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Abstract

This work addresses the critical issue of current density distribution in the
sliding electrical contact interface based on electromechanical coupling, which
is essential for minimizing damage and enhancing performance. Using elec-
tromechanical coupling analysis and finite element analysis (FEA), the effects
of initial contact pressure, pulse current input, and armature speed on current
density are examined. Key findings indicate that optimizing the convex rail
and armature structures significantly reduces peak current density, improving
uniformity and reducing damage. These optimizations enhance the efficiency,
accuracy, and service life of sliding electrical contact interfaces, providing a
theoretical foundation for designing more durable and efficient high-current-
density applications.
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1. Introduction

Electromagnetic launch systems (EMLs) utilize electromagnetic forces generated
by high currents passing through the armature and rails to propel projectiles at
high velocities, serving as a kinetic energy accelerator [1]. The extremely high in-
itial launch velocity is driven by intense pulsed currents [2], which not only pro-
duce significant Joule heating but also expose the system to a transient, complex
environment involving coupled electromagnetic, thermal, and mechanical fields
[3]. This imposes stringent requirements on current-carrying capacity, posing sig-

nificant challenges to the launch efficiency, accuracy, and operational lifespan of
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EML systems [4].

The contact performance between the rail and the armature is a critical factor
in determining the launch efficiency of EML systems. Maintaining reliable sliding
electrical contact under extreme multi-physics field conditions is inherently diffi-
cult [5]. During high-speed armature motion, current flow at the sliding contact
interface exhibits the velocity skin effect (VSE) [6], characterized by highly local-
ized current concentration at the contact interface. This leads to excessive peak
current densities, which cause issues such as thermal loss [7], electromagnetic in-
terference [8] [9], material degradation [10], and physical damage [11] [12].

VSE is unavoidable in the high-speed relative motion between the armature and
the rail and plays a decisive role in the current density distribution at the electrical
contact interface [13]. To effectively mitigate VSE, reduce peak current density at
the contact interface, and minimize the thermal effects on the EML system, vari-
ous approaches have been proposed. These strategies primarily fall into two cate-
gories: structural optimization [14] [15] and material design [16] [17]. Structural
optimization, due to its shorter research cycles and relatively lower computational
requirements, has gained particular attention. Studies have demonstrated that
convex-shaped rails, at equivalent rail heights, can effectively increase the contact
area and suppress VSE during high-speed armature motion [18]. However, con-
vex rail designs are predominantly elliptical, and it remains unclear whether ellip-
tical structures represent the optimal configuration for mitigating VSE during
high-speed EML operation. Additionally, finite element analysis (FEA) of EML
systems, involving complex multiphysics fields, demands substantial computa-
tional power and resources [19]. Therefore, it is imperative to identify convex rail
structures capable of effectively suppressing VSE while minimizing computa-
tional resource usage.

This study introduces a VSE-based equivalent simplification analysis for three
convex rail models. Finite element numerical simulations are employed to com-
pare the effects of these rail structures on the trailing current density distribution
at the electrical contact interface of EML systems. The objective is to identify the
optimal convex rail structure for mitigating VSE. The proposed method and con-
clusions are further validated through a transient three-dimensional multi-phys-

ics launch model.

2. Model Construction

A foundational EML model is established, consisting of two parallel flat rails and
a C-shaped armature, as illustrated in Figure 1. The rail and armature materials
are copper and aluminum, respectively, with material properties listed in Table 1.

Based on the flat rail model, three convex rail designs—elliptical, trapezoidal,
and rectangular—are constructed, each with a protrusion height fixed at 10 mm,
as shown in Figures 3(a)-(c). The armature structure adapts to the rail configu-
ration, with the modifications highlighted in gray in Figures 3(d)-(f). The mate-
rial properties of the EML system remain unchanged.
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Table 1. Parameters of materials.

o . Relative Thermal
Conductivity ~ Density . . .
o/(S/m) /(kg/m?) dielectric constant  conductivity
P8 &/l 1/ (W/m-K)
Copper rails 5.998 x 107 8940 1 400
Aluminum armature 3.774 x 107 2700 1 238

i Rail Pr
I 8 /5, Armature Pg

— U

.
\N
.
~\
/ .
.
\\
\\
.

