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Abstract

ì'.i:it experience with the model C stelle-
rator and other toroidal field devices indi-
cates that mechanical and electrical tests of
a toroidal field coil prior to maximum field
operation of the device is prudent and desir-
able.

This paper describes a test program for
the PLT-TF coils. The test stand consists of
one test coil, two background coils and a steel
supporting structure. The three coil configu-
ration produces a 67.5 kG field at the inner
conductor (38 kG at the bore center) and simu-
lates a 1/U field distribution in the bore of
the test coil. The resolution of the field
force system and resultant stresses within the
tost structure are ûiscussed. A test procedure
is described which maximizes the information
obtained from a 100,000 pulse program.

Introduction

The toroidal field coil system is one of
tho principal componente of a toroidal fusion
reactor. The necessity for more precise in-
formation regarding maximum field operation of
the Tr* coils becomes increasingly apparent
with each new device. Recent information from
existing devices emphasizes the importance of
operating at the highest possible field for
improved confinement and heating while main-
taining the highest possible safety factor.
At present, confidence to operate new devices
at full field is attained either by gradually
increasing the fields over an extended period
or by a properly executed test program.

The PLT Coil Test Prouram is directed to-
ward a final resolution of questions regarding
the maximum permitted operating levels for the
PLT toroidal field coils. Th<> program is di-
vided into two parts.

Phase Is Design and Fabrication of the
test structure.

Phase II: Coil Test.

This paper describes the design of the
test structure and the test procedures to be
followed during Phase II of the test program.

Test Stand Configuration and Forces

Tho PLT coils produco the maximum field
forces when pulsed to 4 2.8 kA. Tho test stand,
consisting of three PLT coils in scries and
tho required structural members, produces si-
mi lnr field forces when powered to 63.4 kA.
Thermal modeling of the coils is accomplished
by an equivalent square wave pulse of 2.54 sec.
.-ìnd a duty cycJe of 120 sec. at 63.4 kA. The
coils are powered from existing MG sets at
PPPL, previously described.'

A test configuration consisting of two
unshaded PLT coils, one on either side of an
actual PLT coil, simulate a toroidal field
using a minimum number of coils. The magne-
tic field lines which simulate the correct
curvature are shown in Figure 1.

These coils are subjected to centering
forces due to the field distribution in the
bore. The test coil experiences a net center-
ing force F = 3.36 lo'lbs. and generates a
normal force F = 9 106lbs. on each face. Each

n
adjacent coil has a resultant lateral force
F = 5 106and a centering force F =-1.68 10*
lbs. at maximum field. The magnetic force
system is shown in Figure 2 and their values
are given in Table 1. The change in magnetic
forces affected by position are given in
Table 2.

The structure is inductively coupled to
the TF coils during time variations in the
magnetic field intensity due to changes in
the excitation voltage. The resulting eddy
currents in the structure have the following
effects:

1. The ohmic heating (1 R losses)
might result in excessive amounts
of energy which would raise the
coil temperature beyond the design
limits.

2. The 1 R power loss may be large
enough to alter the electrical
characteristics of the coil-
generator circuit.

The energy dissipation and the resultant
temperature rise per pulse in each of seven-
teen segments of the support structure were
determined. The results of the detailed
analysis suggest that the eddy current effects
were negligible.

Phase I involves the design and fabrica-
tion of tho test structure. This structure
supports tho test coil in a manner simi lnr to
the actual PLT dovicc.2 The PLT IV coils nil-
self supporting dun to the toroidal fieltl they
produce. The conductors, however, ore subjec-
ted to hoop and bending stresses duo to tho
effective magnetic pressure. The main ele-
ments of the test structure are shown in Fig-
ure 3. The test coil is wedged against the
outboard coils by the action of the centering
force. The wedges, tie bolts and ribbed
tables form a rigid structure against which
the coil assembly acts.
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Tlio outboard coils arc necessary to pro-
duco ttic requited shape and stronqth of the
field ,-incl to provide a copper/epoxy cushion
similar to that which exists in the PLT de-
vice. Spherical washers and nuts reduce the
bonding moments in the tie rods which are pre-
loaded to 501 of their operating load. The
preload is attained by heating the tie rods
with 2900 watt cal rods inserted in each end
of the tic rods. The simulated center column
model supports the TF coil in bending in a
manner similar to the center column of the
PIT vluvico. Columns in compression provide
horizontal and vertical stiffnesses of 60 10*
lbs./in., and 8 106 respectively. Cross bra-
cing supports the outboard coils against the
lateral collapsing load.

Flow System

The cooling water instrumentation pro-
tects the TF coils from potential thermal
overload. The TF cooling path design is des-
cribed by Busline] 1.' Each TF coii has five
supply and return paths per pancake for a
total of 10 supply paths and 10 return paths.

There are two flow conditions which must
be monitored. The flow in the outermost turns
is monitored during pulsed conditions and
the flow in the innermost turns is monitored
during steady state testing. Figure A is a
schematic of the return flow system showing
the location of the flow instrumentation and
the manifolding of the coil flow paths.

The cooling water instrumentation con-
sists of active and passive elements. The
passive elements monitor the temperature at
specific critical areas of the structure, the
coil bus work and the cooling water. The ac-
tive elements comprise the alarm system.

The alarm system provides a signal to
the control system which regulates power to
the coils. This system disengages power to
the coils and buswork in the event that tem-
peratures or flow exceed allowable limits.
The alarm system senses the flow and the tem-
perature in three paths of each of the TF
coils, see Figure 4. In this manner, the
coils are protected in both the steady state
and pulsed modes of operation.

