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Abstract — In Electromagnetic launcher (EML) research,
beside reasonable L/ and high muzzle velocities, there
are several key features including multi-turn launching,
low field intensity in payload position, high frequency
shooting, less unwanted radiation, and so on. Attain-
ing a solution might be feasible by a different structure.
In this paper we have studied unequal curved electro-
magnetic rail launchers (EMRLs) as slice and cylindri-
cal multi-projectile electromagnetic launchers, and the
inductance gradient (L/) of these structures has been cal-
culated. Making multi-projectile EMRLs using a slice-
rail structure is much easier than other plane methods.
With a cylindrical multi-projectile EMRL, higher shoot-
ing frequency is more feasibly attained and there is no
limit on the number of launchers at the same time. High
temperature spots which are the result of high veloc-
ity and high current density distributions end in intense
destructive erosion. Decreasing intense erosion in elec-
tromagnetic launcher structures will be more economi-
cal and provide greater reliability, therefore resulting in
more applications for EMLs especially commercial ones.
In parallel electromagnetic launchers, these points and
areas are not omissible. In cylindrical EMRLs the prob-
lem of high current density distributions and its conse-
quent erosion is significantly decreased because of the
uniform distribution of current in its symmetric structure.

Index Terms — current density, electromagnetic launcher,
inductance gradient, magnetic force, velocity.

L. INTRODUCTION

Electromagnetic launcher technology is a relatively
recent development. Accelerating objects to very high
velocities only using electrical energy can have many
industrial applications [1-4]. As we know from basic
physics, a current- carrying closed loop senses an
expanding force in order to decrease changes in mag-
netic flow. An electromagnetic launcher works on this
basic principle of physics, and in its simplest form is
made up of two parallel long conductors, the rails, and
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a conductor between them, the armature. The exerted
magnetic force on the armature, the Lorentz force, can
be calculated by the integral of the JxB over the arma-
ture volume. B and J are the magnetic flux density and
current density, respectively. Numerical simulation of
an electromagnetic launcher is an interesting challenge
that requires the computation of the inductance gradient,
current density distribution, joule heat created in con-
ductors and forces in the structure. Numerical methods
such as finite element, boundary element and method of
moment are reported in [SH8]] and hybrid methods in [9-
11]. Shape and material of the rails and armature deter-
mine current density distribution in an electromagnetic
launcher. In a conventional rectangular electromagnetic
launcher, maximum values of current density occur at
inner corners of both rails [3]], [12H14]]. Inductance gra-
dient is calculated by gradient of magnetic flux for two
parallel rectangular conductors [S] which conforms for
very long structures so a difference between 2D and 3D
simulations is expected. A rectangular electromagnetic
launcher with C-shaped armature has been simulated by
finite element method in [12]] where inductance gradient
and current distribution are computed for various root
ratios of C-shaped armature and rail overhang [12]]. In
[L3]], for various width (%), thickness (w) and the separa-
tion (s) between two parallel rails the inductance gradi-
ent has been computed [[13]]. Also, a closed formula for
Ly is derived by using an intelligent estimation method
[[15)]. Applied current to the electromagnetic launcher is
a capacitor discharge, which is a very short pulse with a
time duration of less than a few milliseconds, thus cur-
rent distributes on the surface of the rails because of skin
effects. By using this phenomenon, the solution based
on the Schwartz—Christoffel map is presented for calcu-
lating the inductance gradient [[16] and there is a negli-
gible difference with results in [Sl [13} [15]. Using finite
element electromagnetic code, rectangular and circular
electromagnetic launchers with one and two parallel aug-
mented rails have been simulated to calculate self and
mutual inductance gradient where the results showed that
the rectangular rail shape with one pair of augmenting
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rails is better than other shapes [17]. In [18], various
rectangular and curved-bore electromagnetic launchers
have been simulated to calculate L/ in which the cross-
section of rails was equal to 1/10th of the electromag-
netic launcher bore size. Multi-turn railguns are suitable
options for applications in which a massive load should
be accelerated to high velocities [19}20].

