this range of speed for the experiment the EM launcher is used. They
are used to investigate the effects of micrometre shock protection when the target
is struck from 107 to 1077 g particles accelerated up to 11 km/s (Upshaw and Kajs
1991).

The future of EM launcher applications is the managing nanostructured fu-
sion is the hope of future energy. The cyclic transport of hydrogen isotope bottoms
to magnetically isolated plasma in these studies is a widely accepted measure. It
makes it possible to support the constant thermonuclear fusion efficiently. EMC
is also used for this purpose. With the help of the shooters, fusion plasma is shot
at a speed of 10 km/s, and the repetition rate is more than 10 Hz (Tompkins et al.
1995).

Research in this direction is further developed. In the future, these devices
will be used in the aforementioned areas and many other fields of science and
industry.

1.5. Finite Element Method

FEM is one of the most widely used related calculation methods for solving the
problems of mechanical, thermal, hydraulic, electromagnetic, effisency and other
physical systems. The modelling of dynamic processes is also the scope of FEM.
History of the development of the finite element method begins in the 20th cen-
tury. The FEM algorithms are universal in solving the problems of various phys-
ical systems, so there is no need to go deep into many solution methods of tradi-
tional analytic equations The main drawback is the fact that they are specific for
each task class.
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Essential quadratic finite element method steps:

e the area of any complex geometric shape is represented by the finite
number of elements of a simple form;

¢ in the domain of each element, the differential phenomenon describing
the equation in flabby derivatives is roughly replaced by an algebraic
equation system;

e clemental algebraic equations are connected to a uniquely solved alge-
braic level system.

The physical process examined in each finite element is fully described, with
small areas with initially unknown boundary conditions. A mathematical problem
is formulated as a differential equation or a change in the algebraic equations of
the energy functional, which describes the issue under consideration. For each
element, a system of PDE is solved by numerical linear algebra methods (Logan
et al. 2007). The elements are joined via nodes, which are indexed by numbers.
The elements have to be small enough to give useful results and large enough to
save computation resources.

1.5.1. Finite Element Method in Electromagnetics

The numerical solution of the problem is carried out by the method of FEM. The
application of FEM is straight-forward if potential functions are introduced. Two
options are open: the field quantities can either be represented by a magnetic vec-
tor potential A and an electric scalar potential V (Bir6 et al. 2014).

The magnetic vector potential is introduced as an artificial quantity without
Electrical potential. Therefore, to present the vector potential solution, the defini-
tion of magnetic vector potential can be used:

Vx{A}={B}. (1.6)
The electric scalar potential is to model fields inside conducting regions
(Rodger and Leonard 1993):
oB
Vx{El=——. 1.7
=7 (1.7)
Continuing the derivation of the matrix:

{E}=-{%—?}—VV. (1.8)

It can be shown that vector potential A obeys the following equation (Beno
1991):
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A=+ de’, (1.9)
4nv, |r-r| )

here V’ is the volume of space filled with charges, the quantities of r’, r are the
distance from zero points till current caring point and from zero points till calcu-
lating point. The integration performs in all region of space includes all current
sources of conductor and nonconducting regions.

The vector potential formulation is applicable to both static and dynamic
fields with partial orthotropic nonlinear permeability. The basic equation to be
written (Zienkiewicz 1977; Bir6 and Preis 1989):

[S]ie} +[Z]{o} ={Ji}. (1.10)

{0}={{{—}}}- (1.11)
Electric scalar potential:

{Ve} =(ve = [vat). (1.12)

The method is the basis of all FEM methods in EM behaviour investigation.

In these days the numerical calculations are used for each investigation re-
garding the distribution of magnetic and electric field or current distribution in
current carrying conductor. The most of papers deliver the 2D models which pre-
sent the investigation at particular slice which usually described certain boundary
conditions (Jarnieux et al. 1994; Ren et al. 1995; Keshtkar 2005; Keshtkar et al.
2008). This type of FEM investigation lets to see the principal view of what hap-
pens in the local paces of construction. The 3D models become more and more
popular. This type of modelling has been applied to three-dimensional problems
regarding a magnetic vector potential and an electric scalar potential employing
a current vector potential and a magnetic scalar (Liebfried et al. 2011; Koczka
et al. 2009; Parker 1998; Schneider et al. 2009).

The FEM software such a MEGA, COMSOL, Ansys Maxwell are the most
known for EM launcher problems investigations. Also, the other packages which
let to operate with magnetic vector potential and electric scalar potential.

here:
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1.5.2. Finite Element Method in Mechanics

From physical point, the EM launcher looks like a sandwich beam. Most papers
are modelling the EM launcher construction as a beam. The mechanical defor-
mation behaviour of the EM launcher structure under static action and dynamic
loading using different finite element models.

The sandwich beam theory is available to study their suitability for applica-
tion in 1D sandwich plates using the Fourier-Galerkin method and FE model. For
nowadays the 1D investigation is not popular. The 2D and 3D investigations are
at the top of science. The studies of free and forced vibration of sandwich beams
under the action of double moving harmonic loads. The load travelling with
constant velocity by using Timoshenko beam theory and studies of the elastostatic
behaviour of sandwich beams based on a quasi-3D theory.The symmetric
smoothed particle hydrodynamics method exists in mechanical investigation
(Kahya and Turan 2018).

The method of linear elasticity and equations of the stress field in the tensor
form is expressed as follows (Bengui et al. 2011):

Gij,j + fi ZO,
1
1+v \%
&jj Z?Gij —EGkkSij-

From the controlling equations of the EM field, electromagnetic force equa-
tions, and controlling equations of stress field, it is known that the strength of the
armature is a coupled problem considering the interaction between the magnetic
field and structure. On the one hand, the electromagnetic forces acting on the ar-
mature cause structural deformation; on the other hand, the shape and position of
the armature are changed by structural deformation, which leads to a variation of
the eddy current and the electromagnetic forces.

Other way of investigation is based on the full construction behaviour during
the launch operations (Wagg and Neild 2010).

[M]i(t)+[Clut)+[K]u(t) = Fy (b). (1.14)

To calculate the magnetic force into mechanical construction rail in literature
mostly usable method to calculate the current caring conductor produce the mag-
netic pressure which is proportional to the electric current flowing in the current
caring conductor (Schuppler et al. 2013a).
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The idea of FEM method is to divide construction into small bodies and per-
form the linear equation system to solve the static and dynamic models. Figure
1.5 visualizes the finite element of cube shape. The finite element model per-
formed on the models using Eq. (1.13) for the static investigations and equations
(1.13) and (1.14) for the dynamic investigations. The scientist are divided into two
groups. One of them works with local investigations which concentrate on rail
armature contact area to investigate local behaviour (Feng et al. 2015; Yang et al.
2016; An et al. 2017). Other groups of scientists work on a conventional system
of EM launcher to investigate the construction behaviour (Fahrenthold et al. 1989;
Che et al. 2017). Both groups of scientist use the same modelling method with
different simplifications and different boundary conditions.

Fig. 1.5. The visualization of electromagnetic launcher construction finite element
at one point on the armature (Xu and Geng 2012)

The FEM software such an ABAQUS, COMSOL, Ansys are most knows for
EM launcher structural problems investigations.

1.6. Applications of Finite Element Method in
Electromagnetics

The two techniques exist of EM launcher investigations. One of these techniques
related to EM launcher operational behaviour. This type of technology is neces-
sary to simulate the launching algorithm to calculate the power supply operation
and compute the armature speed which is vital to launching target calculations.
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To describe the function numerically one of the great codes is PSPICE where con-
stitutive equations are converted into circuits consisting of essential circuit ele-
ments (Wey et al. 1997; Liebfried et al. 2013a). Another possibility is to use the
MATLAB software with Simulink package which also allow to works with func-
tion blocks. Even there are already programmed libraries, which are let to intro-
duce the solving equations for EM launcher operating behaviour. In days of IT
technology, the free software such as Scilab is available (Siaenen et al. 2015). It
is the software based on block diagram model of the differential equation system
of the launcher and its power supply. The model is easily extendible to comprise
side effects, solves reliably, and allows the inclusion of sophisticated control sys-
tems.

The second technique of EM launcher investigation is based on the time-
varying electric field which generates a time-varying magnetic field and vice
versa. It is the oldest study which investigates the magnetic and electric effects.
This variation can be described by Maxwell’s equations which have been devel-
oped in 19th century by James Clark Maxwell (Knoepfel 2000).

This technique is usable for local construction investigations and satisfying
at all points of space. Using Maxwell equations, the magnetic and electric field is
investigated. The interaction between the total current at the input into a rail and
at armature/rail interface in the result of solving Maxwell’s system of equations
(Galanin et al. 2003).

The investigation based 2D current distribution and magnetic field in the cur-
rent caring conductor and around it. The current density distribution and magnetic
flux density for different cases and their corresponding different dimensions sizes
have been calculated by FEM. This investigation is done by Bayati and Keshtkar
(2015).

The magnetic field distribution inside and around the construction also was
done by ISL scientist. 2D investigation on moving armature analysis was done by
Stankevic et al. (2013). In the study, the measurements were made experimentally
of the magnetic field and the numerical model using Comsol software was created
and verified. The next 2D investigation was performed by Keshtkar et al. (2008)
study, where 2D magnetic field distribution inside and around the EM launcher
rails cross-section was investigated. The numerical investigation was done using
Ansys software. The scientist's group of Tan (Tan et al. 2017) did a numerical
investigation and presented the differences by numerical calculation on 2D and
3D investigation modes. The results of current distribution inside the rail and ar-
mature are presented.

The numerical model using Comsol software was performed by Liebfried
et al. (2013b). These researchers investigated the electric current distribution in-
side the armature. The 3D model was performed, and validation of the model was
done by measuring magnetic field inside the armature.
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The contact pressure between the rail and armature investigation was done
by Feng et al. (2015). The group of scientist investigated the 3D modelling of
contact pressure distribution which was carried out with the FEM. The 3D contact
calculations, current entered the armature from the trailing edge.

1.7. Applications of Finite Element Method in
Mechanics

In literature, the mechanical investigation of EM launcher is based on two differ-
ent ways. One way when the structure of construction is investigated locally. All
local structural mechanical problems can be solved according to static analysis of
mechanical theory at a given time, and calculation of stress and deformation.
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Fig. 1.6. Simplified electromagnetic launcher geometry: a) (Johnson and Moon, 2007);
b) (Lee et al., 2017); ¢) (Tumonis et al., 2011)

To capture the large-scale dynamics, the model of the electric current con-
ducting guide rails as Timoshenko beams and the rest of the insulator-support
structure as an excellent elastic foundation as shown in Fig. 1.6. In literature, most
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of the authors investigate the different forms of mechanical EM launchers. How-
ever, often they make the model more straightforward to save calculation re-
sources.

The mathematical model describes the dynamic behaviour of the FEM of the
railgun structure under the influence of the expanding pressure load moving along
the rails. The dynamical behaviour of the rail is modelled using

2 4
M Det | g, 2 Dt | ke = [ 1-H (x-Vt) ] (1.15)
ot OX

The elastic constant from the elastic foundation will be derived from either a
closed form or numerical solution such as finite-element analysis. The loading

function Q [1 -H (X —Vt)] represents the magnetic pressure front travelling along

the rail with a constant velocity represented by a Heaviside step function. The
magnetic pressure is assumed to be constant also (Tzeng 2005; Johnson and Moon
2006, 2007).

1.8. Coupling Concept

In the literature vary types of coupling caulculating models exist. The EM
launcher related to three types of coupling: magnetics, mechanical and thermal.
These three physical states appear during the EM launcher operation. Full cou-
pling of all physical states investigation is poured an only few papers present the
idea of investigation (Hsieh 1995; Yang et al. 2017). The full EM launcher con-
struction investigation with three state coupling is not yet known. The magneto-
thermal coupled and magneto-mechanical coupled investigations are favourite
nowadays.

The magnetic-structural coupling relationship is very complicated. Solving
this problem with the analytic method is difficult. Finite element method is
adopted to analyze the complex problem. The numerical algorithm based on var-
iational principle and subdivision interpolation is suitable to solve the magnetic-
structural coupling issues (Bengui et al. 2011).

Two types of models are possible to solve a coupled magneto-mechanical
problem. The first is the weak coupling, in which the magnetic equation and the
mechanical equation is solved separately. In general, there was no link between
those two calculations. In the Eq. (1.16) the calculation matrix of weak coupling
is presented (Gros et al. 1998). The Eq. (1.16) shows that only calculated results
from electromagnetic calculation transfers to mechanical calculation and after me-
chanical calculation the results do not return to electromagnetic calculation for
next iteration calculation.
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{Magnetic} [Coupling}

term terms Magnetic | | Coercitive field 16
0 Mechanical | || Mechanical | Coercitive stress | (1.16)
term

The second type of modelling is a robust coupling model. A “prediction—
correction” procedure realizes the coupling model. First calculates the magnetic
field and then the magnetic force distribution. After that, the magnetic force is
inserted into the mechanical equation to calculate the displacement field (Jarnieux
etal. 1994).

Magnetic Coupling
term terms

(1.17)

Magnetic Coercitive field
| Coercitive stress |

[Coupling}T {Mechanical} {Mechanical

terms term

The coupled system is non-linear because of the magnetic saturation and the
dependence of the magnetic field and force on the magnetic vector potential and
the displacement. In consequence, an iterative procedure should be used. System
solves for each iteration independly the following algebraic Eq. (1.17) for un-
known magnetic and mechanical increments (Ren et al. 1995; Besbes et al. 1996).

1.9. Conclusions of Chapter 1 and Formulation of the
Objectives of the Thesis

There are different analyzation methods for EM launcher electromagnetic and me-
chanical investigations existing in the literature.

1. In this chapter, the construction types of EM launchers and their analyses
methods were reviewed. The EM launchers analyses methods show that there
are various calculating methods which are related to EM launcher construc-
tion investigations seperatly. On the other hand, there is a lack of coupled
numerical methods that are suitable for investigating EM launchers construc-
tion behavior.

2. In the literature is possible to find the EM investigation based on Maxwell
equations and vector potential, but most of the investigations are performed
on the local problems, regarding EM launcher projectile speed.



1. THE REVIEW OF NUMERICAL ANALYSIS METHODS OF ... 23

The EM launcher is under investigation in the literature. Scientist groups
divided into different investigations areas. EM investigation, mechanical and
some of them working with coupling between different activities such a me-
chanical, thermal or electromagnetic. The electromagnetic investigation is
most difficult and requires many hardware resources to find the solution nu-
merically.

