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Abstract: This paper presents a theoretical study of a new design of an electromagnetic
launch system (EMLS). The presented system does not follow the path of the previous systems.
Instead to accelerate a conductor like in the previous systems this new design accelerates
permanent magnets made ring, based on Halbach array arrangements. In the first part of the
paper are presented the objectives of the new EMLS design. Then the existing solutions are
presented in order to identify the limitations. Based on these observations a new design is
presented. In order to analyze the interaction between all elements of this design, an interactive
software package based on finite element method (FEM) was used to analyze, solve 3D
electromagnetic field problems, and simulate the movement of Halbach array armature. All
simulation data confirm this new design has a great potential of development.
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1. INTRODUCTION

Different kinds of energy can be used in order to accelerate an object of mass m. If we
want to obtain also great performance the chemical energy may be usd. In time the
launch systems based on chemical energy achieved their limits. In order to expand the
limits of launch systems the electromagnetic energy can be used [1]. Different
electromagnetic launch systems were developed in time. The most promising systems
were based on Lorentz Force. According to the theory the Lorentz force is:

F=qvxB (1)

Because in EMLS we don’t use a singular charge but many, it is much easy to use the
equation of Lorentz force based on current intensity. This form of Lorentz force is
sometimes presented as Laplace force.

F=1I1-1xB )
F=1I-1-B-sina )

where « is the angle between vectors / and B;
The force has a maximum when «=90"and a minimum (null) when
a=0"ra=180".
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This is an important remark because when we create an EMLS the magnetic flux
density B must be perpendicular on a current-carrying wire.

The objectives of this theoretical study are to accelerate a projectile of mass
m = lkg from speed v, =0m/s to v, =3000m/s on a distancex =10m. The kinetic

energy of the projectile with muzzle velocities v, = 3000 m/s will be:

E, =%mv2 =%-1-30002 ~4.510° = 4.5MJ (4)

If we consider the projectile uniform accelerated on the length x =10m we can find
the acceleration value:

vf = vé +2a(x—x,) ®)]
2 6
17 9-10 5 2
= = =4.5-10 6
T 20 /s (6)

The value of force acting on projectile must be:
F=m-a=1-45-10° = 450kN (7)

According with these determinations, we are looking for an EMLS able to create a
450kN force which will act on projectile on the length of 10m.

2. THE EXISTING SOLUTIONS
Different designs of EMLS were studied in time. One of the best designs is called

railgun. A railgun consists of two parallel conductors called rails and a sliding conductor
between rails called armature. The projectile is mechanically connected with armature.
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FIG. 1 Railgun
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A very high current / flows through rails. The combination between this simple design
and very high currents creates the condition to obtain a great Lorentz force on armature
according with figure 1.

Studying figure 1 we can observe some advantages of this design:

- the magnetic flux density B is perpendicular on armature;

- the current / create the magnetic field around rails and the current on armature. By
increasing the current / the Lorentz force is also increased;

- the length of rails can be calculated according with the performance of the launcher.

The expression of force acting on armature can be approximate according to (8) [2].

1
F==IL 8
5 (8)

where L' is magnetic gradient inductance.

Because this design uses only straight conductors the value of magnetic gradient
inductance is very low. The only way to obtain a high value of force is to increase the
current / which flows through conductors.

We can name this design a current based EMLS.

Another important advantage of this design is the angle between magnetic field and
armature, which is 90°. Even the magnetic field created by rails is not so strong compared
with a magnetic field created by a coil, the armature is touching the rails and use very
efficient the magnetic field created.

This big advantage comes also with a big disadvantage of this design: sliding contacts
between armature and rails.

In order to create a great EMLS design we should preserve the advantages of railgun
design and to avoid his great weakens-sliding contacts. We are looking also for a design
which doesn’t use high currents to obtain desired force.