Critical erosion in rails created by the launching
process could result in flaws, especially with the next
launch. Very hot spots at edges and corners because
of high current densities, great tensions and stresses
applied on rails because of repulsive forces, and very
high velocity of armature, are major agents of erosion
[21,122]. Replacing the many parts of an electromagnetic
launcher’s structure after each launch is not desirable for
reasons of time and cost. Additionally, replacing parts,
especially rails, is impossible in proposed applications
like asteroid mining and deflection [23]]. Because of less
erosion, field applications prefer circular EMLs despite
experimental applications which recommend rectangular
bores for its higher L/. Circular electromagnetic launch-
ers have been studied [24] and it is obvious that there
is no distinct advantage; not only does L/ decrease but
the areas with high current densities also remain. Due
to the shape of its armature that includes solid shapes
like bullets, most research thus far has been done in
the field of parallel electromagnetic launchers. More
recently, ring arrangements of conventional railguns such
as as quadrupoles and sextupoles have been considered
in order to solve the problems of magnetic shielding
without shielding coils or materials [25) 26]. By reduc-
ing the field magnitude in front of the armature espe-
cially in the center of the structure because of symmet-
rical designs, thrust/current ratios increase and magnetic
shielding effects have improved. On the other hand, the
inductance gradient has reduced by more than 60%.

The inductance gradient for a cylindrical electro-
magnetic launcher is comparable with a parallel electro-
magnetic launcher with proper geometrical values of its
structure [27]. Also, experiments have shown a notice-
able decrease in the field intensity in front of the arma-
ture [28] and 2D simulated in [29]. Early military appli-
cations of electromagnetic launchers, which involved
launching a solid armature like a bullet, led researchers
to parallel electromagnetic launchers, thereby neglect-
ing the cylindrical structure. By using unequal circular
rails, we moved to cylindrical structures that have no
sharp edges and corners. A multi-projectile structure is
achievable when several slice-rails are arranged circu-
larly. It is also possible to unite their inner rails. By
arranging the curved rails in a cylindrical structure, the
magnetic field distributions have been changed to cir-
cles inbounded in the bore of launcher. Because of field
concentration between the rails, obtaining higher L/s is
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respected. In this paper, slice-rail, multi-projectile and
cylindrical electromagnetic rail launchers are presented
and simulated by 3D-FEM. For each one, inductance
gradient has been calculated and compared together.
Also, force and current density distributions in rails and
in armature have been shown and discussed.

II. GOVERNING EQUATIONS
The behavior of the electromagnetic field in an EML
obeys basic Maxwell’s equations. In the absence of free
magnetic poles, B must be the curl of magnetic vector
potential (A) as the following:
VeB=0 - B=VXxA, (1)
VxA > dA

+GE :Jsa (2)

where J; is impressed current density and ¢ is conduc-
tivity, u is permeability and equals to u,. The equation
of magnetic force (F,,) is described as the following:

L'I?
F,,,:/Jdev: =, 3)

VxH=0cE+J; %Vx(

where J and B are current density and magnetic flux
density on the armature volume, respectively. Inductance
gradient can be obtained by the following:

2F,

]—2, )
I is applied current and L/ is inductance gradient and
depends on the geometrical shape and physical arrange-
ment of the rails.

L' =

III. SLICE-RAIL ELECTROMAGNETIC
LAUNCHER

Electromagnetic launchers with equal rails have
been studied considerably while desired geometries for
rails is rectangular, concave, convex, and circular. An
electromagnetic rail launcher (EMRL) with unequal rails
is unusual in EML technology but, as we will see in
this paper, it is a viable and useful design especially
for a multi-projectile advancement. A concave-convex
pair of rails has been considered in which the convex
rail is smaller, especially when both rails are concen-
tric. It looks like a parallel rectangular electromagnetic
launcher which has overhead in only one rail. The geom-
etry and cross-section of the electromagnetic slice-rail
launcher (EMSRL) is shown in Fig. E] where Lg, Ly,
Ri, R, and O are EMSRL length, armature length, inner
rail radii, outer rail radii, and the total angle of curved
rails, correspondingly.

