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Abstract — To accurately characterize the erosion
phenomenon of the armature in -electromagnetic
railgun launches, a two-dimensional magneto-thermal-
mechanical coupling model for melt-wave was devel-
oped. For the first time, a fully implicit finite volume
method was employed for equation discretization,
and an alternating direction implicit method was used
for coupling calculations to obtain both steady-state
and transient erosion characteristics of the armature.
The results demonstrate that the velocity skin effect
concentrates significant current at the armature tail,
driving the propagation of the melt-wave. The erosion
rate remains constant initially but increases significantly
when variations in electrical conductivity are considered.
After applying an external current, the erosion distance
increases sharply with current amplitude before leveling
off, and changes in the duration of current amplitude
also significantly influence the erosion distance. This
study provides a clear understanding of the armature’s
erosion behavior, offering a solid theoretical foundation
for further research on armature transition phenomenon.

Index Terms — Electromagnetic launcher, erosion depth,
melt-wave, transition, velocity skinning effect.

L. INTRODUCTION

Electromagnetic railgun, a novel launcher that pro-
pels projectiles out of the chamber using the Lorentz
force, holds great promise for both civilian applica-
tions and military advancements [1, 2]. Nevertheless, the
entire launching process occurs in an extremely complex
environment. Besides being affected by pulsed high cur-
rent, under the velocity skinning effect, a large amount of
Joule heat accumulates at the tail of the armature, leading
to thermal melting of the armature [3—5]. As the armature
moves, the ablation spreads towards the head, forming a
melt-wave, which undergoes a transition as it traverses
the armature [6, 7]. Consequently, exploring the melting
characteristics of the armature serves as the foundation
for preventing armature transition.
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Owing to the hazardous experimental environment
and intricate coupling scenarios, numerical simulations
are commonly employed to study melt-wave. In prior
research, Parks integrated the velocity skinning effect
into the study of armature transition and derived an ana-
lytical solution for the melt-wave erosion depth through
two distinct methods, revealing its correlation with the
armature velocity. Parks was the first to introduce the
concept of the melt-wave to predict transition, offer-
ing valuable inspiration for subsequent studies [8]. Ste-
fani respectively utilized the finite difference method and
the finite element analysis software EMAP3D to investi-
gate the one-dimensional melt-wave erosion depth and
proposed a pseudo melting algorithm to simulate abla-
tion [9]. Gong conducted numerical simulations of one-
dimensional, two-dimensional, and three-dimensional
armature melt-wave using the finite difference method
to comprehensively explore the variation patterns of the
melt-wave [10]. Tang discovered that the melt-wave and
electromagnetic force contribute to the armature’s transi-
tion by modeling the three-dimensional melt-wave [11].
Tan et al. [12] and Sun et al. [13] adopted the finite
element method with the Galerkin scheme. Tan et al.
applied the nodal ablation method, while Sun et al. uti-
lized the expanded magnetic boundary method to calcu-
late the erosion rate of the moving armature. The above-
mentioned literature predominantly relies on the finite
difference method and the finite element method. In con-
trast to these two methods, the finite volume method
offers significant advantages, as it can ensure both local
and global energy conservation and directly handle the
fluxes at the control volume boundaries [14, 15].

This paper presents, for the first time, a melt-
wave computational model based on the finite volume
method. By employing the approach of updating the
magnetic field boundary conditions, this model simu-
lates the actual melting process. Moreover, it investigates
the impacts of the velocity skinning effect, initial mag-
netic excitation, and velocity on the erosion distance, tak-
ing into account the temperature dependent conductivity.
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Additionally, the effects of different current waveforms
on armature melting are explored.

II. MODEL CONSTRUCTION AND
NUMERICAL DISCRETIZATION

A. Theoretical model

The two-dimensional electromagnetic railgun model
usually has symmetry, in which copper is selected as the
material for the rail and the armature material is 7075Al,
which slides along the rail in the positive direction of the
x-axis with the velocity v. Therefore, half of the arma-
ture and one side of the rail are selected as the calcula-
tion area, as shown in Fig. 1. In the calculation model,
in order to simplify the calculation, it is assumed that
the armature remains motionless and the rail slides in the
negative direction of the x-axis with the speed v.
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Fig. 1. Computational model.

