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N~lM~RICAL PREDICTIONS OF EML SYSTEM PERFORMANCE

N. M. Schnurr, J. F. Kerrisk, and R. F. Davidson
I.os Alamos National Laboratory
P.O. BOX 1663
I.os Alamos. New Mexico 87545

ABSTHACT
.

The performance of an electromagnetic Iaunchcr (EML) depends on a
I;{rgc number of parameters, including the cllari~ct(jr istics of the power
:;llpp I y , rai I geometry, rail and insulalor m;ltcr ial properties, injection
velocity, and projecti Ie mass. EML systcm performance is frequently
limited by structural or thermal effects in lhc Iilunchcr ( railgun). A
series of computer cc,des has been developed ;lt the Los Alamos National
Lnborntory to predict EML systr!m performance ;lnd to ctetcrminc the struc-
tu’ill and thermal constraints on barrel design. These codes include
FLD, a two. dimensional electrostatic code used to calculate the high-
frequ(:ncy inductance gradient and surface current density distribution
for the rails: TOPAZRG, a two-dimensional finite-element code that
:; imtll fiIIIcoII:;ly analyzes thermal and electromagnetic di ffusior, in the
fili l:; ; ;lI1(I [ Nl(lfj , a code that predicts the performance of the entire EML
!;y:; t (!:: III(: NIKE2D code, developed at the Lawrenc? Livcrmore National
l~ll)ol;ltf)ry, i:; II:;(!d tc perform structural analyses of the rai Is.

IIII::;I: (:(Ml~::; h;!vc been instrumental in the design of the Lethality
II!!;I S\I:;lIWI (1 IS) ;lt I.o:; Alnmos, which has ;in ultimate go;ll of i3cccler.-
.llill~i ,1 ~H) q ~)loj(:cti Ic to ;~ velocity of l!~ kmls. Tll(} ~il~,i~hilitics of
II)(! Iflflivlllll:ll (:~)(t(;s nnd the coupl in? of th(!::(! (:0(1(::: to pcr form a
(:(MIII)I t:l II! II:; I vI: ;Ill;ll y:; i:; i:; ciiscusscd II) r(:l;l[ioll to the 1.1S dc:;ign.
~llllu!l l(~;il ~)rt!fil(:liorl!; ;Irc compared with ~Apl:l ;Ili(:lltil I d;] t;l ;Ind prcscntcd

11)1 Itl(! I l:; prolotypr!” tt!:; t~.
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NUMERICAL PREDICTIONS Oti EML SYSTEM PERFORMANCE

N. M. Schnurr, J. F. K(:rrjsk, and R. F. Davidson
Los Alamo~ National Lahorat@ry
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INIHODUCTION

Elcctromaqnetic launcher~ or r;l

Now Mexico 87!54!)

lquII:; ;Ire [If:vicf!:; that ;Iccc (: 11:,:

projectiles t; high velocities t)y th(;”’ i[lt(:r;lctioll c)f ;In clc(:iric currcrrt and
a maqnetic field 11,21. A schcmntic diaf]ram of ;~ ri~llgurl is shcwn in Fig. 1.
The basic elements include two par;~llel stationary conductor~ (rails) that
are hridqed by a movinq armature. When the main switch is thrown, the
cap;lci to; bank discharges, a voltag(: is applied across the rai Is, and an
(!1(!(:[
tnl! ()
ttlil t

ic current flows down one rai I , through the armature, and hack
hcr rail. The current in Ih(: r;]lls gives ris(; t~,a magnetic f
rltr?r;lcts wi th ttlr! nrm;lturc r:llrrcnt to caIJsc a Lorcnz forcf! orl
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armature. The armature. In !urrl, exerts a force on the projectile causing a
rapid acceleration.

A study of railguns has hecrl
Although the work has bee!) prim;]
also gone into cfcvcloping extcns
codes has been dcvclopcd to prcd

ill progress at Los Alamos since 1978.
i Iy experimental, a significant effort has
vc analytical capabilities. A series of
ct”clectrical, dynamic, structural, and

thermal efrects in a rai lgurl”syslem.

