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ABSTRACT parallel rails that carry current to a
colid or plasma armature behind the mass to
The effects of material ablatsd from be accelerated. Because cf the electromag-
rails, and the formaticn of secondary arcs netic force acting on it, the armature
are at present widely recognised to be the slides 2long the rails accelerating the
phenomena that hinder the expected perform- mass. Some interesting applications that
ances of the plasma-driven railguns inves- have been proposed for these devices, are
tigated. thcse in the £fields of nuclear fusion {1],
In this paper the application <f an [2], [2) and of space missions [4], [5].
external magnetic field on arc-driven
railguns, in order to reduce the plasma y  Plasmaarc let
armature length and consequently limit 1
these parasitic effects, is propossd. e
The analysis of the EAR ( External &
augmented Railgun ) performances, and a 1
comparison with the conventional and SAR stz
( Series Augmented Railgun ) behaviour is la 1p
carried out. Furthermore some preliminary P—’f‘_"

design criteria are given. A== i
Fig. 1 Schematic draw cf a railgun

NCMENCLATURE The analysis of the several railgun
experiments that have been carried out in
u = Magnetic permeability in the vacuum these past years, shows that at velocities
e = Electronic charge of up te 3 Km/sec the railgun behaviour is
Vy = Ionization potential not significantly affected by parasitic
l, = Arc length effects. Nevertheless as velocity increases
h~ = Distance between the rails an acceleration decrement becomes more and
w = Height of the rails more relevant so that, near 6 km/sec , the
b = Thickness of the rails velocity ceases to increase. As a conse-
1 = Length of the rails quence of this fact the experimentally
L' = Per unit inductance of the rails obtained launch speeds were all close tc 6
p = Arc mass density km/sec independent of the delivered input
o = Conducibility of the plasma arc energy or the rail length.
gp = Pellet mass density This limit is due to the interactions
= Planck's constant between the plasma armature and the rail
o5 = Stefan's constant and insulator wallg. The plasma armature
oy = Conductivity of the rails ablates material from bore walls, therefore
K = Boltzmann's constant a mass to be accelerated is added to the
m, = Mass of the plasma arc plasma arc and instability phenomena =an
map = Ablated mass occur so causing a plasma leakage from the
mp = Mass of the pellet rear of the armature. The region behind the
mg = Electron mass armature is then filled with plasma, and
mg = Hydrogen atomic mass the formation of secondary arcs shunts a
ng = Electron density part of current from the primary arc and
n, = Atomic density o significantly reduces the propulsive force.
Vei = Electron ion frequency collision The secondary conduction is propor-
Yea = Electron atom frequency collision tional to the rail to rail voltage, and
Qea = Electron atom collision cross section this voltage increases with velocity.
a = Degree of ionization Therefore, it seems that as velocity ap-
T = Temperature proaches 6 km/sec, this phenomenon causes a
P = Pressure reduction of the propulsive force below the
drag force.
Several approaches to the soluticon of
INTRODUCTION these problems have been suggested, includ-
ing the use of ablation resistant materi-
The arc-driven railguns are electro- als, the use of hybrid armatures, or the
magnetic launchers capable of accelerating augmentation of conventicnal railgun by
masses ranging from a few milligrams to adding one or more additional rail turns,
several kilograms to velocities of several but none have demonstrated the pessibility
km/sec. As is well known, a railgun is sub- of completely overcoming the parasitic phe-
stantially formed, see fig. 1, ¥y two nemena.
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In this paper the application cf an
external magnetic field on plasma-driven
railguns in order to have shorter armature
lengths and consequently reduce the drag
force and ablated mass effects is proposed.
The analysis of the EAR performances, and a
compariscn with SAR and conventional rail-
gun behaviour is then carried out.

RAILGUN AUGMENTATION ANALYSIS

Augmentation of railguns by adding one
or more rail turns, see fig. 2, was pro-
posed in order to reduce, for an egual
accelerating force, the input current and
consequently the power dissipation in the
plasma armature and the rails.