A. Inductance gradient and force distribution

If both rails of a conventional parallel EMRL are
curved in the same direction, it can be considered a
slice-rail. Thus, the role of height in conventional par-
allel EMRLs is the same role of 6 in EMSRLs. By
increasing the angle 0, there are two parallel currents
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Fig. 1. The geometry and cross-section of the EMSRL
and L' for versus 8 with Ry = 10 mm, Ry = 30 mm and
Lym = 10 mm.

in the same direction on the outer rail, which means a
severe decrement in the magnetic field intensity in the
barrel; therefore, a decreasing L/ versus angle 6 is rea-
sonable. It looks like the effects of height increasing in
the parallel EMRLs. Here we have somewhat rail over-
head which more decreases L/. The L/ versus angle 0
for a EMSRL with R;=10 mm, R,=30 mm, Lz=500 mm
and Lg,,,=10 mm is shown in Fig. m Looking like a con-
ventional EMRL, force distribution on the rails is repul-
sive. In the inner rail, the magnetic force is compressive
and cannot make a major defect in launch process but
the force upon the outer rail is expanding and wants to
decrease its curve. Because of this force, the minimum
pressure to hold a proper contact between armature and
outer rail must be provided by containments.

By decreasing the contact area, the current should
flow through less area, which results in higher density
distributions and consequently higher temperature spots.
The possibility of arc creation during the launch process
is increased too. Force distribution on outer rail is shown
in Fig.[2]

By using thicker outer rail or a rigid containment,
the negative effects of repulsing force upon the outer
rail could be neglected. Because of highly concentrated
current density in root region of armature, the magnetic
force in this region is maximum and its distribution is
very similar to its current distribution. As most of the
force is applied on the armature rear, there is no need to
have a long armature.

B. Current density distribution

As with a parallel electromagnetic launcher, current
density in an EMSRL is very highly concentrated at the
inside edge and corners of the rails, especially in the
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current.
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Fig. 3. The current density distribution on the EMRL
for a single slice-projectile with Lr = 500 mm,R; =
10 mm, Ry = 30 mm, L; ,,, = 10 mm and 6 = 90° and
input current is 10kA.

inner rail, and because of its lesser cross-section, it is
very limiting (see Fig. @) The problem of high current
density spots still exists, and not only there is not a
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considerable improvement over conventional rectangular
rail EMLs, it would be worse in the inner rail especially
for higher R,/R; ratios. The root region of the arma-
ture has the highest current density distribution similar
to a conventional EML, and the concentration of current
in this region would be higher if the R,/R; ratio were
increased because of radial distribution of current in the
armature. Thus, the joule heating process can be destruc-
tive in this region, especially in the area close to the
inner rail.

IV. MULTI-PROJECTILE EMSRL

In an EML system there are several desired goals
such as high muzzle velocity, uniform current distribu-
tion and low corrosion rate. In some applications hav-
ing a high frequency of launching is more desirable in
which lower muzzle velocities can be neglected. It is
possible to make a multi-projectile structure by using
an EMSRL. If we arrange several slice-rail structures
beside one another as their inner rails make slices of
a cylinder, a multi-projectile EMSRL can be made. All
the inner rails can be replaced with a complete cylinder
to lessen problems with the current density distribution
on the inner rails and to obviate the requirement of con-
tainment. The geometry of a dual-projectile and a quad-
projectile EMSRL are shown in Fig. E where R;, R, Lg,
Lym and O are, respectively, inner rail radii, outer rail
radii, rail length, armature length and the total angle of
curved rails, as in a single EMSRL structure.

(b)

Fig. 4. 3D view and cross-section of the EMSRL: (a)
dual-projectile and (b) quad-projectile.

