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NUMERICAL PREDICTIONS OF RAILGUN PERFORMANCE INCLUDING THE EFFECTS OF ABLATION AND ARC DRAG

N. M. Schnurr, J. F. Kerrisk, ana J. V, Parker

Abstract - Thermal rad:ation from plasma armatures
Tn railguns may cause vaporization and partial ioni-
ration of the rail and insulator materials. This
causes an increase in mass of the arc, which has an
adverse effect on .rojectile velocity. Viscous drag
on the arc also has a deleterious effect, particu-
larly at high velocities. These loss mechanisms are
modeled in the Los Alamos Railgun Estimator code.

Simulations were performed and numerical results
were compared with experimental data for a wide ranqge
of tests performed at the Los Alamos and Lawrence
Livermore National Laboratories, the Ling Temcn
Vought Aerospace and Defense Company, and the Cenvor
for Electromechanics at the University of Texas at
Austin. The effects of ablation and arc drag on
railgun performance are discussed. Parametric
stuules 11lustrate the effects of some design p.rame-
ters on projectile velocity and launcher ctficiency.
Some strategles for reducing the effects of ablation
are proposed.

INTRODUCT [ ON

The performance of railguns depends on many
vactors including the power supply, launcher design,
and mass ¢nd injecttion velocity of the projectile.
The Los Alamos Rallgun Estimator (LARGE), a rallgum
system simulation code, was developed at the Los
Alamos National Laboratory to predict raflgun per-
formance i1]. A typical raflgun system that could
be analysed by this code i3 shown in Fig. I. LARGE
calcutates rail currenl and projectiie velocity am!
position as functions of time f-um a description nf
the power supoly and launcher [t can mode) a
capacitor bank, large inducta ces In tne power
supply, explnsiv:ly driven maynetic-fiux cumpress inn
gencrators (MFCGs;, and varfous rallym* confinura-
tions such as square hore, round bore, staged
systems, and distributed systens, This cmle fins
becen used as 4 Jesiyn Inol and as an afd In inter-
pretiny experimenta) resnlts [1].
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An important recent addition to LARGE is an
algorithm that attempts to more accurately predict
losses. Parker [3] has suggested that the most
significant loss In a typical raflgun shot {s caused
by ablation of the ralls and insulator materfai. He
postulated that the extremely large radiant fluxes
from the arc cause evaporation and subsequent foni-
zation of niterial, which {s then added to the arc.
This addiciunal mass Is also accelerated so that the
final projectile velocity is lower tham In a case
with no ablation. In addition, a draq force is
exerted on the plasma by the ralls and insulator
material, The magnitude of this “arc-drag" force is
proportional to the arc mass and to the square of
the velocitly. It therefore becomes significant when
ablation is large and is particularly important at
hiigh velocities.

The developmeut of a procedure that {s capahle
of analyzing all of the complex processes occurring
in a railgun and is computationally efficient cnongh
to be used for parametric studies is a formidable
task. It is necessary to adopt a somewhat simplified
approach in some elements of the snalysis, most ncta-
bly in modeltng che behavior of the arc. A complrte
description would 1uvquire a three-dimensional tran-
sient solution of the conservation of mass, enerqy,
momentum, Maxwell's eaquations, and several auxiliary
relations. The equations are highiy nonlinear
because of the radiation effects and the {onization
vquations. McNab [4] carried out an analysis
neglecting spatial variations of temperature and
firessure that yave reasonable estimates of the prup-
urtles of the wrc. More recentily, Powell and flatteh
vxlended that analysis to inciude axial varfations
[5) and Yaler transverse variations [6] of thermo-
ynamic and plecteical firopterties of the arc for o
raflynn uf vectangnlar cruss section.  They did ms)
tons {der mass chanyes canseti by ablation amd arv
Hran.  Dur apprestach was Lo neqlect spatial varlat fmns
uf are penperties so that such values us are tempera
Lare, degres of lunfzatémn, ot are eegarded as
wiprage villues,

e vller ) of these st ity fng assompt s an
e acrwravy eof pruajentile veloeity prrodde oo, 1e
ettt b e, oe appenectt was L peeliem
simtfal foes ol wide Fatge of raflipm expor fmeagt
Phal weee com al bos Alamos, | Iveemars, Y ng Tom o
Voughit, ol . the thelversily nl Texar, A tum
paee oo nl exquer foenlal vosnfls with nomeefeal e
divt o wan unetl o aviess Hie geeoracy of L
sfmmlat fonen,

