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DISIGN 0[ A SUPERX)NDUCTING
20MJ INDUCTION H~ATING COIL*

J. D. Rngcrs and P.
Los Alamos Scientific

Los Alamos, N.!4.

SLMN,ARY

S. K. Llngh, L. A. lhrahim,
P. C. Gahersnn, 1’.W. Eckel\ and A. J. Jarahak,

Hestinghous(, FIectric Corporation
I’lttsb,i,-gh, Pa. 15235

Thullen
Laboratory
87544

A ~~anc,~l,r-.f:],]nd,low-loss, superconducting, ir?duction-
hr~tlnq COI1 has been rlesignprl to defnonstratc the
fc~siblllty of superconducting pololdal system for the
lol~rdk rr,]ctr)rs, ?0 providr confidence in application
Of s,l~~rrcof]dljctivity to actual reactors, and to
prov!dc thr ol,~mrturity to solve specific rnqint=ering
;Irohlplns LO sul)port the fusion pulsed coil ~royr am.

Tho c(I1I i~, dpslyned tn storp 20 MJ at S0 bA. Thc
$upwconfluctor” materidl is Nhll for a 7.5 tcsla
rIdxlI:IIr~fiuld. TIIP cnil is (Irsiqnw! to survivr at
Irdst 101),UUO cycle< of fuli bi~loldr hdlf cycle
linu{clddl II;IPI ,11 Ion frail +7. S !Psla to -1.5 tosld

fIrlrls In (Inr srcorld. lhe coil is natural convccL inn
;llllll~,r$l(ln.c[)nlt~(f dt ~.~” K in liq,lid +c]iwm ha~h. Thc
d(~siyn (l(jlll(~!l$tr-,,t(isconfld(’ncr in dn ,Iclvanccddetign,
Iow-l(ls<, crynr,!dhlr cr~fl(lurtor, alnn(l wIfh faflhty,
rcl I,IbIlIIy ,111(1thr opcrttlng life of thr coil of morr
ftl,l~l!(l[l,(111[’(y( 11,s, The totdl rnrrqy los\ (Iminq a
1111I lIIII(Il,IrIIUl\IIWI II bc ,Illlroxim(lt{,ly(). JZ of Lh{I
, ! (,,. ,., ! .’!lf’r’lvl llIr ~nalysi~, $hrjw$ that ttwb CIIII
,11$’.11111W1 1 I Iw,l,! or rxcfwl ,11 I of ttll, pl, r!orm,incp

rl,(llllr(,’v,vt r,. :1:(I Ioy dr,,lqrl fr,ltlvr,~, IIf fh, cnll

Ill f.llllli’ I’1lll,ll ,11” (Ilnr, t. f’ll[t 1o11, no \lll}t,~.tol)(llic!l)r .Joln! 1,

,!1 1.11. ! 1,111,,1! 1011, IWlP~MIIM!IIIIt CII(II IIIq nf if](ilvldlj,ll

~,lln(dl.(,t,,,1IId C.C(lIJII1:IIy to I11 sl/tI otullic hIIilfin(l
jy,.!(,:11. I),,. l“(, !,11!! !, ()! ~frl)t-t II!.(II ,1 Ill! t lw, rmd I

,11} ,11 VI.(*’. ,11 1, I? ’(, ’,vlll do

INIR(IIIIKIION

a !,l,,(!,l w !? , (lIIII! I PI 1+1 by I Ill, UI. I,! IIIqhIIII~II IIoclrlr

((I! IIIIr,lt11111IIIl(~llif(!r IA51 1u dmlr)n!,fr,lt[, thtl fr,l,, l-
I,!IIJIII’ r’f .I I.lllll,l. I fIIIf!II( t 11111 IIId IIf ! tI)II hII,It 1 w, r,]iI
IOF illl, ‘!ll,l! ,1,11 Iwlllllll,ll fll,ld $,y\flwl\. III(IrP\lllrf

11! !1,,,, *,B ,,,1, W1.t,, I.l, r,i, fltot ,!! !)I(I !l! II !ytl,ltfl.,iiw, r)l]