The series augmented railguns must
have a limited number of 2 or 3 augmenting
turns because of the increased transverse
force acting on the rails [6], and because
the mechanical and electrical complexity
introduced by the augmenting rails compli-
cates the structural design of these sys-
tems.

Fig. 2 Schematic draw of a Series Augmented
Railgun

The performances of the experimentally
investigated laboratory devices [7], [8]
did not demonstrate any particular benefits
compared to those of conventional railguns.

This lack of effectiveness can depend
on the fact that the augmentor rails in-
crease resistive losses even at reduced
current- values, as suggested by Kotas et
al. [9], and that an ablation reduction
does not eliminate secondary arc conduc-
tion, as shown in the experiments [10]
carried out with low ablation ceramic
insulators.

In order to reduce these hinderances
we propose the application of an external
magnetic field, see fig. 3, having the same
direction of the self induced magnetic
field of a conventional railgun.
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Fig. 3 Schematic draw of an External Aug-
mented Railgun

A first evaluation of the EAR charac-
teristics and a comparison with the beha-
viour of SAR and conventicnal railguns can
be carried out considering a constant
supplying current I,, all the rail pairs as
completely coupled magnetically and having
the same inductance gradient L', and ne-
glecting the plasma armature resistance
with respect to the rail resistance.

The accelerating force on the armature
can be found integrating J x B in the
armature volume V. This force can be esti-

mated considering, in the armature, a
uniform distributicn of the current density
J and a constant magnetic field B obtained
averaging the magnetic field By, backward
and Bg forward the armature.

Therefore for the SAR we have

( 2a = £ )1V 23/2

Bhg = nL'I /h Bgs = (n -1 )JL'I /h
Byg = ( Bpyg + Bgg )/2 = ( 2n -1 ) L'I2/2h
where h is the rail height and n is the

number of augmenting turns, while for the
EAR we have:

J X Byg AV = ( L' I 2 + 2BgyeIgh )/2

Bpe = L' Io/h + Bgyt Bfe = Bext

( Bue* Bgg )/2 = (L'Tg/h + 2 Baye) /2

o
o
®

I

where Bgy+ is the applied external magnetic
field.

In order to carry out a parametric
comparison of the performances of the two
devices we define Bexth = mL'I,, where m
is the proportional constant between the
external field and the augmenting turn
field. we have:

Fo =2m (L'T,2 ) / 2

The breech voltage can be evaluated
adding the Bhv term and the resistive
voltage drop term Vy for each rail pair.

In Table I a comparison among some
characteristic quantities of the SAR and
EAR railgun for the same accelerating force
is reported.

Simple SAR EAR
Accel. Force 1 1 1
Input Current : 1/J/(2n-1) 1/(2m)
Breech Voltage 1 v(2n-1)+nV, J(Zm)

Tab. .I Comparison of some characteristic
quantities of conventional, SAR, and EAR
railguns.

It is possible to observe that the EAR
configuration allows:

- with respect to conventional railguns
a) an input current reduction, for the same
propulsive force;

- with respect to SAR

.a) an input current reduction of the same

order of magnitude;

b) the absence of additional resistive
losses in the augmenting turns;

c) a reduction of the breech voltage that
could result in a less probable formation
of secondary arcs;



It can be noticed that the EAR rail-
gun needs a superccnducting magnet tc apply
the high external magnetic field required
to have good performances.

To evaluate the order of magnitude of
the external £ield Bgyy = mL'I,/h, we
consider a proportional constant m = 1, and
typical values of L' = .4 uH/m, I, = 500
KA,and a bore of 1lcm obtaining Beg; = ST,

A positive characteristic of the EAR
configuration is the short plasma armature
length that allows a reduction cof the
ablation and drag effects. In order to show
this we will compare the performances of
augmented and conventional railguns taking
into account the plasma armature behavicur.

MODEL

For the analysis of EAR and SAR rail-
guns, we have modified the formulation of a
simplified model of the plasma armature
[11] that takes into account the drag
force, and considers the ablative effects
adding all the ablated mass to the plasma
armature, but neglects the secondary con-
duction phencmenon.