In the current railgun program, Los”’Alamos is designing and constructing
the Lethality Test System (LTS), which has the goal of accelerating 20- to
30-g projecti Ies to vclociti(:s of 15 km/s. This paper describes the codes
used to predict EMI. sy:;tum pt!rlormal~cc and p:esents results specific to the
LTS design. Numerical pr(xlictlons ;~rc compared with experimental data and
presented for the LTS Iovpr(?:;:;(]ri prototype.

ANALYTICAL CAPA[lll.lrl[S

Figure 2 show:; II](: irll(:rr(:l;ll iorl:;tlips between the codes u:;cd for railgun
analysis. In the irllti;ll :;ll!p in ;1 systcm analysis,

R;lil Design
p!orl](’1.ry l)ararneters

I
I
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determine the inductance gradient, L’, and the derivative of the inductance
gradient with respect to rail spacing, dL’/ds. for the proposed launcher.
The distribution of current density around the perimeter of the rail.
J(x,y), is also calculated. The inductance gradient and its derivative are
used as input to the LARGE code, alor.g with such design parameters as rai 1
geometry, mass and injection velocity of the projcctilc, and power supply
specificqtimts. Parametric studie~ may be performed to determine projectile
velocity ”for a range of design parameters. Additional results computed by
LAF?GE include the rail current as a func} ion of time, l(t), and the
pressure, Pa, and magnetic force, Fr, acting on the rails. These parameters
are used as input to the thermal analysis code, TOPAZRG, and the structural
analysis code, NIKE2D. These codes arc used to ensure that the thermal and
structural limits of the system are not ~#~c:i:(Ji:[l. EXII code is described in
more fletai 1 in the remainder of this section.

FLD ......... . _ _-.- _..._ .,._Inductance Gradient Calculations

Tilt? FLD code [3] is used to calculiifc the current density distribution,
magnetic field, and inductance of long, parallel conductors of arbitrary
cro~s :;cct ions in the high-frequency limit. These results may be used for
rai Iquns as initial values, which ar: applicable until the current or
m;lqrlutic field diffusion has significar,lly changed the current
di:;tritlut ion, The method used here follows from the equivalence of the
ctlrr,:rlt di:;tribut ion problem !O the problcm of charge distribution on
f:f~lliljl)l(:llli;ll (olcctrostatic) surfaces [4]. The axial “kcmponent of the
m.ulrli:ti(: v(:clor notential is equivalent to the electrostatic potential . The
Iir:;l ‘;t(:l) Ill lhc calculation is to find the cu,rcnt distribution that
pr(J(hcl!!; ;I clmfitnnt value of the vector potential on each conductor
!;111 f;l( :(! fiII ~:xi:;tinq computer program wm u:;(:d for these calculations [51.
1111! V,llll(!:, III Il]t: rrrflgn~tic vector potenti;ll on c;lch conductor surface arc
(ll:t~:imlrlf:r! lJy ttlt: trjt~l flr)w of curr(:nt in thn circ(tit and the gcomelric
!;vmml!l r y f) f Itll: Corld(JCt Or~} . Once tl~c current difitrll]llt ion is known, the
miII~III:lIf. fII:lIj ;Issociatcd with the conductors can bt: (calculated. In
p;lrtlctll.11 , th(: totnl flu> that link~ the circuit can hc dctcrmincd from the
fltIl(l I)(!livl:l!ll th(? rililS. The self induct;lrlcc of the circuit is easily

1:.Ilr”IIl,Il(’(1 irrMl III(! t~[;ll f[IJx [ ink; lq(!.

