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Ablation and geometry change study of solid armature in a railgun®
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Armature plays an important role in the electromagnetic launch process. Due to the skin effect, the current density
distribution is neither uniform on the rail, nor on the armature. High current density centralization in one part could lead
to a partial high temperature and make the armature material melt down and be ablated, especially at low velocity. In
this paper we try to change the geometry of a Cshaped armature to improve the current density distribution and reduce
the ablation. Four variants of C-shaped armatures are designed to study the specific features, including a conventional
C-shaped armature (CCA), a rounded leading edge C-shaped armature (LCA), a rounded trailing edge C-shaped armature
(TCA), and a rounded incorporate edge C-shaped armature (ICA). A novel low-speed experiment is constructed and tested.
The armatures are ablated and recovered to compare the improved effects. Then finite element simulations according to
the experimental results are performed to further analyze the experimental results. It is proved that the current density and
hence the temperature distribution can be immensely improved by simply changing the armature geometry. LCA and ICA
show that the erosion is more uniform on the contact surface due to the rounded leading edge. The curved trailing edge
could improve the uniformity of the current on the interface. ICA which combines the effects of LCA and TCA is the best
option in the four armatures. How much the leading edge and the trailing edge should be curved involves the geometry
of CCA and the posture of the interface on the rail. A saddle shape is a good option to improve the current density and
temperature distribution in the throat. Erosion mechanism is analyzed finally. The experiments and simulations support the
erosion and transition mechanism. A detailed description of the experiments and simulations is also presented in this paper.
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1. Introduction

Significant progress has been made in the electromagnetic
launch field in recent year. Erosion and transition have re-
ceived more attention than ever before.!'~®! So far some factors
influencing the erosion and transition have been universally re-
ceived by researchers.

The amount of electrical erosion is to the first order lin-
early proportional to velocity and to current squared.’! The
quantity of material eroded increases substantially with cur-
Refer-

ence [4] indicates that simple thermal vaporization is not likely

rent increasing, but less with velocity increasing.

to be responsible for the armature damage observed. The va-
porization rate is sufficient to account for the total volume
of armature material lost in the post-transition environment.
However, it fails to explain the pattern of armature wear seen
on recovered transitioned armatures. Thus, the post-transition
interface is likely to be categorized by an arcing electrical con-
tact. It was confirmed in Ref. [5] that mechanical wear is an
important and possibly dominant contributor to wear at high
velocity. However, at low velocity (< 1 km/s), mechanical
wear is small compared with electrical wear. High current den-
sity centralization in one part could lead to a high partial tem-
perature and make the rail and armature material melt down
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and become eroded. According to the above opinions, no mat-
ter whether the armature damage is due to erosion or transition
(including thermal vaporization and arcing electrical contact),
it is associated with current, especially at low velocity. Since
the heat deposited varies with the square of the current den-
sity, a small reduction in current density will result in a larger
reduction in temperature.

Armatures play an important role in the electromagnetic
launch process. To reduce erosion and transition, the geometry
and materials used for the armature have been changed to im-
prove the current distribution.”-!") Generally speaking, geom-
etry change is a practical and effective method. The conven-
tional C-shaped armature (CCA) is widely used, which expe-
riences high current densities in three areas: the leading edge,
the trailing edge, and the throat. It is argued that if the arma-
ture shape is modified to better align with the magnetic field,
the current density distribution could be more uniform.

In this paper, we try to analyze the ablation and geometry
change on a C-shaped armature at low velocity. Four vari-
ants of C-shaped armatures are designed to study the specific
features, including a CCA, a rounded leading edge C-shaped
armature (LCA), a rounded trailing edge C-shaped armature
(TCA), and a rounded incorporate edge C-shaped armature
(ICA). A novel low-speed experiment is constructed and tested
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for these specific features incorporated into C-shaped arma-
tures. The armatures are eroded and recovered to compare the
improved effects. Then finite element simulations according
to the experiment are performed to analyze the results. The
geometry change on a C-shaped armature will be useful for
the ablation studues.

