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STAUCTURAL SUPPORT OF A YIN-YANG MAGNET FOR A TANDEM

MIRROR REACTOR WITE THERMAL BARRIERS*

By Johm L. Ericksoe, Irving U. Ojalvo** and John 0. Myallw*
Grumman Aecrospace Corp., Bethpage, NY 11714

Concaptual designs of mirror power resctors
have historically used high-field magnets that
required massive restraining :ttuCtures.172 in
addition to the basic coil case, to support the
electromagnatic loads. Recently, application of
the therzal barrier concept to tandem mirTors
has sufficiently improved remctor performance
such that a yin-yang reactor magnet (Pig. 1) may
not requite significantly higher technology than
is requived for the Mirrvor Pusion Test Facility
(MFTF) yin-yang coils.t
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Fig. 1 Yin-yang magnet windings.

The approach taken in our study was to use
8 simple cuil case of compact design and to add
and medify atructural members co transfer loads
from one coil to the other. It has been assumed
that the magnet assembly will resemble the MFI¥
design (Pig. 2). The structural @aterial
selected is 306 [N stainless steel with a yield
stress of 120 ksi at 4° K. The
niobiun-titanium conductor is gssumed ro be of
square crogs~section to allovw winding in two
planrs.

This report contains a comprehenaive
summary covering work performed by Grugman
Aerogpace Corporation, inm conjunction with the
Lavrence Livermore National Laboratory, on the
T yin-yang coils. The yin-yang coil pair ueed
for our analysis has & pajor arc radiue of 2.7 m
and a mipor arc redius of 1.18 m, compared with

*  Work performed under the suspices of the
U.5. Department of Energy by the Lawrence
Livermore National labaracory uader contract
numbey W-7405-ENG-48.
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¥ig., 1 NFIF yin-yang coil pair.

2.5 m and 0.75 o for the MFTF (see Table 1).
The gaximum field on the present conductor is
9.05 Tesla, This megneric field is crested by,
enl intevacts with, a conductor curremt which
produces a 360 million Newton ctotal force,
tending to geparate the parallel lobes of the
major arcs.

Structural Design Considerations

As will be described later, the region of
highest stress in the coil case has generally
bean found located near the center of the miner
are, This pesk stress is most often caused by
in~plane bendiag, as the larger lobe separating
ferces are carried by woments in the minor arc.
Thus, from a purely structural point of view,
the optimal way to reduce this streas is by
directly connecting the major radii of tne same
coil together with intracoil sciffening
structure. However, because the plasma fan
spreads rapidly as it leaves the major arc of
the coil pair, this load path is not available
for the placement of support structure. In
addition, since the superconducting coil
structure must be maintained at 4° R and the
plasza heating of the First wqll is very
intense, a thermal/radiation shield of the order
of 50 cm thickness is required betweeqn them,
which further restricts this yegion for




Parameter MFTF ™R
¥aJor Arz Radius 2.5m 2,Ta
Minsr Arc Radius 0.75m 1.16m
Conductcr Cross-Section 0.9m x 0.36m 2.1m x 0,36m*
Ccil Section Current Density 2525 .\/:m2 2330-2500 A/cme"

imgm Conductor Field 7.68 Tesla 9,04 Tesla
lobe Spreading Force 100 x 106 Newtons 360 x lO6 Newtons
Mirror Length 3.6m b, 9m
Vacuun Center Field T L
Mirror Ratio 2.1 1.5
Corducter Wt (both coils) 54,430 kg 201,000 kg
¥ increased to 2.1 x C.bhm at center of minor radius
™ 2330 A/cm2 for inner eoil, 2500 A./cm2 for outer coil
RE0-1194.024P
Table 1 Comparison of coil parameters: MFTF vs. TMR.

gtructural stiffening. For the TMR application,
we have not consideved any intracoil structure
approach to be feasible. However, several
NASTRAN finite element structural amalysis runs,
described later, were run to demonstrate the
effectiveness of this latter method of suppert.

