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Electrical and Thermal Effects of Rail Cladding in a Full-Scale Launcher
Scott Levinson and Jerry Parker

Abstract

A previous paper reported the computational simulation of a resistive rail cladding
in a 40 mm bore railgun [1]. In that study, it was found that a 1 mm thick resistive rail
cladding (10 pQecm or 50 uQecm) on a copper rail (2 n€2ecm) resulted in an additional
electrical loss equal to about 5% of the muzzle energy, corresponding to a reduction in the
overall launch efficiency of less than 1%. This report extends the previous cladding study
to a 90 mm bore, near full-scale railgun. The base rail material resistivity has been
increased to 4.5 Q—cm, typical of the low density alloys that may be needed in a practical
launcher. It is found that a 1 mm resistive cladding in the near full-scale launcher has only
one half the impact on efficiency calculated previously for a 40 mm bore. For example, a
100 uQecm cladding results in an additional electrical loss equal to 2.4% of the muzzle
kinetic energy, resulting in reduction in overall launcher efficiency of less than 1/2%.

I. Introduction

The motivation, background and results of a study on the use of a 1 mm resistive
cladding on copper rails in a 40 mm bore electric launcher are described in [1], which is
attached for reference as an appendix. This report extends that analysis to a 90 mm bore,
near full-scale launcher. The same approach is used in this study as in [1]: a 2-D analysis is
performed using EMAP3D to calculate the distribution of current and temperature behind
the armature. A 3-D analysis is performed in the portion of the rail directly under the
armature. The cladding (Ohmic) losses calculated in the two analyses are combined to
obtain the total loss. An identical calculation is performed without the resistive cladding for
comparison. The relative importance of cladding loss is quantified using a figure of merit
defined as the difference in ohmic losses with and without rail cladding divided by the
kinetic energy of the launch package.

The report is organized as follows. Section II describes the 90 mm launcher
modeled with EMAP3D. In Section III, the results of a 2-D analysis of losses behind the
armature are described. Section IV then treats the 3-D analysis of losses in the cladding in

the vicinity of a moving armature. Conclusions based on these analyses are given in
Section V.

II. Model Of Rail Claddings

The full-scale, 90 mm rectangular bore launcher studied in this work consists of a
“C” shaped aluminum armature, a pair of rails that are assumed to be a low density alloy
material (p=4.5 12 -cm), and a pair of 1 mm resistive rail claddings. A quarter section of
this geometry is shown in Figure 1. Cladding resistivities of 10 uQecm, 50 pQecm, and
100 nQecm are considered. The 40 mm bore launcher described in [1] had similar
materials for the armature and for the 1 mm resistive rail claddings, but the rails were

modeled as copper base material (p=2 nQecm) for comparison with our laboratory
launcher.






e total launch mass M= 6.4 kg

e total launch kinetic energy E; =2+10"J

¢ payload fraction pf =50 %

e barrel length l,=7m

e piezometric efficiency e =75%

¢ inductive gradient L’ =5+10"H/m

e peak base pressure P, = 4.76 *10° Pa (70 ksi)
e armature's axial contact length 1,=48.9 mm

To simplify modeling, the detailed current waveform of a real launcher is replaced
by a constant current. The parameters of this equivalent constant current launcher are given
below. This approximation will result in a small underestimation of the overall losses but
the relative effect of the cladding will be accurately simulated.

e Length of Launcher L,=¢"l, =525m
¢ Force F, =E./L, =3.81 «10°N
e Bore Area Fw/lz'§ =8010° m 2
=we =80 mm <100 mm

e Amature Contact Area =Wel, =80 mm * 48.9 mm
e Launch Current . 2F, =39°10°A

= } T 7
e Acceleration a=F /M, = 5.95¢10° m/s*
e Exit Velocity v, = 2. E./M, = 2500 m/s
e Exit Time t.=v/a =4.2 ms

III. 2-D Loss Component

We first consider the component of electrical loss at large distances behind the
armature, where the current density in the rail and cladding is essentially J=J,, unaffected
by the armature and the diffusive processes are accurately described by equations in two
dimensions. As in [1], the 2-D ohmic loss gradients are calculated as a function of time for
a constant current flowing axially in the rail with and without cladding. The total 2-D
energy loss component is then obtained by integrating the loss gradients over the rail length
using the armature position versus time for a constant acceleration to convert the time
dependence of the 2-D solutions to a spatial dependence.