In that model we considered the part
of plasma close to the pellet, where quite
the whole arc mass is concentrated, and the
pressure is nearly constant and equal to
the pressure exerted on the pellet, as for
the 'actual arc', thus assuming ceonstant
values for its characteristic guantities.
Furthermore we assumed the following hy-
potheses (fig. 1)

- Rails extended enough in the z direc-
tion so as tc consider the magnetic
induction B as having only a z-compocnent.

- The arc current is uniformly distributed
and is directed only in the y direction.

- The arc configuration is steady during
the motion of the arc, and the plasma arc
is in thermal equilibrium.

- Thermal exchange primarily by radiation.

on the basis of the previous assump-
tions and now considering augmented rail-
guns with only one augmenting turn ( n = m
= 1 ) , the railgun model is expressed by
the following equations:

equation of
netwcrk, see

- the electrical equilibrium
the egquivalent electric
fig. 4

d [(Lg + L'x + Lg + 2Mp(x))I] +
dt

+ (Rg + R'X + Rp + Rg)I + Bgyehk = 0 (1)

where Ly is the external inducter, with
resistance R, , supplying the launcher,
L' = ph/2w is the per unit length induct-
ance of the rails, modified in order to
take into account the fact that the rails
are not infinitely wide [12], Lg = L'l is
the self inductance of the augmented turn,
1 is the rail 1length, Ry = h/(owl,) is the
plasma armature resistance, Bgy¢ is the
external field, and x is the pfasma arma-
ture velocity.

The resistance of the
Rg = 21/ (bbo..) , and the per unit length
resistance of the rails R' = 2/(béc,.) are

augmented turn

considered functions of the current density
penetration depth [13] & = ( nt/on )
The mutual inductance Mp(x), between

the two turns of the SAR is calculated
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using the formulas of Grover [14] for g¢
and returr conductors of equal cross sec-

Rs

Rp

T Bexthi

Fig.4 Equivalent electric network

tion, and is approximately cne half of the
difference between the inductance of the
cenductors together and apart.

It can be noticed that if Mp(x),
and Ry are zero the model reduces to the
EAR model, if B,,¢ is zero the model reduce
to the SAR modef, while if these parameters
are all zero we have the conventional
railgun model.

Tt

- The mechanical equilibrium equation

F= (mp+my) X=L'1I2 - kdm, +

2 dt

- FDB - FDP b 2 Fe - FS (:)
where F, = BoythI = L'I I is the force due
to the application of the external field,
Fg = L'gI2/2 = L'I2 is the force due to the
augmentfng turn, Fp, is the drag force on
the plasma armature, FDp is the drag force
on the pellet.

The term % dm,y/dt = 8 I V, takes into
account the ablation effect aé’the barrel
walls and depends on the ablation coeffi-
cients 8 of the wall material , and on the
arc voltage V, = ;

The drag force can be estimated [15],
as Fp = szma(w+h)/ wh) , where
A = [ Ag(a/(6a)) + 1.7417%, and a/(64y)
is the ratio o? the bore size divided aby
the bore roughness. For most smooth gun
bores a/(&,4,) = 4000. Neglecting the drag
force on tge pellet [16] and substituting
the previous relations, we obtain:

F= (mp+ my) %= LAY 3w 3T
2 j %

- X8I2Rp - Ax2m,(w+h) (3)

T

- the equilibrium equations of the charac-
teristic quantities of the plasma:

P

my ¥/(wd) = nI2/[2w2(1+e)] (4)

)
c

P(1+a)KT/mo (5)

az _ _ (k7)%-5 [2nm \1-3 exp(-e_\{ i6)
T-az P “h? KT

P = my/(whly) (7)
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Sq = 2(wh+hli+wl,) (e)
4 4
S540gT" = hI?2 (2)
" CFWIa
ng = fa/mo (19)
O = nge? /lmgl Vea + Vejill {11)
Vei = 1.8:207% n, T1.5 15 q (12)
Vg = 6.21-90% u, w03 g__ (13)
n=1.24-10" 771.5 n 0.5 (14)

The equations (1),(3)-(14) , were integrat-
ed with the initial conditions I(0)=I,
%(0)=0, x(0)=0, ma(0) = my,, where we
assume an initial arc mass Mgy = .C1 m,.