An initial set of NASTRAN rung was used to
get a feel for the behavior of the structural
support concepts by varying the use of inter-
and in racoil structure. Assuming a uniform
4=in. case thickness as a basis, eight support
variations were examined. In all cases, the
maxigum stresaes oceurred in the small radiua.

We started with four intercoil conmectors
(gussets) for the entire coil pair, oue ac the
center of each arc. This represented the
ninimum number of such supports considered for
the entire coil pair. The stiffness of these
gussets did nct significantly affect the maximum
atress level which was predominantly due to
in=plane bending. We then located sucn gussets
ar 159, 129, and, finally, 3° intervais of
arc. Diatributing the intercoil aupports around
the coil made the coil pair behave quite
differently. Although the mazimum stress still
occurred in the minor radius, and although the
stress was reduced for each run having
additionsl stiffeners, the factor contributing
most o the stress changed from in-plane
bending=produced to axial load-produced stress,

The lgst variation in the initiai set of
runs was to conmect the major arc lobes of eact
coil together (an intracoil conneetor), in

addition to the minimwm intercoil connectors
every 90°. These intracoil connectors, placed
in the plasma stay-out zome, reduced the case
stress to 10T below what had been attained with
intercoil coanectors every 3% of are.

Since all of the computer rune in the first
get of analyses had unacceptably high cage
stresses, the basic 4-in. case thickness was
increased for the second set of runs {Fig. 3).
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Fig, 3 Coil case properties detailed

In addition to strengthening the case, we added
an axially-continuous angle bracket between the
two coil cases to both transfer and help carry

loads. This configuration also had gussets to



provide good coil-to-coil stiffuess and is shown
in Figure 4, By firmly fastening the angle
bracket to each coil case to permit efficient
load transfer, the cage scresses were reduced to
more acceptable levels. The conductor beading
stiffness was ignored in all casas. The stretch-
ing stiffness was included in the uniformly

thick cases, but uot in the non-uniform cases.
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Fig. 4 Preliminary design with 15-degree
spaced iutercoil stiffeners

The third get of runs was used to study
1sesl reinforcement of the wimor arc regionm to
increase its bending strength, A structure such
as that shoum in Figure 5 accomplishes two
t'.-ngs. First, it increases bending strength
for in-plane loads in the minor are. Secomd,
its box-like extension fakes loads directly from
the major arc of the adjacent coil and tramsfers
them Lo the reinforced coil where they are
carried as in-plane bending in the major are.
The eccentric load path of an angle~ghaped
intercoil structure is avoided so that torsior
1n the case is reduced. Using the stiffness of

MINOR RADIUS
REINFORCEMENT

// EXTERNAL STRUGTURE
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Fig. 5 Saall radius reinforcement design.

the B-1/4" thick angle of Figure 4 as a base, &
setied of runs examined the effect of making
such minor radius teinforcement 10 times as
stiff over various fractions of the arc. A
faccor of 3 tiues the angle atiffness ia a
practical limit using a box beam section with
8-1/6" uniforuly thick walls.

Structural Model

Coil and Support Elements

Each coil is composed of two large and rwo
mall semi-circular, planar, connected arcs as
van shown in Figure 1. The smaller arcs are
parallel to ome another and are perpendicular fo
the larger arcs. Projections of the THR
yineyang end-plug magnet centerlines are shown
in Figure 6. Becduse of the geometrical and
loading symmetry, it was not necessary to model
the entire ¢oil, For snalysis purposes, the
ona~quarter symetric wodel shown in Pigure 6
vas selected. A total of 30 smaller
equalelengthed straight beam elements and 30
longer equal lengthed beam elements were used to
construct two planar circular arcs for each
coil, Figute 6 indicates the node-numbering
sequence for the two one-quarter coil models.
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Fig. 6 Ouve-quarter stick models of each TMR
coil.

