
column and the TF coil, the analysis of the
clastic behavior of the toroidal lie Id coil is
important in the design of the center column.
The difficulties of accurately predicting the
behavior of coils made of alternate layers of
copper and epoxy-glass bonding are well known
to coil designers. This aspect of the PLT
toroidal field coils stress analysis is dis-
cussed elsewhere.2'3

The Original Center Column Design

The original stress analysis of the tor-
oidal field coil predicted less deflection
than was observed. This analysis, described
by Bonanos et al,' vises a superposition method
on a coil model with the material properties
of a homogeneous copper epoxy mixture. This
TF coil model predicted that it would be dif-
ficult to design a center column with suffi-
cient stiffness to give full benefit to the
TF coil. The center column was designed with
an hour-glass shape to utilize all the avail-
able space. See Figure 1. This center column
had an axial stiffness of 161.28 x 10f'lbs per
in. and is the maximum that can be achieved
with a material having a modulus of 29 x 10'
psi. The superposition TF coil stress analy-
sis predicted a stress of 12,000 psi across
the narrow waist of the center column. The
predicted level of stress was low enough to
manufacture the center column of cast stain-
less steel. In order to reduce the eddy cur-
rents induced when ohmic heating coils were
energized the column was made in two halves,
split along the vertical axis. The design of
the original center column was such that it
could be installed no later in the assembly
procedure than when the machine was split to
insert the vacuum chamber.

Cracking Problems in the Original Design

The center column '.vas cast from an HF
type stainless steel. This alloy has been
used successfully for the complicated wedge
castings of the PLT. It was chosen because
of its highly austenitic structure and its
high strength and toughness. In the center
column however, after machining, cracks were
discovered in the narrow waist section of the
casting. The axact cause of these cracks is
not known, but it appears that the large cas-
ting cooled too slowly and segregation and
precipitation of some carbides occurred. This
may have been complicated by "hot tearing" due
to the hour-glass shape of the casting. Seve-
ral attempts at repairing the casting proved
unsuccessful. The cracks were ground out,
fitted with weld material and annealed. After
annealing the castings were inspected with dye
penetrant,and appeared to be sound. During
subsequent machining the cracks reappeared.

At approximately the same timo, a finite
element stress analysis of the TF coils was

Summary

The center column of the PLT machine is
n siToiulary support member for the toroidal
field coils. Its purpose is to decrease the
bending moment at the nose of the coils. The
center column design was to have been a stain-
less steel casting with the toroidal field
coils qrouped around the casting at installa-
tion, trapping it in place. However, the cas-
tinqs developed cracks during fabrication and
were unsuitable for use. Installation of the
coils proceeded without the center column. It
then became necessary to redesign a center
column which would be capable of installation
with the toroidal field coils in place. The
final design consists of three A-286 forgings.
This paper discusses the final center column
design and the influence that new knowledge,
obtained during the power tests, had on the
new design.

Introduction

Function of the Center Column

The toroidal field coils of the Prince-
ton Large Torus are mainly self supporting.
The action of the ohmic heating and shaping
fields produce an overturning moment on each
coil and this is resisted by the torque struc-
ture which has been described by Citrolo et
ni1. The toroidal field produced by these
coils causes tension loads and bending mo-
ments in the copper conductor and a net hori-
zontal centering force of three million pounds
on each coil. Since there is no coil case,
the copper conductor must resist the tension
loads and bending moments. Each coil is sup-
ported against the centering force by wedging
action of its tapered nose against the adja-
cent coils and by a smaller force from the
center column.

An early stress anulynis of the toroidal
field coils had predicted high bending stress
on these eoi Is if reaction to the centering
force was taken on the wedge faces of the
coil alone. If however 10% of this reaction
is applied at locations 45° above and below
the midplane, both the bending stress at the
midplnne and the shear stress which appears
across the epoxy insulating layer between the
conductors is reduced. The 4 5° support posi-
tion is optimal because it is the location of
the resultant of the magnetic forces on an
upper or lower halt coil. It is not possible
for the center column to support all of the
centering force for the following reasons.
First, the hole in the center of the TF coil
nest is small and the tensile stress that
would have to be transmitted across this plane
would be too high for conventional materials.
Second the outer face of the TF coil is nar-
row and the bearing stress would be too high
for the copper to withstand safely.

Because of the interaction of the center



completed.'" This analysis was in substantial
agreement with the superposition analyses but
predicted greater coil flexibility. This hail a
'a small effect on the TF coil stresses but it
indicated larger forces on the center column,
giving a stress at the waist of 20,000 psi.
This higher stress, as well as the inability
to repair the cracks, le«! to a decision to
scrap the center column and design a new one.

applied at the center column pad location is
still unknown. Here we assume that this in-
fluence coefficient is higher than originally
calculated in the same ratio as that between
the measured and calculated coil deflections.

Let:
2 A.,

C =

of the Power Tosta1 n r ! ih
ön "dui Conter Column Design and. Ck"

In November of 1974 the PLT toroidal
coils were energized to 35 kG, the 50% force
level, without a center column. The results
of these tests are presented by Citrolo and
Marino'.' The most significant result was that
the coils were less stiff than the finite ele-
nvmt or superposition analysis predicts. De-
flections wore measured for the vertical and
horizontal diameters of the coil and the ver-
tical and horizontal components of the deflec-
tion at center column pad locations. Since
the deflections measured at the pad locations
wore approximately one and JÌ half times greater
than predicted, the center column will carry
a greater load than originally anticipated.