To achieve the aim, the following tasks have to be solved:

1.

2.

To develop the 3D electromagnetic and structural FE models for the two-rail
open-bore RAFIRA EM launcher.

To evaluate 3D variation of the magnetic field and magnetic load in the vi-
cinity of the moving armature using developed EM model se-quence.

To evaluate the difference between the EM load into the EM launcher con-
struction volume and the mechanical load on the EM launcher rail surface.
To investigate the influence of electromagnetic load on the mechanical be-
haviour of the EM construction.






Data of the RAFIRA Electromagnetic
Launcher

In this Chapter, the physically electromagnetic launcher model based on RAFIRA
EM launcher is presented. The physical parameters, experimentaly measured data
and geometry of application are showed in detail. The main parameters are
presented to set the boundary conditions for electromagnetic and mechanical cal-
culations.

Parts of this chapter are published in Schneider et al. (2013), Stonkus et al.
(2015) and Rackauskas et al. (2018).

2.1. The View of RAFIRA Electromagnetic Launcher

RAFIRA is one of the EM launchers ISL. It has proven its multishot capability by
launching two projectiles at a repetition rate of 30 Hz. The next step was to extend
its ability to accelerate more than two projectiles in a row. This task seemed to be
straightforward because existing electrical and mechanical components were cop-
ied and added (Schneider et al. 2009). This kind of railgun was produced to in-
vestigate the multishot capacity of the multiple fibre brush and C-shape armatures
technology. The calibre of the projectile is 25%25 mm? where the length can be
changed.

25
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The main components of EM accelerator are two rails, current injection units
(perpendicular to rails), housing bar and supporting bolts. The RAFIRA railgun,
which has on open bore construction is presented in Fig. 2.1. The biggest part of
arailgun is the main accelerator. RAFIRA also has two pre-accelerators which are
used to push projectiles into the main accelerator for multi-shot purposes (Schnei-
der et al. 2009).

3000 mm

current injection of main accelerator

Fig. 2.1. Electromagnetic launcher RAFIRA
(Schuppler, Alouahabi and Schneider, 2013)

The calibre of RAFIRA railgun is of 25x25 mm?. It means that the projectile
of this railgun is with 25x25 mm? cross-section. The main conducting parts are
rails with a cross-section of 20x25 mm? and injection units with a 45x45 mm?
cross-section (Schuppler et al. 2013b). The cross-section of the injection bar is
more than three times bigger than the rail cross-section. This is because the cables
are plugged into it. The injection unit connects the main accelerator’s rails with
energy supply via coaxial cables.

2.2. Parameters of an Electromagnetic Launcher

In this dissertation, the major attention is dedicated for main accelerator investi-
gation. This part of EM launcher construction is most significant. The structure
consists of a combination of two bars made from glass fibre reinforced plastic
connected by 160 steel bolts, which are positioned in four rows. The length of this
part is 3 meters.
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[ W W |
GRP bar Insulator
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160 steel bolts

Fig. 2.2. Electromagnetic launcher main accelerator structure of RAFIRA: a) part
for electromagnetical calculations; b) part for mechanical calculations

Table 2.1. Material parameters used for numerical simulations

Structural member Material Physical properties
Density: pr = 8900 kg/m?
Young’s modulus: E; =120 GPa
CuCrlZr Poisson’s ratio: v = 0.3
(CRM 16N) | Electrical conductivity: ¢ =5.8-107 S/m
Relative permittivity: & = 1
Relative permeability: pr=1
Density: pn= 1850 kg/m?
Young’s modulus: E, = 18.0 GPa

: Poisson’s ratio: v =10.3
Housing GRP Electrical conductivity: 6 <<1 S/m
Relative permittivity: & = 1
Relative permeability: pr=1
Density: pn= 7850 kg/m®
Young’s modulus: E, =210.0 GPa

Poisson’s ratio: v =10.3

Bolts Steel Electrical conductivity: ¢ =6.9-10° S/m
Relative permittivity: & = 1
Relative permeability: pr=1
Electrical conductivity: 6 <<1 S/m
Ambient Air Relative permittivity: & = 1
Relative permeability: pr=1

Rail, armature
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In the Fig. 2.2 the main accelerator presented without current injection unit
which is necessary for cable connection. The influence of current injection unit is
not taken into account. Only main accelerator is under investigation.

The construction of main accelerator is made from various materials such as
copper, GRP, steel and the modelling ambient (in EM investigation the ambient
is necessary for magnetic field calculations). All these materials and their param-
eters needed for electromagnetic and mechanical models’ investigations are
presented in Table 2.1.

2.4. Power Supply

At present RAFIRA can fire not more than three shots in a multi-shot experiment.
The first projectile placed in the main accelerator, the next two in two pre-accel-
erators (see Fig. 2.1). RAFIRA has eighteen power supplies, while fifteen of them
are separated into three parts (Wild et al. 2015). A five power supplies are for
each shot at the main accelerator and two power supplies for each pre-accelerator.
In two-shot case, the different variations of power supplies can be used. For ex-
ample, eight power supplies can be used for each shot and one power supply for
pre-accelerator.

The power supply is an essential element of the electromagnetic launcher.
This device enables to store energy from a low power source (from standard elec-
tricity point) during a long time (some minutes) and release the very high energy
in very short time (nanoseconds or milliseconds). In Fig. 2.1 the power supply has
eight capacitors with 385 puF. The capacitors can be charged to 10.5 kV. The
power supply also has a PFU (Liebfried et al. 2013a), which consists of spark gap
switch, initial resistance, crowbar diodes and pulse forming inductances. This type
of one PFU can form pulse with the shape as shown in Fig. 2.3 (Current 11-I5
lines). The full charged power supply generates a pulse with a duration of 5 mil-
liseconds, and the amplitude of pulse current reaches 205 kA. The current pulse
is unsymmetrical: it increases and achieves the maximum value very fast while a
decreasing process is slower. The maximum amplitude during discharge of capac-
itor is reached in 0.2 ms, and other time of all pulse duration (5 ms) the value of
pulse current is decreasing.

There are also possibilities to use more than one power supply and to trigger
each of them separately. This connection of different power supplies allows
increasing the electric energy which is necessary for railgun operations. The
variation of triggering is producing different pulses. The total current pulse
produced with five PFU is shown in Fig. 2.3 (red curve). This shape of the pulse
was used in railgun experiment. The current maximum value was reached at
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640 kA, which was used for calculations in the time-harmonic case and later in
the transient case.

The triggering process is one of most important task for preparation of the
EM launcher launch experiment. Each current pulse depends on energy stored in
the capacitor, which can be calculated according to following equation (Knoepfel
2000):

Eep == CU”, 2.1)

here C is capacity of the capacitor and U is the voltage of the capacitor.

The different triggering algorithm of PFU receives different current pulse
which directly affects the launching process that plays a vital role in construction
behaviour. In case of triggering a large number of capacitors, the construction can
be damaged or destroyed.

[ Current 11
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i Current 12
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200f
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Time. ms
Fig. 2.3. Experimental current pulse gained during the experiment with five
capacitors.

The graph presented in Fig. 2.3 shows experimental measurements. The
measurement was done by using Rogowski coil. The Voltage measurement be-
tween the rails of a railgun is regularly performed at the breech and the muzzle of
railguns. At ISL, the measurements are performed using voltage dividers,
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optoelectronic transmitters, and oscilloscopes. Such a measure gives valuable in-
formation on the contact behaviour between the armature and the rails (Liebfried
2011).

R1
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L

Fig. 2.4. Rogowski coil visualisation (Wikipedia 2017)

A Rogowski coil is an electrical device for measuring alternating current or
high-speed current pulses. It works by sensing the magnetic field in the space
around the current carrying conductor (see Fig. 2.4). Ampere’s law provides the
relationship between the current in the conductor and the magnetic field around it
(Metwally 2013). These coils are placed around the current feeding cables. It
measures each cable separately. Using superposition principle, the current can be
summed and the full current pulse loaded with EM launcher can be measured (see
Fig. 2.4).

2.5. Types of Armature

The armature is central moving part of EM launcher which is necessary to propel
the payload. This part of EM launcher makes a short circuit between rails to get
current flow. The RAFIRA EM launcher can operate with two types of armatures:
C-shape armature and brush armature (see Fig. 2.5).

The brush armatures (see Fig. 2.5b) has advanced things in case of material
loss is permitted. The brush, being initially greater in length than the distance be-
tween the rails, is shortened by erosion and wear during the shot and finally loses
direct contact due to insufficient length (Schneider et al. 2003). For several years,
the EM launcher research at ISL has concentrated on the application of the so-
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called brush armature technology to low and high-energy railgun experiments. To
reduce the parasitic mass of the projectile body, the standard material being used
for the sabot is GRP (Hundertmark et al. 2013; Lee et al. 2017).

The C-shape of armature is different than brush armature. It is the excellent
construction of armature that is under investigation nowadays. The main
advantage of this armature type is that the shape is “C” makes good contact
between rail surface and armature body (see Fig. 2.5a). The force which deflects
the rails near the armature also deflects the armatures C shape stern (Bourell and
Persad 1999; Zielinski et al. 2003). This ability to change the shape of armature
during the launch process ensure the current flowing through the rail to the
armature. The C-shape armature is very difficult to vary parameters during the
experiments (Stefani and Parker 1999).

a)

Fig. 2.5. Armatures which used during the experiments: a) is the C-shape armature;
b) is the brush armatures (Wild et al. 2017)

In literature, it is possible to find the investigations of solid cube armature.
The solid cube armature is convenient to investigate the EM effects distribution
in EM launcher construction. The simple cuboid armature is useful as a simple
model in calculating modes to present the magnetic and electric field distributions
in EM launcher construction (Rodger and Lai 2001). In real structure, this type of
armature is not useful, because the launching process the gap between the rails
increase and the contact between rail surface and armature became poor. The ero-
sion due to plasma appears. More armatures shapes and structures can be found
in the studies of McNab et al. (2011).

Approximately half of the literature regarding EM launcher investigation is
focused on armature investigation locally. In this type of study, the shape and
dimension are essential. In our investigation armature used to investigate the in-
fluence of rails, the effects of armature and armature construction behaviour were
not studied locally. All models in this thesis presented with solid cube armature.
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2.6. Load of the Electromagnetic Launcher

Electromagnetic and mechanical aspects occurring during launch are considered
in this work. The mechanical load is given by the magnetic pressure repelling the
rails. To calculate the spatial and transient properties of the magnetic pressure
between the rails experimental results were used. The transient pressure profile
was derived from current measurements. Experimentally measured current pulses
produced with five PFU are shown in Fig. 2.3 (red curve). The shape of the total
current pulse resulting from the superposition of the single pulses could be
realised as want. The maximum current amplitude cannot exceed 1 MA.
L' 2
p(t) o, (1), (22)

where L’=0,44 pH/m, w = 25 mm is the width of the rails, and h = 25 mm is the
rail separation (Schuppler et al. 2013b). According to this formula, the electric
current can be recalculated into the mechanical pressure and used in the mechan-
ical model.
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Fig. 2.6. The principle of the Doppler radar installation (Liebfried 2011)
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Fig. 2.7. Profiles of three relative parameters — electric current, projectile velocity
and projectile position along the rail in time (Stonkus et al. 2015)

The position of the front of the pressure region (corresponding to the location
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of the armature) was calculated using Doppler radar measurements of projectile
velocity (see Fig. 2.6). Using velocity and time data the position was estimated.
The results of armature position are presented in Fig. 2.7.

The Doppler radar is used for projectile velocity measurement. Due to this
measurement, the projectile location in the EM launcher bore at each time can be
set. This information is useful for creating the numerical model of EM launcher.
During every experiment in ISL, the two radar systems for projectile velocity de-
termination are installed: one installed at the breech and one at the muzzle of the
EM launcher.

The independent measurement of the velocity helps for the evaluation of the
projectile position. The profiles of the pressure, the velocity and the projectile
position in the railgun are presented in Fig. 2.7. The curves are presented in rela-
tive scale to show the relation of the corresponding quantities. The maximum val-
ues are 185 MPa for the pressure, 1136 m/s for velocity and 3.017 m for rail po-
sition. This profile was gained with 726 kA in amplitude current pulse. The
different magnitude of the current pulse and different algorithm of superposition
single current pulses receive the different result of measured projectile speed at
specific main accelerator position. The current pulse and projectile speed are ex-
perimentally measured parameters. The pressure of the rail surface is calculated
using transformation Eq. (2.2). The projectile position in EM launcher construc-
tion is calculating according to time and measured the projectile speed at this time.

2.7. Analysis Idea and Algorithm

The numerical modelling gives the opportunity to solve the various types of prob-
lems. This thesis focuses on EM and mechanical investigation. The two models
will be performed in series to see the mechanical behaviour of EM launcher. For
EM analyses the numerical model will take only 5% of all EM launcher in length.
This length was chosen to fulfil all requirements for EM calculations numerically.
The idea to investigate this way was necessary to solve the full EM construc-
tion by taking into account EM effects. The main issue of numerical EM model is
a more significant number of finite elements. In case of a projectile moving the
electric field can change up to 30 kHz. This requires that finite elements size could
not exceed skin depth (Pitman et al. 2004) in the current caring conductor. In our
numerical EM model, the element size at the inside rail surface is 0.01 mm.



2. DATA OF THE RAFIRA ELECTROMAGNETIC LAUNCHER

Boundary conditions for
electromagnetic model

|

s 4
i=i+1;
1i=ti-1 7 tatep

!

Electric current for

calculations
+ ~
Electromagnetic model with Finite element size is
14 cm geometry in length. ] 0.01 mm

Y

The electromagnetic results
integration over dedicated
volumes

Y

Matrix increase according the
necessary size of the
mechanical model

(repeatable)
!
The boundary condition for The matrix of volume force
mechanical model preparation for mechanical

model load

Y :

A Mechanical model of 50 1 Finite element size is 2
cm geometry in length r mm

v
The behavior of EM

launcher construction is the
result of mechanical

calculations

Yes

Fig. 2.8. The algorithm weak coupled consecutive model



2. DATA OF THE RAFIRA ELECTROMAGNETIC LAUNCHER 35

For the numerical mechanical model to solve the mechanical effects, the size
of the model should be big enough to see the behaviour of construction. In case
of vibration investigation, it is necessary to analyse full EM launcher construction.
To investigate the mechanical effects locally, we prepare the numerical model
which is 17% of all EM launcher in length. This size of a numerical model for
mechanical calculations can be solved more comfortable because the finite ele-
ment size could be hundred times bigger than finite element size of EM numerical
model. The finite element size influence for EM launcher construction behaviour
was investigated in the paper (Gildutis et al. 2012).