2. Experiment design of the railgun
2.1. Design of the experiment

The equivalent circuit of a basic capacitor-driven railgun
is shown in Fig. 1.

R,

+
Uo(t) —

Fig. 1. The equivalent circuit of a basic capacitor-driven rail-
gun.

In Fig. 1, L; and R, are the inductance and resistance of
the railgun respectively; L is the pulse forming inductance.
According to the basic railgun equation, the magnetic propul-
sive force in the canal-direction can be expressed as

F = %L;IZ = ma, (1)
where, L is the inductance gradient value of the railgun.

The propulsive force does correspond to the high-
frequency limit of the inductance gradient in the absence
of any containment structure.["!°! In the two-dimensional
(2D) finite element simulation the value of L] is taken to be
0.5 pH/m at 1000 Hz based on the experiment. We use this
value to design the system.

For the low velocity study, generally speaking, 100 m/s
is selected as a lower limit, below which the velocity skin ef-
fect (VSE) starts to become negligible.!’! In order to observe
the current influence on erosion alone, a small power source is
used to drive the armature which could eliminate the effect of
the VSE. The velocities of the armatures are controlled around
40 m/s in the experiment.

Friction of the armature cannot be ignored compared with
the small propulsion. Preloading force added to the rail is
crucial in the experiment which relates to the friction. If
the preloading force is too big, the static friction will be big
enough to prevent the armature from moving in the bore. The
armature and the rail are contacted with each other so well it
is as if no erosion appears on the contact surface at all. On the

contrary, if the preloading force is too small, most of the sys-
tem energy will transfer to the arc between the armature and
the rail. The armature cannot move out of the bore and the con-
tact surface will be eroded very unevenly. A drill autofeeder
is built to measure the static force which could give a slow but
steady force acting on the armature. The experiment shows
that the best static friction we tested is almost 35 N~40 N,
which can make the armature shoot out of the muzzle easily
and the contact surface of the armature will be evenly eroded.
A typical measurement of the maximum static friction force is
shown in Fig. 2 in which a division on the vertical axis is 20 N.

Tek .. .Stog M Pos: 19.60 ms AUTOSET]
CH1
CH1
1
CH1 200 mV M 2.50 s CH1 180 mV
15—Sep—08 10:30 <10 Hz

Fig. 2. (color online) Measurement of the maximum static friction
force.

Kinetic friction force also must be concerned about in the
experiment, especially when the railgun is energized. The po-
larity and magnitude of the current will influence the friction
effect for various metals.!'>~14] Tribological behavior and sur-
face temperature of the brass greatly depend on current den-
sity. The increase of current results in an increase in surface
temperature and mass loss of brass and decrease in friction
coefficient of the couple. Current density has a better effect
on surface temperature at low velocity specially. Electrical
arc corrosion exists on the worn surface.!'*! When the temper-
ature is above 100 K, the friction coefficient decreases with
temperature. ! It is really difficult to give an accurate expres-
sion for railgun friction which includes current, temperature,
mass, and other factors. In Ref. [16] a simple equation was
suggested for the solid friction in a railgun. The friction coef-
ficient could be written as

pu(v) = (up — pg)e ¥ + Ug, ()

where Uy and ug are static and kinetic friction coefficient
and a is the attenuation coefficient. Detailed parameters were
used as shown in Ref. [17], where uy = 0.14, ug = 0.1, and
a = 0.05. Figure 3 shows that the friction coefficient varies
rapidly with the speed of the armature increasing in a range of
0-50 m/s. The simulation result is identical to the experimen-
tal result as shown in Fig. 4. The current peak value is almost
23 kA. The peak value of the propulsion is almost 130 N.
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Fig. 3. Friction coefficient varying with the velocity of the armature.
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Fig. 4. (color online) Current curves obtained from the railgun simula-
tion and experiment.

2.2. Design of the armatures

Due to the small propulsion and uneven friction, the ar-
mature may become stumbled or even stuck in the bore. So
we add two “wings” to the armature and use triangular ditched
rail to guide the armature moving along the bore line. The ex-
perimental installation and the visual image of the typical rail
and armature (CCA) are shown in Fig. 5.

