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Abstract — The electromagnetic railgun launching
(EMRL) system is a type of long-range projectile launch
that does not require any chemical propellant and can
accelerate masses ranging from milligrams to kilograms
to velocities of more than several kilometers per second.
To make the rail stronger, electromechanical strength
analysis was performed by calculating the area’s moment
of inertia and critical velocity. One of the most essen-
tial mechanical aspects of rails is their moment of iner-
tia, which has a direct impact on critical velocity and
launch performance. Geometry and material both have
an impact on the rails’ electromechanical performance.
This paper describes the increase in electromechanical
performance achieved by constructing two types of rail
cross-sections - rectangular rails and T-shaped rails -
based on structural analysis and current distribution from
coupled electromagnetic (EM) simulation. The investi-
gation found that T-shaped rails have higher moments
of inertia than rectangular rails for the same cross-
sectional area and width. However, the mechanical per-
formance differences between the two geometries are not
significant. Therefore, the advantage of larger moments
of inertia for a given cross-sectional area is limited.
EM analysis has been extended to a 3-D finite element
method (FEM) for both rails by linking it with Simplorer
using the Maxwell-Simplorer coupled (MSC) method
with a flat surface C-shaped armature. When compared
to rectangular and T-shaped rails, the T-shaped rail has a
lower current density at the inner curvature but a greater
at the contact interface.

Submitted On: September 12, 2023
Accepted On: October 25, 2024

Index Terms — Area’s moment of inertia, armature veloc-
ity, critical velocity, dynamic analysis, electromagnetic
railgun launching, electromechanical strength, Maxwell-
Simplorer coupled.

L. INTRODUCTION

That a significant dynamic response with a mov-
ing armature might happen during railgun launch is
a challenging event, because the rails are exposed to
a hostile load environment. The rail-armature inter-
face experiences significant contact pressure variations,
which can cause damage under certain situations. High
current density in railguns can cause high temperatures,
resulting in strength loss, melting and erosion. Thus,
launch performance depends on the mechanical charac-
teristics as well as the current distribution of the rails.

Geometry and material are key factors influenc-
ing electromechanical performance. Zhou et al. [1]
have scrutinized railgun key parameters such as height,
width and separation between the rails for different
cross-sections of rails. They investigated the changes in
thickness, width, spacing and other rail geometric param-
eters which affect inductance gradient (L’), current den-
sity (J) and magnetic flux density (B). They implemented
finite element analysis for examining the key parame-
ters for different rail cross-sections. They assumed the
rail is brass, 1 MA current and 60 Hz frequency. They
simulated the geometries under Eddy current A.C. anal-
ysis and determined the result for geometries cross-
sections of rail. Keshtkar [2] examined the effect of key
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parameters on varying the dimensional parameters of the
railgun. Models of two-dimensional (2-D) finite element
simulations were performed for the various w (width), h
(height) and s (separation) values. L values for differ-
ent geometrical parameters were calculated, and a table
presented. Keshtkar concluded that to increase L’ the
thickness and width of rails must be decreased whereas
separation between rails ought to increase. Jin et al. [3]
designed a cross-sectional geometry for calculating the
area’s moment of inertia, one of the important properties
of the rails that affects the critical velocity as well as the
launch. They concluded that a convex rail cross-section
shows larger inertia moment and current density distri-
bution is smaller at the bore-side rail surface but greater
at the contact surface, especially at the trailing edge of
the armature.

The three-dimensional structure illustrated in Fig. 1
represents the dimensional parameters by considered rail
to be at finite length with an armature placed between
the rails to complete the current path. When the cur-
rent flowing in Rail_1 passes through the armature it is
returned back through Rail 2 and completes the circuit.
As a result, a magnetic field is established in the space
between the rails. This field interacts with the current to
produce Lorentz forces.

Fig. 1. Schematic three-dimensional geometric model of
a railgun.

This paper investigates the moment of inertia for
cross-sections of rectangular and T-shaped rails. Finite
element method (FEM) simulations of rail dynamics are
conducted for different rail types under identical condi-
tions. The Maxwell-Simplorer coupled (MSC) technique
is used for electromagnetic (EM) simulations to estimate
current distributions.

II. STRUCTURAL ANALYSIS OF EM RAILS

During the railgun launch action, the rail receives a
huge peak value and a brief duration of current pulses.
The skin effect causes the pulse current to scatter in a
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very thin layer near the surface of each conductor. This
complicates the EM study of the railgun. This study uses
the finite element method to calculate the railgun induc-
tance gradient.

Because real equipment is rather sophisticated, the
simulation model in this research is simplified using
the following assumptions. The two rails are spatially
symmetrical, with identical constructions and materials.
In comparison to the rail’s height and width, the rail’s
length is adequate to construct a 2-D equivalent model.
A 2-D model can be further simplified by considering the
field distribution’s perfect symmetry [4].

