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DESIGN AND MALYSIS OF A STWCTURALSYSTEMFOR Z1’N*

Andrew J. Cigor snd Jeff Hill
Loo tiamom Nstioful bborstory

Los timoa, Row Umxico 87543

ADsnAm

A structural oupprt ●ystn capri~cd l~rsoly of
lainmtod 6POXYfiborglsoc klkho~do has L_en dtalcnoa
for tha ZIWalt cora uchinc, tha iniclsl ●xparlwn! in
tha Confinmmont ?hyaico Rmsoarch ?acility (CHIP) #c
m. PIbrglmm wo choaan ta ●inimlso mgnocic flald
●rrors dut co moldy currcnto.

kgMcic fi-lds for ZIW srm produc~d, in pxrt, by
10 poloidtl fi~ld (IT) coilo. Sixteen, ●qumlly cpmccd,
4 inch thick, radial C-10 bulkhmds, pmitimod and
hold by ~ otrias of otslnlooc otm~l ring ha, oupporc
tha PF coils tnd th~ coroid~l front ●nd ●ooably. P?
coil- trantfix ●nd ●m ouppertad by cho blkhmdt ●t
lococionm dict~tod by WPoclc field cffacto.

l%. toroidal front ●id la muncad to tha tmlkhmsds
by s splirro ●uurirq corwtant aligrnnt with tha coil
●*L whllo ailouing dlffcronti~l .Xpanslon.

~~ ●tiro mchin~ ●osmbly 1s mountmd on s
central coctcrot~ cylinder with outboord ●talnlcoa mtaol
clJllmrlo.

Yinita .Imnt SMIYOOO -rs ~rfomod ●t #n
lntqral port of chc d~oign procasn for thm ZT’N
otructur~. bmcaum of irrqular ohmpma, mlcipla
matorialm, diff~ront lo.md camn ●nd nwrouo so~trlc
diocr.mtirmlti~o coo70ntlonal ●rbmlyoan of tho otruccura
cwld noc k ~rfomd. Static ●td dynamic coil loado
uoro ●ppllmd co ● modal of ctw protot~po ●upport oyocom
to ●nlrn structural roo~nac. A diccuoslon of tha
Wlfal, soomptions, lomd ctooe, bmmd~ry conditlom,
●nd rgmltt ia glvon. In flumca of tho rmulta on th~
damttn ●ra ptooar~od.

1. ImDlm’Ioa

ZTll Lo ● lmr~a, (up to WA) toroidal, revorood
flald s-pln?h, ●ir aora uchinm thmt will bm tha ini-
tial mxparlnnt in tho Comfimnt ph~alco Booaarch
?acillty ●t Mm. Itmcturo for tha mchlnm, ?1s. 1,
Ucillmo ● lalnatmd ●POXYfibmrqlaot bulk-d concept
to support tho lmr~a coil mgmtic forcmo praocnc du~
lrq opmration, uhlh ●llwiq occurato •li~-nt of
~chlnm caponmnco ●d prowlding tood diqnootlc
Accaoa, AR lmta~rctmd doslgn ●nd analyola ●pproach ho,
boat umad to praduca ●n ●ffcccirc ●twcturm for C,IC
erooriunt.

11. DYSION

Call confi~ration mnd CO1l forc~o wro df p#ra-
-Int hportanco in Mloctlng s conaopt MM dmi~nlng ●

Otructuto to nupport Ctm 2fW cmpriunt. mo la
poloidsl floid (W) cuilm aqr!~~d of IC M~nmtJml~
and C ●quilibrlm coils ●re ●rrmgmd in a horlaantml
●rray ●dj.mcanc to cho totw ●a ●h- In Pit. 2.
Porty-m!cht teroidal fiald coiia #r. muntod on tho
?oms or “front ●d”.