I 1111111,,1,, 111(] 1’1 111111w,, IIf 1111, 111!1 ill, \l,,l.I )1

rd,l\t,b,t,l 1’1”1, ‘Ilfl( 1. Ihl, (mlll,l!, ! 1(111 ()? thv %! Ildy

dl,’!lll,lilllll’.ll I lI,ftI 1( lIIr II(If ,1111111 hcII, I, MI II IV IIIII

il(. l ,11 I I-! ,!!II,I,IFI ,111,1 ,I~$,!l \~I, II, of I III. ,’11 t.f, l ( (II 1,

11,11’1,1 ~! ,,,, r.l!, , I Ill, rot,lllt \ of fIll,(h, !,llllvl(h,.,lqll
,,t,,!;\,,l,,,’ !)I tIll, .’(}W,l ~,ll~u, r(lllllfl,( ! 11111 I lIIIIW’

Ill,,!! l,!,! (!,11,

●,1,,, I .,1, 1,,!1,, f,ll! I,y Ill, iv,!, , Ifv of I ,Illf(lrnl,l,
Itl’,AI, II M1,, ‘,, 1,11! Ifl( [ ,It)lll,ltllf y,

I (~ll?! ,1, ~ :;!), ! )1”1 !411’0! I

i n

f )11,
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ht<
d11(1
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M. S. Walker
Intermaqnetics C@neral Lorpora! inn

Guilrlerhend, N.Y.

OBJICT IVES

The following design criteria ar~ consistent wIfb the
objectives nf the progrian.

● Long llfctlme i?tegrlty and reliability nurmdllj
a$sociatw! with thr electrical utility indjs~ry.

- !4echanical ruqgedncss and flrmnpss that will no!

ch~ngc over thp life! imo of th~ Tol a-n,!kr,Ir~IIIIII
(gredLer than 1U5 cycles).

Irmqh Insulation that will no! tlrrfrddatp nvrr

the-operdting

. Lowo$t. ~,,)s\ihlr
llp~rorlctl.

o ~’lll,l f(lctilr,! t’. lllty,,,,

0 IW$lqll rlln[t’ 111 $1. !lllllll(, [f) (lo ! 11 \l?(, !,yt,!lyd.

?),,, ,,:,,, ( , f ,(,4 mtlt]flp! p(,rformancf,
‘o(’’’’rr:”n’”’ “’”oIIrr Jlln(JIIIIVlr011:11,nl drv fumul{]rI?rrl Iw,l(jw.

o III(I1(111 1~ !IJ ~,torr ;’()M,] I “17 of {Inorqy d’ fllll

Imrfi,Il r)~wrdtinq current.

o lk m,lx IIIIIIM lllillJflrf IC fl(~ld fr)r normal olwr,l~ 11111

I Ilrlvnf 1~ t.o IMI /.! I !II$I J 1111t h, SII; IIIr{ (I IId II( !II!’.

9 Ihl. fl(lrr:,!l (}111,!’,1! Illq (llrr’l*flt l,, to 1,1, ‘),1 i?,

o Ihl, II Wllll, tl 1:1,111 :.111,. Vl,lt,1,1(,,)(I,1,,,, ~),(,(IllI II,f.11“
ll!ll,lI*, I,h;v,ftl.ft t4 Ill. ](I )’; 1,,, ~,1.!”,311,*VII,
!r,ltl~,fl,r .

0 1ill, ([)11 Will 1)(1 II(!I!11.,11 (Iltlvl,l! 1(,11 Itw.h,t j 11911.

I(\I, lf. I! [I’(M)] l{,It h) ,It d.l) I lfl 11{1’Ild hr,llli.,.

o I)](, [oil l\ !() 111’ I’,l 11,II)IV llf 0111,1,11 I!llj 11):1,11(1/1

I VI 11,,, ,)4 fl,l) ~)1 1,(, 14,.

I Pllr,ltI*II d t 11)0111.l’vvt’y

,!1,,)!A,llII(1 I f ,, Iv!’ If)rnl,lnl l,.

0 Itw fill I Illpol ,11 Inlllb

,,lrlll\olfl,ll (Ilw? ,!t 111?1 frllw

Ill (1111* %1,(011(1.
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1(1 %1,( (lwff), Wllh,lll!