Begides modeling the coils and their cases,
the system support strrcture required special
treatgent. Three distinct types of structural
support systems were considered, as wall as
various combinations of these. The first type
of sypport syatem which was investigated is
"intercoil" stiffening and refers to comnectiony
betveen the two coils. The second type of
aupport system involves the use of atiffeners fo



connect one part of 1 coil to another part af
the aame coil. The thitd generic type of
stiffener is associated with & curved beam that
is similar in shape to the yin snd yang coils
and is contained midvay between them (Fiz. 7).
Its purpose is to act s a curved besm support
for each coil. This type of coil requires some
type of connection to the coils as well, but

this attachment is not shown in Pigure 7. As
mentioned earlier, each of these type atiffeners,
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Fig. 7 Finite element model of coils with angle
connecting beam.

as well as various combinations of them, were
considered ip the trade studies ¢o be described.

Since the main point of this study was to
establish design Feasibility and efficacy of the
different support aystems, simple beam elaments
vere again used to represent the stiffeners.

Electromagnetic °0ads

The electromagnetic loads data on the
yin-yang coil centerline were developed at the
Lawrence Livermore National Laboratory. The
mmerical results were obtained using the EFFI
code (Ref. 5). The applied loads are plotted in
Figure 8 &3 inplane agd out-of-plame rumning
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Pig. 8 EM loads om coil arcs

load components on the semi-major and semi-minor
arts. The center of each arc is denoted on
either end of Figure 8. The inplane load

R

campaneats ace directed radially outward and ace
largest on the smaller arcs. The out-of-plane
loads on each coil act to open each coil ac both
the smaller and larger arca, but the effect is
more pronounced at the smaller arcs simce the
load components are much larger along the Jarger
semi-circles, The running load compoment
projections are drawn, approximately to scale,
on the coil arcs in Figure 9,
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Fig. 3 EM Loads om yin coil.

In preparing input for the structural
model, it was necessary to wmultiply the local
running load components by the length of coil
arc associated with each node, to decampose the
inplane loads into Cartesian coerdinates and to
apply them at the structural model nodes,
Application of the loed in chis manner, directly
to the coil cases, asaumes that the conductors
fit snugly within their structural cases and so
pass their local body loadings directly to
them. However, an important exception to this
was conaidered whereby the smwall arcs’ inplane
radial loads were assumed to be carried entirely
by the conductors themselves, tather than their
cases. This situation could be physically
tealized if there were sufficient clearance
between the outside of the conductor bundle and
the inner wall of the ease of the small radius
arcs, 30 that the case would not contagt the
coil aa the swall arc of the conductor bundle
developed hoop stress and expanded radially.
These outward forces could be reacted eveatually
by inplane radial loads on the large case arcs.
It wvas assumed that the large arc reaction loads
were uniformly diatributed resulting in the net
cage loads depicted in Figure 10.
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Fig. 10

EM loads on yim coil case.



Analysis Results

Nugerical Results

A series of numerical studies wera performed
on the IBM 170/168 computer using the cosmic
verion of the NASTRAN structural analysis
computer code (Ref, 6), and the models described
earlier. From a perusal of computer run output,
it wvas rapidly determined that the critically
stressed coil section wus located at the center
of the smalier arcs, and that the peak stresses
vere caused by a combinafion of direct and
bending loads.

The initial structural model data
submittals involved a series of trial cases id
which the coil supports iavolved either discrete
intereoil atiffening only or intracoil
stiffening, The stiffnesses of the connmecting
gembets vere varied, being made both large and
small compared to the case properties, to
agcertain the effect of stifinesa upon case
stresges.

The first set of results generated for the
4-in. uniform wall thickness case revealed that
the preferred design approach for supporting the
electromagnetic loads was th-ough the use of
intracoil stiffening (see cases 3 and & of Table
2). As uway be seen, this type of support tends
to reduce peak stress levels by a factor of 3.
Unfortunately, the nse of direct inmtracoil
stiffeners intecferes with the shape of the
plasma which fane out between the large circular
arcs. Therefore, fucther studies using

intracoil stiffeming were not cousidered.