Figure 2. Current flow path of electrical contact interface under VSE.
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Figure 3. Geometric parameters and simplified model of convex guide rails: (a) elliptical

guide rail; (b) trapezoidal guide rail; (c) rectangular guide rail.
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Both the rails and armature are assumed to be non-ferromagnetic and isotropic,
with electrical conductivity independent of temperature. The electromagnetic
field within the EML system is described using the magnetic diffusion equation
and current continuity equation in a moving coordinate system. Using vector po-
tential and scalar potential as variables, the governing equations for the electro-

magnetic field are expressed as follows [20]:

VZA—G/J((Z—?+V¢J:0 (1)

v.(_a‘jj_’:—awj _0 @)

where ois the electrical conductivity and uis the magnetic permeability. Assum-
ing ideal contact between the armature and the rails (no contact resistance), the
relationship between the VSE skin depth and the armature speed is shown in
Figure 2. The skin depth is calculated as [21]:

5 -t 3)
Hop, VO
where J, is the VSE skin depth, and p,,p, represents the electrical resistivities
of the armature and rail materials, respectively.

Using this theory, the rail structures in the simplified model are modified. To
enhance model convergence, the skin depth corresponding to VSE is set, from
which the armature velocity is calculated using Equation (3). Since current is con-
centrated on the rail surface near the trailing edge of the armature, all three convex
rajl designs are simplified to a width of 3 mm and a thickness of 1 mm, with a 1
mm contact width between the armature and the rail. Figures 3(d)-(f) depict the
three-dimensional simplified EML models at the calculated armature velocity,
where the orange regions represent the simplified rails and the yellow lines indi-
cate the trailing contact interface between the rail and armature.

In each of the three finite element (FE) simplified models, a terminal current of
700 kA is applied to one end of the rail, with the same side grounded at the other
end to form a closed circuit. To systematically analyze the impact of different con-
vex rail designs on mitigating VSE, a parametric study of line current density dis-
tribution at the trailing contact interface is conducted for the three simplified
models. The optimal structural parameters for each convex rail design are identi-
fied and compared against the flat rail configuration. Finally, a three-dimensional
transient electromagnetic-thermal coupled FE model is established to validate the

reliability of the study.

3. Calculation and Analysis

The variation of current density /at the trailing edge of the contact interface with

structural parameters of the simplified convex rails is shown in Figure 4.
Elliptical Rail: Figure 4(a) illustrates that as the semi-axis a of the elliptical rail

increases, the trailing arc length of the contact interface decreases, and the current
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density concentration shifts from the center toward the ends, leading to a more
uniform distribution. The peak current density J_, decreasesaccordingly. The

structure is optimal when a =14 mm for a rail protrusion height of 10 mm.
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Figure 4. The relationship between /(A/m?) and the structural parameters for the elliptical, trapezoidal, and rectangu-

lar rails.

Rectangular Rail: Figure 4(b) shows two prominent current density concen-
tration points at the trailing edge of the rectangular rail's contact interface. As d,
the width of the rail, increases, these concentration points shift outward. The min-
imum J,, occurs when d =12 mm, indicating the optimal structure.

Trapezoidal Rail: Figures 4(c)-(f) depict the current density distribution at
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the trailing edge for different short side dimensions b and height variations
Ab=2mm, Ab=3mm, Ab=4mm, Ab=5mm. At Ab=2mm, two dis-
tinct J concentration points are observed. For 3 mm < Ad <5 mm, four concen-

tration points appear (two at the center and two at the ends). The optimal struc-

ture occursat Ab=2mm, b=10mm, where J_, is minimized.
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Figure 5. The current density distributions for the three optimal convex rail structures. The
first column presents 3D distributions. The second column shows the y-z sectional views
at the trailing contact interface. The third column provides x- ysectional views at the central
position of the armature.

Under the optimal configurations of the three simplified convex rails, the cur-
rent density distributions for the EML system are shown in Figure 5. Figures 5(a)-
(c) illustrate the results for elliptical, trapezoidal, and rectangular rails, respec-
tively. The comparison of Figures 5(a)-(c) reveals that the elliptical rail exhibits
more pronounced concentration across the contact interface. In contrast, the trap-
ezoidal and rectangular rails show Jconcentration localized at the tips of the rail
protrusions. These concentration points align with the calculated results in Figure
4, further validating the structural analysis. The third column of Figure 5 confirms
that the simplified model effectively captures the current concentration phenom-
enon induced by VSE during high-speed armature motion, providing reliable in-
sights into the electromagnetic behavior of EML systems.

The comparison of the current density distributions along the arc length at the
trailing edge of the contact interface for the three simplified convex rail models

and the flat rail model is shown in Figure 6.
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The results reveal that the flat rail exhibits relatively high overall current den-
sity, with multiple small peaks and troughs distributed across the arc length. In
contrast, convex rails show more pronounced current density concentration

points, with the rectangular convex rail having the most prominent peaks.
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Figure 6. Comparison of current density /(A/m?) at the trailing edge for optimal simplified
convex rails and flat rail.