A. Current density distribution

The current density distribution on the structure
of three dual-projectiles for 8 =45°, 90° and 135° is
shown in Fig. 0] The rail material is considered to
be copper. The current density distribution for larger
6 is more uniform and its maximum value in each
rail has decreased subsequently. Looking like a conven-
tional electromagnetic launcher, the high current density
spots are located at edges and corners. Also, the current
density distribution on the quad-projectile EMSRLSs for
6 =20°, 45° and 65° is shown in Fig. [6] In order to
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Fig. 5. The current density distribution on dual-
projectile EMSRL, Ry = 10 mm,Ro = 30 mm, Ly py =
10 mm, Lr = 500 mm and input current is 10kA. (a)
6 =45°,(b) 6 =90°, and (c) 6 = 135°.

investigate the effect of a higher order of projectiles on
current density, its maximum values in armatures were
compared and it was seen that there is a decrement in
its maximum for higher order projectiles, especially in
larger 6. The current density distributions on armatures
of quad-projectile EMSRL with R;=10 mm, R,=30 mm,
Larm=10 mm, Lz=500 mm and 6;,,,,=180° are shown in
Fig.[6] The maximum value of current density for a quad-
projectile EMSRL with 6=45° will be 9% lower than a
dual-projectile with 8=90°.

B. Inductance gradient

As expected, the net force on the inner rail is neg-
ligible because of symmetry especially for higher order
projectiles. The net force on the outer rail is repulsive and
cylindrical containment can easily hold them. Making a
multi-projectile using equal slice-rail structure is a much
easier method in comparison with other plane methods.
Here, repulsing forces between rails are not limited as
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Fig. 6. The current density distribution on quad-
projectile EMSRL, R = 10 mm,Ryp =30 mm, Ly py, =
10 mm, Lr = 500 mm and input current is 10kA. (a)
0 =20°, (b) 6 =45° and (c) O = 65°.

in others. In plane methods, holding rails needs more
consideration, especially the rails which must be inside
the structure, and design of a multi-projectile electro-
magnetic launcher with more armatures is not as easy
as here. To make an N-projectile EMSRL, N slice-rail
structure with 6=360°/N should be held alongside each
other in a concentric ring position. It would appear that
we must use N slice-rail structures with less 6 in order
to apply containment packing. By knowing the applied
force on each armature in moving direction, self and
mutual inductance gradients in an N-projectile launcher
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can be calculated using the following equations:

1
Fi = S LI +Miphih + Mishls +...+ M, 1,

1
F = 5L'221§ + M5, bl +Mybhl + ...+ Ms,Dl,

Fy= %Lgml,f + My LDy + Mgl + -+ My, Ly,

)
where F1, Fa, ..., F, are the electromagnetic propulsive
forces acting on the armatures in moving direction and
11, I, ..., I, are the excitation current flowing through
each rail respectively. In this symmetric design, the rails
currents are equal and /1 = I>=...=I,=I and M;;=M j; for
i,j=1,2,...,n.

In order to study the effects of neighboring launch-
ers on each other, the values of M/ and L/,rr have
been determined using 2D-FEM simulations for these
three launchers (see Fig. [7): a dual-projectile, a triple-
projectile and a quad-projectile, all with R;=4 mm,
R,=35 mm. The mutual inductance gradient is a neg-
ative value in all cases, which means a decrement in
effective inductance gradient in a single shot. By increas-
ing the number of projectiles, the decrement value in
Lt.¢r would be larger. It is usual to define the effective
inductance gradient for each armature, after which a total
inductance gradient for the launcher can be defined as
the sum of the effective inductance gradients, L . =

, total
Zn Leff .

Mutual Inductance/Effective Inductance Gradients L,
04 ‘ 1 1 T 1 ‘ 0

o

w

5]
T

______ T

- ‘ ‘ -0
Triple\><
e
:i;Zf\“h~7‘: 015

} / )
350

o 50 100 150 200 250 300

i
&
=4
&
Mutual Inductance

Effective Inductance Gradients L,
=
) =
i @
T T

Fig. 7. I’'sc and M as function of 6 for dual-
projectile, tripleprojectile and quad-projectile with R; =
4 mm,R, = 35 mm.