An example of a 2-D simulation of the current density distribution J is shown in

Figure 2 for a 4.5 pQecm rail and 100 pQecm cladding at t, =4.2 ms. Note that the peak

current density J=J ., (x,y) = 1.2 GA/m? exists at the top of the rail adjacent to the
cladding. Current has diffused rapidly through the cladding and J is a factor of 30 smaller

in the 100 uQecm cladding. Figure 3 shows the corresponding temperature distribution for
each of four cladding cases resulting from the accumulated ohmic heating at 4.2 ms. Note
that the hottest cladding temperature occurs in the low resistivity case (control:

4.5 uQecm), and the cladding temperature decreases as resistivity increases. The

temperature in the underlying rail increases with increasing cladding resistivity as current is
diverted into the rail.













Table 4. 2D Energy Dissipation for a 2 pQ2 -cm Copper Rail
Cladding Resistivity p (uQecm) E, (M)

2 (control) 5.60
10 6.32
50 6.18
100 6.10

IV.  3-D Loss Component in Vicinity of Moving Armature

In this section, the additional cladding losses that occur in the vicinity of a moving
armature are calculated. These losses are predominantly local to the armature/cladding
interface and are governed by the three dimensional nature of the current distribution. In
calculations for a 40 mm bore launcher [1], we determined that accurate three dimensional
EMAP3D calculations require an impractically fine mesh at large ratios of armature
velocity to cladding resistivity, v/p. In order to cover the full range of velocity present in a
typical launch, analytic formulas for the power dissipation per unit length were derived that
have the correct dependence at very large and very small values of v/p. EMAP3D
calculations were then used to determine the coefficients that provide a smooth connection
at intermediate values.

The same procedure has been used for the near full-scale calculation of energy loss
in the vicinity of the armature-rail contact. A larger FEM (having more than twice the
number of elements) is required for the 90 mm launcher. Thus, even fewer individual
calculations were performed and greater reliance on the derived formulas was required in
this analysis.

The current density and temperature was simulated for the 90 mm launcher for two
armature velocities (v=30 and 100 m/s) and three cladding resistivities (p = 10, 50, and
100 pQecm). Figure 5 shows a typical contour plot of lJI flowing in a 4.5 pQecm rail and
50 u€ecm cladding. The armature velocity is 100 m/s and the time is 0.99 ms after
application of the 3.9 MA current. Details of this case will be described before
summarizing the results of 3D cladding loss calculations.

Figure 5 illustrates a point that is important to understanding the energy dissipation
in a clad rail. The current density in the cladding is very low except for the area directly in
contact with the armature. The high resistivity forces the current to flow directly through
the cladding into the rail beneath, thus limiting the power dissipation in the cladding.

Figure 6 shows the temperature profile generated by the current flowing through
the cladding. Heating occurs predominantly along the edge of the armature contact where
high current density is created by velocity skin effect. Note that the temperature is low at
the front edge of the armature where current is just beginning to flow. The temperature
rises steadily under the armature where current has been flowing for a longer time. Behind
the rear edge of the armature the cladding temperature becomes constant because there is
no longer any current flow through the cladding.

In contrast, the temperature of the rail corner begins to rise somewhat behind the
front of the armature and continues to rise behind the armature. This continuing heating
behind the armature is evaluated in the earlier 2D calculations. Note that the very high
corner temperatures result from treating the rail resistivity as independent of temperature.
The output of the 3D calculation, E}, is the thermal energy per unit length in the first mesh
zone behind the trailing edge of the armature.