The experimentally measured parameters such as current pulse will be used
for EM numerical model as an input boundary condition. The measured magnetic
field and projectile velocity are used for numerical model verification.

In this dissertation, the investigation of EM launcher rail will be done in two
stages. Firstly, the electromagnetic model will be solved using Maxwell equa-
tions. After electromagnetic calculations, the load, which is gained from EM
model will be used for mechanical model calculations. This concept is used due
to a deeper investigation of EM and mechanical models. For EM model the FM
mesh should be tiny, and due to computation power, to build the full-size model
requires supercomputing machines. This type of full model investigation cost nu-
merical calculation time and calculation resources. Step by step investigation does
not require the calculating homogeneous data collection in EM modelling. For the
mechanical model the mesh FE size coarser in comparison with EM model so for
this calculation, the 3D model is a larger and can see the mechanical behaviour of
the construction (Yang et al. 2017).

In EM model, only rail, bolt and armature were modelled. In mechanical cal-
culation model, the real construction was built, and volume forces were applied
for calculation.

Fig. 2.8 shows the structure of weak coupled model calculation. The cycle of
the algorithm can continue with time steps according to the current pulse time.
This type of analyses requires less computer hardware resources comparing with
full model EM calculations. The algorithm calculation is performed in series.

2.8. Conclusions of Chapter 2

1. The experimental measurement of armature velocity during EM launcher
operation prests that the movement of armature starts after 0.3 ms. The
velocity was measured using two Doppler radars.

2. The pressure calculated using the time measured current pulse presents
the same shape as a current pulse. The superposition principle using 18
capacitors allow to create the current pulse, which can be built the various
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shapes. In this research thesis, only one shape of current/pressure pulse
was used.

The RAFIRA EM launcher is open bore EM launcher. The open bore
construction is convenient for investigation purposes. The flexibility of
operating systems and ability to measure each point at the mechanical
construction give the possibility to do experimental measurements and
according to the measured data make model of EM launcher construction
and improve models’ validation numerically.

The coupling concept is available in the conventional numerical
calculation software. The idea is to solve small model in the EM
modelling system and apply small model results for full mechanical
model investigations. This type of modelling does not require to solve full
EM model in which the gradients far away from armature is homogenous
and can be repeatable.



Electromagnetic Analysis of the
Electromagnetic Launcher

In this Chapter contribution, we analyze the foundations of our electromagnetics
modelling using electromagnetic calculations. We calculate a 3-D distribution of
the JxB volume force density in the rails and use them as input for our structural
mechanic’s model.

Parts of this chapter are published in Schneider et al. (2013), Rac¢kauskas
etal. (2015), Rackauskas et al. (2016), Rackauskas et al. (2018), Rackauskas
et al. (2018).

3.1. Electromagnetic Field Model

A 3-D FE electromagnetic model was generated for electromagnetic force calcu-
lations. The computational domain encompasses the volume required to determine
the distribution of the magnetic field. It involves the structural part of the full
model shown in Fig. 2.2a and the ambient air which is necessary for electromag-
netic calculations.

The development of the model relies on several assumptions such as model
symmetry, constructional reduction and simplification of bolts (in a model with
bolts). Due to the symmetry of the cross-section lying in the Oxy plane, only one-

37
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quarter of the structure outlined in the breech view (see Fig. 3.1) was considered
as the model domain. Thus, the model includes the half of a rail and housing bar
and one-quarter of the armature which are used for calculations. The air part of
the model is not shown in Fig. 3.1. To save calculation resources, a section of the
electromagnetic launcher of only Ly = 14 cm in length (see Fig.2.2a) was
modelled. This length of the model chosen using the “four calibres” rule is suffi-
cient to avoid numerical errors introduced by boundary conditions. The distance
between the start point of rail and armature should be four times bigger than the
gap between rails. The four calibre rule plays an essential role in force value. The
rule indicates how far the armature should be inserted into the breech of an EM
launcher to warrant that full propulsive force to be obtained when current is flow-
ing (Marshall and Ying 2004).

a)

b)

L, T

X b V4
Fig. 3.1. The structural part of the 3-D model used for calculation: a) top view
projection; b) breech view projection; ¢) side view projection, I — current flow

Two types of models were developed: a model without construction bolts and
a model with construction bolts. Detailed geometry of the structure part of the
models is presented in Fig. 3.1. The model without bolts is the same in size and
structure just bolts are excluded.

In the model with bolts, the side view shows that only three steel bolts de-
noted by 1, 2 and 3, were included. The path of the current flow is also showed in
black coloured arrows (see Fig. 3.1c). The top view shows the bolt positions in
the construction bar. It was assumed that these conditions allowed to investigate
the local effects of current flow and magnetic field distribution locally.
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3.2. The Calculation Method for the Electromagnetic
Case

These four equations are based on Ampere’s, Faraday’s and Gauss’s laws and can
be written in the differential form (Keshtkar et al. 2008; Ozakin and Aksoy 2016;
Yang et al. 2016):

. oD
V x H=j+—, 3.1
<Hr— (3.1)
Vsz-a—B, (3.2)
ot
V-B=0, (3.3)
V-D=p,. (3.4)

Most of the investigations are based on the quasistationary magnetic fields
approximation because the effect of the magnetic field is predominant. Therefore,
the displacement term OD/Ot can be neglected. The charge density variation is
also ignored and Eq. (3.1) should be rewritten as:

VxHj. (3.5)

The investigation of magnetic and electric fields is based on these
equations.

In this thesis, main calculation of electromagnetic fields is based on time har-
monics calculations. These type of calculations is not requiring a computational
cost for including the displacement current in Ampere’s law (then called Maxwell-
Ampere’s law) as was presented in Eq. (1.1) the calculation model continues with
equations:

J=6(E+v x B)yHjoD+,, (3.6)

E=-VV - joA. 3.7)

In the transient case, the inclusion of this term leads to a second-order equa-
tion in time, but in the harmonic case, there are no such complications. Using the
definition of the electric and magnetic potentials, the system of equations (3.1)
and (3.2) becomes:

—V-((joo —0°gy)A —ovx (V x AyHotHog,)VV — (IS +wP)=0,  (3.8)
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(joo —°g))A+V x (' V X A = M) —ov x (V x A)Ho+Hoe, )VV =

3.9

(J°+joP).

The time-harmonic assumption uses for armatures speed initialisation. The
electric frequency uses as a current pulse flow and the armatures changing be-
tween the construction bolts. That means the higher frequency of the current flow
indicates higher armature velocity through the construction bolts. This way of cal-
culations presents the current distribution at different armature velocities.

This method for calculations calculates the model with armature at a fixed
position. No moving effect. The velocity which is mentioned in the equations 3.6,
3.8 and 3.3 is v=0. Most of the papers are based on this type of calculations. To
calculate the moving armature effect, the velocity of Lorentz Transformation
(Gavrilov 2003) can be used. The moving frame is created by adding the velocity
of continuous bodies. In this model, the armature keeps at the fixed position, but
the bolts and rail body move with a certain velocity. To indicate the moving effect
the frequency set to 1 Hz, in case of fully frequency elimination the time transient
case equation should be solved. The time transient case requires second-order
equations in time which is asking for more powerful calculation hardware. So with
adding the velocity and reducing the frequency the simplified time transient model
could be used with certain armature velocities. The Eq. (3.9) can be rewritten as:

(jo—80)A+V x (1y'V X A = M) — v x (V x A)+(c+jgy)VV =

3.10
(JE+jP). (310

An operational definition of when it can be used is that the moving domain
contains an induced magnetic source (magnetization plus eddy currents) that has
to be stationary concerning the motion. Thus, used to model conductive with
homogeneous bodies such as long electromagnetic launchers or magnets over a
moving infinite homogenous plane (magnetic levitation trains) or flow of
homogeneous conducting fluid past a magnet.

3.3. Models of an Electromagnetic Launcher

To investigate the magnetic force distribution and understand the current flow be-
haviour, the few EM model were built for EM analyses. Firstly, the calculation
accuracy was checked by using JXB approach and magnetic energy methods. The
calculations starts with simple only rail model and in continuous work the differ-
ent types of armatures were added, and constructed bolts were introduced into
analyses. The schematic models of EM analyses are presented in Table 3.1.
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Table 3.1. Schematic models for electromagnetic analyses

Model structure

Name of model
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3.4. Boundary Conditions for Electromagnetic
Analyses

Since the structure is symmetric to x-z and y-z plans, only the one quadrant is
modelled (Musolino 2001). Five surfaces must be set by individual boundary con-
ditions which are described below. For electromagnetic simulations, special
boundary conditions were set. At x-y and x-z and also at cylinder shaped surfaces
(the air ambient usually set as a cylinder shape) the boundary condition nxA =0
and nxJ = 0 were set as “electrical wall”. This means that the current density and
magnetic density vectors are normal to the surface. At y-z plane the boundary
condition nxH = 0, which means that on this surface current density vectors are
normal and the magnetic field vectors are always tangential to this surface — called
“magnetic wall” (Hsieh 1995; Keshtkar 2008).

Magnetic wall Electrical wall

X z
Fig. 3.2. The visualisation of boundary conditions for the electromagnetic model

including the armature, rail, constructing bolts and air

In the Fig. 3.2 the “electrical wall” is not marked at the cylinder-shaped sur-
face and at the cylinder shape ends which is covered the volume of air ambient
are on x-y planes.

3.5. Finite Element Mesh and Their Evaluation

The model calculation started with accuracy investigation. The time harmonic
solver was used to investigate mesh of the FE. A rail-armature model was solved.
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As was mentioned in Chapter 2 the FE method accuracy depends on finite ele-
ment size.

The current density near the surface depends on alternating current frequency
or pulse duration in pulsed power application. The current density at the surface
increases when the frequency increases and vice versa. The main current carrying
volume is at the surface and it can be described as the skin depth. This parameter
explains how deep from the surface is distributed the main current (Knoepfel
2000).

2
5= P, (3.11)
T

The skin depth estimate the minimum mesh element size near the surfaces,
where the skin and proximity effexts appears.

A quarter of the rail-armature model is presented in Fig. 3.6, where half of
one rail and a quarter of the armature are given. An important task for FE calcu-
lations is to find a good mesh type, which gives useful solutions and reduces com-
putation resources. The volume of model must be meshed in 3D case. The mesh-
ing to uniformly finite elements in all volume produce a big number of finite
elements and when the FE size decrease it leads to huge number of elements.

Table 3.2. Mesh element size (surface numbers fits with numbering in Fig. 3.6)

Surface number Element size of meshes
mesh #1 mesh #2 mesh #3 mesh #4
1 6 mm 1 mm 0.8 mm 0.8 mm
2 6 mm 1 mm 0.5 mm 0.3 mm
3 6 mm 1 mm 0.5 mm 0.3 mm
4 6 mm 2 mm 1 mm 0.8 mm

The mesh element sizes can increase if they move farer away from these sur-
faces. For the investigation of accuracy it was decided to calculate inductance
gradient according to Eq. (1.4). The force was calculated over all armatures vol-
ume according to Eq. (1.3). Four meshing cases were used to show the dependence
between mesh size and calculate accuracy. Mesh #1 is the meshing type called
“fine mesh” which is one of default in COMSOL software. This fine mesh divided
model into tetrahedral elements, which have a similar size over all volume (to use
finer mesh was impossible due to hardware power limitation). The other mesh
types are presented in Table 3.2. These types of meshing have small elements at
the marked surfaces and enough big elements far away from these surfaces.
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It is interesting to determine the changes which appear in calculation results
(inductance gradient magnitude), when the frequency is changing in time har-
monic case calculations. The inductance dependence on frequency is shown in
Fig. 3.3 four curves are presented. Each curve presents different meshing types
and shows dependence on frequency.
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Frequency,kHz
Fig. 3.3. Visualization of L-prime calculation using different meshes

According to accuracy calculations both good and bad solutions exist. The
bad case is with mesh #1, which is default in COMSOL. The main drawback of
this meshing is that there are a lot of small elements in air ambient. The regions
which are far from armature have no influence on the force on the armature. The
better case is with mesh #4. This case has the smallest elements at the marked
surfaces (see Fig. 3.6) and big elements far from the railgun model (in air). Using
the best meshing convergence is obtained. The differences between meshing are
small when frequencies are low, but when frequencies are higher (bigger armature
velocities) the effect of meshing on calculations accuracy is very big.

According to FE mesh evaluation and FE mesh recommendation in literature
where the skin depth is taken into account (Pitman et al. 2004; Hsieh 2007). The
final 3-D FE rail-armature model was generated by applying tetrahedral elements.
The main parameters are the minimum element size and growth rate.



3. ELECTROMAGNETIC ANALYSIS OF THE ELECTROMAGNETIC LAUNCHER 45

Ambient - Air

Armature

Fig. 3.4. The rail-armature model presented divided into finite elements.
Electromagnetic numerically model requires the ambient volume for magnetic
field calculations

The refined mesh has to be used in regions where the field gradients are the
highest, and the size of the elements is increased with growing distance from these
regions. An accuracy check was performed with a minimum size of an element of
approximately 0.04 cm at the inner surface of the rail and armature and 0.005 cm
at the inner conducting parts surface edges to evaluate the proximity effect. The
element size corresponds to the minimal mesh density required to capture a 3-D
behaviour of the entire railgun structure at acceptable computational expenses.
The finite element mesh that was used for calculations consisted of 2012122 3-D
tetrahedral elements and 15493339 nodes.

The accuracy of calculations allowed to model with an appropriate meshing
for simple EM launcher simulation. According to this simulation, the doublecheck
of RAFIRA’s inductance gradient were calculated. The same model with the best
meshing was used. The gradient was calculated according to two methods: JxB
approach (as was used for accuracy investigation) and magnetic energy. The re-
sults of inductance gradient are presented in Fig. 3.5.