Ihis qrtguer decarthos the abfatio and are ey
matle Is o the {ARGE vwfe wnd presents an esidmate ul
the weneary of Hie vimde fased oo a compar s o)
Lhee numer{ral resnlls with the sxperimmtal dafa,
the efferts ol hese foss mechadsms me rad fyun
nerfurmance are discovsed and some measireesy that way
Alleviale M ofber by af These luss mechanisms are
{1 gurseil,
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Pemtivifun of cafigmm peetormance I a vomb fumd v fore
tedeal, theemal, and mevfaanteatl profidem.  he rafigmm
represents an plertelial foad whuse proferties vary
with peufert )l puistbina, A1) rall {odor!) ances aml
resiatanves o {ARGE are calenlaled fram a physival



description of the rails. A calculated rail induc-
tance gradient (high-frequency 1imit) is used to
determine the force of the armature on the projec-
tile [7]. Also included are estimates of how current
diffusion changes rail iInductance and resistance with
time [8]. A detailed calculation of the arc voltage
was nat attempted. Instead, an empirical model re-
lating arc voltage to current was developed based on
experimental data obtained from a variety of experi-
ments.

The calculation of current requires the simul-
taneous solution of N equations of the form

t
d(LI)/dt + Rl + 1/C / Idt = Ep , (1)
n

where N is the number of stages, t is timc, | if
ceroent, L 1s the total induc:ance, R is total resis-
tance (including that of the arc), C is bank capacl
tance, and Eg Is the initial capacitor voltage.

The equations are solved numerically using Culer's
method.

The current is then used in the thermal analysis
of the »=mature (arc) and in the calculation of Lhe
a.celerating force on the projectile.

CONSERVATIDN NF ENERGY AND MASS

The armature is initfally assumed to Pe a solid
material of specified resistance, which, lor norma.
arc-driven projectiles, Is the fuse. The flow of
current thraugh the arnature couses Joule heating
and a resulting Increase in temperature. The arma-
ture temperature s computed at vach |ime step,
neglect iny vuergy fosses, In the cace of a sulid
armature, the resistance is small ounugh Lu preclode
melting of the armature. For cases where a filasma
armature Is desired, the resistance uf the arwmature
(fuse) 1s farge enough tu cause melting and vapori .
zation, usually within a few microseconds. The
resulting mass of fuse material fuems the gre that
{s treated In subsequent caiculatiuns,

The {.ARGE cutle uses an expl i it marcivinn
procrdure so Hiat parameters caleudabed a4l the s
nf a time stepr, 1+ At, are hased an vl {t{ons at
time 1. tur the arc cinsidered as 0 tanbenl valome,

:(Iﬂ'l'i)' . (.‘)

where T owmd Voare are vurvanl and vielbage e, my
and vy are The mass aml spoeif e oapegy of the 1
vhrmical wprevles, and Qg IS Hie codbaial enerygy
feaving tre are {n the time Al The ratfand ecuergy
may e viivitded tnlo twn parks: 1)), whivh vepeesenl s
eneryy vimdutted futn the solfd mateefads (vaf) and
Inwu\atnr) surenumding the arey aml damey 4, the
enerey that yues fote vanmr i z{ng mass, wnerp ry. i iy
the sprcific vagrizatiun vueegy and amg Is Hie wase
of the {th species vvaprated and addmd 1o e are
oty the time aAl. Tynetimm (2) may 1hen fn e
weilten {n the furtn

IVal * mnil-v‘| B l]" ! }_(|l|||'|)|_.”

VAt = 0 umgeg)year 2 0meg)y (1

hadiation flux trom Lhe suriace of a seol {alinfle
body of filgh temperatire yas ot mnifmn Logeratore
iy given hy

q-alt (4)

where § is the Stefan-Boltzmann constant and T is the
plasme temperature [9]. For the range of tempera-
tures of interest here (t > 10 000 K?, the mean free
path for radiation {s much smaller than the charac-
teristic cross--strear dimension of the railgun [5].
We therefore use (3) to calculate the radiant energy
flux from the arc.