The two-dimensional electromagnetic railgun model
typically exhibits symmetry. In this model, copper is cho-
sen as the material for the rail, while the armature is
made from 7075 aluminum. The armature moves along
the rail in the positive direction of the x-axis at a velocity
v. For the purposes of analysis, we focus on half of the
armature and one side of the rail, as illustrated in Fig. 1.
To simplify the calculations, we assume that the armature
remains stationary while the rail moves in the negative
direction of the x-axis at speed v.

B. Discretization of the magnetic diffusion equation

After derivation of Maxwell’s system of equations,
the magnetic diffusion equation for the electromagnetic
launcher can be expressed as [16]:

J()(VX(VXE))=6<%§+VX(L7XB)>7 (1)

where 7 is time, U is velocity, o is conductivity, B is mag-
netic induction and U is vacuum permeability.

In this two-dimensional electromagnetic launcher
model, the magnetic induction intensity in the x and
y directions is neglected, and the magnetic permeabil-
ity is assumed to be independent of temperature. Con-
sequently, the magnetic diffusion equations are derived
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separately for the rail and the armature as follows [23]:
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whereB; and B, represent the magnetic induction in the
z direction experienced by the rail and the armature,
respectively. Additionally, 61 and o, denote the conduc-
tivity of the rail and armature, respectively.
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Fig. 2. Finite volume method calculation grid.

The finite volume method partitions the two-
dimensional computational domain of the rail cannon
into control volume units, allowing for the application of
conservation integrals to each unit volume [22]. Figure 2
illustrates the two-dimensional magnetic diffusion con-
trol volume grid, where point P, marked as nodes, cor-
responds to the control volume units. The four nodes
located in the southwest, southeast, northwest, and north-
east regions are represented by the points E, S, W, and N.
The corresponding four unit interfaces are denoted as e,
s, w, and n.

By integrating equation (2), the value of B; at point
P can be further expressed as follows:
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where D; = 1/1001, A is the area of the control volume
and A, =A,, = Ay, A, = Ay = Ax. Control volume AV =
AxAy. The values at points W, E, N, and § are BY;_, It
Biiy1 j» BY; j1> and By, ., respectively. Denoting the

H n 1
values of dB_1/dx in w, e, n, and s by By Blip

746



747

By, j+1, and BY; ;,, respectively, equation (4) becomes:
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The format of the implicit discrete equation that sat-
isfies the heat conduction conditions can be expressed as

A 4D 42D §) B, - SRBY ) =

follows:
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For the armature, the discretized result is given by:
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C. Discretization of the heat conduction equation
The heat conduction equation derived from Fourier’s

law can be formulated as follows:
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where kis thermal conductivity, 7 is temperature, p is
density, and c is specific heat. J can be expressed as:
\/m 1 8B 1 0B
Y Ho 8y o Ox
The heat transfer equations for the armature and the
rail can be expressed as follows:
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Let K; = k;/pic;. The discretized heat conduction
equations for the rail and the armature can be formulated
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D. Boundary conditions and simulation methods
Once the external current is applied, the magnetic
fields produced by the two rails counteract each other
due to their opposing current directions. In regions where
the armature does not extend, no current flows, resulting
in a magnetic induction intensity of 0. Within the arma-
ture, the current predominantly flows along the shortest
path between the two rails, concentrating at the arma-
ture’s tail. To prevent sudden changes in the magnetic
field gradient for the rails that the current has traversed,
the boundary conditions for the armature’s magnetic field
are established as depicted in Fig. 3. Regarding the tem-
perature field, it is assumed that, initially, the tempera-
ture distribution within the armature is uniform at 300K,
representing room temperature. It is further specified
that all heat dissipates solely through internal conduction
and not through the boundaries. Additionally, the normal
temperature gradient along all edges is set to 0 [25].
The erosion treatment of the armature involves
phase transformation, with the current focusing on the
armature tail. This leads to a rapid temperature increase,
causing the material to start melting upon reaching its
melting point. Once the temperature surpasses the melt-
ing point it stabilizes, and any additional heat absorbed
is stored. Upon reaching the latent heat of melting, the
phase transition concludes, signifying the transformation
of the armature into a liquid state. Following exposure
to electromagnetic force, the liquid component separates
from the solid armature. When the armature on the grid
completely melts, assuming the molten metal separates
entirely from the armature due to the high-speed arma-
ture action, the armature and the rail lose contact. The
space between them is considered as air, with no current
passing through the armature, resulting in a current den-
sity of zero. Consequently, the magnetic field boundary
condition is then updated to reflect the unmelted region.