The other observation that is evident from
the tesults of Table 2 is that intercoil
supports bacome more effective as they are made
stiffer. As only two intercoil stiffeners were
used for cases ! and 2 of Table 2, additional
stiffeners were employed. The results of using
intercoil stiffensrs every 15, 9, 6 and ]
degrees of arc are presented in Table 3. As may
be seen, these results indicate an improvement
in peak stress with increased intercoil
stiffness,

Also included in Table 3 are the results
from emploving a continuous angle connector
(Pig. &4). Once asgain, this cype of stiffening
is seen to reduce coil case stresses
significantly and the improvement is strongly
dependent upon the stiffness of the support
mgle esployed, Table 4 shows the intercoil and
sngle stiffening conmection effects upon the
nonuniform case design (Fig. 3).

Up to this point, only the results for the
loading of Figure 9 hdve been preseated. Table
5 indicates the effect of employing coil case
clearance at the outer radius of the small arc,
resulting in the coil came loading of Figure
10. These results, when compared with those for
the load case of Figure 9 (no coil/case
clearance), indicate that the clearance design
feature is an effective manner for reducing peak
cage stresses. The results, for a factor of 3
stiffening angle property-multiplier, were
generated because it was felt that this was a

s Stress (ksi) Scress (ksi)
. Descristion a¢ Center of Large Radius at_Center of Snall Sadius
Pra| Bending Componentcs | Peak PiAl Bencing Components | Peak

Four flexible conmections 20 66 b} 15 | &7 537 b1 815
At Jrc centérs berween
coils

M Tvo stiff carmections i 115 % 213 U &7 4 524
at gre cencers Letween
colls

+

3 Same as Case | + 2 sciff 40 66 51 13?7 k) B8 L5 163
intra-coil supporta at the
center of rthe major arcs
assisting the small radll

- Sxme us Case 2 + 2 srdff 19 51 4 146 7 3 87 “ i62
intra-coil supparts at the
centar of the major area
aseisting the small radif

ARG 1154012

Table 2 TMR yin-yang coil case stresses for a uniform 4 inch wall thickness case.



Case

At_Ceazer of large Radius

Seress lus.o
At leazer of Seail Racius

Seress (ksi)

No. D icription A

Werdirg _wmperenis] Teak | T 2] Sending Como-e-is] fee

four soft connections at are 20
centers betunen colls

1 soft Inter:

Four stifl connections at arc )
centers betveen calls

N Stiff Inter:

stiff earnections everv 157 ef £l
are Detween colls

3 Seaff 2:

s
Scill connections evary 8% tz 90
3€ arc becween zzuls

2 StLf! 3:

Sof: connestiions every [‘»? EH 3
are betueen cells (100 tiaes
softer than for “suff

Soft 2:

o
stiff connecticns evers 1 of n
arc betveen csils

) seare 5

CantiNuOUs angie conmection 25
between coils

9 Angle 1t

Seme as "aaple " excepr rasr »
angle srifiness properzies are
dousle

12 Angle 2:

Same as "angle 1" except that 12
angle stiffoens properties are
a fattor of 10 higher

M} Angle w:

g0 1194-014P
Table 3 TMR yin yang coil
for a 4einch wall

more realistic design possibility, whereas a
factor of 10 property-multiplier was less
realistic. It is interesting to note that the
use of a stiff angle over only 40 percent of the
coil, with the loads of Figure 10, is almost as
effective as if this angle existed over the
entire coil (see cases 16.1 and 16.2 of Table 5).

Discussion of Wumeriral Results

In comparing the preliminary structural
requirements of the TR yin-yang coils with
results of the present conceptual design and
analysis study, it appears that the proposed
concept listed as case 16.1 of Table 5 is only
marginally acceptable, It has been customary,
in similar studies, to select a peak nominal
stress of two-thirds the yield stress as a
design criterion. Nate, however, that 4 pumber
of considerations must be invesrigaced before
accepting or rejecting the preseat concept on
purely structural grounds. For example, the
ultimate acress for the contemplated case
material is between 250 and 300 ksi, which ia
more than twice the yield stress. This fact
wight permit relaxation of the two-thitrds yield
peak atress limitation to a somewhat higher
ratio, Furthermore, gore detailed stress
analysis might reveal a higher or lower nominal
gtress in the critical region of the coil case,
depending on local detail effects. For example,
it is believed that thick~heam stress effects,
which definitely occur ou the circular arcs,
would raise the peak stresses above the present
values which were computed using thin beanm
theory.