The second direction of development of EMLS is induction coilgun. In order to
reduce the value of current / the rails can be replaced by coils. By using coils we can
obtain the same value of magnetic flux density B created by the rails with less amount of
current. The current inside armature can be obtained by using induction instead of sliding
contacts.

ddy
u, =——= 9
; i )
u = —i(BA cosf) = —(ﬁjA cosf — B(d—AJ cos @+ BAsin H(ﬁJ (10)
dt dt dt dt

where 6 is the angle between B and 7 (normal unit of surface area A).

We assume the magnetic field is uniform distributed in space.

The coilgun design was developed based on Faraday’s law.

In this particular case the only variable in (10) is the magnetic field, the surface 4 and
angle 6 being constant. The Faraday’s law can be written:

u, = —(fl—BjA cosd (11)

t
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A possible design consists of coils which create a gun barrel and allow a projectile
made by aluminum to move inside them, presented in figure 2.

Coil Coil Coil Coil

-1 Projectile > >

Coil Coil Coil Coil

FIG. 2 Induction coilgun

The axial component of magnetic flux density B, , inside coil creates the induced
current inside projectile, which interact with radial component of magnetic flux
density B, .

The induced current depends on rate of change of the axial magnetic flux density B,

and the radial magnetic flux density B, depends on amount of magnetic flux. The
magnetic flux is created by the coil and is the only one which induces current in
projectile, providing simultaneously the radial magnetic field on induced current [4-6].

It is difficult to control with a coil both the rate of change of the axial magnetic flux

density E’a and the radial magnetic flux density ér . Also it is difficult to control the phase

of induced current in projectile and the phase of the radial magnetic flux density B, .

Compared with railgun, the coilgun creates a strong magnetic field using only a
fraction of current and avoiding sliding contacts.

The coilgun design is also much complex than railgun because the position of
projectile must be synchronized with powered coils. Also the coilgun use AC currents
instead DC currents and the phase must be tighten controlled.

In order to increase the radial magnetic flux density B, and to decrease the current
inside the coil a design with magnetic circuit made by ferromagnetic materials was
proposed. The magnetic circuit creates also a zone where the magnetic field is radial on
conductor, in our case a ring (figure 3) [7]. The E shaped design use the soft magnetic
materials and use the Lorentz force to accelerate projectiles but that design does not allow
to control the difference of phase between induced current in projectile and the phase of
the radial magnetic flux density ér [8].

We can name this design a magnetic flux density based EMLS.

The induction coilgun design presented in figure 3 is important for our study because
the projectile is not located inside a gun barrel like in railgun and classical coilgun but is
located outside acceleration system.

Because we use electromagnetic energy to accelerate the projectile we do not need a
barrel like guns which use chemical energy. This is a very important remark.
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FIG. 3 E shaped coilgun

At this point we can identify the main aspects which should be taken into
consideration when a design of an EMLS is created:

- the Lorentz force should be used to accelerate the projectile;

- the magnetic field should be perpendicular on current-carrying conductor;

- the contact between the projectile and the accelerator should be avoided.

If possible, the EMLS should be simple as a railgun and efficient as a coilgwm. A
design which respects all this conditions is presented in the following chapter.

3. THE NEW HALBACH ARRAY GUN

Before the presentation of a new electromagnetic launch system we will analyze again
the equation of Lorentz force (3).

In order to obtain maximum force the angle must be a=90".

It is not necessary to create the magnetic field by using current /. The magnetic field
can be created by an independent source like permanent magnets. The /7 magnetic flux
density B can be easy obtained with permanent magnets. A value of /0T is relatively hard
to obtain, so increasing the force value in this way is not justified. In the near future it is
possible to obtain permanent magnets with magnetic field larger than /7.

The value of current / can be easily increased as we saw in railgun design. Because
the conductor must to be linked with a powerful current source the moving element can
be the permanent magnet.

The permanent magnet can act as an armature like in railgun design with a projectile
mechanically attached.
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The next element is / (length of conductor inside magnetic field) and apparently its
value cannot be modified, but if we use more wires (let’s say N turns) like in a coil we
can increase easily the value of force by N times.