Fig. 3. Setting of magnetic field boundary conditions.

The model is partitioned into 0.1 mm square grids
with a time step of 0.1s. The magnetic field boundary
is updated using a method to simulate liquid armature
separation, and the melt-wave calculation is conducted
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Fig. 4. Overall calculation process.

using MATLAB. The calculation process is illustrated in
Fig. 4. By discretizing the magnetic diffusion and heat
conduction equations for the armature and rail, these
are transformed into linear equations. To calculate the
steady melt-wave, initial parameters are set, maintaining
the initial magnetic excitation or velocity while varying
another parameter to solve for armature and rail temper-
atures. For the transient melt-wave calculation, the cur-
rent output of each time step is computed to determine
the motion characteristics and magnetic field excitation
of the armature at that point. Subsequently, the magnetic
field and temperature distributions are resolved using the
finite volume method.

III. CALCULATIONS AND ANALYSIS
A. Calculation of steady state melt-wave

The magnetic induction intensity distribution of the
armature and rail is primarily influenced by the initial
magnetic field excitation and the speed of the armature,
as evident from equation (1) and Fig. 3. These factors
significantly impact the current density. Current density,
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as indicated in equation (9), plays a crucial role in alter-
ing the temperature distribution [24]. Therefore, it is
essential to investigate the correlation between magnetic
field excitation, armature speed, and the melt-wave. This
study examines the impact of the velocity skin effect on
the melt-wave and analyzes the temperature distribution
of the armature with and without velocity. The erosion
distance at various time points is investigated consid-
ering the influence of temperature on conductivity and
compared to that under constant conductivity. The entire
investigation is conducted based on By = 32T.

Figure 5 (a) illustrates the progression of melt-waves
at time intervals of 0.1 ms, 0.3 ms, and 0.5 ms with the
armature speed set at 0. Initially, elevated temperatures
are primarily localized at the region where the armature
tail interfaces with the track. Over time, the melt-wave
gradually extends towards the armature head, albeit at
a relatively sluggish pace. The temperature distribution
adjacent to the armature tail exhibits a wave-like pattern,
diminishing towards the outer regions of the orbit.

Figure 5 (b) illustrates the propagation of melt-
waves at various time points with an armature veloc-
ity of 100 m/s. In comparison to stationary armature,
the melt-wave exhibits a notably broader spread over
time, with armature erosion reaching 0.53 mm at 0.5 ms,
whereas, at velocity, the armature erosion region forms
a triangular shape, with erosion extending only to 0.13
mm at 0.5 ms. The advancement of the melt-wave at
100 m/s towards the armature head resembles a knife-
like progression. This phenomenon is attributed to the
speed skin effect, as depicted in Fig. 6. The rapid motion
of the armature results in current concentration at the
armature tail, leading to accelerated temperature rise and
increased armature melting speed, thereby propelling the

1=0.1ms Temperature distribution(T)

t=0.1ms Temperature distribution(T)

Fig. 5. Comparison of melt-wave: (a) Distribution of
melt-waves when the armature is at rest and (b) Distri-
bution of melt-waves at an armature speed of 100 m/s.
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Fig. 6. Comparison of current density: (a) Distribution of
melt-waves when the armature is at rest and (b) Distribu-
tion of melt-waves at an armature speed of 100 m/s.

melt-wave towards the armature head. Consequently, the
temperature distribution along the trajectory gradually
decreases as the armature moves, eventually approach-
ing room temperature (300K) at the conclusion of the
melt-wave.