A ‘; f!ri (::; of c; I[c IJl;It ion:; wn:; pf; r Ir)r;m:(l If) (If:l[:rmill(: induct;lncc qr;ldiurl t:;
,11111 (;llrrl:~lt (Ii:;tf il)[itlorls ff)r the I 1“!; r;li l:;. 111(: !Inrmutry of the I,TS r;lil
,11111 :;ll~)~x)rt ut rlli:lllr~g (;mvi I ) i:; :;howll ill I 1(:. 3 Ih[: horc radius is
11 1?,!) IIHI1, III(! (:lffgctfi of r;iil IIllcklle:;:;, W. ;III{I ;Iflvil location, xl, ml
I Ill! irl(lllct;lllr:l: (Ir;lflll:llt and ttl(: (j~r iv;lt iv!: III Illrlllcl;lrlcr: qradirmt wi lh
If! ,1)1!(:I Iil lilt I “,j).lr.IIlr~ ;Ir(! :; IIOWII Ill 1 III:, d .Illlt !). llI~!:;I: rt::;lll t:; indic;ltl’
111,11 1)1)111 I ‘ ,11111111‘/Ii’ irlcf[:;l:;r: wi Ill lrll.rf:il’,lrll~ .X 1 ,11111ducrn;l:;in!l rni 1
1111! hill!.,:, 1111’ lllrl!:l~ Iorco ;ll:(:~:lt!f,lllrl~l Illf! ,Ilm;llllrf: i:; l)rr)portlon;ll 10
l’, .Irlli 11111:; I ‘ IItltnllfl [)1! ;1:; I;lrqt(! ,1’; I)IIIII,IIJII: l{l!(~,lll!il! Itl[! l(Jr(:l! I[!rl(llllll

1,1 ‘,~)ll!.111 Ill!! r,ll 1:, ,Il),lr t l:; ~)lI)f)I)l t lfIIl,ll III III ‘/111, ;iIMl IIIII:; I h: k~!~)l :;ml I
I’llllllflll 1.1 I]ll!vf ’111 :Itlll(:tllr;ll li;ml;l(j(!, ,1 11.lftl!ijl I l’; rf!(~lli rf!(l ill ttlf: :;(:lf:(:l 11111

,)1 1,11 I ,Illli ,111{.’11 (Jl~llllll!liy 1111: gf:fm’tl 1( l),irimi!ll! r:; :;~:lt:ct(:fl,Ihi:,l!il
I 111/1’1/ 1111 ‘,11111 1111,11 I:llll,illll!l;ll 11)11 :,, “,’/l’ 11! w III ‘I:{ mm ,Irl(i Xl Ioli II 111111
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lift. 3.

of thl: 1 rs rdI I i:; :;tll~wl) in

c(:fltf!r point of IIII! lIIIr C (u

(%omotry of the LTS launch&r.

ve current density distribution
Fig. (5. The zero value of arc
rvcd surface). and arc length i:

orI the surface
ength is at the

measured along
thu pvrlml!l(’r III Iht’ (:ll)ckwisc direction. Because of syrmnetry al)out the
x ilYl!;, rl!!illl 1!; ;Ill: ‘~tli)~ll tor only the top half of the rail. The peaks
rcprc:;cnt thr (:llllunt d(!rlsiti(:s ai the corners of the rail, rh~ current
dcnci ty wollld 1)(: IInlMIIIndml for shnrp corners, It is thcrcforc nccr!ssary to
:;p(:cIfy ;I I;I(IIII:; of cllrv:ltllrc at the corners. The values sclcctcd here were
().13 IIWI ;IIIII O,!P’1 mm l~)r thI: Iront and back corners respcctivuly. rhf7pcnks
in Fiq. (i C,III III! 11:11111:1:4 I)y ll:;inq Inrgcr radii or curv;ltllrl!,

I.Al{Cl [MI. I)crll)rm;lll(.l: I]r(:(tictiorln

III(B [,():; AliIIIIII:i ILII I (;IH1 l%tim;~tor (LfitlGF) i:; ;I porlr)rm;lllcr mmh!l 11~-11
w;l:; wrltturl to I’,11~:111,111: r;li I cllrrcnt :lnd projccti 10 vf:lo(:i [y ;ifnl po:;i t ion
Irm ,1 III::; I: I 11)1 11111 111 tlII: ~)ow{:r :;upply ;Ird r;li Iqllll il; l II r:;lfl mi)dl:l ;1