Two different calculating methods are demonstrated in Fig. 3.5 to validate
the mesh size. The inductance gradient was calculated in two different ways and
compared with real inductance gradient, which can be experimentally measured.
Inductance plays an essential role in defining how to transfer electromagnetic en-
ergy into the kinetic energy. The force pushing projectile is related to the induct-
ance gradient according to Eq. (1.3). Inductance gradient is using energy conser-
vation method. The decreasing curve indicates that calculations were done by
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magnetic energy method, which calculated the magnetic energy in volume be-
tween two rails far away from the armature. The inductance gradient was found
according to Eq. (3.11) when magnetic energy was known (Leferink 1995):

1<,
Wy =2 2 Ll (3.11)
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Fig. 3.5. Visualization of L-prime calculation using different methods

The green curve presents the inductance gradient difference at low and high
frequencies is 20%. At high frequencies, the magnetic field is pushed out of the
conductor due to current distribution changes. The red dashed line in Fig. 3.5 pre-
sents the inductance gradient value according to magnetic energy method. The
picture (see Fig. 3.5) shows that the inner inductance gradient at low frequencies
consists of 17% of full inductance gradient magnitude. However, it does not
influence the propulsive force on the armature. As a contrast, the second case is
according to JxXB method. This method showed that the inductance gradient was
the lowest when the frequencies are low and converged to the same value as the
magnetic energy method. At low frequencies, the magnetic field penetrates inside
the rail, and the efficiency of the inductance gradient is increasing when the cur-
rent frequency is increasing too. This simulation shows that when the magnetic
energy is the highest the efficiency of propulsive force is the lowest. The effective
inductance gradient depends on the current frequency and converges to a steady
value. In the case of RAFIRA with copper rails, L’ = 0.467 uH/m was obtained
for the high-frequency case. The L-prime values which are obtained within the
margins of accuracy should merge in both methods, at high frequencies.
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3.6. Results and Discussion of Electromagnetic
Models

The results of each model numerical calculation are presented below.

3.6.1. Rail-armature Electromagnetic Model

A quarter of the simple railgun model is presented in Fig. 3.6, where half of one
rail and a quarter of the armature are given. In the picture zones with different
colours show normalized current distribution on the model at 0.88 kHz frequency.
There are two well-known effects are visible: the skin effect, which appears that
the main current distributes at the surfaces and the proximity effect which define,
that the current mainly distributes on the inner surfaces.
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Fig. 3.6. Colour plot of electric current density distribution in the rail-armature model

An important task for numerical calculations is to find a good mesh type,
which gives useful solutions and reduces computation resources. The volume of
the model must be meshed in 3D case. The meshing of uniformly finite elements
in all volume produce a significant number of finite elements and when the finite
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element size decreases it leads to considerable number of elements. This type of
meshing is expensive regarding computation resources and calculation time.

The current distribution shows (see Fig.3.6) that the skin and proximity effect
appears. Due to these effects, the biggest gradients are at the inner surfaces. Thus,
the fine meshing only at these surfaces can be used to reduce the number of mesh
elements in the EM numerical model. The mesh element sizes can increase if they
move far away from these surfaces.

3.6.2. Moving Armature vs Static Armature

The first example deals with the repelling magnetic forces acting on the rails. In
purely mechanical calculations, the magnetic pressure is assumed to act on the rail
surface only (high-frequency approximation). Here, we calculate the JxB distri-
bution in the rail volume. The rail-armature electromagnetic model was solved
and case of Fig. 3.7a. illustrates a high-frequency approximation when the arma-
ture is fixed at the absolute position (880 Hz).
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Fig. 3.7. Colour plot of JxB y-components:
a) high-frequency case; b) moving armature case

Figure 3.7b illustrates the case of an armature moving with a velocity of
65 m/s. The colour plots of the y-component of the force are presented in Fig. 3.7.
Here, two results obtained for two cases are presented in subfigures A and B, re-
spectively. The colour scale indicates force density defined in N/m®. Note that the
velocity was chosen to fit the frequency of 880 Hz at the position of the armature.
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Differences in local force distributions are presented. The high-frequency approx-
imation model leads to a distribution dominated by the skin effect. The force is
concentrated in a thin layer with a thickness of 2 mm. In the case of the moving
armature, magnetic diffusion plays a vital role in the local force distribution. The
force distributions show significant differences, in the region close to the arma-
ture. In the context of our current investigation, the question had to be answered:
do these differences lead to significant changes in the mechanical construction.
The different moving armature magnetic force distribution depends not only on
skin effect based on current pulse frequency but also depends on velocity skin
effect which is due to moving (Engel et al. 2008).
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——surface y component-moving armature
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Fig. 3.8. The Lorentz force density distribution along the rail on static and armature
moving the numerical case

In the Fig. 3.8 the force density concentration is presented along with the rail
on three different slices inside the rail. These slices present the force density of
static armature model with velocity frequency approximation and the force
density results of the moving armature model. The results present that the force
density concentration on the rail surface is higher in the static armature model. At
1 mm slice ide the rail, the force distribution in static armature model with
frequency approximation drastically decreases. The extremely force concentration
changing in the volume confirm the skin effect theory. The skin depth at this
frequency is 1.38 mm. In the model with moving armature, the force concentration
distributed more inside the rail volume, and the force distribution changes more
smoothly over the different slices inside the rail volume.
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3.6.3. Local Effect Induced by the Armature

The next example uses the “rail-armature” model (see Table 3.1) to illustrate
effects caused by the presence of an armature. The results are presented in
Fig. 3.9. The black curves represent the norm of JxXB, and the grey ones represent
the y-component.
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Fig. 3.9. The Lorentz force density distributions which are presented along the rail

The calculation results show that the armature influences the Lorentz force
distribution in the rail volume. The JXB force increases in the region near the
armature. The difference between the norm calculation and the calculations of the
y-component means that the presence of the armature effects all vector compo-
nents. However, the most significant influence exists for the y-component being
responsible for the repulsion between the rails. The measured parameters with
CMR-B-scalar sensors also preset the magnetic field distribution inside the rail
volume. The created numerical model fit the measurements of the magnetic field
distribution done by ISL (Liebfried et al. 2013b; Stankevic et al. 2013).

3.6.4. Types of Armature

The EM launcher has three different types of the armature for analyses. The most
common case for rail EM investigation uses pure current conducting cuboid to
imitate the armature between rails (see Fig. 3.7). For this investigation, the two
additional models were created which are described in Table 3.1.
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Fig. 3.10. Colour plot of JXB y-components: a) top view projection of rail-distributed
armature model, b) side view projection at the slice A;c) side view projection at the slice
B; d) side view projection of rail C-shape armature model

Essential results of EM simulation are illustrated in Fig. 3.10, where 2D dis-
tributions of the y-component of EM force density in the form of coloured contour
plots are presented: the distributed armature, which is consist of four cylinders
and C-shape armature. The results of force density distribution of y-component
are presented in collared pictures to see the locally biggest concentration of force
in the rail and armature. The results obtained for distributed armature show the
local armature shape dependent distributions of the force density. Uniform force
distribution on the sliding surface (see Fig. 3.10a) illustrates the dominance of the
skin effect occurring outside the contact. Two different variations in vertical lon-
gitudinal sections, central section A (see Fig. 3.10b) and section B (see Fig. 3.10c)
illustrate inhomogeneity of cross-sectional loading. This undesirable effect indi-
cates available imperfection of the sliding surface, which may lead to instability
of projectile motion.

All model was modelled one-quarter of full model except distributed arma-
ture model because the distributed armature the symmetry not continues over al
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rail cross-section. The results indicate the different force distribution in the region
near armature of all three armatures.

3.6.5. Constructing Bolts Influence for Electromagnetic
Calculations

The construction bolts which are in the mechanical construction have influence
not only direct for mechanical model: the up and top housing bars are connected
using the bolts which are made from steel alloy (see Table 2.1). The investigation
which is present below presents the fact which construction bolts made from steel
alloy located near the current carrying rails have a negative impact on launching
process. The rail model with construction bolts and rail-armature model with con-
struction bolts (see Table 3.1) were solved.

The construction bolts investigation starts on rail model with construction
bolts (see Table 3.1) numerical investigation. The housing under investigation is
characterised using discrete steel bolts to counter the repelling forces (see
Fig. 2.2). Considering the question if the presence of these conductors has to be
considered for appropriate electromechanical modelling. Figure 3.11 iliustrate the
results of similar calculations. The two-coloured images show the JxB distribu-
tions in two rail cross-sections, while the upper image shows the cross sections
(parts a and b). At the z-coordinate of section a) was chosen to coincide to that of
a bolt, whereas the z-coordinate of section b) lies in the middle between two bolts.
Minor deviations can be stated which motivated us to further elaborate on this
topic. Only two construction bolts no. 1 and 2 (see Fig. 3.1) are taken into account
because they are nearer to the rails. Construction bolt no. 3 (see Fig. 3.1) do not
influence conducting part of EM launcher. This bolt far away from the current
caring part and do not have any influence on magnetic field distributions. The
Eq. (3.12) estimate the magnetic field influence for bodies any point in 3D-space:

ldl x (r—1
B()_HOJ' ( ) G.11)
r-1f
Biot-Savart law is an equation describing the magnetic field generated by a
stationary electric current. This law explains the magnetic field concentration in-
fluence for near constructions and why only two constructing bolts influencing
the conducting part of EM launcher (Knoepfel 2000).
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Fig. 3.11. The colored view of the rail cross section: a) at the region of construction
bolts; b) in the pure rail region

The coloured graph above presented the distribution over the rail cross-
section. The different magnetic force concentration near the bolts away from bolts
are visible. The Fig. 3.12 presents the force densities distribution in the longitudi-
nal sections way. The model was solved using the time-harmonic approximation
algorithm to see the armature and bolt influence for EM launcher rail magnetic
force distribution. The armature effect still exists but also the construction bolts
make an influence on EM force concentration distribution in rail volume. The EM
force distribution is different at a different frequency. With the highest frequency,
the effect of construction bolts is bigger. The effect mainly appears at the inner
surface, in the next layer inside the rail volume the effect of construction bolts
decrease (dashed line is 1 mm inside the rail measuring from the inner rail sur-
face).

To elucidate the influence of the bolts overall rail volume the integral at any
point in the x-z-plane: [ dy (ij)y was calculated. This integral was taken across

the whole rail. In Fig. 3.13 a map of the results obtained for two cases is drawn:
presents the rail model with constructing bolts (b) and the rail model without bolts
(a). The integral is calculated using the harmonic aproximation solution at
5000 Hz corresponding to an armature velocity of around 370 m/s. One can
clearly see the local influence of the bolts. In agreement with Lentz’ rule the eddy
currents induced in the bolts reduce the repulsive force. The relative reduction is
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at maximum 17.5%. Also, the soundness of results were checked by calculating
Fy acting on the rail section which corresponds to [ dV (jxB) y. In agreement with
Lentz’ rule the 7% reduction of the total repulsive force was found.
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Fig. 3.12. The rail-armature model with constructing bolts is presented. Black colour
presents the force density distribution at 5000 Hz. Grey colour presents the force density
distribution at 1000 Hz. The results presented at the surface (solid curve) and 1 mm
inside the rail (dashed curve).

Table 3.3. The repulsive force calculated over all rail volume (model with 14 cm rail
length)

Name of the Frequencies
model 20 Hz 1000 Hz | 5000 Hz | 10000 Hz | 15000 Hz| 20000 Hz
Ralll;j‘ég’;mre 111170 N | 118595 N | 119636 N | 119938 N [120153 N| 120360 N
Rail-armature
model with
construction
bolts
Rail model
with construc-| 87928 N | 95910 N | 94269 N | 93980 N | 93940 N | 93973 N
tion bolts

111165 N | 113846 N | 109395 N | 108438 N | 108089N | 107956 N
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Fig. 3.13. Influence of steel bolts on repulsive JxXB force: a) a map of force without
bolts; b) a map of force with bolts
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Fig. 3.14. The influence of constructions bolts on the rail force at different frequencies
(velocities). The subgraphs a—d present relative force distribution along the rail in bolt
reagion: a) at 65 m/s, b) at 400 m/s, c) at 800 m/s, d) at 1100 m/s

The repulsive force using the volume integral [ dV (jxB)y according to
different frequencies using the frequency aproximation model were calculated.
Three diffent models of repulsive force are presented in Table 3.3. It is seen that
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the force generated in 14 cm length rail is different according to different veloci-
ties (frequencies in frequency aproximation model) while in mechanical model
pressure is calculated according to Eq. (2.2). The projectile velocity is do not
taken into account for mechanical behavior.

The next view of constructing bolts continuing the constructing bolts influ-
ence for EM launcher force distribution in the rail. In Fig. 3.14 the bolt effect for
JxB concentration at inner rail edge is presented. The different frequencies pre-
sent different projectile speed. The solid curve at main graph indicates the arma-
ture velocity at particular frequencies. The armature velocity is measured using
Doppler radar which was described in saubchapter 2.6. According to the different
armature velocity, the different frequencies were calculated to estimate the
armature velocity in frequency approximation model. The columns present the
results that the force concentration is lower in the constructing bolts region. In the
region far away from constructing bolts, the force concentration is higher.

The subgraph of Fig. 3.14 presents how force concentrations distribute at dif-
ferent frequencies (armature velocities on frequency approximation case). At low
frequencies (low armature velocity) the difference between highest and lowest
force concentration is 0.02 (see Fig. 3.14a) in relative quantities while at high fre-
quencies (high armature velocity) difference between highest and lowest force
concentration is 0.14 (see Fig. 3.14d).

3.7. Conclusions of Chapter 3

1. The model finite element meshing has to be set with additional meshing pa-
rameters in the places where the calculating gradients are highest. This man-
ual adjusting of meshing algorithm increase the calculating accuracy and save
calculating resources. The minimum element size calculating according to
skin death formula set at EM launcher inner surface receive sufficient
calculating result.

2. The moving armature model receives different pulse current distribution over
the rail result comparing with pulse current distribution over the rail of the
time-harmonic calculating model. This depends not only on skin effect based
on current pulse frequency, but also depends on velocity skin effect.

3. The shape of armature playing an essential role of Lorentz force distribution
inside the rail volume. The main differences are apeared in the region near the
armature. This effect directly reflects the armature’s shape. The concentration
of the Lorentz force and the scalar amplitude depends on armatures geomet-
rical parameters such as contact area, armature size and armature shape.

4. The used force for mechanical models is commonly used as homogeneous
forces distribution over the surface. The results of EM calculations the force
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distributes not homogeneous over the surfaces and also over the rail volume.
The most significant concentrations of electromagnetic forces are distributed
at the rail edges and in the region near the armature. The different calculating
methods regarding armature moving and frequency approximation method
became the same maximum force concentration in the armature region, but
far away from the armature, the Lorentz force density is 21% lower in
according armature moving model than frequency approximation model.

