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DESIGN AND ANALYSIS OF A STRUCTURAL SYSTEM FOR ZTH"

Andrew J. Giger and Jeff Hill
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ABSTRACT

A structural support system compriced largely of
lsminated epoxy fiberglass bulkheade has Leen deoignea
for the ZTH air core machine, the initisl experiment in
the Confinement Phyaics Research Pacility (CPRF) at
LANL, Piberglass vas chosen t> ainimize magnetic field
errors due to eddy currents.

Magnetic fields for ZTH are produced, in part, by
18 poloidal fleld (PF) coile. Sixteen, equally spaced,
4 i1inch thick, vadial G-10 bulkheads, positioned and
hald by a serias of etainless steel ring beams, support
the PF coils and the toroidal front end assembly. PP
colles transfix and are suppnrted by the bulkheads at
locations dictated b~ magnetic field effects.

The toroidal front end is mounted to the bulkheads
by a spline ensuring constant aligmment with the coil
sel vhile allowing diffcrential expansfon.

The entire wmachine assembly 1s wmounted on a
contral coacrete cylinder with outboard etainless steel
culumns.

Finite elewment analyses were performed as an
integral part of the design process for tha 2ITH
structure. Because of dirregular shapes, multiple
materiale, different load cases and numerous geometric
dlecontinuities conventional analyses of the structure
could not be performed. Static and dynamic coil loads
were applied to a wmodel of the prototype support system
to exsaine structural response. A discussion of the
sodel, aesumptions, losd cases, boundary conditions,
and results is given, Influence of the results on the
design are preserted.

I. INTRODUCTION

I™ ie & lserge, (up tc #MA) toroidal, reversed
field s=pinch, air core mschine that will dbe the 1ini-
tial experiment in the Confinement Physics Research
Pacility at LANL, Structure for the wmachine, Pig. I,
utilizes a laminated epoxy fiberglaes bulkhead concept
to support the large coil msagnetic forcas present dur—

ing operation, while allowing accurate alignment of
michine componente and providing good diagnoetic
access. An integreted design and analysie approach hae
been usad to produce an effective eotructure for t.e
emgerivant,
II. DFSIGN

Cotl configurstion and coll forces were of peras-

sount importance in eelecting a concept and designing a
structure to esupport the Z2TH experiment. The 18
polotdal fieid (PF) cuile comprised of IC oagretising
and & equilibrium coils sere arranged {n a horfscntel
array adjacent to the torus as shown (n FPig. 2.
Porty-eight toroidal fileld coiia are mounted on the
torus or "front end”.

Minimus magnetic field ervrnrs dua to eddy currents
were an important deeign objective tor ITH. Fiverglass
reinforced epoxy 1a & wmsterial :thet obviates these
effects}; 1t war therefoia chceen for majoi structural
SuppoTt MAMdTS.

The machine etrwotuzel comcept i
portina the aritieal ssssnsanra

baged on eup-
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Fig. 1. TTH Structure
cision construction, Aleso the etructure 1a ro
accurately meintain the relative location of the

critical components Juring cyclic operation of the
exporiment. This necemssrily includes thermal enmpan-
sion effects that sre present. The comcept must deal
with verv larse (intarnal amarabiaa VYanda aan o
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panaive, easily machined, high strength, non-magnetic
naterials preferably with low t irmal neutron capture
cross sections and short helf life fsotopes.

An adopted design criteria for the ZTH structure
is that the PF coils will support their own individual
hoop {circumferential) loading. This 4s wodified by
the practical econsideration that there will be some
friction between a coil snd its supporting structure.
(A coefficient of 0.1 1s an objective for the design.)

The remaining component of the PF coil forces are
in the verticsl direction; Fig. 3 ehows the vertical
lnad histories for the coils. Portunately these very
large forces are symmestric about the machine anidplane
and can be reacted against their eymmetric twin.
Sixteen vertical fiberglass reinforced epoxy bulkhead
aosendlies radiating from the machine vertical center-
1ine have been selected to do this. The very highly
loaded coile 1, 2, and ) are provided continuous sup-
port in the verticsl direcrion.
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Structure to support the machine weight, estimated
at 350,000 pounds, is straightforwara snd simple. It
consists of a center cylindrical concrete pier and 16
outboard columns with appropriate cross bracing.
Figure 4 shows the machine base.

The 4 inch thick bulkheads are held in position by
six ring beans and auxiliary diagonals. Bulkhead
assemblies are segmented into six sections to allow for
col’ placement and assembly/disassembly operations. A
pian viev, Fig. 5, shows the bulkhead gections, PF coil

locations, c¢oil claemps, ring beams, trim coils, and
bulkhead fasteners. Also shown betwean roil | and the
front end is a stainless steel box assembly that pro-

vides continuous support for coils 2 and 3. In addi-
tion, the box, with connecting plates to the interior
of the machine, provides an sssembly fixture for the
no. 1 coil pair. Not shown, but part of the bulkhead
assembly, are PF coll leads which will be mounted on
standoffs from the bDulkheads at 90 deg. circumferen~
tially around the aachine.