A partitloning of arc radiation into energy
absorbed by the coppur ralls and into energy that
vaporizes ral| material was estimated by 1oplying a
one-dimensional transient code that incluiled the
effects of phase change. The partitioniny is a
function of the surface heat flux (arn temperatu-e),
and the resident time of the arc comnuted from the
arc length and velocity, Results of the analysis
were curve-fitted and incorporated in the LARGE code.
These analyses iodicate that there is some threshold
velocity, tynically on the order of G km/s, above
which ablation of the coprer cecases. Insulator ma-
terials typically have therma! coucuctivities two
orders of magnitude lower than ticse of copper. All
radiant enerqy absorbeil hty those materials {s assumed
to cause ablation,

The specific energy cf the arc is computed as a
function of temperature ano pressure, assuming that
all chemical species are completely dissociated and
that the atoms arc, at must, donbly fonizec. The
degree of lonfzation for each constituent is computed
using Saha's equations for both single and double
fonization based on the arc temperature and the
partia. pr ssure of tint constitnent. Additional
details for this precedure are given in ref. [10].

The arc temperature ot each time stop is calcu-
Jated Gy o trial and errar procesure.  The radiation
fram tie arc Is ostimated fuased on the temperature
at the provious time steqr, and the energy partition-
ing algorithm is used to ralcu'atr the mass of vapor-
fzed raii and i1asnlator material. A new ar: tempera-
ture 1s assumed and the sqrecific energles o all arc
constituents ari: computed using specific he.ats and
fonization levels calcnlated frum Saha's rquations,
Additianal aterations are porformed antil (') s
satisfied,

CONLIERVATION D MM NTHM

{he vunservatioe of mwmeatom, focliding the
vifocls uf ahltalfmm awl are drare, aces L fuarm

V2 00 g e m(an/an) o n(amfait) (1)

wheee £ 48 e tducbaw e gradient of the rafis, v,
is the dray Toroe me i are 100 the e fe sl { e
virlued by, and m - my, * owy is Phe voadifped mass nf
the pewjert e oand ares e ey Taree 0 ompt ol
Frinn

TN I I TY) LA ()

where Dy 10 Hie lealeand e dbampter o the ffaree] amd
the friutfun farbme {5 emuted fram

(P I 17 P 1T TR B (1

e Reynnisde. mmhor, Re, ¢ ficsed on the harral's
hydrauiic diameter and estimated values uf plasma
prroperties at the e Lempucatmee, [t should be
noted that fur any jiven vurrnt and project)le mass,
there daf he sume - rluc'ty o' which the effect of
alilat ton (U dm/dt) and are dray, 1,5, will e equal
ad upgpsite to the prusnisive force.  This rapre-
sents Hie maxtiom yelucily vomdil fun, Ailatim



occurring after this condition has been reached will
cause the projectile to separate from the arc.

STRESS CALC'JLATIONS

Railgun performance is fraquently limited by
structural consliderations, Structural calculations
are performed at Los Alamos 1sing NIKE2D [11]. The
loading functions used as input to that code are
ralculated using LARGE. The rafl force /ner unit
length) tending to force the rai's apart is

FR = 1/2(dL'/dS)12 (8)

where S Is the spacing between the rafls. The de-
rivative of the inuuctance gradient with respect to
spacing is calculated by a separat= analysis using a
varfation of the code descrited in ref. [7]. An
addit fonal force on the rails and cn the insulator
matecrial Is caused by the arc pressure. This pres-
sure |s most easily computed by appiying Newton's
law to the projectile to determine the pressuare at
the arc/projectile interface.

COMPARISON OF NUMERICAL AND EXPERN4ENTAL RESULTS

Experimental data nave been ob.ained from several
sources covering a wide range of conditions. Speci-
ficatfons for these tests are given {a Table I. The
values of rail iInductance gradient were computed
using the field and current calculaticn methods of
ref. (7] for cases where those data werc not
available,

Results of the numerical sinmlations are given
in Table 11. The parameters !, ani Uy reprisent
the experimentally measwred and vumerizally calcu-
iated projectile exit velocities. Simulatimns were
also performed for each case with the attlatimm am
arc drag calculations su;pressed. fhaes: {deal
velocities, Uy, are ailso glven In Tahie 1],

The comparison between nunerical prevdictinuns wmul
exper imental results Is generally yuite nood, 1t
shovld be roted, however, that fur cases wheee i
losses In the launcher are smail, a murrrival anipi
using some type of projer:tile Iricllon luss wwet hg-
nism, rethr than the ablatiun and arc-drag mubel,
would give cqually yood agrevment. We Lierelerp
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TABLE 11
COMPARISON OF EXPERIMENTAL AND NUMER:CAL RESULTS

