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Summary

The results of high-pressure tests of four rail-
gun designs and four projectile types are presented.
Al tests were conducted at the Los Alamos explosive
magnetic-flux compresston facility in Ancho Canyon.
The data suggest that the high-strength projectiles
have lower resistance to acceleration than the low-
strength projectiles, which expand against the bore
during acceleration.

The railguns were pOVerfd by explosive magnetic-
flux compression generators.l:2 “Calculations to
predict railgun and pgwer supply performance were
performes by Kerrisk.

Test Hesults

The cross sections of the railguns used in the
tests are illustrated in Fig. 1 and described in
Table 1. Table 11 shows a summary of projectile
descriptions and the results of selected tests.

The theoretical projectile acceleration in a
rajlgun is

o L12 "
il ol ()
where v is projectile velocity, t is time, L' is

the railqun inductance grodieni, m is the projectile
mass, and | is the armature current, 5o that

Ve %aflzdt , (2)

x ._[m , (3)
L8

and P e (4)

where x s projectile pisition, P is average pressure
of the plasma armature and A {s the raflgun cross-
sectional area. (A1) railgun tests described in this
paper we:e plasma armavure driven.) Projectile posi-
tion measurements were made by magnetic probes and by
in-flight and {n-bore radiograghs

Model F, The Mode! F railgun was fabricated by
winding a 25-mm-thick structural shell onto a rail-
insulaior assembly 38 mm in diam, The insulator
material {s polycarbonate. Filaure 2 shows that the
current delivered to the raiigun rose from 0.4 MA to
1.1 MA in 500 us, The projectile accelerated normally
at jow pressure, as indicated in the radiograph of
the railgun taken during operwtion (Fig. 3), 300 us
after the start of current flow. This radiograph
indicates that the rail separation, driven by the
‘nternal magnetic pressure, has increased =1 mm from

the breech to the projectilas, We r ‘ducted only o.e
test on the Model F railgun. Mode! . was eventually
superseded by Model K (descrined in Table I), which
is more resistant to structural deformation.

Post-shot inspection of the railgun sugqests
that as the operating pressure rose, the railqun
structural shell flexeo from a circular cross section
to an oval cross section, causing an interference
between the railgun and the proiectile {fig. 4).
gun was damaged beyond repair in firing.

Thig

Model J. We conducted several tests on the Madel

desTgr. Figure 5 shows data from a typical test, In
each case, the pnl,2arhonate sluj wis launched intart,
as confirmed by in-flight radiograph and the projec-
tiles survived pressures as high as 1,31 GPa while
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Fig. 1. Cro Hons of the railquns tested,



TABLE 1
DESCRIPTION OF RAILGUNS TESTED

tore

Gun Diameter Length Calculated Inductance
Type {mm) {cm) Cradientd (uH/m) i

F 16 60 0.39 -

J 13b 120 0.35

G 16 60 0.45

K 16 60 0.33¢

0.34

'!naucfanie gradients calculated by the method of

Kerrisk,

bSquare bore.

CThe inductance gradient of railgun K11, without
a steel sleeve is 0.39 yH/m; of K21, with a
100-mm-i.d. steel sleeve, it s 0.34 uH/m.

TABLE 11
SUMMARY OF TEST RESULTS
Muzzle Peak Projectile
Velocity Current Mass Projectile
Test _(km/§) (MA) {q) Type
F1l 1.3 1.1 17.9 1
Jl2 3.5 1.1 4.8 Il
Gil 1.3 0.7 17.2 1
G21 3.4 0.7 5.3 190
K1l 2.4 1.1 18.5 v
K2l 2.2 0.7 17.¢ v

Projectile Description

1. 14-mm-diam iron sphere cast intc a polycarbonate
cylinder 16 mm in diam and 19 mm long.

11. 13-mm-square, 19-mm-long polycarbonate slug.

111. 6~-mm-diam iron sphere cast into a polycarbonate
cylinder 16 mm in diam, and 19 mm long.

IV,  id-mm--diam, 19-mm-long Ti=-6A)-4V slug wrapped
with a 0.8-mm-thick fiberglass-epoxy coat. A
corundum disk, 16 mu in diam and 3 mm thick, is
cemented to the back of the titanium xlug. A
1€-mm~diam, 3-mm-thick polycarbnnate gas seal is
attached to the back of the corundum disk.
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Fig. 2.

confined in the bore. Also in wach case, the uper-
ating pressure declined substantially before the
projectile exited the gur

Acceleration data suggest that below ~0.4 GPa,
acceleration of polycarbonate projectiles ts -80%
theoretical. Above ~0.4 GPa, the acceleration cf
polycarbonate projectiles is substantially less than
theretical. Figure 6 shows the {n-fiight radiograph
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In-bore. radiocraph of an accelerating
ratlgun projectiie, Test F11. The upper
image is » static radiograph taken before
the start of currant flow.