Seams between the bulkhaad sections will be closed
by multiple pairs of preloaded bolts that connect large
dismeter through pins located on both gsides of the
sean. Provision is being made for seam stiffeners to
insure against localiszed buckling.

Pads located at the top and bottom of the central
cut-out in the bulkhead assemblies will support the
front end. The front end will be mounted to the bulk-
heads by a spline arrvangement allowing differential
radial sotion without transmission of forces other than
gravity loads to the bulkheads. Thic will be done by
mating the Zront end to esch bulkhead assembly with two
vertical pins or keys. One key will be on top of the
torus, the other, with the same vertical axis, on the
bottom. The keys will slide in radial slote of a pad.
The bottom pad assesdly, shimwed to the correct
vartical position, will have s siiding contact surface
that will bear the weight of the front end. The top
assembdly will bde poeitioned with small clearences to
prevent any upward motion of the torus. The circumfer-

VIEW A-A

Tig. 4. MNachine lass
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rig. 5. DBulkhead Detail

ential location of the support pads on the bulkhead
will be adjustable and lockable because the front end
sssembly will be a considerably more precise etructure
than the bulkhead syetem that supports it. This uill
allov quick mounting of the front end on the structure.
The front and shell will {nternally resist iner vacuum
loads and toroidal f1eld coil forces.

ITH will use 3 or 4 reference optical positions to
precisely locate individual field coils as the machine
is duilt. Positions will be verified by magnetic mes-
surements, Coile will be held {n position by blocking,
in the vertical and radial directions, at the points
vhere they transfix the bulkheads. In the case of the
radtal ¢lvection, cotl restraint will de only on the
inside of the cotl. Coils will be kept in aligmment dy
32 clempe on each cotl as shown on Pig. 6. Clamps will
abut both sides of ssch bulkhasd and allow ocaly radial
notion, i.0., the colls will bde splined to the bdulk-
heads, This will also ensure cometnt conmcentricity of
the coils with the front end. Nodest deviation of the
buikheada from their theoretical trve radisl positions
#1111 not bda critical Dbdecavee coil and front end
posirioning and aligmeent ave inseneitive to this.

Machine cometruction will start with the center
pier vhich is conaxructed frem voncrete and fiderglass
reinforced rebar. Dear.ag plates for each of the 16
bulkheads are preciesly located atop the pier by means
of a jigging ring. The plates, with ring attashed, are
leveled dy nuts om tie bolta whiech have been emplaced
in the concrete. After grewting bensath the plates,
the plates are sscurely bolted down and the jigging
ring 10 removed.

With the outboard columns of the wechine base in
place the bottom course of bdulkhesad sections are
eracted. 4An odjustadle head on the colwmns alluws

Pig- 6.

Coil Mounting

laveling of the 16 individual bottom bulkhead pleces.
Uith » wmodicum of care this method will easily allow
the bottom course of bulkhead sections to de set level
within .030", thus easuring an accurate base upon which
to construct the belence of the smachine.

III. ANALYS1S

The CPRP/IT~R wachine 1is & “cwplex ettucture with
manry interdependent parts. The meny odd shaped compo-
nents to be analysed mandate that a numerical analyeis
asthod be used in the design process. Pinite element
analyste naturally lende {tself te this typs of ptob
lem, and 1s used sxtensively ! the structural design
of the CPMAF/ZTR experieent.

Pinite clement enalysis wee particularly useful as
a design aid for the dulkhead assvadly. A dissdvantage
of large, complex finite element analyeis is the 1long
tias necessary to perfora the analysie and exarine the
results. A large sanlysis can be started and have the
design change so0 redicelly that it invalidates the
analyeis. Por the the bulkhesd assemdly, however, the
fined ‘ocation aend nature of the applied loads and
other deeign criteria prescrided the basic ehape of the
bulkhead parte; the urlerlying precepts of the design
wore fimed. Analysis of a pilot design, therefors,
yielded wmany facets of the respomse which could not be
ascartained otherwise and provided extremely useful in-
formation for subsequent design refinemente. Analysis
ouccessfully detectad wwak deoign aress that might
othervies have gome uadetected.

Pinite element analysis helps the design process
because it revaals both qualitetive and quentitative
information abeut the structural response. The quali-
tetive aspects of Dulkhead ssesndly response affact the



smape of the bulkhead sections, design and locations of
fasteners, and expected interaction of the bulkhead
with other parts of the machine. Quantitative results
are used tc make design decisions about highly stressed
parts or those which would be expensive to deaign or
fabricate.