5. The bolts of construction receive the adverse effect. In the regions near the
bolts the EM force concentration decreases. These changes of force decrease
could affect all EM launcher mechanical construction. According to different
velocities (frequencies on the frequency approximation model), the negative
effect of construction bots reduces the rail repelling force from 3.7% on
65 m/s till 9.5% on 1332 m/s armature velocity. This fact presents that the
negligible effect of constructing bolts depends on armature velocity.






Mechanical Analysis of the
Electromagnetic Launcher

In this chapter two mechanical models and their investigations are presented. The
mechanical effects occurring in the simplified electromagnetic launcher construc-
tion are demonstrated. The first model investigates the local EM forces impacts
of construction. The second model presents the full EM launcher behaviour during
its operation.

Parts of this chapter are published in Stonkus et al. (2015) and Rackauskas
et al. (2018), Rackauskas et al. (2018).

4.1. The Elastic Foundation of a Mechanical Model

A 3-D structural model of the RAFIRA railgun was worked out (see Fig. 2.2).
This model uses several assumptions for the take of simplifications. Considering
the symmetry of the barrel is sufficient to simulate only one half of mechanical
construction. The steel bolts representing discrete supports were replaced by an
elastic foundation layer continuously supporting the bar (see Fig.4.1 and
Fig. 4.9). In these figures, the springs initialize discrete supporting bolts. The elas-
tic support layer is characterized by an adequate foundation stiffness per unit
length kesr:

59
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k ——Ebpbln

Ly, 4.1)

where Ej is the elastic modulus of a steel bolt. A, = 2.53-10* m? is the cross-
sectional area of one bolt, L = 0.1125 m is the length of the bolt, n = 160 is a total
number of bolts in railgun, and Awp = 3.0175 m-0.2 m = 0.6035 m? is the area of
the elastic support layer.

4.2. A Mechanical Model for Local Effects
Investigation

The mechanical model was created for structural mechanic’s calculations. The
3-D simplified mechanical model involves the structures such as rails and housing
bars.

Fig. 4.1. The 3-D mechanical model used for calculation.
One half of full construction structure is used
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To investigate the influence of local EM effects on structural mechanics, a
section of the EM launcher only Le = 50 cm in length (see Fig. 2.2b) was
modelled. The simplified model geometry is presented in Fig. 4.1. Instead of con-
structing bolts the elastic foundation was used.

In this calculating model, the rails are divided into small cuboids
(5%x2%10) mm (see Fig. 4.1a) and (5x4x10) mm (see Fig. 4.1b). These cuboids are
necessary to load the structure with volume forces received from EM calculations.
The mechanical model load was obtained by integrating the Lorentz force JxXB
over the volume size of the cuboid in EM model calculations. The two different
volumes cuboids were set because the EM force concentration is different inside
the EM launcher rail. All calculated forces in the previous chapter were used to
investigate influence of the EM effects for the mechanical model. Each cuboid
was used as a force load for the mechanical calculations. In such a manner, the
local structural behaviour of the railgun could be investigated. Due to the
symmetry of the problem, only one half of the full EM launcher structure was
simulated.

4.3. Finite Element Model of the Mechanical Model

The corresponding 3-D FE model was generated using tetrahedral elements. In
the case of mechanical modelling, the field gradients distribute uniformly, and no
special refinement is necessary (Gildutis et al. 2012). In the EM model, the air
ambient was necessary for magnetic field distribution calculations and in the
mechanical model the air ambient is not necessary, and the bigger model can be
built under lowest hardware resources.

Minimal element size with 2 mm finite element

Medium element size with 4 mm finite element edge

Maximum element size with 27 mm finite element edge
Fig. 4.2. The mechanical model presented divided into finite elements
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The finite element size distributed in three groups. One group is smallest
elements which are distributed in the inner rail surface were the size of the cuboid
is (5%x2x10) mm (see Fig. 4.1a). Here due to highest gradients in EM model, the
most significant forces are transferred as a load force. The second group of
elements are called medium elements group and are distributed in the inner rail
surface were the size of the cuboid is (5x4x10) mm (see Fig. 4.1b). Moreover, the
third finite element group which is distributed in the construction housing bar.
There the finite element size reaches up to 27 mm in size.

In Fig. 4.2 the mesh of mechanical model is presented. All three groups of
elements are described. Using these groups o element the FE number is extremely
smaller than in the EM model. The FE mesh consists of 111206 3-D tetrahedral
elements and 507354 nodes.

4.4. The Mechanical Models With Different Loads

In Fig. 4.3 the technical drawing of force distribution in rail construction is shown.
The two load principles are presented. First principle (see Fig. 4.3a) for the load
force is set as the pressure on the surface. This type of force distribution is used
for most mechanical calculations in literature. This principle can be used at high
armatures velocities when the current is vanished from the rail body and mainly
concentrated at the EM launcher inner surface. The second principle of the load
force is to distribute rail volume into EM launcher. This principle is used in this
thesis investigations. The idea is shown in Fig. 4.3b. The force distributed
homogeneously over cuboid volume, in Fig. 4.3b the resultant force is marked as
Fi. These cuboids are used to simplify the calculating model. The force F; is
presented as the highest force, and the F¢ force is indicated as a smallest load force
because the main EM force concentration is near the surface. As the EM
investigation started from simple rail model, so the mechanical began using
different load principles over the rail volume. The rail model (see Table 3.1) was
solved using the EM model, and the results of EM calculations were integrated
over cuboids size volumes (see Fig 4.1). The forces F;...Fs are the integral of Eq.
(1.3) over the cuboid size volume. The integrated Lorentz force was used as the
mechanical model load into each cuboid.

Of both force load principle, the repelling forces play an essential role in the
EM launcher technology because due to high currents in the rails and the injection
bars several hundred MPa of pressure appear. These forces try to increase the dis-
tance between rails. Because of this a gap between rail and armature appears and
conducting properties in the contact zone between rail and armature decrease. This
decrease lowers the efficiency of railgun system.
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Fig. 4.3. Technical drawing of load force principle: a) the load force set as pressure
homogenously overall rail surface, b) the load force distributed over rail volume
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Fig. 4.4. The rail displacement of the mechanical model using
two mechanical load types

The wvariation of the mechanical behaviour due to different loads is

demonstrated by considering the rail deformation under compression. The force
was distributed uniformly over the cuboid volume. The rail model was solved us-
ing two types of EM launcher calculations: the harmonic case ant the case with
moving armature. Both cases indicate the rail displacement far away from arma-
ture to eliminate the influence of armature. Longitudinal variation the rail surface
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displacement is given in Fig. 4.4. Solid curve indicates displacement profile ob-
tained under the action of numerically acquired Lorentz forces loaded in all rail
volume; the dashed curve demonstrates the rail displacement profile obtained by
the time-harmonic case drawn for the sake of comparison. The calculation results
are show the significant difference in the mechanical model without an armature.

4.5. Armature Influence on a Mechanical Model

The next investigation continuous by adding the armature and including the arma-
ture effect into the mechanical calculation. The results of EM calculations were
different when comparing the time-harmonic case and armature moving case.
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Fig. 4.5. Rail surface displacements for two different types of electromagnetic
calculating modes: moving armature model and frequency approximation model

The results of the electromagnetic calculations were again used as a load for
mechanical calculations. As in the previous figure, the displacement of the rail
surfaces was calculated for the high-frequency case and the volume load case. As
it was expected from result presented in Fig. 3.7, an influence of the armature can
be stated for both numerical cases. Both cases converge at the position of the ar-
mature. The amplitude changes in comparison to the case without armature (see
Fig. 4.4) are about 0.1 mm and therefore in the same range as in Fig. 4.5. Again,
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referring to earlier investigations (Schneider and Schneider 2007) the point out
that at the position of the armature one should try to be as precise as possible
because it is precisely there where rail displacements may influence the sliding
electrical contact.

The most of the publications did not take the armature effect into account for
mechanical construction behaviour investigation. The calculations with added ar-
mature effect show that the EM forces near the armature make sense for the
mechanical model. The distance between rails is influenced. In both cases, the
difference between displacement near the armature and far away from armature
exists. It could influence mechanical construction stability because additionally
bending effect appears in the rail.

Continuing the armature effect the different force distributions in EM model
also influence the mechanical construction. In Fig. 4.6 the rail surface displace-
ments according different shape of armatures are presented.
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Fig. 4.6. The rail surface displacement of three different types of armatures

Figure 4.6 iliustrate that, the Lorentz forces from rail armature model, rail
distributed armature model and rail C-shape armature model (Table 3.1) are dif-
ferent not only for EM models but also for mechanical construction behaviour.
The integration of force over the rail volume was done, and the results were used
for a mechanical model with three different load force maps: force distribution
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over the rail volume of 3 different armature shapes. The biggest influence for
armature can be seen C-shape. It is because the rail influenced not only from EM
force which is due to Lorentz force inside the rail but also from the C-shape ar-
mature (Zielinski et al. 2003; Li et al. 2013). This shape of armature has proper
contact parameters because it repels the rails by itself. The lowest impact to the
rail form armature was obtained with the distributed armature. This can be due to
distributed Lorentz force distribution in the armature region. The current flow
does not have a high concentration at each point. The effect of armature propul-
sion was not taken into account.

4.6. Constructing Bolts Effect on a Mechanical Model

During the EM calculations, not only armature effect but also the influence of
construction bolts were investigated. The Lorentz force distribution was used for
mechanical model calculations.
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Fig. 4.7. The rail displacement with taken accounts the bolt and armature effects

The Fig. 4.7 shows two curves. Solid curve presents the rail surface displace-
ment with the model when armature and construction bolts are taken into account.
The dashed curve presents the rail surface behaviour during the operation when
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the construction bolts are not taken into account. The difference between the cal-
culation models is approximately 11%. The predictions of EM model were done
on moving armature calculation model.

While this is, in general, a non-negligible effect, the context requires to
examine the influence of the non-homogenous force distribution on the displace-
ment of the rail surfaces. In Fig. 4.8 the results of static mechanical calculations
are assuming the force distribution from Fig. 3.9 (5000 Hz) is shown. Results are
presented at the rail edge in the x-direction. At first, we note that the 7% difference
in Fy translates into a 7% difference in displacement as has to be expected if
Hook’s law applies.
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Fig. 4.8. The displacement of rail surface using models with construction bolts and
without construction bolts at 5000 Hz

The absolute difference in displacements at a current amplitude of 620 kA is
only 0.4 mm which is acceptable for most armature types. The rippled structure is
being presented in Fig. 4.8 could, however, lead to resonances which are not
investigated in this work.

4.7. The Mechanical Models of Dynamic Behaviour

The next mathematical model describes the dynamic behaviour of FEM behaviour
of the railgun structure under the influence of the expanding pressure load moving
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along the rails. The dynamical behaviour of the rail is modelled using Eq. (1.7).
In the approach taken here, damping phenomena is not considered.

It is evident that the vector of external time-dependent EM load in Eq (2.2)
depends not only on the pressure value but also on the armature position on the
rail. To fix the position of the load, the rail was divided into 20 segments (see
Fig. 4.9). Therefore, the discrete model encompasses the discretization of the
pressure load moving according to recalculated pressure profile, as shown in
Fig. 2.7. This concept of a computational model can capture the temporal varia-
tion of the pressure along the rail.

. _ochioR
direc
ghot
Pi=1(X(tsr))

Prlx(t))—_ \
% \ C (muzzle point)
AY
< B (middle point)

A (breech point) s
20 rail segmentsfor

\moving load simulation

$$$$$$$$ Elastic foundation . X

}!
Fig. 4.9. RAFIRA 3-D model simplification for numerical calculations

Each segment was loaded by surface pressure according to the time calcu-
lated from armature position on the rail. Each segment behind the modelled arma-
ture position has the same surface pressure as the segment where the armature is.
Only rail segments in front of the armature are without surface pressure. The me-
chanical model was used for experimental measured EM launcher operation with
two shoots. For modelling two identical shots was used.

4.8. Investigation of Two Shoots

The dynamic transient analysis was performed to illustrate the EM launcher
behaviour during multishot loading. Two different multishot scenarios were
considered, and two sets of different loading histories were generated for simula-
tion purposes. Each of these scenarios comprises two shot periods where each of
the periods consists of loading and loading-free, or post loading, intervals TL and
TF.
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The duration of a loading interval is predefined by the duration of the
electromagnetic load, TL1 =~ 4.5 ms, which is characterized by the pressure profile
obtained experimentally and described in previous chapter (see Fig. 2.7). The
loading duration also indicates the residence time of the projectile in the launcher.

The loading-free time interval between the first and the second shots is de-
noted by TF1, while TF2 indicates the post loading time interval after the second
shot. In summary, the loading scenario I combine two shot intervals TL1 with
freely chosen post loading intervals TF1 = 15 ms and TF2 = 25 ms, while the
scenario II is characterized by post loading intervals TF1 =5 ms and TF2 =35 ms.
Specified loading histories are shown in Fig. 4.10a.
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Fig. 4.11. The rail breech point displacement comparison of the I shot (curve 1)
and the II shot (curve 2) for the scenario I — time histories on: a) full-time history;
b) time history under load

Both scenarios simulation intervals were limited to 0.005 s. The deformation
behaviour of the railgun under the action of the magnetic pressure is illustrated
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regarding the displacement histories for the selected point in the central line of the
loaded surface of the rail (see Fig. 4.10b, ¢). The vertical dashed lines represent
the boundaries between the loading periods.

Note that both negative and positive displacements of the rail could have a
negative influence on the sliding contact performance. The latter requires a suffi-
ciently large contact surface, which can only be realized using enormous contact
pressures. Depending on the armature technology, positive displacements can lead
to contact transition due to reduced contact pressure (Schneider et al. 2009).
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Fig. 4.12. The rail breech point displacement comparison of the first shot (curve 1)

and the second shot (curve 2) for the scenario II — time histories on:
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In the case of scenario II, the structure showed qualitatively the same re-
sponse as it was observed in scenario I-the highest values of displacement take
place at the breech point. Therefore, only these displacements are shown for illus-

tration in Fig. 4.10c.
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It is obvious that the highest values of displacement occur at the input zone
which is limited by 0.3 m. Therefore, the limit of the displacement analysis was
at the first point. The results obtained for the first scenario loading are presented
in Fig. 4.11. To compare the behaviour of rail vibrations during the first and the
second shot, both shots were set to the same reference time ty indicating the start
time instant. In our case, the start point of second shot ty, is shifted to zero. The
full-time histories are presented in Fig. 4.11a while the fragment of time history
in the vicinity of input point is presented in Fig. 4.11b. The results of the second
scenario are presented in Fig 4.12 keeping the same style.