Table 5. 3D Cladding Dissipation

Adding together the 2D and 3D contributions, the total dissipation E,,, due to a
cladding of various cladding resistivities is given in table 6. The penalty function P for
using a resistive cladding, also shown in table 6, is the difference between E,,; with and
without the presence of a cladding, divided by the kinetic energy of the launch package at
exit.

Table 6. Total Dissipation and Cladding Penalty
E,.:(MJ) P (%)

Cladding dissipation has been analyzed in this work only for the single cladding
thickness: e=1 mm. However, current flow through a resistive cladding is essentially one
dimensional when € is much smaller than the largest relevant armature/rail dimension (e.g.,

€ << any of: W, S, S-W, 1). Thus, the cladding losses are expected to scale linearly with
cladding thickness. The selection of an appropriate cladding thickness for a launcher will
require a trade-off between mechanical properties, which favor a thicker cladding, and
electrical losses, which favor a thinner cladding.

V. Conclusions

The effect of a 1 mm resistive rail cladding on the electrical losses of a railgun have
been investigated numerically in this work for a 90 mm square bore, full-scale launcher
with a “C-shaped” aluminum armature. The additional losses due to the 1 mm cladding are
less than 2 '/, % of the muzzle kinetic energy. This is about 1/2 of the effect calculated for a
40 mm launcher, consistent with our preliminary scaling calculations [2]. The energy
dissipation due to two dimensional diffusion was shown to decrease with cladding
resistivity, while the dissipation due to 3-D current flow in the vicinity of the armature
increases. The total dissipation increases slightly with cladding resistivity. The total energy

loss penalty for a 10 uQecm cladding is AE,, = 9.486-9.214 +0.090 MJ = 362 kJ or 1.81

% of the launch kinetic energy. The 100 pu€ecm cladding experienced an energy penalty
only slightly larger at 2.35 % of the launch kinetic energy.
The effect on overall launcher efficiency is quite small. Without the cladding, the

energy input to the launcher at projectile exit is 2 X 20 + 9.21 = 49.21 MJ yielding an
overall efficiency (neglecting any recovery of the magnetic energy) of 20/49.21= 0.4064.

With the addition of a 100 p€2scm cladding, the total energy input increases to 49.68 M]J,
and the overall efficiency falls to 0.4026—a decrease of less than 1/2 %. The resistivity of
the underlying rail has a much more profound influence on launcher efficiency, and the
development of lower resistivity, low density rail materials could easily offset any losses
attributable to a resistive cladding.
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Abstract—Achieving long rail life may require
the use of a thin surface cladding of hard, refractory
material. This paper reports numerical simulations
of the effect of a resistive cladding on railgun
efficiency. Simulations are performed using a three-
dimensional (3-D) finite element code, FElectro-
Mechanical Analyses Program in 3 Dimensions
(EMAP3D), that is capable of tracking moving
conductors. Current and temperature distributions
are calculated in two regions of interest: i) behind
the armature—where current diffuses into the rail in
a two-dimensional manner, and ii) in the portion of
the rail adjacent to and under the armature—where
current flow is fully three dimensional. The railgun
model used for these simulations has a 40-mm
square bore with a 1 mm thick cladding on the rail
surface. The increase in electrical loss due to the
cladding is a function of axial location and is
largest where the armature velocity is low. We find
that combined 2-D and 3-D effects cause a total
additional thermal loss equal to about 5% of the
muzzle energy when the cladding resistivity is 10
or 50 pQ-cm. The decrease in total launcher
efficiency is less than 1%.
element

Index Terms—cladding, finite

(FEA), loss, railgun.