Will I)r ,1 tl,llf.(y(Ill
1/.’1 1 tll .I’.l, 1 fll, l(l!,
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● The testing of the ceil will include both discharge
into resis Live load for L/R = 0.5 second exponen-
tial decay time constant, and a full bipolar field
and current reversal operation.

●

● The coil is not to go normal during testing.

● The coil is to he cryostahle with the ability to
recover to the superconducting state of one
complete turn of the conductor continuously
carrying full normal current in the highest field
rf “on and which has been driv~n normal frcrn an
energy disturbance which raises the temperature of
the individual superconducting strands at the
middle of the normal turn tc 25 K.

COIL DESCRIPTION

The maJor CO1l parameters are shown in Table 1. The

coil i+ of srirally WarPed, pancake wound conflqllrd-
tlon. The wide-flat cabled conductor, showc In
Iigure 1, IS wound on individual (nil former~ in a
clock wise and counterclockwise configuration for

alternate IIdncake$. lhc coil is raftc up n{ elqht
si)irdl -wound pdncdi.cs as shown in Figure ?. TO
climlr,dtrthr ned for lntwnal electrical joints the

~jdnca}es dru w’Jnd In pairs with cons.ccutive pancdl.es
alt(,rnfitinq hrtwmn clockwisr and counterclockwise
rntatlnn. The COII support structlirt) IS made up of

TABLE 1

20MJCOIL PARAMETERS

PIAR FIILD

Iv@c oFcmMlclon

CWLiNG

WINOING

CUnm KNl

CONOUCIOn wIDI14

coNOucron IHIcXNIU

CONOIJCIOH CLMRFNI l’Lt NSll V

COIL MIloMf

Coil ●JnI

colt 00

lU14NS/V4N[:AKl

wuunlnot PANCARIS

~l)il [JVIRALI CL)$IHIN1 ~lNSlfV

IMIIKIAMI:I II IIIN LINI(AGI
Ml IM1)OI

klUntlllN)RUVAIMbA
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II,, !,!,’ 11[~ (!! ? Ill. ! tld l,, 1[!1,,!1 11,1!1(,11(, W1 !)(! I Iw) fo?.!lw.r,, ,ln(l

d ‘,1,11111(’1111,(1 IIK! (,! 11,11 (,VI 1 n,’, *1 ,l\ \h(lwn Ill I ltlllr”l~ l’.

11-1~111) h(l!t ‘. ~1:’ 0! fhll I. Il. aIIIt :!;’ ,!! th(~ [1. [1, ) ,l!l)

U!. r[f t(1)101!1 \tll* {01 1 tl)lll, ttlvf dill! l~[lVld{* \llff II 14*?II

11(1 II 1111) f[lr(l, !(I mo!!fltdl!l 111111, l(! Ill, tw,l,ll (1)11 lWWt)l*l\

II Il[fl*r II I,}(!,

1. t ,1111 (1,!(1. t Ill Ii\,, ,,[,1, l!, 111,1,~1. f! ,111 [, ]111 II %!) II,*,

,11111.1 If) two 1,11,1[,,. ,,! lll,l\~! t ,!19. form,. f hv ,111,11

111.111, I flllll it,ltlrll*l.,m 1111, %11,1(1,!., ,1! !, [), ,’4 1!1( II w!, !,.

anti O.OfI inch thick, with a 0.125 inch space hetwcn

them. The spacer 1s secured to the former at the 1.0.
with a small G-1OCR screw and is co-wound with the
conductor. At the l?th turn on the midplane of the
coil a 0.?5 inch thicb 304 L (30Z to 40:) cold rolled
strap is added fcr structural support. The strap will
hear against a steel insert in the plate to reduce the
bearing load on the E-1OCR plates. The strap hds
tapered ends to provide a smooth transition in this
area. It has d 0.5 incl. radius at the top and bottom
as well as radii at the tapered ends to reducp stress
concentration. This strap will transmit a portion of
the axial force> through the coil. The strap is made
(1.U211inch over the conductor size to allow for plate
deflection, therefore, greatly reducing th~ axial lnad
to be carried by the conductor.
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n~’nt al. lh.(dlJ\l,t11(. Ill(lfl(frpl is ‘1(11,Jlr,t 11~,.1111~ 1111,

( Uducl nr, th(’ dxidl III(1[I WI) IIIIf hl,,ll ,II],IIII\f ttII.