The differential form of Maxwell’s equation is:

aD
VH=J+ FIE 1)
B= VA, 2)

JdB
VE = o 3)
Therefore:

dA

E=-Vo——", “
and Eddy current density:
Jo=—0Vo+ 94 5)
e=—0|Ve ot )’

The rail is supplied with a short period of high
magnitude 300 kA pulsed current, resulting in a non-
uniform current distribution and a hotspot at the rails’
inner corners. The rail will undergo many alterations dur-
ing armature motion as a result of contact pressure and
contact damage. This causes a rise in temperature, loss
of mechanical strength, melting and erosion [3, 5]. The
mechanical strength of the rail cross-section is explored
by finding the area moment of inertia and critical veloc-
ity which determines the most efficient rail cross-section
that might be used for EM launch.

Area cross-section is considered to be 1500 mm?,
and Fig. 2 depicts the dimensional parameters. For a rect-
angular rail the cross-sections are H=40 mm, W=37.5
mm. For a T-shaped rail the cross-sections are H=40
mm, W=38.5 mm, m=4 mm and d=30 mm [6, 7].
A comparison was done between the essential charac-
teristics of the rectangular and the T-shaped rail cross-
sections, which minimized the current hotspot appropri-
ate for launch.

The cross-sectional area for the rectangular rail:

ARect = WH. (6)
The cross-sectional area for the T-shaped rail:
AT Shaped =W —mH +md. @)

Table 1 shows the design essential parameters such
as inductance gradient (L), current density (J), magnetic
flux density (B) and Lorentz force (F) for the two rails.
According to researchers [8, 9], both the rectangular and
T-shaped rail cross-sections have an acceptable induc-
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Fig. 2. Cross-sectional geometry of rectangular and T-
shaped rails.

Table 1: Comparison of L, J, B and F over the rectangu-
lar and T-shaped rail cross-sections

Rail Cross- L Jx10™ [ B[T] | F (kN)
Section | (uH/m) | (A/m?)

Rectangular | 0.46305 | 0.54381 | 4.6284 | 132.801
T-shaped | 0.48481 | 0.34753 | 5.8247 | 129.387

tance gradient value. As a result, the current density con-
centration is limited across both rails.

The area’s moment of inertia for rectangular and T-
shaped rail cross-section under consideration can be cal-
culated by the following equations:

1. Moment of inertia for rectangular rail cross-section
along the X’;-X; and Y’;-Y; axis as shown in
Fig. 3.

WH?
L= —— 8
x1 12 ) ( )
HW?
12
Centroid for rectangular rail cross-section:

€))

L =

(10)

vl

Fig. 3. Cross-section of rectangular rail.
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H

h=>.

(1)

2. Moment of inertia for T-shaped rail cross-section
along the X’>-X; and Y’,-Y, axis as shown in

Fig. 4.
W —m) H? + md®
Lo = ( ) ) (12)
12
H(W —m)® +dm? -2
Iy = ( 12) + Az (x21 — X2)
—\2
+A21 (x2—X2)". (13)

Centroid for rectangular convex rail cross-section:
= Ap1x21 +A2x2

) (14)
ATShaped
%= Az1y21 +Ayn (15)
AT Shaped

where:
A21 = (W — m) H 5

Ay =md,
W—m
-x21:( ) )a
m
x22=(W—m)+§7
H
Y21 =Y»n = 5

Railgun launches can cause the rail to respond
dynamically due to magnetic pressure. When the
armature reaches its critical velocity, resonance might
develop, causing high-amplitude tension and strain dur-
ing passage and potentially damaging the rails [10].
Timoshenko [12] investigated the vibration of Bernoulli-
Euler beams on an elastic base. Lewis and Nechitailo
[11] proposed an expression for critical velocity, based
on [12].
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Fig. 4. Cross-section of T-shaped rail.



Rails’ critical velocity:

2/ELKy .

pA (16)
where E is the modulus of elasticity, /, is the moment of
inertia of the beam cross-section, p is the density of the
rail material and A is the rail cross-sectional area.

The normalized rail critical velocity at the time of
launch can be calculated by using equation (16). Though
the mechanical strength of the rail purely depends on
the material property. So, the material chosen for the rail
was [1-4] having modulus of elasticity (E) as 117 GPa,
moment of inertia (/) of the beam cross-section, density
(p) of the rail material as 8933 kg/m?, rail cross-sectional
area (A) as 1500 mm? and foundation stiffness (Ky) as
6x10° N/m?. The resultant values of inertia moment for
all rail cross-sectional geometries are tabulated. For a
comparative approach, the simulated values and calcu-
lated values of moment of inertia are shown in Table 2.