Rinimm qthmtic fl~ld ●rrnra duJ to eddy ourronco
umro ●n l~ortant dao~n obj.atiw tor ~. Pibmrglmoa
raiaforcmd Cpxy Is ● Mcorlal tlut okTiato@ thooa
●ffmettl it -r tkrofoka ahcaan for mjoi otmacural
●uppert mbro.

l%o ~ehlrbm ●tmcuml amaopt in bmmd m oup-
mrtlnm thm ericlaml 8—... “—.4.-4 ..J-.4--S.—

A

I

I
I

?18. 1. t~ Structuro

claim aonmtructlon. Also tha atructuro is co
●courataly ulntain tho rolativm loaacion of tho
tirltleal a~nmnto duriq c~alic o~ratlon of CIW
t~rknt. ~it rbmaomoarlly lncludao thmml ●mpmn-
91WI ●ffccto thmt sro promnt. llw anmoopt mot daal
with rm- lars~ lnc*~l —.- at-- 1-->- --**-
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Fig. 2. Coil Confi~ration

pan-iv., ●SS1lY machined, hi~h strmwth, n~motic
●torials prcforably with low t’ tmal neutron capturs
cross ●octions and ohort half lifo iootopoo.

M adopted dosisn criteria for tho ZTH structuro
is that tha ?Y coil- will support their wn individual
hoop (circ-fwontial) loadin8. ThiD ia ●edified by
tho practical conoidoration that thoro will be son
friction between ● coil snd its supporting structure.
(A coefficient of 0.1 16 ●n objoctivo for tho d~oltn.)

Tha r-iniru componont of tha P? coil forcos ●a
in thevwtical direction; Fig. 3 shwa tho vsrtical
lnmd Itictoriea for tho coils. Yortunat@ly thaoo VVCY
larsc forcm ●rm symmetric ●boutthe aachina ●idplane
●nd can ba raacted Uainst their rynetric twin.
Sixtoon wrtical flba~laoo ?@inforcod ●poxy bulkhead
●naabliw radiating from the machine vertical wttor-
lim IMVQbaon -hctad to do this. The VOrY highly
loaded CO:IO 1, 2, ●nd 3 ●re providad continumm BUP-
port in the vorticsl direction.

vomcdCoIILti-4kWW_

IS r-~$ r I 70 1 1

?i$. 3* Vtrtjaal w Ooil ?Oraoc

Structure to wpport the machine waight, ●stimated
●t 350,000 pounde, is straightforward snd ●iaple. It
conafats of ● center cylindrical concrete pier ●nd 16
outboard COIUDW with appropriate croae bracing.
Figure 4 shwe the machine baee.

The 4 inch thick bulkheads ●re ?ield in poeition by
●ix ring beams and ●uxiliary diagonals. Bulkhead
aseeablies ●re ●egmented into six ●ectj,ons to ●now for
Coi: placamnt ●nd ●saeably/dls*eeembly operations. A
plm view, ?lg. 5, chows the bulkhetd sectione, PF coil
locations, coil cla=pe, ring beau, tria coils, ●nd
bulkhead fasteners. Also chown betweancoil 1 and the
front ●nd is a ●talnleao steel box aoeembly that pro-
vides continuous support for coils 2 and 3. In ●ddi-
tion, the box, with connecting platee to the Interior
of tha mechine, provides ●n ●oeembly fixture for the
no. 1 coil pair. Not shown, but part of tho tmlkhead
●soambly, ●ro PF coil leads which will be mounted on
standoffs from the bulkhaada ●t 90 deg. circtmferen-
tially around tha machine.

Sawe between tha bulkhxad sactiol,a will be cloeed
by mtltiplo pairs of praloaded bolte that connect large
dixtat through pins located on both sides of the
saam. ?rovieion is baiq made for seam ●tiffenere to
lneura ●gainst localisad buckllng.

?ada located at tha top ●nd bottom of tha central
cut-out in the bulkhaad ●aoemblias will support the
front ●nd. The front ●nd will be sounted to the bulk-
haade by a spline ●rrsncennt ●llwi~ differential
radial motion witho~t tranoniaoion of for:ee other than
gravity loade to the bulkhaada. Thirn will be done by
meti~ the Front ●nd to ●ach bulkhead ●swxbly ujth two
vartical pine or kaya. One key will be on top of the
torue, the other, with tha can vertical ●xis, on the
bottm. Tha kays will slide in radial clotc of ● pad.
Tha bottom pad ●oo~bly, shimd to the correct
vmrtical position, will have ● clidi~ contact surface
that wIII baar the Waisht of tha front ●nd. The top
●osambly will be positioned with small claarmcas to
prevent ●ny upmrd motion of the torue. ‘fha circumfec-
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?ig. s. hilkhoad Detail

●ritlal locmtlon of tho support pods on the bulkhmd
will bo ●djustsblo ●nd lockabl~ bocmmo tho front ●nd
sssmbly vill kc a concidorably ●oto prociM ●tructura
then tho bulkhood cyotm thot mupporto it. Iltistdll
all- quick mounting of tho front ●nd on the●tructuro.
Tho front ●nd stroll will intarnolly rooist J,inor vaauta
loads ●nd toroidal field coil forcoo.