~?rfimf lf if WII( Lr,+rl$ml t I 114 f hr(IIII~h t h,, I ,Irlljll( ?IW,I,.
l:Io rlhh(ln tll~~rrs (rdtlro,l(!-tll~-11~.r >l,,ILIII.S) JII. 1111,

wndl I (().M) in(i’,thI(.1) in r(}v I(III II~IIrh ,,ljllmr$ f 1)1

f hl’ axIdl 1(1,!1! 1 flq , 1 hr ( IIII~fII( I or, IIllwl, vl, r, 11111.,!

lrdn~l!lf 1! f own lo,l,f 1[1 f )1(. 1,1,) ?..,. Wl:l( 11 , ,111 11,, ( ,!]
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t Ill’. W! 111111 Ilf I\iltll %ul,lmr~ [II II VI III,,, III) tlu, lIIWI., f
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1)1111’)”1’!1’!! I !111(!11!,1,, ,. I 11, l! f hv.~,i. h,l,, l. ! 4,, h l(]h,,,,~ ,!)! ,11
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F: LiuRE 2 CROSS-SECTIONAL VIEW OF THE 20 MJ COIL
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70 dccaiwmddte these cons lderdt ions, ttw Condllctm

COre which SurImts thp mil fmc)l’ !Odd was ‘dftt’ d~

thin as possible through the use of d high-strc.nyth

Nltronic 40 stainless stppi. Ih.r ndmhrr nf su~r ~hl,IS

was eventual Iy set at 3b, the manirnw’ nw+rr ~cc IrrIo-
d,~tcrt ty conventional cdhllwq ndr~lnrrv. I!,t), !)11.

Cdhlc (J@(WIOLry lh.lS rstal~llshvt. thli Il!lIIIJ’r(!l’”I”I-
\lI\FISof thr Cdhl~ woul (-t(!rlw,rwiu;!nn tho <olrrs !-n nf
!tlc SUldll PSt SllbCdtl!P %’rdlldi p[ls,,lhlr, w !hlu 1111,

conslrdln! f hg+t f hp Itl,ord! 31111 cilrrpm* of , ‘,1,:., ;

,lml~,res b[~ actllrvl!d wl%h thr d~>ur~n~v of rr( 1,*111v
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TABLE 2

CONDUCTOR DESIGN ANO PERFORMANCE

1 ABLE 3 (CONT’DI

FINAL CONDUCTOR DESIGN AND PERFORMANCE

PERFORMANCE

.—
OVERALL CABLE DISCnlPTION

Conauclor Lrngln

CaDIV D,mens,ons

Conlfiguralmr

N,, robe, LI~ SUbcanle$ N

Mandfrl Cow Mdlvr, h’

Manarw core L,mrn50rms I z w

ManaIv, D,mens,on< ,nclda, nc

Imskdlal,tm t . w

LabIt. P,!cn Angle P

CdS)II’ PIICtI 1 eng!b ana Spnm. 4L

SUDCABLE OESCbIPTION —

r, M-lf, Qdld!D,, n

N,, inner 07 ?.m 1, Sl,arld> In

!mtbCah,r D,ammr, *IInIIIS,jIre,,,.,?1,,

C:IIPSl!anflD,~mrlw*,1#I,)$,,lafl,,v
I>nlrlLrr!qlh anti 5P II\u.
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2615 Amps cm’

O ?6 wnll> cm’

720 meters
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r411t0nlL40

0:!lcmn11164rm ‘
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A COVE.
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06374 LIII

o ??.MI

4 f7cl ,rr
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TABLE 3

FINAL STRAND DESIGN
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Nh 1, STRANO OVEnALL OIAMFTER 21, o-c.