The second shot begins with the action of vibrations remaining from the first
shot. Note that the initial vibration amplitude is larger for the triggering period.
The general impression is that the vibration amplitudes during the second shot are
smaller in comparison to the first shot. We assume that vibration during and after
the first shot is damped by the vibration of the second shot. Therefore, the possi-
bility to control the interval between consecutive shots could be used to influence
vibrations after launch.

To understand the differences between first and second shots, the time history
analysis was performed. Comparisons of the structures behaviour of first and sec-
ond shots are presented in Fig.4.11 for the scenario I and in Fig. 4.12 of
scenario II.

4.9. The Local Effect on the Dynamic Model

As mentioned in the introduction, the most critical positions to be considered are
that of the projectile or more precisely that of the armature. Note that both negative
and positive displacements can have negative influence on the projectile perfor-
mance. While this is clear for the negative displacements (e.g. momentum trans-
fer) the case of positive displacements is characteristic for railguns using solid
armatures.

Here, the sliding electric contact requires a sufficiently large contact surface
which can only be realized using enormous contact pressures. Depending on the
armature technology positive displacements can lead to contact transition due to
reduced contact pressure.
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Fig. 4.13. The rail deformation according to the projectile position on the rail

In Fig. 4.13 the displacement profile at the position of the projectile is

presented. It can be seen that the 3D results obtained for RAFIRA confirm former
conclusions: dynamic displacements are observed at the position of the armatures.
While they are acceptable for the current amplitudes investigated here it is safe to
say that they have to be taken into account for high-speed experiments (>2 km/s).

4.10. Conclusions of Chapter 4

The different load types were investigated. The mechanical load calculated
from EM model and loaded overall EM launcher volume have a lower impact
for EM launcher rail surface displacement than the mechanical load loaded
over the rail surface. The difference is 0.1 mm. This amount of the gap has a
negative impact on electrical contact.

The mechanical deformation rail surface has differences also the calculating
type when using armature moving type and frequency approximation type.
The armature moving model with armature effect on the case has lover im-
pact for EM launcher rail surface displacement than frequency
approximation model. The differences are 16% far away from the armature,
and 7.7% is the maximum armature effect in the armature area.

The C-shape has biggest influence on armature because the rail isinfluenced
not only from EM force which is due to Lorentz force inside the rail but also
from the C-shape armature. The C-shape armature deflects the rail surface
4.2% more than cuboid armature and 11% more than distributed armature.
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The bolts effect was taken into account in EM modelling case. However, also
the bolts have influence onto the mechanical model. The rail displacement,
not uniform, the sinusoidal waved the surface is obtained. The rail
displacement in the calculating case with construction bolts is 4.9% lower
than with calculating model, where the construction bolts are not taken into
account.

The influence of residual oscillations of the first shot on the mechanical re-
sponse obtained for the second shot was either amplifying or damping. Be-
fore the maximum pressure amplitude of the second shot, the displacement
amplitudes are increased concerning the first shot. In contrast, after the pres-
sure maximum the residual oscillations tend to damp the displacement am-
plitudes.



General Conclusions

An overview of the results of the open-bore EM launcher researchers has
shown that the experimental methods for determining the EM force induced
by a magnetic field predominate when calculating the mechanical state of a
structure. For determining the mechanical forces, the electro-magneto-me-
chanical models coupling has not been applied to the open-bore EM launch-
ers. Absolute computational results for this kind of EM launchers were not
investigated.

To assess the accuracy of the model electromagnetic launchers inductance
parameter was used while calculating in different methods and, after per-
forming experimental measurements. This showed a sufficient three-dimen-
sional quality of electromagnetic and mechanical finite element models using
two-rail open type RAFIRA EM launcher. The evaluation was carried out
using a magnetic energy estimation method.

The local effects of armature and constructing bolts on the generation of elec-
tromagnetic force on the surface of the structure were investigated. The re-
sults indicate that the magnetic force density of the projectile increases 2.5
times in the armature area locally. The evaluation of structural bolts shows
that the effect of magnetic forces on structural bolts is reduced by 17.5%. The
findings suggest that coupled calculations are to be preferred locally.

77
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High-power linear accelerators of the railgun-type require the careful elec-
tromechanical design of their components because of the high magnetic
forces acting on current-carrying conductors during launch. The forces acting
on the rails interfere the projectile and rail connection for proper operation.
It has been calculated that the force in the volume of the electromagnetic
launcher and the rail surface is distributed unevenly: in the transverse direc-
tion, the maximum force is at the edges of the rail, while in the longitudinal
direction the maximum force lies between the construction screws.

The forces acting on a EM launcher structure can lead to oversimplifications.
Calculations show the difference between considering magnetic pressure
working on the rail surfaces only and accurate calculations of the volume
forces. The EM effect in the rail volume causes an additional deformation of
the rail surface, which varies according to the symmetry plane. The calculat-
ing simplification can lead to differences in rail surface separation of about
0.1 mm. For brush armatures, such differences may decrease the sliding con-
tact performance.

A local electromagnetic launcher investigation reveals that the structural
shape of the electromagnetic launcher armature does not only lead to a dif-
ferent localization of EM forces but also affects the behaviour of the electro-
magnetic launcher mechanical construction. The results show a slight varia-
tion in the displacement of the rail surface of the EM launcher using different
mechanical shapes of the armature. The least mechanical deformation on the
rail surface was obtained using a distributed armature. The deformation of
the rail surface in the case of a distributed projectile is 10% less than the
displacement of the rail surface when performing the launching process using
a C-shaped armature.

Performed transient analysis of the 3D FE model describes the structural be-
haviour of the RAFIRA railgun operated in multishot mode. Two shot se-
quences, which are characterized by using residual oscillations after the first
shot as preloading history for the second shot, were analysed.

The influence of residual oscillations of the first shot on the mechanical re-
sponse obtained for the second shot was either amplifying or damping. Be-
fore the maximum pressure amplitude of the second shot, the displacement
amplitudes are increased concerning the first shot. In contrast, after the pres-
sure maximum, the residual oscillations tend to damp the displacement am-
plitudes.
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Summary in Lithuanian

Jvadas

Problemos formulavimas

Elektromagnetinés svaidyklés gali biiti naudojamos tiek leidziant objektus j kosmosa, tick
kaip ginklas, tiek kaip medZiagy tyrimo jrankis pramonéje ir moksle. Sis prietaisas, gali
sviesti objektus kilometry per sekunde greic¢io ribose. Vienas labiausiai akcentuojamy
elektromagnetinés svaidyklés privalumy yra lengvai kontroliuojamas sviedinio sviedimo
greitis, nes uztenka keisti impulsinés srovés Saltinio energijos kiekj. Sviedinio sviedimo
greitis yra sudétingai kontroliuojamas jrenginiuose naudojanciuose sprogstamas chemines
medziagas (kurg).

Elektromagnetinés svaidyklés konstrukcija yra paprasta. Taciau jrenginiu tekancios
didelés galios elektros impulsinés srovés jtakoja konstrukcijos stabiluma, kuris trukdo
sklandziam elektromagnetinés svaidyklés darbui. Veikiant iSorinéms ir vidinéms jégoms
konstrukcija yra deformuojama, ko pasekoje atsiranda trukdziai sklandziam elektromag-
netinés svaidyklés darbui. Taikant baigtiniy elementy metoda analizuojama elektromag-
netinés svaidyklés konstrukcijos elgsena, veikiant elektromagnetinéms jégoms.

Disertacinis darbas skirtas tirti dviejy bégiy tipo atvirojo kanalo elektromagnetines
svaidyklés konstrukcijos elgseng naudojant susieto elektromagnetinio ir mechaninio uz-
davinio sprendima nuosekliai.
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Darbo aktualumas

Elektromagnetinés svaidyklés mechaniné elgsena, sviedinio judéjimo Saunamajame ka-
nale metu, jos konstrukcijos elementuose susidarancios jégos ir jos veikimo formos poky-
¢iai priklauso nuo konstrukcinio rémo sandaros ir j konstrukcija veikianciy elektromagne-
tiniy jégy. Mechaninés savybés yra mazai iStirta sudétingy daugiafizikiniy procesy sritis.
Elektromagnetinés svaidyklés konstrukcijos elgsenos dinamika ir lokalus elektromagneti-
niy jégy poveikis j konstrukcija yra aktuali moksling ir technologiné problema, kuri spren-
dziama tiriant ir projektuojant tokio tipo prietaisa ir gerinant jo eksploatacines savybes.
Esminis energijos perdavimo trikdis yra deformuotas bégio pavirsius, atsirandantis deél
elektromagnetiniy jégy skec¢iamojo poveikio. Elektromagnetinés svaidyklés veikimo tech-
nologijai tirti iSskiriami elektromagnetinio, mechaninio ir terminio modeliavimo metodai.
Taciau, bendro skai¢iuojamojo metodo ir susiejimo i vieng matematinj modelj néra. Skai-
¢iavimo jrangos nepakankamumas riboja didelés apimties trimacio elektromagnetinio uz-
davinio sprendima, todél susietieji uzdaviniai yra aprasomi tik analiziskai, o bendro spren-
dimo ir rezultato néra.

Disertacijoje pritaikytas dviejy metody — elektromagnetinio ir mechaninio uzdaviniy
sprendimas, kuris leidzZia istirti elektromagnetinés svaidyklés konstrukcijos elgseng loka-
liai. Nuoseklus skai¢iavimo algoritmas apima elektromagnetinio uzdavinio sprendima,
apskaiCiuoty elektromagnetiniy jégy integravima  atitinkamus ttirius ir mechaninio uzda-
vinio sprendima, naudojant integruotas tiirines jégas. Tokia susietojo uzdavinio sprendimo
seka leidzia iSspresti didelio masto uzdavinius neskaic¢iuojant elektromagnetinés dalies vi-
sai elektromagnetinés svaidyklés konstrukcijai. Grei€iau ir su mazesniais skaiciavimo re-
sursais yra pasiekiamas tokio pat tikslumo rezultatas, kaip ir sprendziant visos konstrukci-
jos uzdavinj.

Trimaciu modeliavimu paremtas elektromagnetinés ir mechaninés elgsenos uzdavi-
nys yra sudétingas, taCiau leidZia nustatyti problematiskiausias elektromagnetinés svai-
dyklés konstrukcijos vietas ir jas tobulinti.

Tyrimo objektas

Darbo tyrimy objektas yra dviejy bégiy atvirojo kanalo elektromagnetiné svaidyklé ir erd-
vinio magnetinio lauko poveikio jtaka mechaninei svaidyklés elgsenai.

Darbo tikslas

Istirti elektromagnetinés svaidyklés trimatinj magnetiniy jégy poveikj mechaninei svai-
dyklés konstrukcijos elgsenai.

Darbo uzdaviniai

Darbo tikslui pasiekti reikia spresti Siuos uzdavinius:

1. Apzvelgti literatliroje esamus tyrimus elektromagnetiniy svaidykliy tematika,
iSanalizuoti atvirojo kanalo esamus elektromagnetinés ir mechaninés analizés
metodus.

2. Sudaryti dviejy bégiy atvirojo kanalo elektromagnetinés svaidyklés RAFIRA tri-
macius elektromagnetinés ir mechaninés analizés baigtiniy elementy modelius.

3. Taikant sukurtg elektromagnetiniy modeliy seka, nustatyti ir jvertinti erdvinj
elektromagnetinj lauka aplink judantj sviedinj ir jo sukeltas magnetines jégas.
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4. Istirti ir palyginti tiiriniy ir pavirSiniy magnetiniy jégy jtaka bégio konstrukcijos
mechaniniam deformavimui.

5. Istirti elektromagnetinés apkrovos poveikj elektromagnetinés svaidyklés konst-
rukcijos mechaniniai elgsenai.

Tyrimy metodika

Darbe taikomi silpnai susieti elektromagnetikos ir klasikinés mechanikos sprendimo me-
todai naudojant baigtiniy elementy metodus.

Darbo mokslinis naujumas

Rengiant disertacija buvo gauti Sie atvirojo kanalo elektromagnetines svaidyklés rezulta-
tar:

1. Elektromagnetiniam laukui tirti sviedinio aplinkoje sukurta seka, kuri buvo pritai-
kyta elektromagnetiniam laukui ir jo sukeltoms jégoms apskai¢iuoti. Siy modeliy
sprendiniai leidzia jvertinti konstrukciniy elementy ir sviedinio geometriniy para-
metry jtaka.

2. Apskaiciuotos tiirinés magnetinés jégos, buvo pritaikytos skai¢iuojant bégio pavir-
Siaus deformavima

3. Nustatyta magnetiniy jégy jtaka atvirojo kanalo elektromagnetinei svaidyklei ba-
dingy konstrukciniy elementy mechaniniam darbui: jungiamyjy varzty jégai ir bé-
gio pavirsiaus deformavimui.

Darbo rezultaty praktiné reikSmé

Sukurtas elektromagnetinés svaidyklés elektromagnetinio ir mechaninio modelio sujun-
gimo algoritmas, kuris gali biti pritaikytas kiekvienam elektromagnetinés svaidyklés vei-
kimo rézimui. Pritaikytas skai¢iavimo metodas leido istirti elektromagnetiniy ir mechani-
niy gradienty pasiskirstyma elektromagnetinés svaidyklés konstrukcijos tiiryje, dél to
galima nustatyti konstrukcijos silpniausias vietas ir pagerinti elektromagnetinés svaidyk-
lés veikimo efektyvuma. Sukurtas susieto uzdavinio algoritmas gali biti naudojamas ir
kity elektromagnetiniy svaidykliy formy tyrimui.
Ginamieji teiginiai
1. Pasiskirsciusiy turiniy jégy jvertinimas sumazina lokalias deformacijas j elektro-
magnetinés svaidyklés bégj.
2. Tarinés magnetinés jégos veikiancios bégio tliryje sukelia bégio pavirsiaus nevie-
nodg deformavima.
3. Sviedinio aplinkoje elektromagnetiné jéga sumazéja ties elektromagnetinés svai-
dyklés konstrukciniais varztais.
Darbo rezultaty aprobavimas

Disertacijos tema paskelbti 7 straipsniai: 4 — mokslo zurnaluose, jtrauktuose j Clarivate
Analytics Web of Science sarasg (Schneider et al. 2013), (Stonkus et al. 2015), (Rackaus-
kas et al. 2018), (Rackauskas et al. 2018), 1 — konferencijos medZiagoje, referuotoje Cla-
rivate Analytics Web of Science Proceedings duomeny bazéje (Stonkus et al. 2015), 2 —
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recenzuojamose tarptautiniy konferencijy medziagose (Rackauskas et al. 2015), (Ra-
¢kauskas et al. 2016).
Disertacijoje atlikty tyrimy rezultatai buvo paskelbti keturiose mokslinése konferen-
cijose Lietuvoje ir uzsienyje:
e  Tarptautinéje konferencijoje ,,The 17" Electromagnetic Launch Technology Sy-
mposium (EML)”, 2014 m. liepos 7—-11 d., San Diege, Kalifornijoje;
e  Tarptautinéje konferencijoje ,,3™ Polish Congress of Mechanics and 21 Compu-
ter Methods in Mechanics (PCM-CMM 2015)”, 2015 m. rugséjo 811 d.,
Gdanske, Lenkijoje;
e  Tarptautinéje konferencijoje ,,The 18" Electromagnetic Launch Technology Sy-
mposium (EML)”, 2016 m. spalio 24-28 d., Wuhan, Kinijoje.
e 137° tarptautinéje konferencijoje ,,Mechatronics Systems and Materials”,
2017m. liepos 3-5 d., Vilniuje, Lietuvoje.