analysis

I. INTRODUCTION

Resistive rail claddings are of interest to the railgun
community for several reasons. Claddings with wear
properties superior to those of copper offer the potential for
increased rail life. In addition, it has been suggested that a
thin, resistive layer at the armature/rail interface will
neutralize the velocity skin effect by enhancing diffusion,
without overheating the rails and armature [1]. A resistive
cladding, however, would result in greater overall heating and
lower system efficiency.
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The effects of resistive rails were investigated by Long {2]
in a previous work using a two-dimensional finite element
code. This work sought to determine whether ohmic heating
set a fundamental limit to the velocity of solid armatures—
the velocity limit corresponding to the point where any
portion of the armature exceeded the melting temperature. A
composite rail was modeled consisting of a 1/4-inch section
of copper and a 1/4-inch section of molybdenum cladding
located on the side adjacent to the armature. It was concluded
that, for various armature shapes and materials, the reduction
in velocity skin effect due to the resistive cladding was
insufficient to compensate for the increased heating at the
cladding/armature interface. However, more recent work has
shown that two-dimensional analyses are inadequate to
describe the current and temperature distributions associated
with “C”-type armatures [3].

The objective of this investigation is to reexamine the
feasibility of using claddings to improve railgun performance
using a 3-D thermal and electromagnetic finite element
analysis. We use the code Electro-Mechanical Analyses
Program in 3 Dimensions (EMAP3D) {4] to compare the
electrical losses in a 40-mm square bore launcher with and
without resistive rail claddings. The relative importance of
cladding loss is quantified using a figure of merit defined as
the ohmic losses in the rail cladding divided by the kinetic
energy of the launch package at exit.

At present, it is not computationally practical to carry out
a 3-D, breech-to-muzzle simulation with the spatial
resolution required for this analysis. To overcome this
limitation, we compute the resistive losses as the sum of two
distinct processes. One process is the diffusion of current into
the rail in the region behind the trailing edge of the armature
in which ohmic heating is dominated by the axial component
of the current in the rail. This calculation is based on a 2-D
analysis of diffusion into the rail and cladding. The second
process involves losses due to passage of current through the
cladding in the vicinity of the armature. A fully 3-D
calculation is used to obtain losses in the rail and cladding
immediately adjacent to the armature. The 3-D calculations
are limited to velocities of 300 m/s or less by the mesh size
needed to resolve the thin current layers in the rail. An
analytic model of rail cladding heating as a function of
resistivity and armature velocity is derived and used to
extrapolate the 3-D simulation results to higher armature
velocities. Results from both analyses are combined and
integrated over the length of the launcher to obtain an




estimate of total ohmic losses in the course of a typical
launch.

The paper is organized as follows. Section II describes the
finite element model used in the study. In Section III, we
describe the results of a 2-D analysis of losses behind the
armature. Section IV then treats the 3-D analysis of losses in
the cladding in the vicinity of a moving armature.
Conclusions based on these analyses are given in Section V.

II. EMAP3D MODEL OF RAIL CLADDINGS

The computer program EMAP3D is the principal tool used
for theoretical railgun work at the Institute for Advanced
Technology (IAT). It is a 3-D Lagrangian finite element code
for solving coupled mechanical, thermal, electromagnetic
diffusive processes with moving conductors [4].

In order to facilitate analyses of railgun problems,
EMAP3D uses a “reversed motion” mode. In this mode, the
armature is stationary, and the rails move backwards past the
armature. At each time step, a section of the rail at the breech
is removed, and an equal length section is added at the muzzle
to maintain the geometry of the analysis domain. This allows
the domain to be reduced significantly by limiting the
analysis to only the armature and the portion of the rails in
the vicinity of the armature. The analysis keeps track of the
losses in sections of the mesh that move out of the analysis
window at each time step.