As we saw in Fig. [I] the inductance gradient of an
EMSRL decreases as its angle increases, and a simi-
lar behavior in multi-projectile EMSRLs is reasonably
expected. By increasing the number of projectiles in this
symmetric method, L/ reduction is reasonable. Thus, L/
of a quad-projectile is smaller than the L/ of a dual-
projectile, and both of them are smaller than the L/ of
single-projectile EMSRL when all of them have the same
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angle of 0. The L/ versus 6 for single slice-projectile,
dual-projectile and quad-projectile EMSRLSs is shown in
Fig.[8] The reduction in L/ values become smaller when
the total angle of the structure is increased.

0.7

=
=N
T
w
=
=
as
—
=]
3
—
-]
e -
-
=
®
L

-=-- Dual-projectile

<
n

— Quad-projectile

<
i

<
75

<
o

Inductance Gradient (uH/m)

<
s

i i i i i i
50 100 150 200 250 300 350
@ (degree)

Fig. 8. L' as a function of 6 for Single slice-
projectile, dual-projectile and quad-projectile with R; =
10 mm, Ry = 30 mm, L, y,u, = 10 mm, Lg = 500 mm.

A structure with minimal hot-spots and tolerable L/
is very desirable especially in applications where substi-
tution of components is expensive or even impossible.
As previously discussed, an EMSRL can be expanded to
a multi-projectile EML by using more pairs, when the
number of slices increases or when its angle increases,
even though L/ would be decreased. Decreasing of the
L/ is not interesting but current density distribution in
rails would be more uniform and the maximum value
should be decreased. Thus, a complete structure which is
a cylindrical EMRL would be a good candidate to have
a tolerable L/ and a more uniform current density dis-
tribution in its rails. In the case of 6=360°, which is a
complete cylindrical structure, the current density distri-
bution is ideally uniform at the surface of each rail at the
very least. In next section a cylindrical EMRL will be
considered.

V. CYLINDRICAL ELECTROMAGNETIC
RAIL LAUNCHER

A cylindrical EMRL is a structure with two concen-
tric cylindrical conductors in which the ring armature.
a ring armature closes the path of current between two
cylinders. Because of symmetry, there is no consider-
ation about imposed forces upon rails. The force upon
rails is radial and the net value is insignificant. In terms
of force distribution on rails, current density distributions
and consequent thermal effects, the cylindrical EMRL is
the best among slice-rail structures because of its sym-
metry, the reduced risk of hot spots and because no
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containment is required, unlike parallel electromagnetic
launchers. The geometry of a cylindrical-rail EMRL is
shown in Fig. EL where R; and R, are inner rail radii and
outer rail radii, respectively.

R, RS
(a) (b)
| [ — Outer Rail |
R O®® |l i
| — / Inner Rail |
B @ @ @ TT }J ------------ > Magnetic force
| | —— QOuter Rail |

(©)

Fig. 9. Cylindrical EMRL. (a) cross section of the
EMRL, (b) half-view of the 3D model, and (c) diagram
of the current, magnetic flux density and force.

A. Current density and force distributions

A symmetrical structure such as a cylindrical elec-
tromagnetic launcher is expected to have more uniform
current distribution on the rails. Figure[T0|shows the cur-
rent density distribution on the armature and both inner
and outer rails for a cylindrical EMRL, with R;=10 mm,
R,=30 mm, L,,;;=10 mm and Lz=500 mm. Because
there is no high current spot on the inner rail, the pos-
sibility of hot spot creation and corrosion is decreased.
Current density distribution in the outer rail is not as
high as in the inner rail, although its distribution is uni-
form. To determine the effect of rail width on current
density distribution in rails, we considered the maximum
value of current density in each rail. The reduction of
the maximum value of current density in a thicker rail
is insignificant. Because of symmetry, net forces on rails
do not create a big quantity of the force. To avoid defor-
mation from tensions and possible fluctuation, it is bet-
ter to have rails with a minimum thickness of 10 mm.
Particular consideration should be given to the armature
because of its highly non-uniform current distribution;
consequently, temperature and forces distributions will
be non-uniform.