If we manage to increase the number of conductors inside magnetic field by N times,
we can increase the total force acting on armature by N times [9]. This is an easy way to
increase the force. This number depends by the size of wire and the space volume where
the magnetic field is strong enough to create a useful Lorenz force. For our design the
determined value of N is 4000.

In order to obtain a magnetic field perpendicular on conductors, a circular Halbach
array with linear field inside should be used.

For our design we chose a circular Halbach array made by 8 permanent magnets like
in figure 4.

0 450 900 (mim)

FIG. 4 Cylindrical Halbach array with uniform field inside

We marked with arrows the direction of magnetization of each piece of permanent
magnet from circular Halbach array. We obtain a magnetic field with linear flux lines
from the bottom of figure to the top.

The Maxwell interactive software package that uses the finite element method (FEM)
was used to simulate the magnetic field created by the circular Halbach array.
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FIG. 5 Top view of a circular Halbach array

In figure 5 is displayed a simulated top view of direction of magnetization of each
piece from circular Halbach array.

The two marked areas on top and bottom of figure represent the space where magnetic
field is strong enough to act on conductors.

In order to obtain a strong force, the conductors must be placed inside these two
marked areas. Their volume influences the number of conductors N.

Because the magnetic field is not uniform, on every conductor will act a different
value of magnetic field density B. In the center of array the magnetic field is very weak.
We use this space to connect conductors in a proper way.

According to the theory the magnetic flux lines are linear inside array.

In figure 6 is displayed a simulated side view of the array magnetic field. We can also
observe the magnetic field is not uniform, so if we place conductors nearby permanent
magnets (where the magnetic field is strong enough), on every conductor will act a
different value of magnetic flux density B. Also in the center of array the magnetic field is
very weak.
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FIG. 6 Side view of a magnetic field created by a circular Halbach array

The non-moving part of electromagnetic launch system is represented by conductors
arranged as displayed in figure 7.

0 400 800 (mm)

FIG. 7 Top view of conductors

In order to obtain a cumulative Lorentz force acting on Halbach array on z positive
direction the sense of current in conductors placed in bottom of figure 7 must be the same
like in conductors placed on top.

This is not possible with a normal coil configuration. For this reason we use the center
of the array to connect conductors. Because the magnetic field in the center of array is
weak, the Lorentz force created is also weak.
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The conductors are placed where the magnetic field has the highest value on x axis of
the array and are placed in such a way to obtain all conductors with the same direction of
the flowing current.

Z

0 250 500 (mm)

FIG. 8 Side view of conductors

For our simulation the conductors are divided in 4 stages of the length equal to the one
of permanent magnets, like in figure 8. For each stage we have two sets of conductors in
order to obtain the Lorentz force with same orientation on both sides of Halbach array.
According with the destination of EMLS, the number of stages may be increased in order
to obtain a desired distance of acceleration. All conductors are connected to the same DC
power source.

The magnetic flux density B is acting on conductors and with this configuration we
have N conductors of length / placed inside magnetic field.

The conductors are arranged in such a way to carry the same intensity of current in
each of them. We can increase now the value of current in order to obtain the desired
value of force.

[ ——
‘ ] 500 Te+003 (mm)
FIG. 9 The Halbach array launch system
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Figure 9 shows this new design of an electromagnetic launch system. It is a different
approach.

The moving part is placed outside like in E shaped coilgun but now the ring is made
by permanent magnets instead of a conductor.

The static parts which accelerate the Halbach array don’t form a gun barrel like in
railgun and coilgun designs.

The Halbach array is the armature which is moving outside conductors in z positive
direction. This design is indeed simple as a railgund esign and efficient as a coilgwn
design.

In the following chapter the simulation results of this new design are presented. Even
every conductor of this design has the same current, the magnetic field acting on every
conductor is different, according with figure 6.

In order to obtain a well approximated value of the cumulative force acting on
Halbach array ring, we used the above mentioned Maxwell interactive software package
based on finite element method (FEM) to analyze, solve 3D electromagnetic field
problems, and simulate the movement of Halbach array armature.