Convex rails demonstrate significant advantages over flat rails in mitigating
VSE, with the trapezoidal rail showing the most favorable performance among the
convex designs. However, notable JJ] concentration points persist at the tips of the
rail protrusions, suggesting that further structural refinements may be needed to

address these localized concentrations effectively.

4. 3D Transient Analysis

Based on the preceding analysis, 3D finite element analysis (FEA) models were
developed for the optimal structural parameters of the three convex rails (ellipti-
cal, trapezoidal, and rectangular). The models incorporate transient coupling be-
tween the electromagnetic and thermal fields. The electromagnetic force Facting

on the armature is governed by [22]:

F= % L/i* (4)
where L/ isthe inductance gradient, assumed constant with a value of
L, =0.4 uH/m, 7is the input pulsed current with a waveform as shown in Figure
7, peaking at 700 .
The coupled electromagnetic-thermal model for the EML system incorporates
the temperature field control equation [23]:

oT J?
CmeZV'(KVT)-F;-F,Uf FNV (5)

where 7'is the material temperature, g, is the sliding friction coefficient at the
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contact interface, F is the contact interface pressure, and v =300 m/s is the
armature velocity. Given the dry sliding conditions at the interface during high-
speed motion [24], the friction coefficient is set to x; =0.15 [25]. To ensure
reliable electrical contact, the contact pressure is determined as 80 MPa based on
Marshall’s “1 g/A” guideline [26] and conforms to the Copper-Mikic-Yovanovich
theory [27].

800

600 |

400 |

Input current (kA)

200 F

0.0 0.5 1.0 15 2.0
Time (ms)

Figure 7. Input pulsed current with the waveform.

The 3D finite element transient electromagnetic-thermal coupling analysis is
shown in Figure 8. After 1.3 ms of current application in the EML, the launch
velocity and displacement of the armature under flat rails and three convex rail
designs are presented in Figure 8(a). The figure indicates that the armature's
launch velocity and displacement for convex rails are slightly compromised com-
pared to the flat rail. This is due to the increased mass of the armature paired with
convex rails compared to that paired with the flat rail.

Figure 8(b) illustrates the peak temperature T, at the sliding contact inter-
face at the final time, which rises due to the combined effects of Joule heating and
frictional heating. It indicates that frictional heating is the dominant factor influ-
encing thermal effects at the final moment. Compared to the flat rail, the trape-
zoidal rail exhibits nearly unchanged Joule heating, while the elliptical and rectan-
gular rails show increased Joule heating. However, all convex rails generate less
frictional heating than the flat rail. Overall, the trapezoidal rail demonstrates the
best thermal performance at the contact interface. Figure 8(c) shows the peak
current density J_,. . and peak temperature T, of the armature for different
rail designs at the final moment of EML launch. The elliptical rail exhibits a sig-

nificant increasein J,, compared to the results in Figure 8(b). All convex rails

X
exhibit slight increases in T, . In contrast, Figure 8(d) presents the average cur-
rent density J,, and average temperature T,, of the armature for different
rail designs at the final moment. The values for convex rails are reduced compared

to the flat rail.
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Compared to the flat rail, convex rails result in increasesin J,,, and T, of
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Figure 8. Input pulsed current with the waveform.

the armature, with the elliptical rail showing the highest J . . However, these

T

max

increases do not lead to excessive growth in Jae> 0r T . Convex rails
demonstrate significant advantages in suppressing the velocity skin effect (VSE)
and reducing the thermal effects in the launch system. Among the convex rails,
the trapezoidal rail performs the best, indicating that it has greater advantages in
mitigating VSE and reducing thermal effects compared to the elliptical and rec-

tangular designs.

5. Conclusions

This study proposed a 3D finite element model of rail structures based on the ve-
locity skin effect (VSE) theory, employing equivalent simplification. By compar-
ing the peak current density at the trailing edge of the contact interface for three
convex rail designs (elliptical, trapezoidal, and rectangular), the effectiveness of
convex rails in suppressing VSE was analyzed. The findings were validated
through calculations and analysis using a 3D transient electromagnetic-thermal

coupling model of the EML system. The key conclusions are as follows:
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1) The 3D finite element model of rail structures, simplified based on VSE the-
ory, effectively reduces computational resources and saves computation time
compared to conventional 3D transient studies.

2) Convex rails demonstrate significant advantages in suppressing the VSE at
the contact interface of the EML launch system and in reducing thermal effects.
Among the designs, the trapezoidal rail outperforms both the elliptical and rec-
tangular rails.

3) The impact of armature structure and geometric parameters on the current
density distribution at the sliding contact interface of the EML system should also
be considered in the structural optimization of EML systems.
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