The distribution of Joule heat and force on the
armature of an EMRL, with R;=10 mm, R,=30 mm,
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Fig. 10. Cylindrical EMRL. Current density distribution
on rails when input current is 10 kA.

Lgrm=10mm, and Lg=500 mm, is shown in Fig.[T1] Due
to a high concentration of current density in the inner
part of the armature, the risk of melting is increased
and at the same time, because of bigger applied Lorentz
forces in this region, the possibility of deformation is
increased too.

B. Inductance gradient and velocity

It is obvious that a cylindrical EMRL is a slice-rail
one with 6=360° or any complete version of any multi-
projectile EMSRL. Figure [§] shows that the inductance
gradient decreases when the angle increases, so its min-
imum value will be obtained for a cylindrical state. The
effect of cross-sectional parameters was studied in a prior
work, so here only the effects of armature length and
position on L/ will be discussed.

Joule heat
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Fig. 11. The distribution of the: (a) Joule heat and (b)
Lorenz force in the armature in a cylindrical EMRL
with R; = 10 mm, Ry = 30 mm, L yp; = 10 mm, Lg =
500 mm and input current is 10kA.
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As expected from conventional EMRLs, armature
width has no significant effects on the inductance gra-
dient of the structure and even current density distri-
bution. For very thin armatures, thermal considerations
must be considered and defect plausibility is increased.
With thicker armatures, not only are there no advantages
but the total mass of the launch package is increased,
resulting in lower muzzle velocity.

Thus, the only consideration is that the armature
width should be thick enough, at least 4 or 5 mm. The
effect of armature width on L/ is shown in Fig. [12] To
determine the inductance gradient of a structure across
the rail, the total rail length should be divided into sev-
eral small parts, then for a specified input current the pro-
pelling force on armature can be calculated, after which
Lr will be determined.
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Fig. 12. Cylindrical EMRL: the inductance gradient ver-
sus armature length.
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Fig. 13. Cylindrical EMRL: the inductance gradient ver-
sus armature position.
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For each point on rail, that process should be done
so a new design and a new meshing for each step.
The inductance gradient versus rail length is shown in
Fig.[13] Because two different rail lengths were consid-
ered, we have shown both of them versus percentage of
rail length. In regions far from breech or muzzle, there
is a slight increment in L/ value toward the muzzle. A
similar behavior was observed for conventional electro-
magnetic launchers.

Finally, muzzle velocity has been computed by
motion equations. The position and velocity of the arma-
ture are updated throughout the analysis shown in Chart
1. Figure [14] shows the current profile and velocity his-
tory of the muzzle for R;=4 mm, R,=35 mm, R;= 10 mm,
and R,=30 mm.

Chart 1: Calculation of the velocity

Input z,and v,

Solve

EM field, J and F
Update
z and v,
Calculate

the a,vand z
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Fig. 14. Cylindrical EMRL: current profile (blue dot line)
and velocity history for Ri = 4 mm and Ro® = 35 mm
(red dot dash line) and Ri = 10 mm and Ro = 30 mm
(black dash line).
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VI. CONCLUSION

In this paper the slice-rail structure as an unequal-
rail parallel electromagnetic launcher and cylindrical
EMRL has been studied. The possibility of building a
multi-projectile EMSRL using pairs of slice-rail struc-
tures was shown. This is a much easier method for
making a multi-projectile in comparison with other
plane methods, especially because here repulsing forces
between rails are not limited as with others methods.
The inductance gradient of an EMSRL structure will be
decreased if its angle is increased. This is also valid for
the maximum value of current density in both rails. Simi-
lar behavior is observed in a multi-projectile electromag-
netic launcher. L/ of a quad-projectile is smaller than the
L7 of a dual-projectile, and both of them are smaller than
the L/ of a single-projectile EMSRL for a certain angle.
Rail width has no significant effects on the inductance
gradient of the structure and even on the maximum value
of current densities. Additionally, armature width has no
significant effects on the inductance gradient of the struc-
ture and even current density distribution. In regions far
from breech or muzzle, there is a slight increment in L/
value toward the muzzle.
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