Table 1. (color online) Four types of C-shaped armatures.

conventional C-shaped arma-
ture (CCA)

rounded leading edge C-shaped
armature (LCA)

rounded trailing edge C-shaped
armature (TCA)

rounded incorporate edge C-
shaped armature (ICA)

Four types of C-shaped armatures are designed to com-
pare the effects of geometry change including CCA, LCA,
TCA, and ICA which are shown in Table. 1.

(a) Oblique view

(b) front view

(c) experimental railgun with a solid
V-shaped laminated armature

Fig. 5. (color online) The armature and the triangular ditched rail.

The saddle-shaped throat armature is not considered here
because the throat cannot be eroded under the small current
and no effect of the geometry change on it is found. Typical
eroded armatures are shown in the second and third row of
Table 2.

3. Finite element simulations and analysis
3.1. Loading current

The variations of the simulation result of the current and
velocity with displacement of the armature are shown in Fig. 6.
We can see that the current increases quickly at the initial po-
sition where the velocity of the armature is quite small. Then,
the current reduces slowly from the peak value with displace-
ment increasing. Most of current energy is consumed at the
very beginning of the armature motion. It means that erosion
may occur at the initial position of the armature which is al-
most at 0.35 ms.
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Table 2. (color online) Erosion pictures of the four different armatures.
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Fig. 6. (color online) Variations of current and velocity with displace-
ment.

What we are concerned about is the influence of the cur-
rent on erosion. Due to the skin effect, the current density
distribution is not uniform on the rail nor on the armature, we
need to perform three-dimensional (3D) analysis in order to
calculate it accurately. Under the assumption of the nondis-
junction and ideal entire contact between the armature and
rail, stationary finite element analyses are performed on var-
ious armatures by an ANSYS code. According to the method
in Ref. [11], current density distribution and consequently the
temperature field distribution characteristics in the armature
are simulated with a peak current of 23 kA from 0 to 0.35 ms.

3.2. Maximum current density on the whole armature

The simulation results of current and temperature of the
armatures at 0.35 ms are summarized in Table 3. As shown in
the second to the sixth row of Table 3, the maximal values of
the current density and joule heat appear at point “a” in CCA,
“b” in LCA, “c” in TCA, and “d” in ICA respectively. Com-
pared with the maximum value of CCA, no matter whether the
leading edge or the trailing edge is curved or not the current

density of the armature can be reduced, which are shown in
the seventh and eighth row.

The position of the maximum current density will change
from the surface of the armature to the throat with the varia-
tion of the radius of the rounded leading edge. As shown in
the second, fourth, and fifth row, we can see that the throat
suffers great current especially in the internal and lateral cor-
ner. The leading edges in LCA and ICA are curved which
leads to the reduced volume of the throat and an increase of
the current density and joule heat. It can be concluded that if
the current loaded on the rail launcher is very big, the throat
must be eroded. To improve the erosion, throats of the LCA
and ICA should be modified into the saddle shape as indicated
in Refs. [7]-[10], which increases the volumes of the internal
and lateral throat and fits the distribution of the current.

3.3. Erosion on the interface of armature

According to the simulation results in the ninth to the
twelfth row of Table 3, no matter whether the leading edge
or the trailing edge is curved or not, the current density on the
contact surface can be reduced. The experimental results con-
sist with the simulation results. The ablation of CCA is deeper
and more uneven than those of other armatures as shown in
Table 2. The fore part of the armature is eroded greatly. A pit
is seen on points “e” and “a”. The rear part of the armature
has little erosion, which is shown in Fig. 7.

The effect of LCA is very remarkable and can reduce the
maximum current density greatly at the leading edge. The
point of the maximum current density at the leading edge

[IP1] [TPR]

changed from “a” to “e”. A slight layer on the interface of

084102-4



Chin. Phys. B  Vol. 22, No. 8 (2013) 084102

Table 3. (color online) Simulation results of the four armatures.