Ver =

Table 2: Comparison of moment of inertia

Rail Cross- | Centroidal Moment of Inertia, I, (x 10° Ver
Section Axis mm*) (m/s)
(mm)
Simulated Calculated
(Using (Using
ANSYS Empirical
Tool) Equations)
Rectangular| (18.75, 1.7578 1.7429 128.78
20)
T-shaped (18.79, 1.7795 1.7524 129.18
20)

Table 2 indicates that the found equations for
determining the area’s moment of inertia produce the
same results as those acquired through simulation. The
T-shaped rail cross-section has a greater mechanical
strength of 1.7 mm* and a critical velocity of 129 m/s,
indicating its ability to resist launch.

III. DYNAMIC ANALYSIS ON EM RAILGUN
USING MSC METHOD

Railgun armature plays a crucial function in the EM
launching process. Two types of armatures were cho-
sen for experimental consideration: C-shaped armature
and brush armature. At the end of the simulation, the
C-shaped armature demonstrated higher efficiency than
the brush armature. Higher current concentration in the
armature causes a rise in local temperature, resulting in
loss of mechanical strength and even melting [13]. The
armature is built so that it may be correctly aligned with
the rectangular and T-shaped railgun for a 1 meter rail.

The three-dimensional geometry was initialized by
properly selecting the properties of the materials copper
for rail with conductivity 5.8 x 107 (S/m) with a relative
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permeability of 0.999991 and aluminum for armature
with conductivity 3.5 X 107 (S/m) with a relative perme-
ability of 1.0. The boundary conditions and excitation of
rails about 300 kA are assigned to the railgun by meshing
it properly. The parameter sweep is used to calculate cur-
rent density and magnetic field strength as the armature
position moves in increments until it exits the rails. The
ANSYS Maxwell EM solver is coupled with Simplorer
to accomplish the MSC method, and simulation flow is
clearly represented in Fig. 5.

Figure 6 depicts a 30x40 mm flat surface armature
that has been proposed to improve railgun performance
by meeting the required railgun essential criteria such

[ Railgun Geometry ]

v

Material properties, Excitation, Meshing,
Boundary conditions, Solution setup

v

[ Initialize armature position (p) in mm ]

[ Parametric sweep ]

[ Field report, J (A/m?), B (T) ]

v

g Simplorer
t Coupling —
ras i through twin
] builder
PPS
v

Armature velocity (v) in m/s
Displacement (d) in m

YES

NO

[ End of simulation ]

Fig. 5. Design chart of MSC method.
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Fig. 6. A 30x40 mm flat surface C-shaped armature.

as minimal current density concentration and maximum
EM armature force.

Wing angle of the armature tail (6 =11.7°), thick-
ness of the armature (dg =13 mm), length of the arma-
ture tail (d; =35 mm), thickness of the armature tail
(dy =6 mm), height of the armature spearhead (d; =22
mm), length of the armature (d4 =50 mm), width of the
armature (ds =40 mm), height of the armature (dg =30
mm), thickness of the armature spearhead (d7 =7 mm),
curvature radius of the armature throat (r; =8 mm) and
curvature radius joining leading edge to armature spear-
head (r, =11 mm). During the pre-processing stage the
meshing is properly configured with 28234 domain ele-
ments, 5940 boundary elements and 790 edge elements.
Degrees of freedom (DOF) for flat surface C-shaped
armature are 18629 with internal DOF’s as 4882.

Figure 7 depicts the pulsed power supply (PPS) sys-
tem with pulsed capacitor circuit, switching circuit and
pulse shaping elements that is outfitted with the rail-

- ! | Switching
Circuit

T

I)

Pulse Shaping Elements

Fig. 7. Pulsed power supply system.
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gun to generate 300 kA capacitive discharge pulse cur-
rent, as shown in Fig. 8, to improve railgun performance
analysis.

Winding_current Probe 14 Simplorerl  ANSYS
2023R1

—
—— Winding_current.

350000
300000 |

250000

1Al

200000 |

150000 ]

Winding_current.

100000 ]

50000 |

o
0 1 2 3 4 5

Time [ms]

Fig. 8. Capacitor discharge current.

The railgun model being fed with 300 kA of pulsed
current from 0 to 2 ms and then reduced from 2 ms to
5 ms is illustrated in Fig. 7. This calculates the current
density concentration between the armature and the rail
for an armature distance of 40 mm from the rail’s breech
end.