Prior snalyses of similar structures had assumed a
static response. A dynamic analyeis was decided wupon,
however, because of the nature of the ioad curve
(Fig. 3) and the possibiliry of inertial effects in the

_ge structure. Resulta from the dynamic analysis
rould then be used to identify particular coabinations
of coil loadings which affect the response of different
regions, and to determine inertial effects. If the
response did turn out to be at least quasi~static then
simpler static analyses could be done in future
analyses.

A. MODELING

Sever.l assumptions were nsade to perform the
bulkhead assembly analyeis:

1. Gravit: loads were ignored. Therefore the bulk-
head assembly could be considered to be symmetric
about the midplane.

2. The important aspects of the bulkhead assembly
responise could be ascertained with a two dimen-
siunal analysis in the plane of the bulkhead.

3. Thu response of the bulkheai woull not depend on
the bending response of any imall/thin part.
Small/thin parts ware modeled with fev, sometinmes
one, elements through the thickness which kept the
number of degrees of freedom tO a mininunm.

4., Assembly pa:te wouald uwove {ndependently,
necessitating a finite elemeant code with a large
displacement formulation.

5. All materials would behave as
materiale. All smaterials are required by the
design to remain elastic. The fiberglass {s
designed to have very low stress levels to which
it should respond fsotropically.

elastic, {sotropic

It wvas hoped tiiat the above assumptions would
the analysir to allow the
asseably over an entire loud cycle,
seconds, to be determined.

The finite elewent code PRONTO' was chosen for the
analyais. PRONTO {s a very faet, fully vectorizad,
explizft finite element code. It has a large displace-
sent, or geometrically nonlingar, formulatfon wh.ch
allows independant motion of regions and contact sur-
faces between regions so that forces can be tranemitted
across regional boundaries during contact. It has been
shown to be extremely accurate on vest probleme; thim
vas important because a large nuaber of steps would be
necessary for the analysis.

The bulkhead assembly coan be characterize’ as a
plate structure. PRONTO does not have a plane strees
(or plate) slument availadble. MHowever, one of the
precepts of the deeign and the analysie wes that all
satoriale -un& remain  elaetic. This allows a
transformation®*? of the elastic wodulus and Poteson’s
ratio to be ussd to simulata plane stress dehavior with
plere etrain elements. The transformation changes the
sataorial parameters of materiale which have & low
Poisson’s ratio, such as G-10 fiberglase, less than the
uncertaierty in the parameters themaelves. 3o, the
transforsation was not used for the fibarglass parts tn
the bulkhead tssembly. Mowever, for materiasls which
are well characterized and which have higher Poinsoi’s
vatioa, such as stainless steel, the transformation f{e
worthwhile. All etainless eteel plate wmaterial
parameters were nodified to simulate plane stress, The
nateriel propercies for G-10 ftberglaso and stainlecs
steel ar: given ‘n Table l.

simplify
response of tha bulkhead
lamting 1.A

TABLE 1
BULKHEAD ANALYSIS MATERIAL CONSTANTS

G~10 Fiberglass Stainless Steel

Elastic modulus 3,500 ksi 29,000 kst

Poisson’s ratio 0.15 0.30
PRONTO does not allow the use of plane strain and

axisymmetric elements in the same analysis.

Concequently, the radial motion of the coils had to be
determined 1in a sepaxate, axisymmetric, analysis and
applied to the coil models in the bulkhead assembly
analysis. The axisymmetric analysis of the coil motion
was simple: Each coil was modeled axisymmetrically and
allowed to slide radially between two rigid surfaces,

the radial and vertical loads were applied, and the
radial wmotion was deterained. The ring beams also
could have been modeled axisymmetricaily, The ring

beams constrain the bulkhead assembly to radial motion
in the plane of the analysis. They also inhibit radial
motion because they must stretch or contract for the
bulkhuad assembly to move radislly. These were modeled
as radial springs in the shape of the ring beam cross
section,

The upper half of the bulkhead assenbly was
modeled with the machine midplane as a symmetry
boundary (the msesh is shown in Fig. 7). The stainless
steel plates and the stainless steel box subassembly ac
the midplane are restreined to prevent vertical motion
nf the bulkhead assembly. The fiberglass bulkhead sec-
tion terminates at the midplane. It interacts with a
rigid surface to mimic the interaction between 1t and
120 mirrored twin on the other side of the nmidplane.
Tadial motion is limited by the ring beams. The coils
could conceivably limit radial motion {f the bulkhead
or the coils were to move far enough for the vertical
contact surfaces between the coils and the bulkhead to
interact.