Test Ue a UN b U c 9!655
No. (km/s) (km/s) (km/s) e
| md  memd  gand -0.07
2 4.3 a.8 5.7 0.12
3 3.5 4.2 5.6 0.20
a a. 4.0 5.4 -0.02
5 5.1 a.1 5.8 -0.23
6 5.2 4.0 5.8 -0.23
7 5.9 5.1 8.6 -0.08
8 6.6 6.8 N 0.03
9 2.9 3.2 4.5 0.10
10 5.1 a.8 5.9 -0.06
1 1.0 0.9 N/A® -0.10
12 8.2 8.4 40.3 0 02
13 8.9 9.3 40.3 0.04
14 1.1 10.9 40.3 -0.02

aUe = experinental measured velocity

bUN - numerlzally caiculated velocity

cU] - ideal relocity
dTlme to rea.h x-ray camera location

€conf Ined syitem, plug at treech

selucted o tew specific vxqeriments that yivoe some
insight into the alilation aml arc drag mechanisms
for a more detafled examination,

In Test N 9 the lusses were velatively 13eye.
The diagnostics tor this test were exteasive so that
detafled comprarisuns of nwmeric.) previctions with
experimental duta are possilile,  Mayunetic grrohes wern
nsed at nine focatiuns alumy the farrel Lo measmee
currents and determive projectile pusitimm as 3
function uf time A wire switch wus useil ta medsnre
the pxit velinely,

Measured and pweedicted vorrent et {1es are
shown In Fig. ¢, The sueeent aeasoered at Ho oceech
reaches a peak uf slightly more Lt {00 kA and then
drcreases sfuwly,  The current measared ol x ~ Ho 26 m
rracrhes a stntlar level fml deaps of £ oseoce sharpdy.
At x « T.07 m, the measwreed voreent Iy < dgnif fvantdy
Tuwer than the ueeesquuul buy lweoch careeat Qi) -
cat fng that a restrlke arc has fourmed fiehi fm) Lo
flasma armatimre. At x - L. m, unly a smad) et ion
wl the current meastreed at tie twrersh remadnsg In M
plasma armazore and I ol fective fo teeafeeating Hie
projectil. Asit shuwn In 114, ¢ 1s the cerrent
prenf e pred e Led Bty L FARGE ende based oo sper i f -
tal fins af the vapecitanves, fndnctances, aml resis
tantes ol the pawer sl deys and the el bom aml
timium st the slayes,

Nonerival peedictfons of e velereity profile are
plven o Fig, 10 The base sase {s Lhe calenlatimn
nsin? the corvent geof iie computed from the power
saptly dats.  The LARGL conde alse has the oplion of
us fiy experimentally measured vurrent prufiles to
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iy, 4. Calenlated velonlty profiles fur Jest Nu. 9,

predict prujectiie velonitivs, the resullys uf a
sfnulation usfng the measnred hirvech current yives a
somewhat lower final velocity, [If the “effective"
current grnfile Is usedd, agreement with the measured
projectiie velocity is excellen®.

The restrike or arc-sytlitt{ng phewumennn that
neeurs in some experiments s nul cnervently geedicted

by the LARCE code, That condition seems to occur
when the code predicts an elongated arc and arc¢ drug
forces compairable in magnitude to the accelerating
force.

An additional simulation was perfermed that did
not include the effects of dblation (Fig. 3, Curve 4).
The predicted velocity for that rase was more than
50% higher than the measured value, The inclusion
of various types of projentile friction models in
that simulation stil] gave velocities that were sig-
nificantly Figher than the measured value. These
results give some conficdencc that the ablation and
arc drag algorithms used in the LARGE code accu-
rately represent the actual physical orrcess.

An interesting aspect of ablation is the effect
of insulator material on performance. The code
predicts lower ablation rates (and better railgun
performance) for low molecular weight materials
because they have higher specific ablation energies
(J/kg). A series of tests have been performed at
Los Alamos (Test Nos. 12-14) that were a direct
verification of this concept. Frece arcs were
acceierated to very high velocities in a 1.83-m gun
using id-ntical conditions except for the insulator
material. An approximate simulation of these tests
was done by specifying a projectile mass equal to
the mass of air initfally in the launcher volume at
the test condition of 10 torr. Although ithe extreme-
1y good agreement between numerical predictions and
experimental results (Table 11} may be somewhat
fortuitous, the differences in velocities caused by
different insulator materials {s very strong evidence
~hat ablation of iInsulator materials is a significan’
factor. The relative values of velocity for the
three materiats are in excellent agreement with wun.-
merical predictions. A simulation of this test,
neglecting ablation, gave a predicted velocity of
10 km/s.