Method of Kstimt-itinq the Forces on the Center
Column

Since the power tests indicate an appa-
rent inaccuracy in the calculation of coil
deflection, the method described below was
used to predict the forces on tae center col-
umn. Assume the coil behavior is linear and
the method of superposition applies. Then:

where the primes indicate the original calcu-
lated values of these quantities. Substitut-
ing equations (2) and (4) into equation (1)
we obtain:

.H A" - K » A H C kH*M e p

Solving for the horizontal deflection,

2A"
»H M

1 + C kjj'

(5)

(6)

Equation (6) and equation (2) w^re used to
determine the relationship of the center col-
umn stiffness to coil deflection and force on
the center column.

The above presentation calculates only
the horizontal component of the deflection.
The vertical component is calculated using
the same method.

- F
»

(1)

where:

.H is the horizontal deflection of the
TF coil at the center column pad lo-
cation at full load

.H is the measured horizontal deflection
of the TF coil at the center column
pad location at 50% load.

is the horizontal force the center
column exerts on the coil.

is the horizontal deflection at the
center column pad duo to a unit force
applied at the pad; also known as the
influer.ee coefficient.

The force on the center column is the same as
the force the center column exerts on the coil
and can be described in terms of the deflec-
tion of the coil and the spring constant of
the center column.

Then:

where :

F». (2)

K^ is the horizontal spring constant of
c the center column.

The response of the coil (K ) to a force

Design Criteria for the Center Column

During the power tests, the coils wore
powered to 50". of full force without apparent
damage. If one assumes that deflection is an
indication of stress level, it was decided to
design a new center column that limits deflec-
tion to that already experienced, during the
power test, at 50% force. The center column
stiffness which is necessary to satisfy this
requirement is 221.4- x 10*lbs/per in. This is
slightly higher than can be obtained by fill-
ing all the available spnee with a material
having a modulus of elasticity of 29 x 10'psi.
The new center column has the additional re-
quirement that it must be suitable for install-
ation after assembly of the PLT with the tor-
oidal field coils in place.

Final Design

In order to facilitate installation, a
design consisting of a central stud and two
hubs is chosen (see Figures 2 and 3). Because
of the large axial forces 2.1 x 10'lbs., a
threaded connection is >isod to attach the hubs
to the stud. The end plugs enable each end of
stud to bo tightened and also provide a slight
preload to the thread. The preload is only
10% of the operating load. It is desirable to
have the thread preloaded to the full value of
the lead, but all such designs reduce the cen-
ter column stiffness. The stiffness of the
final design is 148.1 x 106lbs. per in., 92%
of the original hourglass design.
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There are two stress problems,
the shear stress in the threads and the stress
concentration at the first thread. The average
shear stress in the thread is 7,200 psi. How-
ever there was concern about the high shear
stress duo to the abrupt change in cross sec-
tional area, where the stud ends. The natural
taper of the hub at its first engagement with
the stud assists in the gradual transfer of
axial stress from the stud to the hub causing
a reduction of shear stress in the thread. The
end of th.* atud. has a t«per«ck hole for the
same reason.

The average tensile stress in the stud
is 60,000 psi. The stress concentration at
the first thread is 1.9. The effect of this
stress concentration is difficult to predict
because the first thread transmits only a
part of the load

If the diameter of the stud .was the same
as the major diameter of the thread, the first
thread would be an undercut in the surface,
and the area .it the root of the thread would
carry the full load. The diameter of the stud
was made smaller than the root diameter so
that the stress at the first thread is only
that part of the load that the first thread
ttr.nnsnits to the hub. The thread form selec-
ted is governed by MIL-S-8879A and is a con-
trolled root radius thread. This thread is a
60° class 3 thread but with a larger than nor-
mal root radius. The thread form was designed
for fatigue situations. An additional modifi-
cation was made in the center column design.
As a class 3 thread, at the limits of the tole-
rance, there may be zero allowance between the
male and female which would mjek assembly dif-
ficult. The tolerance was decreased to insure
a minimum of .010 allowance at the major and
pitch diameters. The thread will be rolled on
the stud.

Material

Among the materials considered for the
center column were molybdenuem, tungsten, and
high strength alloys such as MP156. Since
parts as large as the proposed stud had not
buon previously manufactured with any of these
materials, we discarded their use. Of all the
materials, Lhe two which were most promising
were JV2B6 and Inconel lia. The yield strength
of Inconel 718, 150,000 psi, is higher than
the yield for A286, 85,000 psi. However,al ore
10s cycles the fatigue data for Inconel 718
and A286 aro approximately the same. Figure
3 was prepared from data obtained from the
Aerospace Structural Materials Mcchcnical
Handbook5 and represents the alternating stress
condition of zero minimum stress to maximum
tensile stress. The disadvantage of Inconel
718 is the sensitivity of its strength and
touqhncss to grain size. Forgings of an 11
inch diameter, suitable for the stud, are very
seldom produced and a small grain size could
not be guaranteed by the manufacturers. On
the other hand, A286 is often forqed in these
sizes and its technology is well known. It
was mainly for this reason that we choose to
use A286 focginqs despite its inferior strength
properties. The forgings will be solution

annealed and age hardened before machininq.
Inspection will consist of dye penetrant and
ultrasonic inspection of the rough and finish
machined forging as well as mechanical and
chemical tests ci" specimens taken from the
forgings.

Conclusion

The A286 forgings for the center column
hubs and stud were made in October of this
year. They are now being rough machined and
have not yet been subjected to the critical
ultrasonic inspection. The expected time of
installation is January 1, 1976. The PLT
toroidal field coils will not be energized
above the 50% force level until installation
is complete.
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