CONCLUSION AND RECOMMENDATIONS

The results of this study indicate the

o 28 us o7 537 n 613

18] 73 M 3 E 5 52.

case stresses for a b-inch stresses
and no intracoil stiffening

distinct advantage of intracoil conmectors
acrosa the lobes of the major arc. However, for
the present TMR, the reactor plasma fanshape
occupies the space between the major arcs and so
wo structure can be placed there.

Most of the calculations performed in this
study applied the conductor body forces directly
to the case. However, gome exdwples in which
the conductor vag allowed to deflect radially
along the minor arc, without making contact with
the case, were run, The small grc radial forces
were then transferred to the case as inward
radial loads on the major are, vhich was a less
highly stressed region., These analyses resulted
in lover waximum case stresdes. More detailed
analyses, using a wore refined structural wodel,
could pinpoint an optimum coufiguration and
Further improve the design.

Our marginally accepcable final design is
ghown in Figures 3 and 5 with loads as in Figure
10,. aud stresees as case 16.1 of Table 5 for
the coil gupport structure. We used the
cootinuous angle beaw fastened to both coil
cases, and stiffened with discrete gussets. In
the vicinity of the smsll radius, the angle was
built ioto a box section. This box saction was
3 rimes as stiff ag the angle alone and extended
for approximately 40X of the coil pair. The
proposed final design used design clearances in
the minor arc to tramsfer loada via the
conductor to the less highly stressed major arc.

It way be seen from this work that it should
be possible to design an acceptable structural
support system for a yin-yang end-plug in a
tandew mirror reactor with thermal barriers. It
is expected that more detailed design and
analyses could be conducted to piapoint an
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) Serees (ksi)
At Center of Smsall Radius
Cage o, Description P/A Band{n Components Pesk
5 Stiff connectiond every 15° 67 8 ) 155
of arc batwesn coila
9 Continuoud angle can- 40 109 20 168
nection batwveen coils
12 Vary sciff angla con- 1 2 8 8
naction (10 x Cade 9
atiffneag) coneinuous
13 Similar to Case 12 but sngle n 59 13 105
is stiff only aver 601 of
coil
14 Similar to Casme )3 but only kx| 65 13 11
for 53% coil
15 Similar to Case 13 but only E] 10 14 19
for 47%
I 40Z-othervise similar to 13 3 n 15 126
17 J33-othervise aimilar to 13 15 B3 16 124
[ 17%-othervise aiatllar to 13 b 89 16 w2
1
[ 19 20%-othervise #iatlar to 13 3 %5 Y |ow
O 1194.0188 i

Table 4 Inzercoil and angle comnection effeczs upon TMR yin yang
peak stress for new coil case design

sur SIT0S5 CoTporents ksl a1 Janter :f 3mall Radius
laze A, Bending JuTponaL.. |
Iaplane Jut-z7-Dlane 3w
+ i 29 . 168
L orirlaal ingle properi.i.
Jrieinel loads | 9 i 43 0
W3 2 criginal afdee proper
Jriginel joads (Fig. 9 EH w7 - it
15 x angle propersies fir i 7 il
3.2 few loads [Fig. 10 4 Angle comnected 3 113 W
Jriginel angle softly to casex
9.2 : p
‘ Angle connected atilfly to cages s B - i
H.0 Nev loads (Fig. 10 ) 3 x original @ b L %
angle properties over 40 of c¢oil
6.2 Sev lowds {Fiz. 10 1 2 59 bb 3y
3 x original angle properties
aver 100f of coil

Table 5 Peak atresses in ¢nil case with and without case/conductor clearances
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