Disertacijos struktuira

Disertacijg sudaro jvadas, keturi skyriai ir bendrosios i§vados. Taip pat yra penki priedai.
Darbo apimtis yra 100 puslapiy, neskaitant priedy, tekste panaudotos 31 numeruotos for-
mulés, 41 paveikslas ir 4 lentelés. Rasant disertacija buvo panaudoti 92 literatiiros Salti-
niai.

Padéka

Pirma noriu padékoti savo darbo vadovui Rimantui Kacianauskui, kuris buvo mokytojas
ir padéjéjas studijy metais.

Taip pat noriu padékoti straipsniy bendraautoriui ir konsultantui Markus Schneider
i§ Saint-Louiso Pranciizijos-Vokietijos tyrimo instituto. Jis pasitilé mokslinio tyrimo
kryptj, kuri yra aktuali elektromagnetiniy svaidykliy srityje. Taip pat priémé stazuotis ir
sudaré galimybes atlikti eksperimentinius bandymus.

Dékoju Martin Roch, kuris bendravo ir diskutavo elektromagnetiniy svaidykliy klau-
simais ir pasitlé idéjy, leidzianciy kitaip pazvelgti j tyrinéjama problema.

Uz palaikyma tariu aciti savo zmonai levai ir stinui Izidoriui, kurie mane palaiké
visapusiskai dalyvavo mano studijy procese. Dékoju savo tévams Danguolei ir Gintautui,
kurie iSugdé ryzta ir palaiké mane visuose mano pasirinkimuose.

1. Elektromagnetiniy svaidykliy tyrimams taikomy skaitiniy
analizés metody apzvalga

Elektromagnetinés svaidyklés idéja pirma karta buvo pademonstruota dar XIX amziaus
pradzioje, Norvegijoje. Didziausig idéjos tobulinima atliko Pranciizijos mokslininkai Pir-
mojo pasaulinio karo metais. Antrojo pasaulinio karo metais $ig technologijg intensyviai
pradéjo plétoti Vokietija ir Japonija (McNab 1999). Pastaraisiais metais elektromagnetiniy
svaidykliy tyrimai yra placiau plétojami Vakary Europos $alyse, Kinijoje bei Jungtinése
Amerikos valstijose.
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Elektromagnetinés svaidyklés apima didelg tyrimy sritj. Pirma elektromagnetinés
svaidyklés yra kaip tiriamasis objektas, kuris gali atlikti kiino sviedimo darbg. Antra, e-
lektromagnetinés svaidyklés yra jrenginys, kuris leidzia nagrinéti didelés galios impulsi-
nes sroves, medziagas ir jy atsparumg didelés galios elektriniam ir magnetiniam laukams,
taip pat svaidyklés naudojamos kaip prietaisas medziagy smiiginiam tgsumui tirti ir t. t.
Pagal literatiiros Saltinius matyti, jog mokslininky, tirianc¢iy elektromagnetines svaidykles,
darbai yra pasiskirste i dvi sritis. Viena mokslininky grupé tyringja fizikines savybes, siek-
dami kuo tikslesnio sviedimo proceso algoritmo su kuo didesniu efek-tyvumu. Viena
grupé mokslininky dirba su fizikinémis savybémis, sickdami kuo tikslesnio sviedimo pro-
ceso algoritmo su kuo didesniu efektyvumu. Skaitinis elektromagnetiniy svaidykliy svie-
dimo proceso valdymo sistemos tyrimas leidzia nustatyti optimaly ~ impulso generavimo
algoritma, siekiant gauti kuo naudingesnj sviedimo proces3. Tokio tipo uzdaviniams
spresti naudojamos MATLAB Simulink arba PSPICE programos, kurios turi blokinius
analitinés analizés metodus. Antra mokslininky grupé mokslininky grupé nagrinéja atski-
ras ir bendras elektromagnetinés svaidyklés konstrukcijos dalis bei konstrukcijos elgsena:
kaip elektromagnetinéje svaidykléje yra pasiskirséiusios impulsinés srovés, magnetiniai
laukai ir kokia jy jtaka mechaninei konstrukcijai. Taip pat yra nagrinéjamas sviedinio kon-
taktas su elektromagnetinés svaidyklés bégiu. Nagriné¢jami dvimaciai ir erdviniai uzdavi-
niai leidzia suprasti fizikiniy gradienty iSsidéstyma elektromagnetinés svaidyklés konst-
rukcijoje. Tyrimy sritis apima baigtiniy elementy metodo taikyma, nagrinéjant
elektromagnetinés svaidyklés konstrukcija bendrai arba lokaliai. Skaitinis konstrukcijos
tyrimas apima elektromagnetinius, mechaninius ir termodinamikos uzdavinius. Eksperi-
mentiniai tyrimai rodo, jog bégis lydosi ir dega, todél yra svarbils ir temperatiiros reiski-
niai, atsirandantys elektromagnetinés svaidyklés sviedimo metu.

Literatiiros Saltiniuose aprasomi dvimaciai uzdaviniai, apimantys impulsinés srovés
pasiskirstyma elektromagnetinés svaidyklés bégyje ir magnetinio lauko pasiskirstyma
bégyje ir aplink jj (Bayati & Keshtkar 2015). Plétojant dvimaciy uzdaviniy modelius, kei-
¢iant tyrimy objektus ir metodikas buvo plétojami skaitiniai skai¢iavimai, sviedinio suke-
liamiems fizikiniams reiSkiniams tirti. ISsprendus dvimatj elektros impulsinés srovés ir
magnetinio lauko pasiskirstymo uzdavinius laike, pastebéti fizikiniai reiskiniai buvo pa-
tikrinti magnetinio lauko matuokliu eksperimentiskai, ir gauti matavimai pagrindé skaitis-
kai gautus rezultatus (Stankevic et al. 2013). Tokio pobiidZio tyrimai validuoja sprendimo
skaitinj algoritma ir leidzia istirti elektromagnetinés svaidyklés elgsena, sviedimo proceso
metu, atitinkamu laiko momentu. Pagal literatiiros Saltinius matyti, jog dvimacius mode-
lius tyrinéja nemazai mokslininky grupiy, kurie savo laiku dirbo su dvimaciais elektro-
magnetiniy svaidykliy modeliais, nagrinédami srovés pavir$inj efekta ir magnetinio lauko
pasiskirstyma aplink elektromagnetinés svaidyklés konstrukcija (Keshtkar et al. 2008).
Nuo dvimacdiy uzdaviniy yra pereinama prie trimaciy uzdaviniy, kurie gali pateikti rezulta-
tus ne tik plokStuminiy atzvilgiu, taciau ir paskirstyma erdvéje, todél yra mokslininky gru-
pés, kurios tiria skaitinius metodus dvimaciuose ir trimaciuose uzdaviniuose ir fiksuoja
skai¢iavimy rezultaty skirtumus (Tan et al. 2017). Toks skaiéiavimy skirtumy tyrimas ir
eksperimentais paremti matavimai leidzia sudaryti tiriamyjy objekty bazg, kurioje patei-
kiami rezultatai apie skaitiniy metody galimybe¢ naudoti vieng ar kita metoda atskiroms
konstrukcijy dalims ar fizikiniams parametrams nagrinéti.
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Tyrimai neapsiriboja vien tik elektromagnetinés svaidyklés bégio tyrimais, yra tyréjy
grupés, kurios apima elektromagnetinés svaidyklés sviedinio tyrimus. Dazniausiai tiriant
sviedinj yra naudojami trimaciai modeliai, kurie pateikia skaitinj ir vizualy vaizda
(Liebfried, Schneider, et al. 2013). Trimatis uzdavinys leidZia pamatyti tiriamo parametro
pasiskirstyma bendrai ir lokaliai. I$plitus trimaéiams skaitiniams metodams atsirado gali-
mybé lokaliai tirti elektromagnetinés svaidyklés konstrukcinius mazgus. Viena i$ tokiy
svarbiy sri¢iy yra sviedinio ir bégio kontakto vieta, kuri reik§minga sklandziam elektro-
magnetinés svaidyklés darbui. Nemazai kontakty tyrimo modeliy ir metody galima rasti
literatiiros Saltiniuose (Feng et al. 2015; Li et al. 2013).

2. Duomenys apie RAFIRA elektromagneting svaidykle

Elektromagneting svaidykle sudaro du lygiagrediai esantys bégiai, sujungti laidzia dalimi
(S2.1 paveikslas). Elektros srové tekédama vienu bégiu ir pereidama bégiy jungiamaja
dalimi, grizdama atgal uzdarame kontiire sukuria didelés galios magnetinj lauka. Magne-
tinis laukas savo ruoztu priveréia judéti laisvaja konstrukcijos dalj (armatiirg-sviedinj).

F.

Magnetinis

laukas
S2.1. pav. Elektromagnetinés svaidyklés veikimo schema

Tekant didelés galios impulsinei srovei susidaro didelés galios magnetinis laukas,
kuris kartu su tekancia elektros srove sudaro Lorenco jéga (apskaic¢iuojama pagal (S2.1)
formulg) ir privercia sviedinj judéti. Lorenco jéga veikia ne tik sviedinj bet ir elektromag-
netinés svaidyklés konstrukcijos elektrai laidziaja dalj (bégius). Toks magnetiniy jégy vei-
kimas privercia sviedinj judéti ir tuo paciu metu deformuoja elektromagnetinés svaidyklés
laikanciajg konstrukcija. Magnetiné jéga veikdama prieSingomis kryptimis didina tarpa
tarp bégiy. Sviedinio sviedimo metu biitina, jog elektromagnetinés svaidyklés konst-
rukcija bty stabili ir biity uztikrinamas elektrinis kontaktas tarp elektromagnetinés svai-
dyklés bégiy ir sviedinio.
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F=[7xBav. (S2.1)
\

Remiantis literatiiros duomenimis, mechaninés jégos apskaic¢iuojamos vertinant im-
pulsinés srovés stiprj ir konstrukcijos dimensijas. Taikant (S2.2) formule apskaic¢iuojamas
slégis j bégio pavirsiy atitinkamu laiko momentu (Schuppler, Tumonis, et al. 2013).

L' 2

P(t)=5 1 (1) (S2.2)
&ia w yra bégiy plotis, o h yra atstumas tarp bégiy. Si formulé parodo, kaip kinta mecha-
ninis spaudimas kintant laikui. Skai¢iuojant slégj i bégius, reikia jvertinti kaip kinta srovés
stipris ir induktyvumo gradientas, kintant laikui. Daugumos mokslininky darbuose matyti,
jog vertindami bégio apkrovos slégi nejvertina kintan¢io induktyvumo ir srovés stiprio
pokycio, t. y. naudoja apkrovos slégj kaip konstanta, kuri biina arba pamatuota momentis-
kai, arba paskaiciuota tik atitinkamam elektromagnetinés svaidyklés veikimo momentui.
Elektromagnetinés svaidyklés RAFIRA atveju induktyvumo gradiento dydis yra lygus
0,467 pH/m.

1,2
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S2.2. pav. Eksperimenti$kai pamatuotos santykinés parametry vertés atitinkamu laiko momentu

Eksperimentinio bandymo metu per elektromagneting svaidykle buvo leista 726 kA
stiprio impulsiné elektros srové, kuri apskaiiavus pagal (S2.2) formulg, sugeneruoja
185 MPa slégi i bégio pavirsiy. Esant tokiam elektros impulsui, sviedinys i§ elektromag-
netinés svaidyklés buvo iSsviestas per 4,65 ms ir pasieké 1136 m/s greitj. S2.2 paveiksle
pateikti eksperimentiskai gauti trijy fizikiniy dydziy (sviedimo greitis, sviedimo pozicija,
slégis 1 bégio pavirsiy) rezultatai, kurie atvaizduojami kaip santykis nuo fizikinio para-
metro maksimalios reikSmés, kintant laikui.
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3. Elektromagnetinés svaidyklés elektromagnetiné analizé

Skaiciuojamieji tyrimai pradedami elektromagnetinio uzdavinio sprendimu, kuris sudaro-
mas pagal RAFIRA elektromagnetinés svaidyklés geometrinius duomenis ir eksperimen-
tiskai gautus matavimus, krastiniy salygy apraSymui. Siekiant istirti kuo tikslesnj elektro-
magnetinés svaidyklés elgsenos biivi tam tikrais laiko momentais, buvo nuspresta sudaryti
elektromagnetiniy modeliy seka, kuri apimty jvairius elektromagnetinés svaidyklés darbo
rézimus sviedinio sviedimo metu. Seka sudaro 6 modeliai, kurie yra 14 cm ilgio: bégis be
sviedinio; bégis su sviediniu, kurio forma yra kubas; bégis su paskirstytu sviediniu (apib-
réziantis Sepetéliy tipo sviedinj); bégis su C formos sviediniu; bégis su konstrukciniais
varztais, be sviedinio; bégis su konstrukciniais varztais ir su kubo formos sviediniu. Visi
uzdaviniai buvo sprendziami, naudojant dazniy aproksimacijg, siekiant imituoti sviedini-
nio sviedimo greitj bei naudojant laiko grafika, aprasant judancio sviedinio uzdavinj. Visa
12 uzdaviniy seka jvertina lokalius elektromagnetinio lauko pasiskirstymus kiekvienu
elektromagnetinés svaidyklés veikimo atveju, bei konstrukciniy daliy jtaka magnetiniam
laukui. S3.1 paveiksle pavaizduotas pilnas modelis, kuris apima konstrukcinius varztus ir
kubo formos sviedinj.

a)

b)

X e Z
S3.1. pav. Elektromagnetinio uzdavinio skaitinis modelis: a) projekcinis vaizdas i$ vir§aus;
b) projekceinis vaizdas i§ priekio; ¢) projekcinis vaizdas i§ Sono

Skaiciuojamasis konstrukcijos ilgis yra 14 cm, tai sudaro 4,5% visos konstrukcijos
ilgio. Tokio ilgio pakanka, kad biity tenkinama keturiy kalibry taisyklé, kuri nusako, kad
pilnam jégos suveikimui, reikia keturis kartus ilgesnio atstumo, negu yra tarpas tarp bégiy
(Marshall, Ying 2004). Vertinat konstrukcijos simetrijos plok§tumas buvo nagrinéjama tik
V4 elektromagnetinés svaidyklés skerspjuvio. | tai patenka ketvirtadalis sviedinio ir puse
elektromagnetinés svaidyklés bégio. S3.1 paveiksle nagrinéjama konstrukcijos dalis yra
pazyméta raudonu kvadratu. Norint apskaiciuoti Lorenco jéga, reikia jvertinti magnetinio
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lauko pasiskirstyma erdvéje, o tam turi buti apskaiCiuotas aplinkos oro, kuris yra aplink
elektromagnetine svaidykle, poveikis (tai néra atvaizduota S3.1 paveiksle).