(:,11);1[:1 11]1 l).l Ilk illlll,” Ill[lli(:t;ii}ci::; in tll{: powur !i[l~)f)lVj f! Yl)l Il:il Vf’ly (Irivf’11
m;)~lrl~:tl(: 11111 ~ ,IIIIl!I~,,, .IIIII qcllur;it or:; (Ml”(h): v:~rioll:~ 1,11 I(lilrl f“IIIll I!IIII;II iorl:;
!ill(:ll ,I:i ‘;l~ll,llll !1111(! Ill 11}111111 l)~)rf!, !;tnq[:d :;y:; t(!m:;: 01 111:;1 r 11)1111!11 !; Y!ill!lll:;

All I.111 11111111 I, III, ,IIi ,11111 ll!!il:, t~lllf:(!:; ;Ilf! (:; lll:lll; ltf!{l I r~ml .1 I) II V!, II: III
(I(!:; (:r 1111 11111 III 11111 1.111!, ltIf: l,lil irl(hlcl;lflcu !![;lltlljlll (Ililjll lIf:IIIIIIIII:y
1111111) I:,llllll,llc,ll I)i Ill), I:; II:; I!(I to tli:tl:fmitlc 1111: II) II:I! IM1 II II!

~llil’I’1 1111’ 1,,11111,1 !l. , 1)1 IIIIW 1:111 II!Iil III Illl:;itjll ctl;lrl{lf’:; 1.11 i II II II II: I, II II:I! ,11)(1

1(:’; 1’,1,1111”1’ .,1 Ill I ,;111, Ill’ 11,,11 111{. llllll!ll I /]
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(;[1(: of the most importnnt 10ss[::; irl pliisma-armature railguns is caused
hy ;d)l;ltion of III(3 rail and in:~lll;]tt)r m;ltcrial 18,91. The radiant heat flux
from thi~ arc is so I;lrql: Ih;ll :;urf;l(:(! m:ll(:ri;ll can bc vaporized and ionized
wi thin a fcw micru:;ccorldfi. lhu r:::;~ttttng lrii~t(:rial m:ly t)c cntraillcd in th(:
arc. This causcn ;ln incrcasc in th[! totnl mass that must bc accelerated ;md
il Iow(:r muzllc v(:lr)city. 111(! illcro;l:;(:(l 51zu of lhc arc ;lIso CWJS12S ~n
Incrv;isc in ;irc [lr,n~ [-10], An nlgorithm ifi includnd in LARGE which est im;ltt:fi
Ihts r;lt(! ot ;It)l;ltlorl ;ifl(l (;mnpul(::; Itlf! rf:~lllt inq~ nr(: mn:;fi ;Irld ;Irc drag.

Itlr! IAIUH (:, uII! [1:;,!:; drl r:xpl I(:1 I m~lr(:llirl(l pru(:(:(hlr(! :;() 111;1I ~);lrillllt!ll!l !;
I:;llt:lll,lt(;(l ;11 1111* l:rl(l 01 ,1 t iml! :;l(!f) ,Irf: I):l;;o(l 011 (:nnlll t ion:; ,11 tllr:
I)lwlii}rllnq 01 It]!! t Imi! :,tl:~). t“lr:ilm th[: 1,11 I (:llrrr:lll I:; (:l)m~)lllfwl Ijy
:; 1:11111Iiirll![!li:; ly :iolvlll(] 111(! (: I 1(1(11I l!(lll;ll! 011:; Iof ;11 I !it,lql!!;. 1111:; l:, (I(JI II!
Ilimlf!l I(:; il IV il:;lrl!l 1 Illr!r ‘:; rrl(:llu)(l. II1l! (:llr r~!llt i:i 11)1!11 11!;(!!1 II) (:l)llq){lt(! ,11)111(’
Ill!,lllrlll Irl Ill!! ,lr~:, ,11)11 .Irl 1:111’r(lv l)lll(lil~. I! l:; Il!il!lt ~{1 (:.11 (:111 ;111! ,Il)l;lt 1 [111

Iilt l”, .IIIII (:11,111(1111, III II II! IW,I:,:; ,Irill Ill 11)11 ;Ir (: II! II II III 1 Ill,,lly, 1:11!
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velocity of 12,5 km/s. Veloci-
ties well above 15 km\S are
predicted for the high-pressure
core where higher rai I currents
cause hiqher accelerations of
the proj~cti le.

