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PROJECTILE OSCILLATIONS IN AUGMENTED RAIL GUNS*

M. L. Hodgdoa, C. M. Fowler
Los Alawmos National Laboratory
Loe Alamos, NM 87545 USA,

C. G. Homan

Benet Weapons laboratory
Watervliet Arsonal
Watervliiet, NY 12189 1USA

ABSTRACT

The projectile in an inductive store-powered rail gun, augmented by
an external magne:ic field, will oscillate under certain conditions.
This behavior is easily understood when thera is no resistance in the
circuit comprising the storage coil, rails and srmature. In this case,
the flux in the complete circuit is conserved. However, as the projec-
tile wmoves down the rails, wore flux from the augmenting field is picked
up. This must be accompanied by a decrasase in curreat in the system to
conserve the total flux. At a certain distance down the rails, the cur-
rent must reverse to coaserve the flux, and thus the force on the prsjec~-
tile reverses. This mechanism leads to oscillation of the projectile.
An analytic solution is given for the case in which the resistance 1is
sQro.

INTRODUCTION

Simple conducting railguns use the force from the self-magnetic
field inside the rails to accelerate projectiles. Augmentation and
superconducting augmentation of the magnatic field have been proposed as
wvays to increass the efficiency of the transfer from magnetic to
mechanical cntr;y. The energy and efficiency of nug,.ntcd systems has
been analysed.” In this paper and in a following paper,” we shall exasmine
the behavior of the projectils.

In tha system that we will consider, an external inductor provides
the initial current that flows through the rails of the gun and through a
conducting path located inside the projectile. As shown in Fig. 1, an-
other external coil provides the augmenting magnetic field. We will as-
sume that, in an x-y-z coordiaate oeystem, the rails lie in planes
parallel to the x-axis and that the projectile is induced to move in the
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x-direction. Although the jectile 1 a cube of height h, we will
denote {ts position at time ¢t the location, x(t), of the counductor
embedded 1in 1it. Thus, the current flows from the inductor through ome
rail to the point x(t) wvhere it {is shunted to the other rail by the con-
ductor in the projectile. This current gives rise to the self-magnetic
field which acts on the projectile through the Lorents force. 8ince the
inductance of the rail gun can be written as L’x, whers L’ is the { -
tance per unit length, the Lorentz force due to the current I is L'I%/2,

Augmentation

Pig. 1. Generaliszed augmented rail gun layout.

The projectile 1is subject to an additional force due to the
augnenting field B,. In this eystea, B, 1is independent of both time and
position and lies in the same direction &s the salf field. Thus, the
component of Lorentz force due to the augmenting field is B ohI+ The to-=
"~ tal force on the projectile is the sua of these two forces:

1,.,
r-n:l-.!.LIz+B°hI . (1)
vhera m is the nass of the projectile and X is the projectile accelera-
tion.
The current Is determined by the circuit elements L_, L’x, and

resistance R, and by Faraday’s lavw for the change in flux due go the pro-
jectile moving in the augmenting field:

Zd? [(L, + L'x)T + B hx] +RI = O . (2)

For this aenalysis, we will assume that there i{s no coupling batween the
augnenting coil, the power source, and the gun. We will also neglect
distortions of the rails and the projectile so thai the projectile height
h remains constant.

We will solve (1) and (2) for the projectila position and veloecity,
x and %, end the current, I. Under certain circuastances, we will find
that the projectilea oscillates; that is, it moves firat in the positive x
direction, stops at some distance which we denote by x(t), then reversaes
directions and moves back toward its original position,

These projectile oscillations are caused by sign changes in the cur-
rent. To see how these changes arise, let us assune that at time t = 0,
the projectile position is sero, x(0) = 0, the resistance R is sero and
the current I(0) has the strictly positive value Ige



By (2), the current at time t is given by
| Lolo Bohx(t)

I(e) = L, +ix(®) L, +Lix(t) °

This curreant consiets of two terms. The first is due to the inductive
circuit. The second is of opposite sign and is the result of the change
in flux in the rails from the augmenting field. As x increases, the
second component increases and the total current decreases. When x is
such that B hx equals L I,,» the current and hence the force on the pro-
jectile are sero. sinc- the kinetic enrrgy of the projectile is not
tero, it continues to move, x increases, gand the current becomes nega-
tive. At some point, =x(7), the kinetic energy is sero and projectile
stops. The force in the opposite direction nov acts on the projectile,
driving it back to its original position whan the pattern repeats. With
small values of resistance, this oscillatory motion is slightly damped
and the projectile ultimately con!l to rest near x(1)/2. At greater
values of R, the oscillations vanish.