The model was tested s?mulatiné the
CEM-UT experimental results [15]. The arc
was practically composed of material
ablated by the rails and insulator walls,
therefore, since the rail material has an
ablative coefficient greater than the
insulator [15] ( 3-4 times ), a copper
plasma was considered postulating only one
possible ionization level. Simulated re-
sults in Fig. 5 show good agreement with
the experimental data.
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Fig. 5 Comparison between calculated and
experimental data

RESULTS

We analysed how the external magnetic
field influences the conventional railgun
behaviour, and compared it to the SAR
behaviour for equal accelerating force, for
the two different railgun sizes shown in
Table I and II

W =5 mm h = 5 mm

1 = 2m b = 10 mm

op = .58+ 108 ohm~1n-1

L, = 10uH Rg = .3m0

mp = 100mg 8 = 8 g/MJ
Tab. I - Small bore railgun parameters

w = 5C mm h = 50 mm
1l =8nm b = iC mm
g, = .58 108 ohp~In-1
L, = 50pH Ry = l.4mo
my = 5g 8 = 8 g/MS
Tab. II - Large bore railgun parameters

In fig. 6, 7, 8 the comparison among
the values of velocity, arc length, and
ablated mags obtained with a propulsive
fcrce of 10% M, for small bore EAR, SAR and
conventional railguns are reported.

Fig. 6 shows that ths EAR railgun
allows a significant improvement in the
cbtained maximum velocity. The SAR has low
ablated mass of an EAR, see fig. 8, which
means a lower aklative effect, but since it
has a longer arc length, see fig. 7, it has
stronger drag force effects and its per-

formance is globally worse than that of the
EAR.

velocity [m/sec)

~——-SAR

0 05 1 15 2 25 3 35 4
acceleration length [m)

Fig. 6 Comparison among velocity vs. accel-
eration length of simple, SAR and EAR small
bore railguns.
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Fig. 7 Comparison among arc lengths vs.
acceleration length of simple, SAR and EAR
small bere railguns.
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018 . The figures show that for this bigger
ud e railgun bore size the differences among the
! — simple ] final velocities of the examined railguns
ot —~SAR are less evident even if the trend of the
---EAR
(X513 ////” { 6000,
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Fig. & Comparison among ablated mass vs.
acceleration length of simple, SAR and EAPR
small bore railguns.

acceleration length [m]

In the simulated data the SAR railgun
reaches a higher velocity than the conven-
tional railgun because it has a lower
ablated mass. This trend, cbserved for
several rail ablative and drag coeffi-
cients, dces not correspond to the experi-
mental obssrvations and is probakly due to 0.45 = =
the fact that, in the adopted model, the
secondary conduction effects have be2n ne- =
glected. 0k =

The velocity decreases beyond ths 2
acceleration 1length correspondent to the A
maximum velccity, hence the indicaticn of "
the rail length at which a given speed is
reached can help for design of the rail
length in order to have the correct £final
speed. In fig. 9 the acceleration length
that gives 6.5 km/sec is reported for
different propulsive forces.

Fig. 10 Comparison among velocity vs.
acceleration length of simple, SAR and EAR
largs bere railguns.
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Fig. 11 Comparison among arc length vs.

acceleration length of simple, SAR and EAR
large bore railguns.

04

03s

Acceleration length [m)

025 %107

14
02

015

01 MR
10 12 14 16 8 20 2 24 26 28 30

Propulsive force [N 1073]

ablated mass (g}

Fig. 9 Comparison among acceleration length
in order to have 6.5 km/sec vs accelerating
force of simple, SAR and EAR small bore
railguns.

In f£ig. 10, 1,- 12 the compariscon S
among the values of velocity, arc length,
and ablated mass obtained with a propulsive Fig. 12 Comparison among ablated mass vs.
‘force of 10* N, for large bore EAR, SAR acceleration length of simple, SAR and EAR
and conventional railguns are reported. large bore railguns.
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different quantities remains tihe scame as
the previous case. The velocities of SAR
and conventional railguns are nearly the
same because the SAR has a less ablated
mass, see fig.12, but has a longer arc
length, see fig. 11, than conventional
railguns. This means less ablative effects
but a, stronger drag force and a similar
overall behaviour of the two railgun con-
figurations.