Some prel
ments have been
a prototype of
LTS. The rails
type are 3.66-m

minary experi-
completed using
he low-pressure
for the proto-
Iong, and a

1.88-MJ capacitor bank was used
instead of the 50 MJ power
supply that will be available
for the full LTS. LARGE simula-
tions were performed to check
the accuracy of the code. A
comparison of the numerical and
experimental results is shown
in Fig. 9. Current profiles

were measured for each experi-
ment ,
profi
LARGE
calcu
The d
nume r

thep: the current VS” time
es wdre used as input to
and the rail current
at ions were bypassed.
fferences between the
cal and cxmrimental

results are ther~fore prima-i Iy
an indication of the accuracy
of the ablation and arc drag
algorithms. Note that in some
cases two di fferent current pro-
files were used. The breech
cufrerlt was measured just down

str(!arn of IIIC f:lf:(:fr ic; )l II I;I(I for It Ii:; :;ingle-stage experiment. In somf?
c:iscs current Illf;;i:;llr(:lll(:llt:; ;It ;I :;(:rl c:; of Ioc;lt ions along the rai I indicated
that the plaum;l ;Irc :~plit into tV/(J :;~:qn]{:nts af ter tr;lv~l i ng some di stance
down the t)or~:, lilf: rf::;~ll ttnq d;ila were used 10 infer a minimum cffcctivc
current profll(!. It);]t ~)rofi Ic nr,glccted ;lny effect th;il Ih(! current in th(!
tr;lilinq ;Irc mll~t~t Il,lvf! in prr)rfljcin(~ ;I force that could t)c trnn:;mittcd to
Ihc projcclll (;, YjIiIIIIl,Il Ir)Il:; wf:rf! ;11:;0 p(:rform(:d in whi(:ll the cffoct!i of
:1111;11 iorl ,111(I :iI(: Ilf IIi ,vI:rf! ofni I tf;fl. Itlf!:;(! !; inl~ll;l[ ton:; ;Irf: Itlr: irff; ;il ca:; f::;

(:;r)l IIl l)OIIlt :;) ,11~),,11 III I ifj, ‘), Aq I {!{ WII:II I I)(!lw(!f:fl 111(! rll Jmf!rl(:; ll ;II1({

I!XJI{!I Illlf!llt,il ~l!:,lll !’, l:; ({III If! (/01)(1, 1111: Ilim(:ric;il r~::;lil t:, for tt](! i(J(:;ll
c;IlcIIl;Il II)I}:; :;lllrll I I~:,IIIt Iv I)v(:If)II!(lI(:l nlij?~lf: vf:lr)ci I i(!:;. III[!:;(: ru:;ul t:; d:;
W!l I ,1:; ollll!r :;IIIIII 1,11 Illrl:; ~11 “,~:Ij:; :;(:fl Ill [{f!f:; !) ;lrl[~ 10 irl(llc;it(: Ill;{t ;Il)l;lliorl
FIll(j ;If’(: IIl,llj ,111! Illq)llr 1,1111 1~):,!; mt:cll;irll !im:i ;III(I III; I t IIIC I All(il cod(! i :; ;II)II:
10 pl(!(tl[, l Itll’ ;)I!I IIlllli,lll( ’1’ 01 ,1 ;/1(1(! V,lflf![y of rii I 1[11111!;y:; t f!(ll:i
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TOPAZRG - The rm:l I Arl;l I y:; I :,

Thermal i~rlaly:; i:; of 111(: r;li I :; was performed using th(; TOPALll(~ I 11 ] code,
a two-d imensi ona I , t I ;w:;i (!rlt . firlit(; -clcmcnt code that fiolves thr: combined
thermal/elcctric;tl fi(:l(~ (Ii ffil:; iorl problcm for the rails. lhl: cllrr(:nt pro
fi Ic (Fig. 7) ;irl(j :;ljrfti(;(: (:llrr!!r)t dcnslty distribution (f-i{). (i) wcro u:; ecf il~
input along wi tt) :;~)!:[,I li(;;~t iorl of rnagrri tud(? and durat ion of arc r:ldiilt ion
impinging on tllr! l)~)rl: :;[lrf;l(; (: 01 the rai 15.