These highly undesirable motions have s great aeaffect on augmented
rail gun design. For example, they determine that there is a length that
gives maximum launch velocity. This is in contrast to simple rail guns
in vhich the launch velocity is in proportion to the length.

EXACT SOLUTION

Closed-fora solutions of (1) and (2) can ba obtained for the case in
vhich the resistance is szero. As such solutions shov the 1limiting
behavior for cases in which the resistance is small and as they are use-
ful in determining the validit  of approximate solutions, we will obtain
the closed~form solutions first.

Let us define the current J° as the ratio of Boh to L’

B,h
Jompr (3

With the initial conditions

x(0) = 0, % = 0, and I(0) = I, , (4)

and with R = 0, the total current in the circuit at time t is

Lolo - JOL'x(:)
L, + L'x(t)

I(t) = . (3)

By (2), (3) and (5), the acceleration can be written

1, + 35\ 2
1., o Tv%\2_ 2
UV OTITE) T (&)
Lo

In terms of a new variable

- 1
y=1 +'1;- (7)
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and the parssster

b o ol ®

_ )3 2 [1 _,2
y -Ero— (Io + Jy) [;2' [ ] . (9

Multiplication of (9) by ¥ yields the following expression, which .shows
that the quantity below enclosed in brackets is conserved:

y 2 (1 . y
T[T*'ﬂ"“ +3,) (;+ giy)] o . (10)
By (4a) and (4b), the initial conditions on y are

y(0) = 1 and §(0) = 0 . (11)

Thus, by (10) and (11), we obtain the following first integral of (9):

@)1, + J,)2 82(y - 1) (8~2 - y)

. (12)
o, y

($)? -

The normalized velocity y may have positive and negative values and,
in addition to its zero initial value,

y =Owheny = g2 , (13)

Since by (8), B8 1is strictly less than 1, and by (1lla), y(0) = 1, theq nor-
malized acceleration ¥ is initially positive; at the point y = 874, cthe
acceleration is negative:

y- ééﬂ; (Ip + 3)2 (1-82) when y = 0

g -Bzy(O) vhen y = =2 (14)

Whep y = 8° -1 » ¥ 18 zsero and the magnitude of the normalized velocity
achieves its nnxilul value of L'I /’EE' Thus, we find that the velocity
iteelf is initially positive, rcaehan a saxinum, decresses to sero and
then becomes negative!

Lolo [1I°1,
O, vienx = 0 and x = —l + 2 ’

3,h LB
A= (15)
2 1 S, vhen x = L°I°
SR X
Let us write (12) as
LU SR TI Y
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from which ve may obtain the following functiom of y’

'L'(£2L+ Jo) ¢ = f’ ( g )1/2 do . (16)
N 1\ -1 (87 -

The intcsrzl on the right may be expressed in terms of elliptic
iotegrale~'™:

f’( ? )”2 do -% [: (3 Ni-89) -2 (e VI - ,z)](m

1\(ag ~ 1) (872 - o)

vhare
0100 = _2.1 - 8%
l1-8
and % is the elliptic integrsl of the second kind:

e
E(6,k) = fo \h - kiuno ¢ .

Substitution of (17) into (16) yields the following expression from which
y(t) and the solution of (1), that is, the projectile position x(t), may
be determined:

2

vy e 2) v a2 B,
B{ arcsin — 1-8°)=B(x; Y1 -8%) - —Foo .(18
( 1-8 ? Z‘J"-o (Iol‘c'H-Boh) ¢ a8

We will define T as the time at which y = =2 and,
by (13), ¥ = 0. By (18), T has the value

2\’DL I.L’ + B h
T . o (o oh) E(x/2; V1 - 82) (19)
W

For the case B, = 100T, I, = 90 kA, h =953 mn (3/8 in), L’ =
0.35 wi/m, L, = 5 i and m = 0.805 kg, Eqs. (7), (13) and (19) give the
following values for T and x(t)

T = 0,529 e
l(T) = 0.96a .

The value of the magnetic field in this example is luih greater than
the nmaximum value of 20 T for a typical augmenting field.® In our analy-
sis, the augnenting field appears only in the product B _h, the augmenting
flux per unit length. Thus, tho above values for T and x(t) hold for any
systen in which B h is approximately 0.933, e.g., B_ = 20 Tesla and hy =
4,763 ca._ Variations of t and x(t) with B_h are presented in the follow-
ing paper” in which the effect of nonsero resistance on projectile oscil-
lations is discussed.
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Fig. 2. In the sugmentsd rail gun
discussed in the text, the projec-
tile wmoves 0.96 m toward the
sugzle of the gun, then stops,
reverses direction and soves back
toward the breech. Au this is the
lossless case, these oscillations
continue indefinitely. Maximun
velocity occurs near 0.47 m.
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