The flow is monitored with a venturi
flow meter, producing a pressure differential,
which activates a pressure switch. The flow
system activates the alarm system when flow
changes of + .2 gptn are detected. A tempera-
ture change of +_ 2°C is sensed by a thermal
switch and activates the alarm system direct-
ly. Magnetic field computations on the three
coil configuration indicate the instrumenta-
tion must operate successfully in a 2 kG
field. Contours of constant magnetic field D
are shown in Figure 1. This equipment was
tested in a 4 kG field without detecting any
noticeable alteration in the performance or
the accuracy of the instrumentation.

Strain and Deflection Instrumentation

Strain gages will determine strains in
the TF coil and critical elements of the
structure. ft stress analysis of the TF coil
with combined radial and lateral magnetic

forces indicates high stresses in three areas •
of the shaved region." Strain measurements
will be made in these regions of the TF coil.
Strain gages will also bo used on the tie rods
of the structure to establish the proper pre-
load and to monitor stress levels during tost
operations. The magnitude of the forces in
the center column generated by the TF coil
will be ascertained by strain gages and the
results will be used to verify tni'oreUical
computations of the PLT center column design.
A constant current indicator and strain gages
of KARMA (Micro-Measurements Inc.) typo mate-
rial in half bridge configurations will he
used for all strain measurements. The cons-
tant current indicator was chosen because the
capacitance balance problem associated with
AC powered bridges is eliminated.

Typical strain measurements of the TF
coil during the PLT TF coil power test are
given in Figure 5. Similar data will be ob-
tained during the coil test program. The
strain and the current level during a pulse
will be recorded versus time. The variation
of strain with applied current is the summa-
tion of mechanical strain due to the magne-
tic forces and Lhe thermal strain due Lo 1 R
heating. The thermal strain is apparent at
the end of the pulse. The strain due to the
magnetic field is obtained by subtracting
the thermal strain from the maximum strain.

The displacement instrumentation consists
of an Optron model 561 non-contact bi-axial
displacement follower and a digital storage
oscilloscope. The optical system is composed
of a control unit, optical head, and lenses.
Briefly, the displacement follower determines
displacements by means of visible light re-
flected from a target. The displacement range
is determined hy the proper combination of
optical lenses and distance from the target.
The optics focus the target onto the cathode
of an image dissector tube which produces an
output proportional to the displacement. A
target entering the optical field is automati-
cally tracked in two orthogonal coordinates.
The analog signal is inputed to a digital
memory oscilloscope for diagnosis. The bi-
nary output of the oscilloscope may be inter-
faced with a computer for real time data ana-
lysis.

Test Specification

The basic objective of the tost program
is to determine the structural and electrical
integrity of the test coil over a prescribed
number of pulses. The test specification is
intended to maximize the amount of informa-
tion since only one sample will be tested.

Phase II of the test program consists of
the actual testing of the PLT TF coil and is
further divided into groups of 33,000 pulses
each. The results '.-.'ill be evaluated at the
end of each scries of pulses.

The test procedure is subdivided into
initial electrical tests, modeling accuracy
determination and the life test.

The electrical tests will determine the
electrical properties of the coils individual-
ly and as a group. The individual coil tests



will bo conducted with the remaining coils
shorted, grounded and no water cooling or
buswork connections. The capacitance, dissi-
pation factor, pancake resistance, meggering
at 1000V crest and self resonant frequency of
each pancake will be measured. The pancake
to pancake connections will be made for each
coil and the electrical characteristics of
the individual coil will be determined by
meggering at 2500V, D.C. resistance measure-
ments, suif resoru.-it frequency measurements
ana "Q", The coil group test consists of
meggering the coils at 2500V with bus connec-
tions completed. The coil group test will be
repeated with cooling water running prior to
initially powering the coils. These tests
will form a basis for comparison of the elec-
trical properties of the coils throughout the
test program.

The response of the structure to lead
and the determination of the machine modeling
accuracy on the TF tost coil is made during
the first 1000-1500 cycles of operation,
Figure 6. The loads due to magnetic forces
arc applied in 1/8 load increments of 125
cycles duration to half load with no center
column model. Strain and bore deformations
nre measured at 25 cycle intervals in the
test coil and strains in the structure during
5 data runs at each load. The load conditions
are repeated with the center column position-
ed. The data will be compared to the results
of the PLT power test. The electrical test
procedure for the coils is repeated prior to
full field operation. The test coil is then
powered to full load in 1/3 load increments
with the center column model in place. The
first 1000-1500 cycles is termed the early
failure range since maximum field is attained
and statistically most Failures occur during
this period.

The electrical test procedure will be
repeated before initiating the life te3t. The
life test consists of loads applied in 1/8
increments of 1000 cycles duration starting
at half load and proceeding to full load. Fig-
ure 6 . The center column model, is positioned
during the entire life test. Strain and coil
deflection measurements are taken at each
load. This data will be compared to existing
data and the decision to continue testi.ng will
be made after full load conditions are achiev-
ed.

Conclusion

Preliminary power tests have indicated
that the PLT toroidal field coils have defor-
mations under load about four times larger
than had been predicted. A vigorous program
is now underway to improve the engineering
analysis to obtain an understanding of the
observed deformations. It is clear that for
a structure as complex as the TF coils there
will romain considerable elements of uncertain-
ty, not only as to the predicted motions, but
more impor'antly, with regard to the question
of the long-range effects of such deformations
on the electrical and mechanical integrity.
These uncertainties can only be resolved by
tests which model the actual machine condi-
tions since an analytical model possesses
some degree of idealization and since early
high field generation of the PLT device is

regarded crucial to the proniram.
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