ZIW will uo* 3 or 4 refwonao optical pooitlonc to
procic~ly loeota lndlviduol ftold coilo ● tho mchlno
1s built. PocitionO till kc voriflod by mcgnotic 904-
0uramt9$ Coilc will kc hold in position b~ bloaki~,
in tho vortlcak ●md rodial dlroctiom, ●t tho Points
uhom they trmoflx tho bulkhoodo, In tho caao of tho
radial dlroctiori, coil roctrsint v211 kc oaly on tho
in. id. of tha Coit. OoilB wili bo kqt in ●iitmont by
32 cl~o on ●ach coil ●m ●hwn on Pi.. 6. Clmpc ulll
aht both sides of ooch bulkhood ●nd ●now o,ily rodial
●otion, 1... , tho COIID will kc ●pllwd to tho bulk-
htod-. Ihls w2ii ●lso oaouro coaot,mt uoeoontricity of
tho aoilo tith tho front end. moot dovhtlon of the
buikhoods from tholr thoetotical trw redid pooitions
will not bo eritlaal booowo eon ●d frost ●nd
pooitioniq ●d •l~nt ●to inoonoitivoto this.

Mchinc aottottwctiootill startwith tho aontor
pi.? uhleh 10 c~uuotod fm eomorota ●nd ftboqlms
ro9nforcod robot. Bom.@# phtos tot ooch of tho 16
bullthoodo mo ptoeholt Iomtod stop tho plor by ~ns
of ● ji$mq rln.. I’ho platoo,u2th riq ●ttoohod, ●c
lovolod ~ nuts oa tio bolto Slob hdvo boot ~14ao0
in tho aonartto. After Cratlql booooththo phtoc,
tho *iatoo●rc coourclv boltod dan and tho ji~lq
riq it raeved.

Mth tho outboord aolm of rho ooahico booo in
plaao tho botta aouroo of bulkw ●octlooo ●ro
●rcaeod. & 4*C?OM0 W al the eo29no OIALM

lovoli~ of tho 16 individual bottom bulkhaad p!acea.
With ● diCi, of C8CC this mthod will Oaoily ●now
tho bottom courao of bulkhead scctiom to k ●at hvel
within .030W, tkuc ●oouti~ ●n ●ccutato boa, upon uh!ch
to construct tho bdmtct of tho occhin@.

111, AMLYSUJ

Tho C?R?/ZM scchho is ● moplax otructura uith
MOY lmtmd~pcadont pmt.. I’tm mcny odd ●hcpod compo-
nantc to kc ●clymtl mndat~ thct ● m90rical mtclycis
method kc ucod in tho doot~n procoos. ?initc 8h9cnt
●aolyslo naturall~ loada itmlf te this typo of ptob-
ln, ●nd 1s used mtonoivoly to tho mttuatural dosisn
of tho CPW/ZIW axpor19ent.

?inito ohmmt molyois wo port! cularly UMUI ●O
● dasisn ●id for tho bulkhead ●owobly. A disadvmtq.
of hqo, ao@ox flntto tlomcnt onoiysis is tho Ions
t2a aocomary to portoro the ●olyais ●nd ●ROrin. tho
roodto, A hqo ouiiyoic cm kc atmrtcd ●l hove tho
teoi~n aho~ so r@dlaclly thot it invalidates tho
●o~ys!o. Yor tho Cho bulkhood ●ssably, houovor, tho
find *ooation ond noturo of tho ●ppllod locdo ●nd
othor doctsn orltoria promribod tho boslc dicpo of tho
bulkkood portc~ the wJarIyt~ proeopto o? rho d~ol#n
ooto FM* Aaclyoi@ of ● pilot docttn, thorofoto,
yiokd may foooto of tho roopoooo uhtah aodd mot h
●ooartalaod othorwtmo d provldod ●xtmly uooful in-
@orntloo for oa~ucnt dooi@t roflmooonto. ktalysio
oaoeooo?ully dotootod wbmk dooisn ●roog th~t ●lsht
Othorutoo how ~ Undotoatod,