4. THE SIMULATION RESULTS

The permanent magnets with a height of /00mm are arranged as a cylindrical Halbach
array with magnetic field inside in one direction, along x axis. The conductors are placed
in cylinder inner space and are divided into four stages. The number of stages depends on
the necessary acceleration distance to obtain desired muzzle velocity of projectile. In our
simulation the acceleration distance is 400mm.

Each stage has two sets of conductors in order to control the direction of current
inside. In this way the direction of Lorentz force is the same for both sets of conductors of
each stage. The conductors are powered with a DC source. Each set of conductors can
accommodate 4000 separate conductors. The inner radius of Halbach array is
R, =500mmand the outer radius is R, = 600mm . The dimensions of Halbach array ring

were determined taking into consideration the value of magnetic field in the center of the
ring (very low value) and the volume of 4000 conductors accommodated in the area of
strong magnetic field. The total mass of moving object (armature plus projectile)
ism=1kg.

The interaction between all elements of the design was checked for different values of
current in conductors. The results for /=5004 are presented in the following graphs.

The time variation of Lorentz force acting on z positive direction on armature is
presented in figure 10.
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FIG. 10 Lorentz force acting on armature

The Lorentz force acting on armature starts at 377kN and increases in time up to
811.61kN.

When the armature left conductors the force decreases rapidly and acts in opposite
direction. This is not bad because our intention is to accelerate a projectile and at this
stage the projectile is released by armature.
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FIG. 11 Muzzle velocity of armature

Based on force acting on armature the muzzle velocity is calculated. In figure 11 the
time variation of the speed of the armature is displayed. The armature is accelerated up to
669m/s. At this point the projectile is released and the speed of armature is slowing down.
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FIG. 12 The moving position of armature

In figure 12 is displayed the position of Halbach array ring in time. The simulated
acceleration distance is only 400mm. According to figure 12 the armature leaves the
accelerator in /.26ms. For our simulation the length of power current pulse should be
1.26ms.

In figure 13 are displayed the time variation of force, speed and moving position of
armature, together.
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FIG. 13 The time variation of force, speed and moving position of armature

From figure 13 we can observe the maximum force is obtained when the armature is
in the third stage (of four) of acceleration, 295mm.

In the last stage of acceleration the force decreases rapidly because fewer conductors
are inside magnetic field and the direction of magnetic field acting on conductors is
different.
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If we increase the number of stages in order to obtain the length of
acceleration x = 10m we will expect the force acting on armature will decrease only during
the last stage.

The maximum force obtained on our simulation was 877.61kN which is more than the
necessary value to achieve our objective. The muzzle velocity of armature after 400mm of
acceleration is 669m/s.

The average force acting on projectile calculated based on these values is 550kN.
Based on these values, we conclude that is possible to obtain the desired muzzle velocity
of 3000m/s.

This great performance was obtained using a /7 magnetic field and a 5004 current.

CONCLUSIONS

This design has great advantages over current EMLS. The static part of accelerator
can be easily powered with high currents according with destination of accelerator.

The number of conductors and the length of acceleration path can be calculated
according with destination. For instance if we use the same configuration with a length of
acceleration equal to /0m the muzzle velocity of armature will be 3000m/s, like in a
railgun design. Our design uses a current of 5004 and there is no contact between stator
and armature; the armature is moving freely during acceleration.

Despite the fact our study doesn’t present an optimized EMLS it theoretical proves is
possible to achieve hypervelocity with /7 magnetic field and low values of currents.

Also because the armature is outside acceleration path we can use multiple Halbach
array launch systems to accelerate a projectile or other object with mass greater than /kg.
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FIG. 14 Configuration with four systems

81

L



A Theoretical Approach of a New Electromagnetic Launch System

The object which will be accelerated is placed in the center of configuration shown in
figure 14, and is mechanically connected with armatures. With this configuration we can
reduce the length of acceleration or increase the mass of projectile for the same muzzle
velocity and the same value of current.

Taking into consideration all this aspects we can conclude this Halbach array gun has
a great potential of development, and we consider it worth to do.
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