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Abstract

NSTX is a proof-of-principle experiment aimed at exploring the physics of the ‘spherical torus’ (ST) configuration,
which is predicted to exhibit more efficient magnetic confinement than conventional large aspect ratio tokamaks,
among other advantages. The low aspect ratio (R/a, typically 1.2-2 in ST designs compared to 4-5 in conventional
tokamaks) decreases the available cross sectional area through the center of the torus for toroidal and poloidal field
coil conductors, vacuum vessel wall, plasma facing components, etc., thus increasing the need to deploy all
components within the so-called ‘center stack’ in the most efficient manner possible. Several unique design features
have been developed for the NSTX center stack, and careful engineering of this region of the machine, utilizing
materials up to their engineering allowables, has been key to meeting the desired objectives. The design and
construction of the machine has been accomplished in a rapid and cost effective manner thanks to the availability of
extensive facilities, a strong experience base from the TFTR era, and good cooperation between institutions. © 2000
Elsevier Science S.A. All rights reserved.

Abbreviations: CHI, coaxial helicity injection; CSC, center stack casing; ESW, equivalent square wave; GPM, gallons per minute;
HHFW, high harmonic fast wave; IBD, inboard divertor; J, current density (Amp/m?); NBI, neutral beam injection; NSTX,
National Spherical Torus Experiment; OBD, outboard divertor; OH, ohmic heating; PF, poloidal field; PFCs, plasma facing
components; PPP, primary passive plates; PPPL, Princeton Plasma Physics Laboratory; RF, radio frequency; SOL, scrape off layer;
SPP, secondary passive plates; ST, spherical torus; TF, toroidal field; TFTR, tokamak fusion test reactor; TSC, tokamak simulation
code; VV, vacuum vessel.
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1. Introduction

The National Spherical Torus Experiment
(NSTX) is a proof-of-principle ‘spherical torus’
(ST) experiment, the development of which was
motivated by promising results obtained by sev-
eral small scale experiments, as well as encourag-
ing theoretical predictions.

The ST is an axi-symmetric toroidal device
characterized by a low aspect ratio compared to
that of traditional tokamak experimental devices.
The primary factor leading to strong interest in
the ST configuration is its ability to operate with
relatively high ratio (f) of plasma pressure to
magnetic field pressure. Since the power density in
a fusion reactor is proportional to 2, a signifi-
cant increase in this factor over that obtainable in
high aspect ratio devices could dramatically im-
prove the prospects for realization of practical
magnetic confinement fusion power. In addition
to an increase in the f limit, the ST configuration
is predicted to be favorable for high pressure
driven (bootstrap) currents. Its naturally elon-
gated plasma shape leads to a reduction in shap-
ing duty imposed on external poloidal field coils,
and a reduction in density of power deposited on
plasma facing surfaces as a result of flux tube
expansion [1,2].

The aim of the NSTX experiment is to assess
and quantify the physics performance of the ST
on a moderate scale and provide a database for
the design of future machines based on the ST
configuration.

While offering the advantages cited above, the
low aspect ratio decreases the available cross sec-
tional area through the center of the torus for
toroidal and poloidal field coil conductors, vac-
uum vessel wall, plasma facing components, etc.,
thus increasing the need to deploy all components
within the ‘center stack’ in the most efficient
manner possible. Therefore careful engineering of
this region of the machine, utilizing materials up
to their engineering allowables, is key to meeting
the desired objectives.

In addition to the engineering challenges pre-
sented by the center stack, two additional aspects
are especially important and noteworthy as sig-
nificant design drivers on NSTX. First, the use of
non-inductive current drive via coaxial helicity
injection (CHI) [3], which requires the ability to
apply a high voltage between the inner and outer
parts of the machine. Second, the use of high
temperature (350°C) bakeout to facilitate the re-
moval of water from the graphite and carbon
fiber composite plasma facing components
(PFCs), which requires provision of a high tem-
perature heating system along with suitable struc-
tural design features to allow for the differential
thermal expansion of the various machine
components.