?iSitc •~rnt onolyais hOipO the dooi~ PrOOO@@
boeoum At tovooio both quolltativc and qwntitotivo
lafomtico ●bout tho Otructuro; twponm. mo qlMll-
taavo Qcpoots of bumood ●oaauy roopocoo ●rfmt tho
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s“.ape of the bulkheed sections, deeign and locations of
faateners, and wrpected interaction of the bulkhead
with other parte of the machine. Quantitative results
●re ueed tc make design decisions about highly ●t reased
parte or thoee which would be ●xpeneiv~ to design or
fabricate.

Prior ●nmlyees of similar stmcturea had ●eeumed a
●tatic reeponse. A dynamic ●nalycia wae decided upon,
however, because of the nature of the ioad curve
(Fig. 3) ●nd the poeeil$ility of inertial ●ffect. in the

.ge atmcture. Reeulte from the dynamic ●nalyeis
could then be used to identify particular combination
of coil loadings which ●ffect the reaponee of different
regione, and to detemine inertial ●ffects. If tho
reeponee did turn out to be at leaet quasi-static then
●impler static ●nalysee could be done in future
●nalyses.

A. NODELINC

Severt.l aeotmptiona were medt to perfom the
bulkhead ●osembly ●nalyaie:

1.

2.

3*

4.

5.

Gravit:~ loads were ignored. Therefore the bulk-
head ●soembly could be considered to be oymmetric
●bout the midplane.
The important ●epecta of the bulkhead ●seembly
reapofiee could be ●mcartained with ● two dimen-
sional analyeia in the plane of the bulkhead.
Tltu reaponae of tha bulkheai WOUlil not dapend on
the bendi?g reaponaa of ●ny ~mall/thin part.
Small/thin parte wart modoled wit(l few, mmetimea
on., ●lemente throutn the thickneta which kept tho
mmber of dogreea of freedom to ● minimum.
baembly pc:te would move independently,
necooeitating ● finite ●lement code with ● larse
displacement formulation.
Ml metariale would behave ●e ●laatic, Iootropic
mmteriala. All metcriale ●re required by the
doa ign to remain ●laetic. The fiberglaea 1.
doeisnod to hava very low otrono levele to which
it chould respond Iootropicelly.

It wet hoped that tho ●bove ●satmptions woult! oimplify
the ammlyair to ●llw the reoponoe of tho bulkhead
●aaembly ovor ●n ●ntire load cyule, Iteting l.~
mecomda, to ba datomined.

The finico ●lement coda PRONTO’wae choaan for the
●nalysis. PRONTO10 ● vsry faot, fully v~ctorisod,
●xplieit finito ●lement code. It has ● Iar#a dl@place-
●ont, or Soometrically nonlinear, formulation wh,ch
●llowe ittdspendant motion of regiom ●nd contact our-
facao between rqions .0 thet foreas can be traneaittt4
●croae re~imal boundaries duri~ con:aet. It hao been
chown to be ●xt~emely ●ccurato oa ueet problemol thin
was important because ● larse ntnbmr of otaps would h
nacaosaty for the ●nalytic.

Ilte bulkhead ●esembly can be characterise? ●o ●

platt sttucturo. PRONTOdo.. not have ● plane ctraea
(or plat~) ●lument ●vailable. ?lowvor, on. of the
ptoctptc of the des!~n ●nd the ●nelysla waa that ●ll

::::%t%,ar-in “~a’~~c* mta •llow~ aof tho olastlc moJulua omd ?oiaaon’c
ratio to be used to o:mulate plane stress Wsvtor with
place ●train ●kmentt. TYto transformation chmIuea tha
materiai permmetem of materials which havo ● low
?oiemn’s ratio, such ●n G-10 fiber~laoo, lees than the
uncertainty in Rho permmtort themnelvea. Su, the
tranofermstion wec not used for tho fibertlags paruc in
tho bulkkad tommbly. However, for ~ttrial- which
ar~ wmll charactorisod mtd which havs hlshor Polnao\,’a
rmtloa, such ao ctalnlooo steal, tho transformation is
worthwhih. All stainloeo otmet plata mterial
parmetorc wro modlfiod to oimwlato piana .trew. Tho
mat.cttal propatttas for 0-10 ffberslaae and otainl.ca
a?eol mr: Blvw Ln Tabl@ 1.