CCA

LCA

Three-view
drawing of
the current
density

distribution

Three view
drawing of
the joule heat
distribution

In the whole
armature

On the
leading edge

On the
trailing edge

Location of
the maximum
current den-
sity
distribution
oblique view

Front view

Side view

Dorsal view

Oblique view

Maximum current
density/10° A-m~2

Maximum joule
heat/10'0 J
Maximum current
density/10° A-m~2
Maximum joule
heat/10'0 J
Maximum current
density/10° A-m~2
Maximum joule
heat/10'0 J

1.7561

8.9438

1.0381

3.1252

4.2153 6.6602 4.9662
1.1948 1.5155 1.1621
4.1396 6.6602 3.9167
1.0537 1.2646 1.3086
3.2201 4.6379 4.9662

LCA is ablated uniformly. The trailing edge has little improve-
ment, which can be seen in Fig. 8. It means that the angle of
curve at the leading edge will influence the current distribu-
tion greatly. It is feasible to design an LCA whose points “a”
and “e” have the same current density to restrict the heat in the

contact surface.

Fig. 7. (color online) Erosion pictures of the CCA.

Fig. 8. (color online) Erosion pictures of the CCA.

The maximum current density of TCA reduces at the
leading edge, but increases at the trailing edge, which can be
seen in Fig. 9. The effect of TCA is not so good as that of
LCA. However, the current density of the whole contour and
interface will be more uniform than those in the case of CCA.
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Table 2 shows that erosion of the whole interface of TCA is
uniform although a bit deeper.

Fig. 9. (color online) Erosion picture of the TCA.

In the ICA, the point of the maximum current density
changes from “a” to “d” which combines the effects of LCA
and TCA. The value of the maximum current density will be
reduced at the leading edge and increased at the trailing edge.
The fore and rear parts of ICA are ablated heavily but the mid-
dle part was eroded slightly as indicated in Fig. 10 which is in

accordance with the simulation.

Fig. 10. (color online) Erosion pictures of the ICA.

This phenomenon can support the erosion and transition
mechanism about “melt wave” behavior in this sense. Ac-
cording to this view, intense skin-effect heating leads to lo-
calized melting and loss of aluminum at the perimeter of the
rail/armature interface. An erosion front progresses toward the
center of the armature until localized magnetic forces cause
the armature to separate from the rail. Meanwhile according to
the erosion armatures of CCA and LCA, another wear mech-
anism, viscous heating, is also in operation. A thin film of
molten aluminum at the sliding interface is sustained by in-
tense viscous dissipation which made the middle part of the
armature eroded before the trailing edge erosion. The ICA re-
sults validate the two wear theories.

What more attention should be paid to is that the max-
imum current density of ICA is greater than that of LCA. It
means that how much the leading edge and the trailing edge
should be curved involves the concerned geometry of CCA
and the posture of the interface on the rail.

4. Conclusions

Four variants of C-shaped armatures are designed to study
the geometry change on C-shaped armature at low velocity. A

novel low-speed experiment is constructed and tested. The ar-
matures are eroded and recovered to compare the improved
effects. Then finite element analyses according to the exper-
imental results are performed to further analyze the results.
Conclusions drawn from the present study in the paper could
provide guidelines for practice.

It is proved that even though we have not yet well op-
timized the armature geometry, it can be concluded from the
experiments and simulations that the current density and hence
the temperature distribution can be immensely changed by
simply changing the armature geometry. LCA and ICA show
less erosion on the contact surface due to the rounded leading
edge. The curved trailing edge could improve the uniformity
of the current on the interface. ICA is the best option in the
four armatures, which combines the effects of LCA and TCA.
How much the leading edge and the trailing edge should be
curved involves the geometry of CCA and the posture of the
interface on the rail.

Further finite-element analyses show that the method of
the curved leading edge in this paper must be modified to bet-
ter align with the magnetic field. It can be concluded from
the simulation results that saddle shape is a good option to im-
prove the current density and temperature distribution in the
throat.

Finally, the experiments and simulations support the ero-
sion and transition mechanism. It is seemed that two wear
theories, “melt wave” behavior and viscous heating, are both
workable.
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