Figure 9 depicts the electrical equivalent circuit
model of a railgun, which is used to determine the
velocity and distance traveled by the projectile using
the ANSYS coupled Simplorer. The subsystem model
is provided with capacitor bank-based PPS, and the
resulting emerging force causes the armature to move.
The armature’s location is sensed and given back to
the subsystem model by computing its velocity and
displacement.
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Fig. 9. MSC method of computational system.



The closed loop model contains a discharge capac-
itor C1, input resistance R1, pulse shaping inductance
equivalent model of the railgun system, a translational
mass “MASS_TRB1”, a translational motion setting
“S_TRB1” and time-controlled switches S1 and S2. The
railgun will act as a subsystem which is initialized by
current excitation which passes through the rails and the
bullet. The output of the rail model is the Lorentz force
“FORCE1_N” that is generated on the armature. This
generated force propels the mass with the delta change
in position to the delta change in time which is sensed
and recorded by the displacement sensor “SM_TRB1”.
This process is carried out until the bullet exits the rails.

IV. ELECTROMAGNETIC POST
PROCESSING RESULTS

In the post processing stage, EM field plots and out-
put parameter graphical plots can be obtained. To com-
pute the armature velocity, a project variable has been
developed for a flat surface C-shaped armature with an
armature volume of 3.3039x 10799 m? and an armature
density of 1816.045 kg/m?> for a 60 gram armature.

On observing the field plots from Figs. 10—13, the
current density concentration over the center curvature
of the armature of the rectangular railgun is greater
(1.1790x 10° A/m?) compared with the T-shaped railgun
(1.0706x10° A/m?). The current hotspot in the center
curve of the armature causes melting due to temperature
rise, resulting in damage to the armature before it leaves
the muzzle.

Figures 14 and 15 show the velocity and acceler-
ation graphs for the rectangular and T-shaped railguns
with 60 grams armature. For both types of railguns, the
velocity obtained is nearly equivalent to 1 km/s for 60
grams of armature. When the parameters m and d of
the T-shaped railgun are further dimensioned, the cur-

J[A/m*2]

Max: 1.17E+09
1.20E+09
1.0BE+09
9.60E+08
8.40E+08
1.20E+08
6.00E+08

- 4.80E+08

3.60E+08
240E+08
1.20E+08
0.00E+00
Min: 3.89E-11

Fig. 10. Current density field plot for rectangular railgun
at armature distance of 40 mm.
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7.60
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6.08
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228
152
lU76
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Fig. 11. Magnetic flux density field plot for rectangular
railgun at armature distance of 40 mm.

J [A/mA2]
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l 99E+08
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4 4E+08
33E+08
22E+08

I 11E+08
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Fig. 12. Current density field plot for T-shaped railgun at
armature distance of 40 mm.
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Max: 5.725

5.750
.5.175
4.600

4.025
3450

2875
. 2300
1.725
1.160
.0.575
0.000
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Fig. 13. Magnetic flux density field plot for T-shaped
railgun at armature distance of 40 mm.

rent density concentration will be reduced by raising the
value of uniform current distribution to obtain maximum
velocity.



829

meter

SM_TRE1.S

2 140
i [ 1=
300 —| C
] - 10
_ - ¥
i Cem
200 | C E.
= 2
T [ am @
- : EI
i - 3
i [ o
100 — L
i [ am
= T L L T UL T L T 1T T o
abo ok 25 abs b 50
Time jms]

Fig. 14. Armature velocity (VM_TRB1.v) of 1.25 km/s
for rectangular railgun.
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Fig. 15. Armature velocity (VM_TRBI1.v) of 0.9182
km/s for T-shaped railgun.

V. CONCLUSION

In this paper, the area’s moment of inertia is inves-

tigated for rectangular and T-shaped rail cross-sections,
and FEM simulations of railgun dynamics are done
under identical circumstances. ANSYS MSC simula-
tions are run for the two different rail geometries. The
findings reveal the following:

1. The cross-sectional area was kept constant at 1500

mm? by modifying the rail’s dimensional proper-
ties. T-shaped rails have a greater moment of inertia
than flat rails for the same cross-sectional area and
rail width. The high moment of inertia can delay

(1]

(2]

(3]

(4]
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the occurrence of maximum displacement, although
this impact is subtle since the critical velocity is
determined by the fourth root of the moment of iner-
tia. As a result, the T-shaped rail cross-section has
a higher mechanical strength (1.7 mm*) and criti-
cal velocity (129 m/s), allowing it to withstand the
launch.

. Simulations of rail dynamics using a flat surface

C-shaped armature show no significant changes
in mechanical performance between the two rail
designs. As a result, the benefits of bigger moments
of inertia for a given cross-sectional area are
limited.

. Compared to rectangular and T-shaped rails, T-

shaped rails have lower current density at the inner
curvature but higher at the contact interface.
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