Thermal ;irl;llv:; ~::; iv~!r[! porforn;nrl u:; inq rOPAZRG for :;(:(~m(:rlt:; of rili I ;lt
the hrccch ;]I){l ,It :! “;m;ll I IIi:; l;lrlr:f: dr)wrl:; lrearl frorrl th(: ttll rfl :;t,l(II: f:lr; ct ric;ll
connoc I ion:; 11(!! ;1111 ! I,)r It)(: loll A\l/(l calclilnt iorl:; ;Il III(: I)I(;I![;II ~IrI? :; I1OWII
irl I:i (l. 10. 111(! ,111 r;lfj I ,11 1011 VI; I:; ;I:; :;i(]rlf!ll ;1 milqr]i II II II! Ijl ! () fJW,’ cm;’ ( ;irl
(!f fl!ct ivI: ;Iv(!rll(]{: ,{ 11: ll:lrll)l!r;llljf~! ~)f ;Il)l]rox irll;ifc”ly ?(), ()()() K ) ;Irlfl ;1 IIllrill iorl
of 10 ~l!i tlll:i (: {)1 ll:~;l]~)rlll,, 11) ,! / (:m Iorlil ilrc rrlov I rlf] ,i t .1 vf: If)r: I I y () f /000”
m/:; Not(: II1; II [tll! tlwll)l:r,itrjr~! ;It t I)f: lrt:.i(~{: currl(:r 01 t II(: r;] I I I rl~:rf;;i:; (::;
vury r;lpldly t~~ ,1 tl:ul~)l!l ,Itlir !! rl(:;lr tllo mol t ir](~ I){)irlt ll:ml)~:r;lt IJr [::; ;1 Iorlrj
the I)f)rc :;l Jr f,ll:i, tI, IVl: ‘:lrlll I,lr I)llt :; I lgtlt I y I(jw(; r ~)(!.lb:; I) I:(:; II I:; I: 1111! .1{)11 If:’

Ill:iltirllj i:; If:,.:, lf’~j,,r,! ,It ~)tJllll; f;ir Ill(!r r(:mf)vt:l! I rf)lll Illf! (:l)rrl(~r 11)1!
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Il!mpf:r; lturf! drop:; r;ll)idlv after thf: 10 p:; radiant cncrqy pIJlcc bccausc of
Ihi:rm;ll dif[ll;; loll, ttl~!n lmgins to rin(! :Iq;lirl ,T5 lh~ JOUIC hciit ing incr~?:]:;l::;

1111: first :;l; IrjI! {:IIIII!III hn5 a rt:;t: Iirw: i)f !)() 115, i~ftf:r which th(: r;ilv 01

tfwlp~:ltilllru illcr~!,i:,(! ~~rop:; :;ofm!wh;il ;I:; thv rai I currunl I)cqinfi to Ilccru;I:;I:
Itll:rfiliil (lilfu:,lf~ll lIn;Illy C;I(J:;VS Ih(: t~!ml)f:r;ltlir(! ;it the insidf: r:orn[:r II)
IIl!cr (:!l:; f! ;iftf:r ,IIMNI[ 1!)() II:; (mt :;llowll). Nr)t~: lhdt the Icmpur;iluru ;il till!
l),iI; lI. f:f)rnl:r i:; vlrtll;ll [y UIl;Iff I: Ctf:d I)y ItIf: r;ldi;lnt f IIJX t) f!c,aufif: ttl(: r;ll I

t hl(:hll!:”,!; i:; I;lrqf! comp; lr{:ri wlttl Itlf: th(: Itlormdl diffusion depth for thl:
t 11111! :;(:,111: (}I Itl l:, :;imlllnt if)ll.
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A simulation w.~s also performed for a rail segment where the third-stage
leads are connected because the maximum current occurs at that location.
For that case, time was measured from the instant the projectile reached
that location. The current was assumed to rise linearly from zero to the

maximum value of Pig. 7 in the time it took the arc to pass. For this
simulation, a value of 10 ps was used. This corresponds to a 12-cm-long arc
moving al a velocity (calculated b~LARGE) of 12 km/s. The larger and more
rapid contribution of Joule heating for this case caused the predicted
temperature at the inside corner to excqpd the melting temperature of
copper. Note tblt the temperature at the outside corner also exceeds the
melting temperature.