Because this is a numerical rather than analytical analysis,
it is necessary to choose a particular railgun geometry and
typical launch parameters. To facilitate eventual comparison
with experiment we have chosen to model the MCL launcher
at IAT, a 40-mm square bore device with a rated current of
1.2 MA. The parameters assumed in the calculations are:

e I = 1.010°(A)constant, total electric current

flowing in the launcher

o L° = 042 (uH/m) inductive gradient in launcher
e t, = 2.5 (ms) exittime
e v, = 2.5 (km/s) exit velocity
e M, = 210 (g) mass of launch package
which imply:
e F = LT%2=210(KN) armature force
e a = 10°(m/s? constant armature acceleration
v(t) = 10°t (m/s) linear velocity dependence on
time t
e z(t) = 510° t* (m) parabolic axial position
dependence on time t
L, = 3.125 (m) launcher length
KE = 0.656 (MJ) muzzle kinetic energy

The symmetries of a railgun/armature system allow it to be
completely characterized by modeling only one-quarter of the
geometry. Fig. 1 shows the model of armature, rail and
claddings used in this investigation. The model consists of
the upper half of one rail and the upper quarter of the
armature. Fig. 1 also shows the mesh in the FE model of the

conductors. Eight-node, linear, brick elements are used for
each material. There are a total of 26,334 eclements in the
mesh. A higher mesh density is used in regions of the
conductor where there are high gradients in current density and
temperature. The scalar magnetic potential is used in the
nonconducting air region of the railgun model (not shown,
but extending to X =0.5m and Y = 0.5 m) to reduce the
large storage and computational times needed to model three-
dimensional vector electromagnetic fields [5].

f~—1.805em——u] |o— ¢ =1 mm

Un-clad portion
of ral

Resistive Clad

f/i2 = 1.98 cm

1200.1238

Broach

Fig. 1. One-quarter model of railgun geometry and FE mesh.

Some of the material properties used in the model are
shown in Fig. 2. The aluminum armature is modeled with
constant specific heat and resistivity. The rail is modeled as
ETP copper with appropriate temperature-dependent specific
heat. The resistivity of the copper, however, has been fixed at
2 uQ-cm (control cladding) to facilitate comparisons with
the fixed resistivity cladding. Two fixed cladding resistivities
are treated, p = 10 and 50 pQ-cm. The specific heat of the
cladding is set to that of the copper rail for convenience. The
thermal diffusivity of the conductor materials is typically 2-3
orders of magnitude smaller than the magnetic diffusivity [6]
and there is little flow of thermal energy during the launch.
Accordingly, thermal conduction is turned off in this analysis.

. Railgun Malarial Properties

10" —1—

(| Cladding Resistiity: 10 jfi-cm

Resistivity - mOhm-cm or  Specific Heat - M¥(m 1K)
S

Fig. 2. Railgun material properties.
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ITI. LOSSES AT LARGE DISTANCES FROM THE ARMATURE

In this section, we consider electrical losses in the rail in
the region behind the armature. This component of the energy
loss is effectively two-dimensional once the armature has
moved far enough from a given position that the current
density in the rail and cladding is essentially (J =17,),
unaffected by the armature. Thus, the ohmic losses can be
obtained from a 2-D calculation of a 1-MA current flowing
axially in the rail and cladding without armature. The total
energy loss from this term is obtained by integrating over the
length of the rail with a local heating rate given by the 2-D
solution at a time equal to the time since the armature passed
that location.

Fig. 3 summarizes the results of the 2-D analyses. The
plots show energy dissipated per unit axial length of rail in
both rails as a function of time. Fig. 3a shows energy/unit
length dissipated in the individual claddings. All of the
materials dissipate significant energy at early time. Energy
loss continues in the 2-puQ-cm cladding (control case), since
it continues to carry its share of the rail current thfoughout
the launch. After 100 to 300 ps, however, the cladding does
not carry current, and little further heating occurs. Fig. 3b
shows the total energy dissipated per unit length in both
copper rail and cladding. This quantity, designated E;, is

greater for resistive claddings, as expected.

The effect of current diffusion on heating can be seen in
Fig. 4 where the final temperature of the rail and cladding near
the breech is shown for three cladding resistivities. The high
resistivity cladding is substantially cooler than the underlying
copper rail at the end of the launch.