The only load case cons{dersd 1in the bulkhead
assenbly analysis 1is losding generated by the coils,
Vertical cofil ‘oade were applied directly to the sur-
face of the c.il ce a prossure load, which traveled
through the coil and was transferred to the hulkhead
through the contact surfcce. The radial forces 1are
generated by the coiis als), by moving the vertically

loaded coll over the contact surface between the coil
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and the bulkhead with the appropriate coefficient of
friction.

The response of the entire assembly was saved for
181 :ime steps through the aunalysis time of 1.8
seconds, From this data bage, the response of any
portion of the system could be examined.

B. RESULTS

The motion of the structure was to flex down, and
away from the center of the front end during the first
0.4 seconds of loading. At this time only the ohmic
heating coils are operating. Although this {s the load
case with the highest stress, deflections are quite
saall (Pig. 8). After 0.4 seconds, a rapid decrease in
the load rewults in a rebound effect that 1is
accen uated by the equilibrium coils and coil 2
exerting loads directed away from the midplane. As the
ohmic heating coils begin loading the structure toward
the midplane again, the structure flcxes, but less than
at 0.4 gseconds because the equilibrium coil loads are
in opposition to the ohmic heating coil 1loads. This
load state peaks at 1.4 sgeconds and then dies out
quadratically. Peak von Mises stresses occur at 0.4
seconds (Fig. 9) and st 1.4 seconds (Fig. 10).

The bulkhead operates at a large factor of safety
in most materials. A high factor of safety 1is
necessary because of the degrading effects of cyclic
loading. Tigure Il shows the expected factor of safety
against material failure in ghear in the fiberglass.
Factors of safety against wmaterial failure in shsear
were determined by using half the Tresca stress as the
shear component of the stress and comparing that to a
noainal shear strength of 7,000 psi. This implies a
uniaxifal strength of 14,000 psi for G-10 fiberglass.
The actual strength in the plane of the weave is much
higher, making the safety factors conservative.

The response of most parts of the bulkhead
assembly was found to be benign. The displacements of
all parts and the assembdly as a wvhole were within
design limits. Pastener plates joining the bulkhead
sections were shown to be lightly stressed. The
highest etress by far was seen in the columnar steel
plate betwaen coil 1 and the front end (PFig. 12). Von
Mises | ress in the plate peaks at about 335 ksi at 0.4
seconds. The plate carries practically sll the load
ganerated by coils 2 «nd 3 and a significant fraction

of the load generated by coil 4. Given the cyelic
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nature of the loads, the stress {1s too high for a
wvorking deaign. The G-10 fiberglaes 1in the region
surrounding Che tendon ehows the highest fiberglans
stress; however, as previously mentioned, there 1is a
auge factor of safety at the sCrass levels seen in this
saterial. Response of the horis- ntai tendon acroes the
top of coils 2, 6, and 7 shows high bending utresses to

be preseiit. This vegion {m coneidered to be critical
because close proximity of the cotls allows onl-
1imited room for conrnecting st cturg.
C. DIscussIox

Analysis has demonetrated that the bdulkhead

sesembly consfcered 1s a genetrally viasble design, 1t
has shown that the caile can be supported without large
deflections. The stefinless steel plate near coil | fs
highly etressed. The entire region of support struc-
ture near the stainless steel plate is under tremendous
ludds. A redeeign ia tndiceted to lower the overall
stress state given the cycii: nature of loading.
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Although not included in this analysis, buckling
could exist in the structure. This d{wportant aspect
will be investigated for the bulkheads and the highly
loaded region between coil | and the front and,

Iv. CONCLUSIONS

Bedesign of the highly loaded etructure between
cofl] 1 and the front end has been undertaken as a
result of the analysis. Analytical dsts regarding cof’
4 loads will be used to redesign the coil support,

The horisontal tendon abere coils 2, 6, end 7 will
Le redasigned to reduce bending and/or use a more
compliant material. Redesign of the bulkhead fastener
syetea is underway; reduced 08t e forsuen a0 a
result,

Tinite element analysis of the complex LTH ettuc-
ture has provided vital ineights irto {te design and
indispansable information for design correction fin
cricical arean. A wmore officient etructure ia forseen
becouse snalysis intesratad with daaien haa allreead

stzengthening in weak areas and reduction of unneeded
strength in others.

REFERENCES

(1] L. M. Taylor, D. P. Flanagan, "PRONTO 2D A Two-
dimensional Transient Solid Dynamics Program",
SAND 86-U594, March 1987.

Schaum’s
McGraw-Rill Book

[2] George E. Mase, Continuum Mechanics,
Outline Series, New York:
Company, pp 145-147.

{3] Harry G. Schaeffer, MSC/NASTRAN Frimer, Mount
Vernon, NH: Schaeffer Analysis, Inc., pp 272-273.