TABLE 1

BULKHEADANALYSISNATERIAL

0-10 Fiberglass

Elastic ❑odulus 3,5G0 kai
Poisson’s ratio 0.15

CONSTANTS

Stainless Steel

29,000 kai
0.30

PRONTOdoe- not allow the use of plane ntrain and
●xisymmetric elemento in tha same analy8is.
Consequently, the radial motion of the coils had to be
determined in ● separate, ●xioymmatric, ●nalysis and
●pplied to the coil models in the bulkhead ●esembly
analyeio. The ●xiaymmetric ●nalyeis of the coil motion
was ●imple: Each coil waa modeled ●xiaymmetrically ●nd
allowed to slide radially between two rigid surfacee,
the radial ●nd vertical load- were applied, ●nd tho
radial motion was determined. The ring beams ●lso
could have been modeled ●xieymmatricaily. The ring
beams conetrain the bulkhead ●emmbly to radial motion
in the plane of the ●nalysio. They ●lso inhibit radial
●otion because they must ●tretch or contract for the
bulkhaad ●oeembly to move radially. ‘These were modeled
aa radial ●printe in the shape of the rin~ beam croes
●ection.

The upper half of the bulkhaad ●eeembly wao
●odeled with the machine midplane ●s ● ●ymmatry
boundary (the meeh ie chown in ?1s. 7). The stainless
steel platea ●nd the ttainleeo steel box oubeoeembly ●c
the midplane ●ra reettvined to prevent vertical motion
of the bulkhead ●emembly. The fiber~laas bulkhead sec-
tion tominatee ●t the midplane. It Intaracts with ●

rigid surface to ●imic the interaction between it ●nd
it. mirrored twin on the other aide of the midplane.
Radial motion la limited by the rinc beam.. The coils
could conceivably limit radial motion if the bulkhead
or the COI1O were to move fer ●noush for the vertical
contact nurfaces between the coils ●nd the bvlkheed to
interact.

The only load caae conotderad in tha bulkhead
●smmbly ●nalysis ie loading Eenetated by the coile.
Vartical coil !oado were ●pplied directly to the ●ur-
face of the c*I1 ae ● proosurm load, which traveled
throuth the coil ●nd was tratmforred to the bulkhead
throush the contact ●urfcca, The radial force. are
Sonarated by the COI1O ●le>, by movinc the ~ettically
loadad cotl over the contect surface between the coil

.4++ _+--- 1...*.+.-+---?M04000

Pin. 7. Bulkhead Acaembly FinltsElement Maah



and the bulkhead with the appropriate coefficient of
friction.

Tha reaponaa of the entire aaaembly waa saved for
181 :ima otepa through the analyaia t ima of f.8
aeconda. From this data baoe, the reaponae of any
portion of the ayetem could be axamined.

B. RESULTS

The motion of the structura was to flex down, ●nd
away from the center of the front and during the first
0.4 seconds of loading. At this time only the ohmic
heating coils are operating. Although this is the load
caaa with tha higheat streaa, deflections are quite
aaall (Fig. 8). After 0.4 ●econda, ● rapid decraaae in
tha load renulta in ● rebound effect that la
●ccet. ”.uated by the equilibrium coils ●nd coil 2
●xerti~ loade directed ●way from the mfdplana. Aa tha
ohic heating coils begin loading the structure toward
tha midplana ●gain, the structure flcxea, but leaa than
● t 0.4 &econde becauae the ●quilibrlm coil loada are
in opposition to the ohmic heating coil loade. This
load state peaka ●t 1.4 saconda ●nd then diem out
quadratically. Peak von Maea ●treaoea occur ●t 0.4
●econda (Fig. 9) ●nd st 1.4 secondc (Fig. 10).