The effects of ablation and arc drug on railgun
nerformance at extremely higlht velocities are of
particular interest. The arc draq increases as the
square of the velocity and may dictate the maximumn
achievable velocity for a given current. Unfortu-
nately, very li'tle data are avaifable above 6 km/s,
The niyhest velocity results avallalile are from Test
No. I. This test, perfurmed at Los Alamos in [90],
used an explosively driven maynetic flux compression
gunerator to produce currents uf vearly [ MA,  ln-
fortunatedy, the only fagnsiics that prinfucod
usable results were a magnetic prohe that measures!
the firernech voltage and an x-ray camera 4 m downstream
from the muzzle that ylelded a time fer the projes -
tile tu reach that locatinn., The numericaf jredu -
tion shown in Tabie I was hased on a wodel of the
prawer sugply an' the magnetic flux comprussion
yenerator, It gave a sliyntly higher cur=ent vs
time curve Lhan was olitained from the exqyt-rimental
values,  An wdiitional simmiation, nsing the exper!
mental vafoues of current vs time, predicted that it
winld take 1350 us fur the projrctile to reach the
x-ray camera, a value ?20% higher then the measmred
value. This Indicates that ‘he e»ffucts of ahlatimm,
il prarticolariy arc dray, may be uwverpredicted fure
yh-vilncity cases.  Moare high velocity exper imenl af
data are needed birfore a more definite cunclusim
can fie reached,

{ARAMETRIC STUNITS
The {arge numbier of design variables that alfent

raflgun prerformance preclude a comprehensive prara-
metric study. Some limited stusies have heen varr s



ut, however, to {llusirate the effects of a few
arameters on performance. The effect of insulator
aterial is 1llustrated by the results of the calcu-
ations simulating Test Nos. 12-13 in Table I. A
erfes of runs wcs also made to assess the effects
f some power supply parareters on projectile
elocity and launcher efiiciency (the ratio of pro-
ectile kinetic energy to energv delivered to ihe
‘afls). These calculations were performed for a
-cm-square—bore launcher with Lexan insulators, a
.5-g projectile injected at 1 km/s, and a single-
tage, 50-mF capacitor bank. The length of the ralls
or all cases {s the lenoth at which maximum projec-
{le velocity is attained.

The effect of rise time of the current is shown
n Fig. 4. The resistance of the power supply is
ssumed negligible, and the {nductance and initfal
apacitor voltage are adjusted to give the desired
alues of rise time and maximum current. Notc that
n oot imum occurs for a rise time of about 200 yus.
malier values cause too rapid a drop-off after the
eak. Larger values allow too mucn time for ablation
efore the maximum acceleration is reached.

The effect of maximum current is shown in Fig. 5.
. rise time of 200 us Is selected and the init{al
apacitor bank voltage is adjusted to provide the
lesired peak current. Thr effe..s of ablation and
irc drag are clearly {llustrated in a comparison of
he results computed with and without these effects
ncluded. Although projectile velocity continues to
ncrease with Increasing peak current, the launcher
fficlency reaches a maximum at about 300 kA. A
launcher designed to maximize projectile velocity
rould use the highest possible peak current concis-
.ent with the structural limitations of the launcher.
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It should be emphasized that the results siiown
in Figs. 4 and 5 are for one specific set of design
conditions. They are presented only a; an 11lustra-
tion of the effects of some specific design param-
eters and are not intended tor general use In design-
ifng raitjun systems,

CONCLUSIONS AND RECOMMENDAT IONS

A series of simulations were performed and the
results were compared to experimental data as a test
of the accuracy of the LARGE code. The results indi-
cate that the code is relatlively accurate and that
effects of ablation and arc drag may be significant
and even dominant for some railguns. There {s some
indication that the effects of arc drag may be cver-
predicted at very nigh velocities. The assumption
used in the code, that all ablated material will be
ionized and entrained in the arc, may be overly
conservative. Nevertheless, there is little doubt
that ablation is an important loss mechanism in
arc-driven railguns,

Several design strategies are avai'able that may
significantly reduce the effects of ablation. The
most obvious Is the selection of insulator material.
Low-molecular-weight materials are preferable. |If
these materfals lack the desired structural proper-
ties, they may be used as a coating on stronger
materfals. Accelerating the projectile at the maxi-
mum possibie rate, consistent with structural con-
straints, is also beneficial. The higher radiant
*lux from the arc caused by higher curren.s {s more
than offset by the shorter residence time. Injecting
at high velocities reduces (or in some cases elimi-
nates) ahtilation from the rail but has a mach smaller
effect on ablation of the iInsulator material. Some
technique may be possible for venting a portion of
the arc, increasing its conductivity (hence reducing
Joule hea“ing) bv scediug with some material, or
reducing fonized arc mass by adding a material that
quenches ionization. Such techniques are still in
the speculative stage.