Figure 7 displays the conductivity-temperature pro-
files of 7075Al and copper, derived through data fitting
based on literature [17]. Subsequently, Fig. 8 illustrates
the propagation of the melt-wave at a velocity of 100 m/s
corresponding to the conductivity alteration. The erosion
rate is observed to be higher when conductivity changes,
primarily attributed to the conductivity variation accel-
erating magnetic diffusion. The temporal evolution of
magnetic induction intensity along the measurement line

60,

———7075Al
Copper

3% ) P W
(=} (=} (=} (=)
T T T T

Electrical conductivity (MS/m)

=
;

\

200 300 400 500 600 700 800 900 1000 1100 1200 1300
Temperature (K)

Fig. 7. Conductivity-temperature curve.
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Fig. 8. Melt-wave distribution of conductivity change at
armature speed 100 m/s.

is depicted in Fig. 9. Notably, under identical conditions,
the magnetic induction intensity is greater with conduc-
tivity variation compared to its absence, with the impact
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Fig. 9. Magnetic flux density distribution along the mea-
surement line under different conditions.



of conductivity alteration on magnetic diffusion intensi-
fying over time.

Table 1 displays the erosion rates calculated by the
model in this study using mesh sizes of 0.05 mm and
0.1 mm, respectively, in comparison with findings from
the literature [8, 11, 13, 18]. When v=100 m/s, the ero-
sion velocities calculated by the two mesh sizes are iden-
tical. In the remaining scenarios, the erosion velocity
discrepancy is a mere 0.1 mm. Given that the 0.1 mm
mesh provides sufficient calculation accuracy while con-
serving computational resources, the results align with
those of Parks and other researchers, falling within a
reasonable range. Consequently, the proposed finite vol-
ume method for melting wave calculation in this study is
deemed viable.

Figure 10 illustrates the correlation between melt-
wave erosion depth and time under various conditions.
The graph demonstrates a linear increase in erosion
depth over time, with a consistent slope representing ero-

Table 1: Comparison of erosion distances

Velocity of Erosion
Model By =32T | Bo=40T | By =40T
v=100m/s | v=100m/s | v = 150m/s
Parks [8] 10.1m/s 15.8m/s 23.7m/s
Barber and 8.6m/s 13.4m/s 20.0m/s
Dreizin [18]
Tang et al. 7.5m/s 12.2m/s 18.8m/s
[11]
Sun et al. 6.4m/s 13.64m/s 16.68m/s
[13]
This paper 9.9m/s 14.8m/s 21.1m/s
(0.1 mm)
This paper 9.8m/s 14.8m/s 21.0m/s
(0.05 mm)
9
Constant conductivity,v=100m/s [}
3 # Constant conductivity,v=0m/s
#®  Conductivity(T),v=100m/s
7F Conductivity(T),v=0m/s
é 6F >V, =16 9lms
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5
B4 " v, =90ms
=]
= .l
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a,1
2 TR s s
1t
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Fig. 10. Comparison of erosion rates.
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sion velocity. This observation aligns with Parks’ con-
clusion in the literature [18, 19] that the erosion velocity
formula v,, = p1 uI?v/p @*E,, is time-independent.

Figure 11 illustrates a non-linear variation in erosion
depth in relation to the external magnetic field excita-
tion at v,, = 150 m/s. An increase in magnetic excitation
results in a deeper penetration of the melting wave into
the armature head, leading to a larger growth amplitude.
The erosion distance discrepancy between conductivity
change and constancy is merely 0.1 mm at By = 20T,
whereas it escalates to 2.8 mm at By = 40T.

Figure 12 illustrates the impact of armature speed
on erosion depth at By = 40T. An increase in arma-
ture speed results in a corresponding increase in ero-
sion depth; however, this escalation gradually dimin-
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Fig. 11. Erosion distance in different magnetic fields.
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Fig. 12. Erosion distance at different armature speeds.
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ishes. With higher velocities, the disparity in melting
distances between the two conditions remains relatively
constant.

B. Calculation of transient melt-wave

During the actual firing process, the armature is
driven by a pulsed high current, which can be expressed
as follows [20]:

Ipsin(mt /(2t)), t <t

I= {[Oe—(f(—fl)//(tz7 ) t>n (16)

Given I = 0.3MA, t | = 0.4 ms, r, = 0.6 ms, and

the inductance gradient is L= 0.5uH/m, the electromag-

netic force F, velocity v, and the displacement / on the
armature in motion can be expressed as follows [21]:

F =0.5LI7, (17)
2

v= O'Sidt, (18)

l:/vdt. (19)

During the launching process, the initial excitation
of the magnetic field and the speed of the armature are
dictated by the external input current. Figure 13 illus-
trates the correlation between the external current, arma-
ture motion parameters, and time.