Mb 1, STRAND IMULATION ~EGA lPOLVf STFH
AMIOE IMIOI I

Mb TI STFSANOINSULATION TI’IICwNr~ Oml#cm

11{[I?’4LIHYDFIAULIC DESIGN

It 1~ generally recognized tha? an efficient melhd of
cooling magnets IS lmrersion or bath cooling. For :he

pulsed magnet ap~lica!ir)ns, bath rrmlimj is pdr’ic,j-
Iarly advantageous because it prodljces the m~,l,nurt
heat CapaCI!V rer uni! volume fv storaqc and st,’lsI?-

quent rsnoval of ;wlseci losses. Pool cool ing syf!e-s
scale to l?rqrv SIZC coils very wrll I! prnprv fi**rn -

Llon 15 given to vapor diversion from the l;l.I!Jn(’!
lntcrinr to ~evrn! valor accuwlaLinn. lh~, npr=rd-

tlonal chdrarcterls Llcs of the CO1l must br ,JIPwt.!:! In

I lgh! c)f the CCII’S ahllltv tn nwe! ? hr= f{.< ‘qrl

‘equlrsments during normal cycl IC o~,eratlon. tor th(,
Speclflc case of thermal rleslgn, thpse req,jlrr-on!c,
tranz late Into maintaining adequate cnnduc!rr clIrIl-
Ing. Insurance of conductor cool Inq marqin is ccm~ n-
geni on irovldlny satlsf~clory vapor ven[lll; ,111.!
lIq IIr!hcllum invrntnry.

The 2(J MJ coil i$ a induction heating Nhll m~qnet
cooled by saturated IQu~rl helium at 4.5 K. Thr
magnetic fle~d chdnges sinus.ldally from *7. bl to
-?.51 In 1 second; stdys cnnst ant at -7.51 fnr 10

seconds, changes frmn -7.5T to +7.51 in 1 second dnd
StdYS Cnn<[dn! for IL1Secnnds 10 s!~rl anothpr cy: I(I.

l)urlnr thr bllwlar pulse. U. 31% of t he rnrrgy s!orr,i

In the aqnp? ((I: k,’) 1S ril$sil~~tprl a< hpaf ln~.,p., In

be Lr,,,, ~1.rrerj to the hl,llum In tht! magnrt. 1II(,

ln$ses Ilt:, onrl on both :pfir:, anrt ● lmc. Thr innpr :Irn,.

havr hlgl,,,r mdgn(,tlc flc]d dnrl cons qljvntly hl[qhrt
5I(MSCS wlt h p mal ImUm of U.5 J(]ulrs/cm in !h(, ,,, r)t,r .

most turn. Ior 1~1pol$r IIUI$F the Ix)wr 10SS h,I’ia
,ll\lrItwt 10II of q,l,cu~( U wher~ qfl,= 1.0 H/rI””)anr{ U
lr,the tlm(, 111sccr]nd$. Thv comluc?or b(,hi~vlordIII11111
~ Plpnl~r IIIIIW lS shoun In I lqilrr 4.

,,,~.-._ ....-. ___ .—--.—.._- .,
1

tt,-1,,,1 I,, n VIM?
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The heaL generation and heat rrmoval curdes are shown

in Fl(,dre 5. At a ccvnductcw !rmprrat urp of ?5 } or

nmre, the hedt removal 1s higher thdn the hedt gPn-
~a! ion and the condllctor recovers to the teWWdture

where the heat generdt iGn and t k r~,oval dm equal.
Rasrrl n tlw? rt; udl area rri!wla of ~~dd~cl, Jaws and

i:iorris , t ht, conductor rrcc. vers to Lh stiper -
cnn[lllctinq sta!e by thr rnl cffect~ sine P t~ drra

tinde” the h~a~ rmOid~ curve is morr thdn thl> area

unlrr t b hr~! CJenrrat IOP curve d“. can hc scPm from

! Igme >.
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The analytical methods used for the 20 f4J =re a

Ccmnpufor ~cvgram fnf stress analysis of non-

hcmrogeneous solennids (sTANSOL), a general purpose
finite element code (U[C.AI{], and ar~o~iate hand

cdlculdt ions.

The STANSOL model was used to calculate winding

stresses due to reloads, thermal, and magnetic
lo8ds. STANSOL considers tb coil to be an
anisywnetric, mu:tilaywed ccmrpcvsite with arbitrary
distribution of 1 ayer thickness ati material

Proptles. The materials can be anjsotroplc.