The thermal energy dissipated over the launch can be
estimated by integrating the energy gradient over the length of

the rail: E, = _[OL° E’(z)dz. The required change of variables

is made by noting that the dwell time, t, during which current
is present at any given axial point in the rail and cladding, is
given by T = t.-t, where t, is the time of muzzle exit and t is
the time at which the armature reaches point z. Substituting
the expression for T into the acceleration profile z(t) = 1/2at?,

p = 2 u0Q-cm (Control case) p=10pQ-cm

22225

19.05

1200.1339
L=]
-
o

01.0

x (mm)

X (mm)

the assumed constant acceleration launch condition, allows
one to change variable from position to time and to

calculate: E, =a[*E}(1)-(t, —1)-dt.

Thermal Ensrgy per Unit Langth in Cladding

Thermat Energy per Unit Length over Rail and Cladding
2 s T T T

-
——
15 e

i
i
i -

1
3 o

Control Case: 250 kJ Dissipation *
10 p2-cm Case: 277 kJ Dissipation
50 pr-cm Cass: 269 k Dissipation

" n n :
0 0.5 1 15 2 25
Tme - ms

Fig. 3. Thermal energy dissipation per unit length due to 2-D diffusion
behind the armature. a) Energy in the cladding materials. b) Energy in
cladding and copper rail. The total energy dissipated over the launch is
tabulated in the legend.

Values for E, are tabulated in the legend of Fig. 3b. The
penalty for using a resistive cladding can be written as the
difference between E, with and without the presence of a
cladding, normalized by the kinetic energy of the armature at

is 4.1% for
the 10-uQ-cm cladding and 2.9% for the 50-uQ-cm cladding.

Echad _ EZunclad

exit. The resulting penalty p, =

IV. 3-D CLADDING EFFECTS IN VICINITY OF A MOVING ARMATURE

We now consider energy losses in the cladding in the
vicinity of the moving armature. Because accurate EMAP3D
calculations of cladding loss require an impractically fine

TEMP (°K)

900
840
780
720
660
600
540
480
420
g 360
300

19.05 01,0 19.05

x {mm)

Fig. 4. Contour plots of 2-D EMAP3D calculation of the rail temperature near the breech at exit time (t, = 2.50 ms) for three
cladding resistivities: p =2, 10, 50 pQ-cm. The peak temperature (1070 K) for the 2 uQ.cm cladding (control case) occurs at

the inner corner of the cladding; lower temperature peaks (less than 900 K) exist in both the cladding and copper sections of the

rail for both resistive claddings.
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mesh when the ratio of armature velocity to cladding

100 - m/s
10-pQ-cm’
derive asymptotic formulas that bound resistive cladding
losses at the velocity extremes and use accurate EMAP3D
calculations at intermediate velocities (30 and 100 m/s). We
then obtain the losses over the launch by computing the
energy dissipation per unit length (designated E7) in a region
immediately behind the armature, and integrating it over the
launch.

The formulas derived to bound resistive cladding losses are
based on the assumption that the cladding resistivity is
several times greater than the resistivity of either the armature
or the unclad portion of the rail. At extremely low armature
velocities, current will flow uniformly from the unclad rail
through the cladding and into the armature. In this regime, the
cladding losses can be calculated using Ohm’s law. At
extremely high armature velocities, cladding losses will be
confined to a thin diffusion layer on the cladding surface due
to velocity skin effect.

resistivity v/p is greater than ~ our strategy is to

A. Cladding Loss Gradient for Low Armature Velocity

At extremely low armature velocities, an almost uniform
current density exists in the cladding given by j = I'w £,
where I is the total current through the armature, and w
and £, are armature dimensions identified in Fig. 1. The
resulting thermal energy density dissipated in the cladding as
the armature moves across it at velocity v may be expressed
in terms of a product of the heating rate density pj* in the
cladding and the time of contact At=—" with the armature:

v
Energy _ p-I?
vol — wif,vy
length for claddings of thickness € on both rails due to
armature passage at low velocities is:

. Therefore, the thermal energy per unit

2Ener 2¢1?
IOW(P, ) = gy —WE = —R

vol wl, v

J/m). (N

=1.66*1022 (in
\'

The value E|,

that makes the current distribution less uniform will increase
E;. For example, if the current flows only in the outer half

is a minimum value of Ej. Any process

of the cladding, the energy gradient doubles.
B. Cladding Loss Gradient for High Armature Velocity

In the high velocity regime current penetration into the rail
near the armature is small and, to a good approximation, the
J (4,2)
8(4,z()’
where J( £ ,z) is the surface current density, £ is a generalized
coordinate on the surface that is perpendicular to the motion,
z is a coordinate parallel to the motion, and & is the diffusion

current density may be written as: j(x,y,z,t) =

depth at point (£,z) in the cladding. To obtain the energy
deposited/unit length Ej;, for high armature velocities, we

pick a point on the rail and integrate the heating rate pj over
transverse coordinate £and over the time duration
corresponding to armature passage, replacing the integral over
depth with the diffusion depth:

PJ (4,2)

Efg = ”W k.
A velocity-dependent diffusion depth & = §, is implicitly a
function of the time and requires 3-D simulation to obtain
accurately. Once 8v0 (£,z(t)) is known at a particular

velocity v, and cladding resistivity p,, however, it is a good

approximation that 8,(£.,z) = 8,,(£,2) ’X&\/E , because
Po VV

diffusion into the cladding is essentially one dimensional at
high velocity. Using this relation and replacing the integral
over time by an integral over z using z = vt, the expression
for Ej,,, becomes:

pJ(4,2)

Efign (P,V)= ”'_v—“—_
z o, (¢4,
vp % 4,2)

on Potl () (“’ed_E'\F\ﬁ )
” (fz)o Po v @

Equation 2 provides a convenient scaling relationship that
can be used to extend E’ to higher velocity once an accurate
value of E; is known at some reference velocity v, and

cladding resistivity po.
C. Simulated Cladding Losses with Armature Motion

Energy dissipation in the cladding was calculated at
velocities 30 and 100 m/s using EMAP3D. In order to verify
the scaling relationships, (1) and (2), calculations were
performed for five resistivities spanning the range 10 to
200 pQ-cm. For each calculation, a series of time steps was
taken at constant velocity until the armature had moved 50
mm (1.7 times the contact length). At this point, the energy

-deposition in the cladding had reached equilibrium, and the
energy gradient E; was evaluated in a 0.6 mm long region
located 0.4 mm behind the trailing edge of the armature.

Fig. 5 summarizes the results obtained from the 3-D
analyses. The calculated values are plotted with “x” for the
30 m/s results and “+” for the 100 m/s results. The dot-dash
line is a plot of E{,(p,v). There is excellent agreement
between the EMAP3D and the analytic theory in the limit of
high resistivity. The dashed line represents the scaling
relationship (2). The unknown coefficient E; ./v,/p, has

been adjusted to fit the EMAP3D calculation at
Po= 20 uL2-cm, v,=30 m/s. The agreement between
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calculation and theory is less satisfactory at small p/v, and in
fact, the calculated energy begins to rise as p/v decreases
below 10 Q—s. Such behavior is clearly incorrect, since the
dissipation must approach zero in the limit of zero resistivity.
This behavior is attributable to a progressive inaccuracy in
the calculation for small p/v as the diffusion depth due to
velocity skin effect becomes small compared to the mesh
resolution. The final expression adapted for our analyses,

1
El.. (pv)=20610°( 2)*, (MKS units) 3)
high

v
is conservative in that it generally has values above those

calculated at 100 m/s, and probably overpredicts the actual
losses.