I$sprendus varzty ir tuscio bégio elektromagnetinj uzdavinj matyti, jog jéga elektro-
magnetinio bégio tiryje yra pasiskirs¢iusi atitinkamai ties bégio kraStais. Magnetiné jéga,
veikianti elektromagnetinés svaidyklés bégj, skersine kryptimi (x-y) yra maziausia ties
bégio viduriu, o isilgine kryptimi (x-z) yra vienoda (S3.2a paveikslas). Kitas elektromag-
netinis uzdavinys, apimantis elektromagnetinés svaidyklés bégj ir konstrukcinius varztus,
parodo, jog esant konstrukciniams varztams pasikeicia el-ektromagnetinés jégos pasiskirs-
tymas bégio tiiryje. Magnetiné jéga, veikianti elektro-magnetinés svaidyklés bégj, sker-
sine kryptimi (x-y) yra maZiausia ties bégio viduriu, o iSilgine kryptimi (x-z) yra didziau-
sia tarp konstrukciniy varzty (S3.2b paveikslas).

Esant tokiam magnetiniy jégy pasiskirstymui matyti, jog konstrukciniai varztai su-
teikia neigiamg efekta elektromagnetinio lauko pasiskirstymui. S3.2 paveiksle pateikti bé-
giy pavirsiy zemélapiai, integruoti visame bégio skerspjivyje, ir atvaizduojantys elektro-
magnetiniy jégy pasiskirstyma z-x asiy kryptimi (iSilgai bégio).
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S3.2. pav. Elektromagnetinés svaidyklés bégiy skétimo jégos tiirio integralo pasiskirstymas
iSilgai bégio plokstumos: a) be konstrukciniy varzty; b) su konstrukciniais varztais

Varzty jtaka pavirSiaus deformacijai ir varzty jtakos skirtumas mechaninei konst-
rukcijai yra aprasomas 4-ame skyriuje.

4. Elektromagnetinés svaidyklés mechaniné analizé

ISsprendus elektromagnetinés svaidyklés elektromagnetiniy uzdaviniy seka, toliau tiriama
mechaninés konstrukcijos dalis. Mechani$kai konstrukcija tiriama dviem etapais. Pirmasis
etapas nagrin¢ja konstrukcijos lokalias deformacijas, naudojant nauja skaic¢iavimo me-
toda, pagal kurj mechaninis konstrukcijos bégis yra suskaidomas j tam tikro dydzio sta-
¢iakampius gretasienius: 5x2x10 mm (S4.1a paveikslas) ir 5x4x10 mm (S4.1b paveiks-
las). Tai leidzia nagrinéti mechaning konstrukcija, apkraunant bégj taryje
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pasiskirs¢iusiomis magnetinémis jégomis, kurios buvo apskaiciuotos pagal elektromagne-
tiniy modeliy sekg. Skirtingas elektromagnetinio uzdavinio sprendinys skirtingai veikia
mechaning elektromagnetinés svaidyklés konstrukcijos elgsena. Tai buvo vertinama, nau-
dojant apskaiciuoty magnetiniy jégy pasiskirstyma, ir integruojant j trius, kuriy dydis yra
biitent minéti staciakampiai gretasieniai. Elektromagnetinio modelio uzdavinys ir mecha-
ninio modelio uzdavinys skiriasi tuo, jog elektromagnetiniame uzdavinyje yra sprendzia-
mas uzdavinys apimantis 14 cm konstrukcijos ilgio, o mechaninio modelio uzdavinys
apima 50 cm konstrukcijos ilgio, todél tliriniy staciakampiy gretasieniy skaicius skiriasi.
Integruoty tiiriniy jégy staciakampiy gretasieniy skaicius elektromagnetiniame uzdavinyje
yra mazesnis, todél formuojant kastines salygas tiiriniy staCiakampiy gretasieniy skaicius
padidinamas kopijuojant pasikartojancius elektromagnetinius efektus arba paliekant to-
kias pat tiirines apkrovas homogeninése zonose (toli nuo sviedinio, elektromagnetiniy jégy
pasiskirstymas yra homogeniskas). Toks tariniy staciakampiy gretasieniy dauginimo me-
todas leidzia iSplésti mechaninio uzdavinio apimtis analizuojant ilgesn¢ elektromagneti-
nés svaidyklés konstrukcija.

S4.1. pav. Mechaninio uzdavinio skaitinis modelis

Visi elektromagnetinés sekos modeliai buvo spresti naudojant magnetines jégas i
mechaninés sistemos bégio tiirj. Pradéta nuo paprasciausio modelio, kuris apraso tik bé-
gius. Sio modelio sprendinys imituoja elektromagnetinés svaidyklés darbinj rézima, kai
néra konstrukciniy varzty, o sviedinys yra toli nuo tiriamos vietos. Tairiniy jégy apkrova
bégio tiryje 0,1 mm maziau deformavo bégio paviriy, nei apkrova j elektromagnetinés
svaidyklés bégio pavirsiy. IS rezultaty matyti, jog tliriniy jégy apkrova maziau deformuoja
elektromagnetinés svaidyklés bégio pavirsiy, nei apkrova j bégio pavirsiy (S4.2 paveiks-
las). Kitas sekos uzdavinys apraso konstrukciniy varzty poveikj elektromagnetinés svai-
dyklés bégio deformacijai. S4.3 paveikslas pavaizduoja bégio pavirSiaus deformacija, kai
naudojama magnetiné apkrova j bégio tiirj, gauta sprendzZiant elektromagnetinj bégio uz-
davinj be konstrukciniy varzty, ir apkrova j bégio turj, gauta sprendziant elektromagnetinj
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uzdavinj su konstrukciniais varztais. Sie rezultatai rodo, kad apkrovos jégy nevienodas
i$sidéstymas, duoda skirtingus rezultatus ir mechaninéje konstrukcijoje. Gautas 0,037 mm
skirtumas néra reikSmingas ir vertinant eksperimentinius rezultatus gali bati eliminuoja-
mas, nes elektromagnetinés svaidyklés konstrukcijos geometrijos tolerancija yra gerokai
didesné nei skaitiSkai gautas rezultaty skirtumas.
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Antro mechaninio tyrimo modelio uzdavinys apima visa (3,15 m ilgio) elektromag-
netinés svaidyklés ir leidzia analizuoti elektromagnetinés svaidyklés mechaninés konst-
rukcijos elgsena dinamiskai. Siame uzdavinyje sprendziama lygéiy sistema (S4.1), kurioje
slopinimas nebuvo jvertintas.

[M]tit) +[Cluct) +[K]u() = Fy (t). (S4.1)

Sprendziant pilnos konstrukcijos elgsenos uzdavinj naudota jégos apkrova j bégio
pavirSiy. Jégos dydis apskaiCiuotas remiantis slégio skai¢iavimo formule (S52.2). Slégis
proporcingas impulsinés srovés stiprio kvadratui, todél slégio | bégio pavirsiy profilis su-
tampa su eksperimentiskai iSmatuotos impulsinés srovés pulso forma. Remiantis eksperi-
mentiskai iSmatuotu sviedinio skriejimo greiciu, buvo nustatyta, kaip kintant laikui, kinta
sviedinio pozicija elektromagnetinés svaidyklés bégyje. Turimi duomenys leidzia atkar-
toti sviedinio slydimo kelig kiekvienu laiko momentu.
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Pirmojo sviedinio sviedimo metu atsiranda bégio pavir§iaus svyravimai, kurie iSlieka
iki antrojo sviedimo. Sie svyravimai vyksta tiek teigiama bégio pavirsiaus y-kryptimi, tiek
neigiama. Konstrukcijos virpéjimas apsunkina naujo sviedinio uzkrovima j elektromag-
netinés svaidyklés pagrindinj kanalg bei lemia naujai uzkrauto sviedinio slydimo procesa
(S4.5 paveikslas). Toks bégio pavirSiaus nestabilumas daro neigiama jtaka elektromagne-
tinés svaidyklés efektyvumui. Tuo metu kai tarpas tarp bégio yra pleCiamas, atsiranda
trukdziai tarp sviedinio ir bégio elektrinio kontakto, kitu metu, kai tarpas tarp bégiy yra
spaudziamas, sviedinio slydimo takas yra spaudziamas, dél to didéja slydimo trintis, kuri
taip pat turi jtakos elektromagnetinés svaidyklés efektyvumui.

Bendrosios iSvados

1. Apzvelgus elektromagnetiniy, atvirojo kanalo, svaidykliy tyrimus nustatyta, kad
skai¢iuojant mechaninj Saudyklés konstrukeijy biivj vyrauja eksperimentiniai mag-
netinio lauko sukelty jégy nustatymo metodai. Susietieji elektromagnetomechani-
niai modeliai tokio tipo elektromagnetinéms svaidykléms nebuvo taikyti. Absoliu-
¢iy skaiciavimo rezultaty tokio pobiidzio elektromagnetinéms svaidykléms nebuvo
rasta.

2. Siekiant jvertinti modelio tiksluma buvo vertinamas elektromagnetinés svaidyklés
induktyvumo parametras skai¢iuojant skirtingais metodais ir atlikus eksperimenti-
nius matavimus. Jis parodé pakankamg trimatj elektromagnetiniy ir mechaninio
baigtiniy elementy modeliy kokybe, taikant dviejy bégiy atvirojo kanalo RAFIRA
elektromagnetinéms svaidykléms. [vertinimas atliktas naudojant magnetinés ener-
gijos vertinimo metoda.

3. Istirtas lokalus sviedinio ir konstrukciniy varzty poveikis. Rezultatai rodo, kad
magnetiné jéga prie sviedinio padidéja 2,5 karto. Konstrukciniy varzty vertinimas
rodo, kad magnetiniy jégy poveikis ties konstrukciniais varztais sumazeéja 17,5 %.
Susieto uzdavinio skaic¢iavimo metodas leidZzia jvertinti lokalius pokycius elektro-
magnetinés svaidyklés konstrukcijoje.

4. Didelés galios elektromagnetinés svaidyklés konstrukciniai komponentai turi ati-
tikti elektromagnetinius reikalavimus, nes elektromagnetinés svaidyklés veikimo
metu vyrauja didelés elektromagnetinés jégos, veikiancios ne tik laikanciaja konst-
rukcija, bet ir laidininkus. Jégos, veikiancios ant bégiy, trukdo islaikyti gera kon-
takta tarp bégio ir armattiros. Skai¢iavimais nustatyta, kad jéga elektromagnetinés
svaidyklés tliryje ir bégio pavirSiuje yra pasiskirs¢iusi nevienodai: skersine kryp-
timi didZiausios jégos yra ties bégio krastais, o iSilgine kryptimi didZiausios jégos
yra tarp konstrukciniy varzty.

5. SkaiCiavimais parodyta, jog elektromagnetinis poveikis sukelia papildomg bégio
pavirsiaus deformavima, kuris kinta priklausomai nuo simetrijos plokstumos. Taip
jvertinamas zalingas poveikis sumazinantis kontakto plota. Slégio veikiancio j pa-
vir$iy apkrovos tipo ir tikslios tiirinés jégos skaiCiavimai naudojant elektromagne-
tinius modelius apkrovos tipo rezultatai skirtingai paveikia bégio pavirSiaus pos-
linkj, kuris gali skirtis iki 0,1 mm. Sepetéliy armatiirai tokie skirtumai gali
sumazinti bégio ir armatiiros elektrinio kontakto charakteristikas.
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Lokalus elektromagnetinés svaidyklés tyrimas atskleidé, kad elektromagnetinés
svaidyklés armatiiros konstrukcinés formos lemia ne tik kitokj jégy pasiskirstyma
lokaliai, bet ir turi poveikj elektromagnetinés svaidyklés konstrukcijos elgsenai.
Nustatyta, jog naudojant skirtingas armatiiros konstrukcines formas, gaunamas
10 % elektromagnetinés svaidyklés bégio pavirSiaus poslinkio skirtumas. Bégio
pavirSiaus deformavimas naudojant paskirstytg sviedinj yra 10 % mazesnis negu
bégio pavirSiaus poslinkis naudojant C-formos sviedinj.

Atlikta trimaté elektromagnetinés svaidyklés modelio analizé pateikia bégiy elseng
kiekvieno laiko momentu. Dviejy §tviy metu, liekamieji svyravimai po pirmojo
§uvio yra pradiniy salygy buisena antrajam stuviui. Toks svyravimy pasiskirstymas
itakoja antro §iivio efektyvuma ir bendros sistemos virpéjima.

Atlikta Saudyklés mechaninio btivio daugiaStivio proceso metu atskleidé pirmojo
Stvio liekamyjy svyravimy jtakg mechaniniam atsakui, gautam po antrojo $tvio.
Iki antrojo $iivio impulso piko, bégio pavirSiaus poslinkio amplitudés yra didesnés
lyginant su pirmo $iivio metu atsiradusiais bégio pavirSiaus poslinkiais. Antrojo
§tvio metu, prieSingai nei buvo pirmoje impulso piko puséje, likutiniai bégio pa-
vir§iaus svyravimai slopina bégio pavirSiaus poslinkio amplitude.
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