CONCLUSIONS

The application of an external magnet-
ic field on plasma-driven railguns in order
te limit the parasitic phenomena that
influence railgun performances was pro-
posed.

The proposed railgun configuration
reduces the arc length and limits the
ablative and drag force effects, allowing
one to reach better performances than with
conventional and Series Augmented railguns.

The benefits of the external field
application are significant for small bore
railguns, while for large bore railguns the
EAR, SAR and conventional railguns have
cimilar performances.

The velocity decreases
acceleration length correspondent to the
maximum velocity, hence a preliminary
design indication of the rail length in
order to have the correct final speed is

beyond the

given.
REFERENCES
[1] K. KIM - J. HONIG :"Application of

railgun principle to high velocity hydrogen
pellet for magnetic fusion reactor refuel-
ing" Fus. Tec. vol. 6 - September 1984.

[2] R.S. HAWKE : "Fusion pellet injection
with a railgun" J: NVak, S8Sei. Tec. A 1
(2) - April/June 1983.

[3] F.L. RIBE, D.C. BARNES : " Review of
impact fusion concept" IEEE Trans. on
Magnetics, Vol. 25, Jan. 1989.

[4] M.R. PALMER, A. E. DABIRI: " Electro-
magnetic space launch: a re-evaluation in
light of current technology and launch
needs and feasibility of a near term demon-
straticn" IEEE Trans. on Magnetics, Vol.
25, Jan. 1989.

[5] J.M. SCHROEDER, J.H. GULLY, M.D. DRIGA:
"Electromagnetic launchers for space appli-

cations" IEEE Trans. on Magnetics, Vol.
25, Jan. 1989.
[6] G.W. WELLMAN, K.W. SCHULER : " Struc-

tural consequences of railgun augmentation
" IEEE Trans. on Mag. Vol 25 Jan. 1989.

[7) DA I FIRSES Tk, WU, ¥.€, THIO : ™ The
ELF-I augmented electromagnetic launcher ",
IEEE Trans. on Mag. Vol. 20, March 1984

[8] J.E. SHRADER, A.J. BOHN, J.G. THOMPSON:
" Railgun experimental results due to
varying bore abd arc materials and varying
the number of marrel turns" IEEE Trans. on
Mag. Vol 22, Nov. 1986

[9) J.F. XOTRB, CJ/A. GUDERJAHN, F.D. LITT-
MAN : " A parametric evaluation of railgun
augmentation " IEEE Trans. on Mag. Vol. 22
Nov. 1986

[10] E.0; WITHERSPOON, R.L. BURTON, S.A.
GOLDSTEIN :"Physics experiments on the GEDI
EMET facility " IEEE Trans. on Mag. Vol 25
, Jan. 1989

{11] G. BECHERINI, M. RAUGI, A. TELLINI: *
Analysis of ablative effects on the beha-
viour of railguns for pellet injection on
fusicn reactors" Submitted to L'Energia
Elettrica.

[12] J.H. BATTEH, " Momentum equatiocn for
Arc-driven railguns" Jour. of Appl. Phys.
Vol 56, December 1984.

[13] F.J. YOUNG, H.R. HOWLAND, W.F. HUGHES,
D.A. FIKSE : " Interactive electromagnetic
launcher simulation” IEEE Trans on Mag. Vol
18, 1982

[14] F. W. GROVER: Inductance Calculations,
Dover Inc. N.Y.1973

(15] B K. WEEKS, W.F. WELDON, R.C. ZOWAR-
KA:"Plasma armature railgun launcher simu-
lation". IEEE Trans. on Plasma Sc. Vol. 17
n. 13 June 1989. .
[16] R.S.HAWKE et al. :"Armature formation
in a railgun using a two-stage light-gas
gun injector". IEEE Trans. on Plasma Sc.
Vol. 17 n. 13 June 1989.