Applied loads include wndir;g reload, dtfferent~al

tmnperature, electromagnetic body forces, internal

pressure and ●xternal pressure. References 5 dncf 6
wovide the theoretical brsis for the wogram.

lM mdel UaS also run to simulate the maximum
gladient pcssihle duri~ the cooldoun.

The mchk-ical properties of ttw conductor wre
obtained by tun means. The radial modulus vms
determined by ratioinq values obtained frMI a sdmple

conductor which was tested in cunpression. ThP hoop
tlmdulus was calculated by consioerlng the nmdulus

woporf ional to the copper-superconductor area mdul IIs
product. In tidit ion, ttw calculations ~re repe3ted
assuming thp hoop modulus to he low. !n qeneral, the

stresses dr~ higher uhen the conductor strands carry
nn lndtf dnd fhesr are reported in this parer.

lhe STANSUL model was used to cdlcl,ldte thr amcwnt of

Imcload necessary to mdlntain the windlnr! pac~ in a

stdte of radldl ccsa~resslnn. This ~elo~d wds frcr’
15,0UU !U 10,000lhs.

lhc resulting stresses fOr edch lodd LdSC hds !Ierv
calr:llalcd. liqure% h shows thp conri,~c?or wnqr~l
%lrc%S under two I odd COfIdltl OnS. These cas~s rp;’re-

●pnt !tvp load ~ich Fxlst% wtwa the current tn !hl
CUII is on (Iweload-magnet }c-thermrl) and off
( IWISI oatl- t hermal ). lhr rilffrr~nco in the 10VFIS !ndl -
cflII. the ch,lnqe in stress stdte during pulslrvg. AS

cdn hr nhtrrveri frun tlw Furve%, tho rnaxmntim hnop

st~rss In tfhl conductor mandrel is aplrnximdtcly

411,0(1(1psi. Ihls IS urn within thp limits.

I

000 1240 18m 2120 2560 10 5X1

F5A[)IUS IINCM[61

I IGURI 6 C( N!)UCK)U MANIJllt L N(NW STIIISS

.$.



Since there is d difference in tension in each turn of

the winding. shear stresses are carried throughout tti

JJdnCdke. These slwar stresses wre conputed by th

mthod givrn in Reference 6, and are plottea in

Figure 7. It was concluded that with 10.000 lb
windlnq tension, no separation of the radial turns

uill occur during magnetic loading. By conpdring the

shear IOMJ which must he transmitted to that avatlahle

fran the radial pessure and using ● ven a nmdest

friction factor ((0.1) sufficient radial load ●xists
LO maintain radial tightness. Thiz also minimizes

losses fron mechanical hysteresis.
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lhe dls;,lacwnent of the winding pack has also been

calculated awl 1s shnm in Figure 8 for thr tkm load

Cdses. Thv difference betuecn the two curves indi-

cates Ihe dls[lldcefm?nt the wtntitnq underqops during

pulslng. Thl;

nutw r!lamrter

surfacP. This

fnrcr% Involved,

iii
E -011

IS approximately 0.07 Inc-hes at tk:
~ntl 0.025 inchrs at th inner

is crmldered small in view of the
i.e. 2,000 lh/in. radial fnrcc a? the
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The stresses in t~ 20 FIJ structure ~re calculated

using the axisymmtric finite ●l emnt nmde 1
(Reference 8). constant strain quadrilaterals iere

usrd in t~ model. The ventilation channels destroy

the axisynsmetric nature of tlw plates ad cylinders,

therefore, at these locations plane stress elenx?nts
usre used. The nmdel contained 2,114 fini Le ●lements

and 2,373 nodal points. The finite ●lawtent modrl was

Pimarily used to analyze stresses and deflections d~m

to axial forces. The radial loads Wre adds+d fo,
canpleteness. The mdel -s also used to finalize the

r@cessary bolting Fessmes, by requiriw that all the
cylinder-plate interfaces be in axial canwession Aen
t~ magnrtic loads were applied. The totiil axial

loads per plate are given in Table 4.

rABLE4 AXIAL LOADING

●LAII 01S1 Fn~CRNTCnLINt wNcrnESl LOAOI-OSI

1 SA -11.,wa I
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The results
stres~r$ drr
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