The calculations described above assumed a fiirrgle-phase material. They
cwerpredict temperatures above the melting temperature because the absorp-
tion of energy tha* occurs with phase change is neglected. The TOPAZ2D code
includes a phase-change algcrithm so that the effects of melting can be
assessed, Results of the calculations for the rail segment downstream of
the third stage, includiryr the phascchangt! ;Ilgorithm, indicated temperatures
wi th peaks approximately 150 K lower than those shown in Fig. 11. The corner
temperatures also dropped below the melting temperature somewhat more rapid-
ly. The inciuslon of the phase-change algorithm has an extremely negative
imptict on computational speed. The number of iterations required at each
time step increases dramatically Lecausc of the strong nonlinearitieti intro-
duced hy phase change. The time step required to main~pin stability is
limited to approximately 0.2 ps. The computation for 20 ps using 400
clum~:rlts rvqui red more than 15 min. of central processing unit (CPU) time orl
the [;ray. The calculation that dots riot include mcltiny is more than ten
times f;l:; tcr,

It :;hould !)(? noted that corner tcm~)cr;~t{lrcs :;omewhat above the melting
I;I.J i I) t ;II(! 1)01 I ikely to cause s(’ver(! prohlcmu. Temperatures at nodes
:uij,lr:~!nt to the corner nodes rcnuiincd w(:II hclow the melting temperature it}
mosl c;Iscs, so the high temperatur~? rcglon i:; cxtrcmcly localized. The
corn(!r temperatures began to dccrc:i~r! I)cc;lu:;c of thcrrnal di ffusion shortly
;Ift(:r III(: arc had passed and the rai I cilrrer~t Ilild bcgurr to decrease. rh(?y
lypIf:;Illy drop below the melting t{!ml)cl;~tur(! within 1 to 2 ms, A small
;unollr~l f)l rrrcl t ing nt the outside (;f)ln~!r of ttlr; r;li I i:; I)ot cxpec!ed to (;iill:~{;
:;crious problcm:; l)(!ci~us~ the r~il i:; :;llrrr~[ir~dl:tl hv ill:;~llntor material and
11;1:; Iittlc room to dcforrn, Only ;~ smilll ~l~!fr)rm;ltloll is expected at th[!
Irl:;irir! Corl)cr hi?c;l~J:;c the forcl?:; ;lct irl!~ orl III(! m:ll~:ri;ll tllcr(! :Irc primarily
r:l~il;ll Iy O:ltWi!rd. lllcy include th[! ;irc ~)r(:ssiiri! (cst imntd to bc in th(:
rdnql! of 30 to !IO k:;i ) and thl! m;lqllf!tl,: II)r(’l!:; Ill;ll lf:Ilil to sprc;ld the r;ii l:;
,I[)ilr I

Nltil ,’1) !il IIIt:lIII,Il All,lly:; i:;

Itll: :;lr,l(:llll,il ,IIIiIly:i I:i w,I:; ~111111)11111111I]!illl{l III(! NIKI ;’[) [ 12] (:()(11:, 1111!;
l:, itll Illq)llf’lt t ini 1{! t;lcmf!rlt CINII! l~JI .,11,1Iv/ 11111 :; I,III(: ;III(I dylliimi[; r(::;l]{)r!!:l!
1)1 IWI) Ijlmt!II:,It IIltIl :;i)llrl:i, 01 11111 III,IIIV ItI,it~III,Il IIIIMII: I:; ;Iv;lil;ll)ll! ill NIKl;’11,
1111! I,l,l:; tl (:, I’I, I:; II(’ ~)l,l:; tic, 01 1111) 11{)~)1( .IIIJI IIII!IIIII) (JI ltlolrt~l)lf: WI!II! III;I!II
1111 Itl l:, ,Illlllv!, l:;. Ill{! I:OI]t;I(;l ,Il(lotl 111111(,1111,111 III!) 111 NIKI:’[) i!; II:;I:IIII
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Fig, 12. LTS Iow-pressure core - FEM model.