Tha bulkhaad operatea ●t ● large factor of safety
in moat matarials. A high factor of safety Is
necoaaary bacauaa of the degrading ●ffects of cyclic
loading. Figure 11 ●howa the ●xpectad factor of safety
againot matarial failure in ●hear in the fiberglaaa.
Factora of safety ●sainat matarial failuta in ●hsat
were datemined by ucin~ half the Ttasca ●tteaa ●a the
●haar componant of the ●traaa ●nd coapari~ that to ●

nrninal ●haar stra~th of 7,000 pal. This lmpliee ●

uniaxial ●trangth of 14,000 psl for o-10 fibertlaaa.
l%. ●ctual ●tran#h in the plane of the weave ia uch
higher, maki~ tha ●afaty factors conservative.

Tha rosponae of wat parts of the bulkhead
●rna=bly oma found to bt beni8n. T%e diaplacewnta of
●ll parto ●nd the ●esembly ●a ● whola were within
design Mmita. Faataner platea joining tha bulkhead
●octiona wara shown to be lithtly stracaod. Tha
hi8haat strass by far waa saon it, tha colwnar steal
plate betwaan coil 1 ●nd the front ●id (?1s. 12). Von
14isaa i rosa tn tho plata peaka ●t ●bowt 35 kai ●t 0.4
●aconda. Tha plata carriaa practically ●ll the load
Sanaratad by coils 2 ●nd 3 ●nd ● aisnificant fraction
of tha load ganorated by coil 4. Given the cyclic

PAS, 0. Daflartion Mcnittodoa ●t 0.4 ●oconda.
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Fig. 9. Von Miaaa Streaa ●t 0.4 aeconda.
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Fit. 10. Von Maw 8treaa ●t 1.4 sacondn.

nature of tho loada, tho otrasa it too high for ●

workins deai8n. The G-10 fibertlaoa in the region
●urroundins the tandon ●hews the hisheat fibarslama
otraaa~ howevor, aa proviowly mntiomeJ, thera la a
fiqe factor of oafcty ● t tho attms lavala sem in this
utorial. Reaponao ot the horiaf ntai tendon ●crooa the
top of colla 2, 6, and 7 uhowa hi~h bendtnc ~treaoaa to
ba praseut. Thlo ra~lon in conoldemd to be critical
because clorno proximity of the colla ●llowa on1;?
limited rom for connacti~ ●tm.ctur~.

Co DISCUSSION

Analyoic hea dewttatrated that the bulkhead
●taeably concidared i- ● ~anorally viabla deaitn. It
has shown that tho c~ilc can be ●upportad without larto
dafloct ions, T%mst9inlaao otool plata naar coil 1 la
hi~hly ●t.raaaed~ Tha ●nt iro racioti of support ●t ruc-
ture near tho ●tainlaoo oteal plata 1S undar trwmndouo
AuadD. A rodooisn ia indieateJ to lmmr the ovarall
●traaa ●tata Riven tbe cycilc natura or bedi~.
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1 I 1 t r 1 I MMIm w Soao strengthening in weak areas ●nd reduction of unneeded

so bq~s.clrm: strength In othera.
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Fig. 11. Shear Safety Ftictor ●t 0.4 ●econde.

-cas#%wilmm””
?ig. 12 Von MiB*s Str*sa in Colt9nar Plate ●t 0.4

second..

Alghoush not included in this amalyaio, buckliw
could ●xiot h tho structure. Thin important ●spect
will ba invoatiSatad for tha bulkhc@ds ●nd the hi8hly
loadod ro8ion bat-en coil 1 ●nd tho front md,

[v. cowcLu8!oN8

Ibdoctsn of the hi8hly loadod structura bewaen
coil I and tho front ●id has been undortsken ● ●

rmdt of tha analysis.Analytical date rQ8ardiiu coi?
4 loads will b used to redasisn ttw coil ●upport.

TIM horizontal tondonabo~ coils 2, 6, end 7 will
k rmAea@md to rduog bmmAiv ●tdlor U*Q ● sora
emliant aet~rial. kdesign of tha kulkhead fastmer
cyst- 19 umdarumy; redwmd seat is forauon ● ●

remdt.
Pinito .lemmnk ●alyaim of the COXPIOX&l?l struc-

two baa ptov14md vital incithts ieto its dmsi@ ●d
idlspmmmabh infotmtion for d~sicn eorroction in
crltioml ●raao. A morm ●ffident @tructure 1s formen
WSU- *X61Y9iB intazratmd WIth A-.1.. k. . I t-~
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