Fig. 3.

Fig. 4.

Schematic 11lustration of the
spparent mechanism for bore-
projectile interfecrence, Test Fil.
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Fig. 5. Measurad current, Test Jl2.



.occurred from the incrcasin

Model G.
the Fod

Fig. 6.

In flight radiographs of projectile J12.

of projectile J12. The wedge-shaped appearance is
believed to be the result of wear caused by the
pressure of the projectile against the bore. We
theorize that st high pressure, the plastic expansion
of the projectile against the bore results, in effect,
in the acceleration of an oversized projectile.

In some of the tests, we observed damage to the
interior components of the gun, apparently because of
the rebound of the rails as the magnetic pressure
decayed. We did not, however, observe any damage to
the Keviar shells. We found that the guns could be
refired by enlarging the bores with a broach to remove
arc danngc. Post-shot inspection revealed the accumu-
lation of sooty material from the plasma armatures in
the seams of tha guns. Butt joints exposed to the
bore are especiaily vulnerable. In some casas, the
data suggest that a fraction of the current delivered
to the gun was shunted from the armature ipto a
spurious path within the seams of the gun.? The
measuremant of plasma armature lengths and of breech
and muzzle voltage is described in Ref. 6.

Figure 7 shows data from the two tests of
e1-G design. This model was fabricated by
pressing an assembly of matching polycarbonate hemi-
cylinders with imbedded rails into a steel tube.

The acceleration of a heavy projectile versis
that of 2 1ight projactile provides an 1ntcrcmt1n?
contrast. The heavy proj ..{1le accelerated normally
at low pressure. Post-shot in.pection of the gun
suggests that at high pressure, an interference
developed between the projectile and the rails »f the
type {llustrated in Fig. B. The light projectile
apparently achieved sufficient velocity during low-
pressure scceleration to avoid the interference that
pressure. The in-flight
radiograph of projectile G21 1s shown in Fig. 9.

In Test G21, the polycarbonate hemicy!inders
suffered surprisingely little machanical damage from
the magnetic pressure against the rails. Arc damage
to the polycarbonate was VYimited to the high-current
region near the muzzle. The rails were not reusable
::c:?sc they suffered extensive arc damage and current

ating.

Fig. 7. Measured current, Tests Gll and G21.
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Schematic 11lustration of the apparent
mechanism of bore-projectile interference, -
Test Gl1.

Fig. 9. In-flight radiograph of projectile G21.
The 6 mm diam iron sphere, originally in
the front of che sabot, has sunk to the
rear of the sabot during acceleration.

Mode! K. Figure 10 shows data from two tests of the

design. Railgun K1l was fabricated with a
50-mm-thick Kevlar-wound structural shell and no steel
structural shell. Railgun K21 had a 25-mm-thick
Kevlar-wound structural rhell. The gun was pressed
inte a 100-mm-1.d. steel tube that appcared to give
the gun more resistance to rail deflection, but
reduced the inductance gradient from 0.39 lel) to
0.34 uK/m (K21).

Comparicon of the acceleration o* the titanium
and polyiarbonate projectiies suggests that the
titanium projectiles are subject to less in-bore
resistance to acceleration.

The radiographs of projectile K11 in flight
reveal that approximately 50% of the titanium slug
was eroded. The in-flight rndlogviph of projectile
K21, Fig. 11, chows no erogsion of the titanium slug.
We do not know if the erosion of projectile K11 g
the result of the high pressure of test K1l or {f
projectile K21 was protected by more careful bonding
of the corundum disk to the titanium slug.
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Measured current, Tests K11 and K21.



Fig. 11.

We fourd that the Model K railguns could be
refired by reaming the bores to remove arc damage.
As with the Model J postshot inspection revealed the
accumulation of soot in the railgun seams. The number
of shots that could be fired before the accumulation
of soot in the seams affected raiigun performance was
not determined.

In-flight radiograph, projectile K2l.

Conclusions

Experimantal evidence suggests that, at high
pressure, the low-strength projectiles have more
resistance to acceleraticn than the high-strength
projectiles. While confined in the bore, poly-
carbonate projectiles can be subjested to gressures
as high as 1.3 GPa without shatterin?. At high
pressure and at low projectile velocity, interverences
between bore and projectile may occur. In multishot
railguns, it {is necessary to prevent the accumulation
of sooty material from the plasma armature in railgun
seams, which can provide 3 ipurious current path.
Kevlar structural shells are capable of operating at
very high pressure, but appear to 2llow large rafl
deflections. A steel structural shell with a Kevlar
sleeve appears to lessen structural deflections.
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