Slificlincs wcru used cxtcn~ivcly to dofinc the interactions between the
v;lr ious I:llmctlcr component:;. 111(’ l)t~lt prctoad was app]’ied by artificially
cI)ol iilf~ thf: 1)01 1$ unt i I {III: cflrrf’cl !mo:l:;urcd) preload was obtained. TI,!:
dyildmic 10ii(lS 011 il I ;I(ln(;hcr 1111(1(:I Ilrinq conditions (the plJsma pressure and
r;ii 1 force) wcrr: npplio(i to ttw prnlo;ld model, Thus, stresses and motions
wf:r~: (l~~lcrmint?d rl?:;lll I inq~ Irom III(: comhlm!d application of prcload and
Ill 1111] Io:l(t:;, Iht!:;l: ;111;11y!i(!:i III(: (lt::,crilmd in more detail in Ilcf. 17.

III(: f i r iml 10;1(!’. w~:lf: [il:ll:rmlii~:{i ;II ;I critical longitudinal cros:;
:;(!(:1 1011 by Coil:”.ld(?l Ill!! Ih(! ;11 1: cll;r(:lll p;tssing the point, The ,Irc curr(!nt
;Irl(l nrc It:ngth wcr(! (:I t~r!r [ll:lclmin~wl hy I.AI{GE crr taken from cxpcrirncnt;ll
(Ltt;i (I”ig. /), Ihu indllcl;ul[:l! qrll~lll!nt:; ncccssary to determine pla:;m;l
pi o:; :;ur o iilld t ;Ii 1 I(JI n!! WIIII: [It:tl:lmiiml hy l:l. D c~alculat ions (Fi!{r) . 4 ;III(I
!)), li!~uro l:] sI1ow:; Ill!’ IIIFIIIIIIII IIII1(:II1)II:; Ih:it occilrrcd at Ill{! Iongitlniili;ll
c I ():;:; :;cctim thgll crNIl;Iintvl IIIIS :,I!I:IIIIII c~lrrcnt probo in If!st (i of III(: I I!i
low prnssurc coft! ~)iolf)ly~)i!. ;!II:, I(JC;It IOII corresponds to the Iongitlidin;ll
Ioc;ll ion ot Illl! ,11(: Wlll!l) ~)(!;lh I:lllll!lll Wil:i Il!:l(:h(!d.

ItIf! r i:ii: t im(! III Itlf!lIl;i:wI ~)ll!!i!illf 1’ i:i :Isfilm:[l to 1)(! thu t imf! rq~il II:It
li)I III(: pfnjncllll! III I), II;:; II II! :. IV: III III I: II Ir(:Ill [)rohf! Ioc;it ion. III1! I)lil::lllli
IIll::i:lllrc (I{![:;IYIIII It) :1:111 ,VIII! II fill’ 1,!1 I (It ltll! ;11(: p;l!i!; [!d, Illf! 1,11 1 Il)l{:l!
lll{:ll~,l!; l!{{ If) ;1 pll,ll’. ivlll!ll 1111’ 1’1111 ill till’ ,11(: p;l!i!il:li. Not[! III; II lt)I! l) I!, Ih

~)ll!’l!illll! ;Illll ~M!dh 1,11 I 11)11:11 , tlIIl 11111 III I.111 ,11 II)I! :i; ImI: I imf!, 1111’ ~)ll’:l’1 1111’

111,1(1 W,i:; ,q)~)lll![l [1) Itll. 1111)1!1 !,111 1,11, t~ ,)1 1111: 1)01[!, I)oltlIf} 1111! 1,111 ,1’111 11)
1111! 111:,111:11111 (!; 1111! W,lll ) 111(’ 1.11 I 14111:1! W,l!i (Ii:; ttll)llll!tl ;Ilollllli 1111!
‘;111 1,11:!! 01 1111! 1;11 I Ill ,1 Ill, illllltl ‘.11111 1,11 l{) 11)1! ,Ictll,ll Ill,l!lllt!l If: 11)11.1’
111,, llll)!llllul
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