T

X x  v=30ms -

+ o+ v=100 m/'s ‘/./

sl | - Elow (pv > =) ,-
10F| === Ehign (v->0) .
.
,
x*
v
= e
§ ;
3
£ x LT
s L
S Pt
& e
& x .
5 -
E ) - - +
s 10°F . P -
(a4 -
-
Phe -
-
-
10 pQ2-cm Cladding Case: 5.4 kJ
50 pQ-cm Cladding Case: 12.1 kJ
.
-’ e -7
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Fig. 5. Calculated thermal energy per unit length in rail and cladding
for 30 and 100 m/s armature velocities. Symbols indicate estimates of
E, determined from EMAP3D calculations. Curves E,, and E}, ae
asymptotes for extreme values of p/v. Upper bounds for thermal
dissipation due to armature passage are shown in the lower legend.

In order to complete the calculation of total energy
dissipation, the two expressions for E; given by (1) and (3)
must be integrated over the length of the launcher. Equation 1
is used in the beginning of the launch, changing to (3) at the
crossover velocity v, = 6.67-107p.

Using the relationship z =v?2a (for a constant
acceleration launch) to change variables from position to
velocity, the total energy dissipated due to 3-D effects near the
armature becomes

E, %(1.66.10”p.vc +1.373-10% Jp- (v —vg)).

(MKS units) @

Because the crossover velocity v, is low for the resistivities
of interest, the first term in (4) contributes less than 1% to
E;. The calculated values of E, for a 40-mm launcher using
(4) are 5.4 kJ and 12.1 kJ for 10-uQ-cm and 50-puQ-cm
cladding resistivities, respectively. The 3-D resistive cladding

E
penalty p, =K—3E is 0.82% for the 10-uQ-cm cladding and
1.85% for the 50-puQ-cm cladding.
V. CONCLUSIONS

The effects of a 1-mm resistive rail cladding on the
electrical losses of a railgun have been investigated
numerically in this work for a 40-mm square bore launcher
with a “C”-shaped aluminum armature. The calculations were
divided into two parts, a 2-D diffusion calculation for the rail
behind the armature and a 3-D moving armature calculation of
energy dissipation in the vicinity of the armature.

Far behind the armature, energy dissipation in the rails due
to 2-D diffusion through the cladding exhibits a peak in
dissipation as a function of cladding resistivity. At low
resistivity, the cladding shares the current during the entire
launch. The reduced current density results in lower
dissipation. At very high resistivity, 2-D diffusion through
the cladding is essentially instantaneous, resulting in little
energy dissipation in the cladding and a somewhat increased
dissipation in the underlying rail due to its reduced area. At
intermediate resistivity, there is significant dissipation in the
cladding leading to a higher overall energy dissipation during
the 2-D diffusion through the cladding. For our 2-D analysis,
the intermediate cladding resistivity (p = 10 pQ-cm) resulted
in higher overall losses (277 kJ) than either the control case
(p = 2 pQ-cm with 250 kI) or the high resistivity case
(p = 50 pQ-cm with 269 kI). We also observe that the peak
rail and cladding temperatures are lower in rails having
resistive claddings.

Energy dissipation in the claddings due to the 3-D current
flow around the armature is smaller in magnitude than the 2-
D energy loss and exhibits a continuous increase proportional
to p%. Therefore variations arising from differences in
armature designs should not significantly affect overall
launcher efficiency when a cladding is used. The total energy
loss penalty for the 10-pu€2-cm cladding is AE,, = 277 - 250
+ 5.4 = 32.4 kJ or 4.9% of the launch kinetic energy. For the
50-uQ-cm cladding, the energy penalty is nearly identical, .
AEg = 269-250 +12.1 = 31.1 kJ or 4.7% of the launch
kinetic energy. The effect on overall launcher efficiency is
quite small. Without the cladding, the energy input to the
launcher at projectile exit is 2 X 656 + 250 = 1562 kJ
yielding an overall efficiency (neglecting any recovery of the
magnetic energy) of 656/1562 = 0.42. With the addition of a
10-uQ-cm cladding, the total energy input increases to
1594 kJ, and the overall efficiency falls to 0.411—a decrease
of less than 1%.
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