0.24 . — —
8§ =iom o
mp=|.8g ’—"

0.20- Tpu=200us et Az0
V)= thute e L,

r'd
L =0.4pH/m P i
’ 4
V4 ’
Y ‘. ,’ 10
.’ ’
Y] /’

i
I
/s)

K

’

v

—— IDEAL
---=ABLATION
AND ARC DRAG

! 1 | o
(] 100 200 Joo 400 soo

Ip(kA)

1. 5. the offect uf maximom current wnt railyuu
{terformaunce.



ACKNOWLEDGMENTS

The authors wish to thank 4, M. Tower and
T. J, Trzaska of Ling Temco Vought Aerospace and
Defense Company, R, S. Hawke of the Lawrence
Livermore National Laboratory, D. L, Peterson and
R. C, Zowarka of the Center for Electromechanics at
the University of Texas at Austin, and C. M. Fowler
of the Los Alamos National Laboratory for making
available tre results of their experiments.

REFERENCES

[1] J. F, Kerrisk, "Electrical and thermal modeling
of railguns,™ IEEE Transactions on Magnetice,
Vol. MAG-20, 399-402 (March I984).

[2] 0. R. peterson, C, M. Fowler, C. t. Cummings,
J. F. Kerrisk, J. V. Parker, S. P. Marsh, and
0. F. Adams, “Design and testing of hich-
pressure rcilguns and projectiles,™ IEEF
Transactfons or. Magnet:. - Vol MAG-20, ¢52-255
(March1984).

[3] J. V. parker, "Perfarmance loss due to wall
ablatfon iIn plasnd grmature rui'quns," pre-
sented at AIAA |3th Fluid Dynamic: 'nd P)asma-
dynamics and Laser Conference, Cincinnati, Ohio,
(July 16-1B, 1985).

[4] 1. McNab, “Electromagnetic acceleration by a
high pressure plasma,” u. App'. Phys. 51 2549

__ (May 1980) -

L8] J. D. Powell and J. H. Batteh, “Plasma dynamics
of an arc-driven, electromagnetic, projictile
accelerator," J. Appl. Phys. 52 2717 (April
1981). —

[6] J. H. Batteh, “"Arc-dynamic calculations in the
raflgun,” Rallistic Research Laboruatory Con-
tractor Report No. ARBRL-CR-00521 (1983).

r7)

(8]

(9]

(10]

(n

(12]

(13]

J, F. Kerrisk, “Current distribution and
{nductance calculation for railgun conductors,”
Los Alamos National Laboratory report
LA-9092-MS (DOctober 1980),

J. F. Kerrisk, “Current diffusion in railgun
conductors,” Los Alamos National Laboratory
report LA-9401-MS (June 1982).

Y, B. Zel'dovich and Y. P. Razier, Physics of
Shock Waves and Hi?h-Teggerature H!g'éﬂi"‘”‘&
Phenomena, Vo cademic Press, New York,

N. M. Schnurr and J. F. Kerrisk, “"Numerical
studies of ablation and fonization of railgun
materials,” presented at AIAA 18th Fluid
Dynamics and Plasmadynamics and Laser Confer-
ence, Cincinnati, Ohfo (July 16-18, 1985),

J. 0. Hairlquist, “NIKE2D - t vectorized,
implicit finite deformatiJiti, finite element
code for analyzing the static and dynamic
response of 2-D solids," Lawrence Livermore
National Laboratory report LCID-19677 (February
1983).

R. 5. Hawke, A. L. Brooks, L. M. Fowler, and

D. R. Peterson, "Results of railgun experi-
ments,® Ultrahigh Magnetic Flelds Physics Tech-
niques and Applications, in Proceedings of the
ird International Conference on Megagauss
Magnetic Fields Generation and Related Topics,
Novusibirsk, USSR, June 13-17, 1483, Edited by
V. M. Titov and S. A. Shvatson (published 1984).
R. S. Hawke, W. J. Ellis, G. H. Newman, J. Rego,
and A. R. Susocff, "Summary of electromagnetic
launcher experiments at LLN.,® presented at the
3rd Symposium on Electromagnetic Launch Tech-
nology, Austin, Texas (April 22-24, 1986).