Figure 14 depicts the temporal evolution of armature
temperature distribution at critical time instants (0.2 ms,
0.36 ms, and 0.8 ms) post current initiation. At the ini-
tial phase (¢t = 0.2 ms) corresponding to armature accel-
eration onset, the measured maximum localized temper-
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Fig. 13. Current and armature motion parameter curves:
(a) External pulse high current waveform, (b) Electro-
magnetic force curve on the armature, (c) Armature
speed curve, and (d) Armature displacement curve.
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Fig. 14. Distribution of armature melt-waves at different
moments after current connection.

ature reaches 401K, remaining substantially below the
bulk material’s melting threshold. The subsequent ther-
momechanical response reveals surface degradation ini-
tiation at ¢ = 0.36 ms, characterized by incipient phase-
change phenomena. Progressive joule heating culminates
in a solidified melt-wave penetration depth of 1.5 mm at
t = 0.8 ms, demonstrating time-dependent electrother-
mal coupling effects.

This study investigates the influence of external
current on melt-wave behavior by systematically vary-
ing the peak current magnitude and its temporal pro-
file. Figure 15 presents the time-dependent depth of ero-
sion evolution for currents of 0.24MA, 0.30MA, and
0.36MA. As shown in Fig. 13 (a), the current ini-
tially increases before gradually decaying. Correspond-
ingly, the melt depth in Fig. 15 exhibits an initial
growth phase followed by stabilization after 1 ms, result-
ing from a dynamic equilibrium between increasing
armature velocity and decreasing current density. Post-
stabilization depth of erosion stabilizes at 0.5 mm, 1.7
mm, and 3.2 mm for 0.24MA, 0.30MA, and 0.36MA,



respectively, indicating significant suppression of ther-
mal erosion with current reduction. However, excessive
current reduction compromises armature muzzle veloc-
ity, limiting practical applicability. Comparison with lit-
erature [13] confirms consistent temporal trends and
maximum depth of erosion (1.7 mm) at 0.30MA, vali-
dating the experimental methodology.

The concurrent increase in current and arma-
ture velocity synergistically enhances thermal erosion.
Figure 16 demonstrates that shorter armature accel-
eration durations correlate with earlier erosion initia-
tion and reduced stabilization distances. This correlation
arises because rapid current rise rates intensify instan-
taneous joule heating, accelerating phase-change pro-
cesses. As evidenced in Fig. 15, an optimization strategy

33[ [——10=0.2aMA
—e—10=0.3MA
—o—10-0.36MA

00 02 04 06 038 1.0 12 14 16

Time (ms)

Fig. 15. Distance of erosion at different peak currents.
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Fig. 16. Erosion distance for different rise times.
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involves elevating current amplitude while compressing
rise time to minimize melt formation without compro-
mising armature launch precision. This approach lever-
ages the competing effects of enhanced electromagnetic
propulsion and reduced thermal exposure duration.

IV. CONCLUSION

The penetration of the melt-wave through the arma-
ture surface creates a significant gap between the arma-
ture and the rail, leading to armature transition. There-
fore, this paper proposes, for the first time, a two-
dimensional numerical model of the melt-wave in elec-
tromagnetic railgun launches based on the finite volume
method. By comparing the results with those from four
previous studies, the model demonstrates consistency,
confirming the applicability of the finite volume method
for investigating armature characteristics in electromag-
netic railgun systems.

Steady-state calculations of the melt-wave reveal
that high temperatures initially concentrate at the arma-
ture tail and propagate toward the head, driven by the
velocity skin effect. Under constant conditions, the ero-
sion distance increases linearly over time. When consid-
ering the temperature dependence of electrical conduc-
tivity, the erosion distance increases more significantly.
Additionally, increases in initial magnetic excitation and
armature velocity also lead to greater erosion distances.

Upon applying an external current, changes in ini-
tial magnetic excitation and armature velocity are deter-
mined by the current waveform. As the launch time
increases, the erosion distance initially rises sharply
before stabilizing. Reducing the current rise time or mag-
nitude effectively inhibits the progression of erosion.

This study provides a theoretical foundation for
improving the launch lifespan of electromagnetic rail-
guns. To better approximate real-world launch condi-
tions, future research should consider the effects of non-
ideal contact on armature melting.
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