Construction of the basic NSTX machine cul-
minated in first plasma in February 1999. Since
then, the installation of all of the internal hard-
ware, along with the high harmonic fast wave RF
heating system, as well several basic diagnostic
systems, has been completed. The plasma control
system has been commissioned, all fields have
been operated at rated levels and 1MA plasma
discharges have been obtained. It is planned to
install neutral beam injection (NBI) and com-
mence operations of same by October 2000.

This article describes the engineering design of
the NSTX device, with emphasis on those features
which are unique to the ST configuration.

2. Mission and requirements

2.1. Background

NSTX evolved from ST machine concepts (e.g.
PSTX) originally conceived and developed by M.
Ono, M. Peng, and S. Kaye et al. beginning in the
early 1990’s. The design approach was strongly
influenced by the objective of cost minimization
via use of existing equipment and facilities. The
original plan called for the use of the PPPL C-site
facility which formerly supplied the Princeton
Large Torus (PLT), as well as the vacuum vessel



C. Neumeyer et al. / Fusion Engineering and Design 000 (1999) 000—000

domes and outer poloidal field (PF) coils from the
Spheromak-1 (S-1) machine. Given the con-
straints of the C-site facility, and the physical
dimensions of the S-1 equipment, the basic size of
the machine was to a large degree predetermined
without extensive parametric analysis as would
otherwise be the case.

Following the physics validation in June 1995,
the engineering effort began in earnest. An ‘engi-
neering cost and schedule review’ (ECSR, really a
project-wide conceptual design) was held in July
1996. The ECSR Committee consisted of experts
from various institutions not directly involved in
NSTX. In April 1996 the tokamak fusion test
reactor (TFTR), which operated at the PPPL
D-site facility, was retired, and the decision was
taken in December 1996 to install NSTX at the
D-site in the ‘hot cell’ adjacent to the TFTR test
cell, where the TFTR machine remains (its de-
commissioning has recently begun). Although the
basic NSTX machine size and mission were not
changed at that time, the availability of the D-site
facility, in particular the power supply system,
provided relief on significant design constraints
associated with the toroidal field (TF) and PF coil
systems. The eventual availability of the TFTR
NBI system was an additional significant benefit
to be realized by relocation to D-site. A ‘check-
point review’ was held in October 1996 at which
time the ECSR Committee assessed progress
against the action items raised at the ECSR. A
final design review (FDR) of the center stack
components was held in February 1997, along
with a review of the systems which had to be
re-designed after the project relocated to D-site
(power systems, auxiliary systems (vacuum, water,
services, etc.) and central I and C). Following this
review, procurement of long lead items (copper
conductor extrusions) began.

All remaining elements were subject to prelimi-
nary and final design review, the last of which (the
data acquisition system) was completed in
November 1998, thus ending the engineering de-
sign phase of the original construction project.

Major project milestones are summarized in
Table 1.

The total project cost (TPC) was $23.6 million.
Cost breakdown is given in Table 2.

/typeset 2: / sco4/j obs2/ ELSEVI ER/ f usi on/ week. 35/ Pfus1778. 001 Wed Sep 20 08: 12: 04 2000 Page

3

Table 1

Major project milestones

Physics validation June 1995

Engineering cost and schedule review July 1996

(CDR)

Checkpoint review October 1996

Center stack final design review February 1997

TF and OH conductor procurement May-September
1997

TF coil inner leg bundle fabrication June 1997-March
1998

OH coil fabrication August 1997-June
1998

Vacuum vessel fabrication March-August
1998

Plasma facing component (PFC) tile February

fabrication
Center stack assembly

Basic machine assembly

Final engineering FDR

First pump down

First plasma

Internal hardware and RF antenna
assembly

Completion of baseline project scope

—November 1998
April-November
1998

October
—December 1998
November 1998
November 1998
February 1999
March 1999-July
1999

July 1999

Thanks to the availability of the D-site follow-
ing TFTR retirement, a significant existing facility
infrastructure was made available to the NSTX
project. The estimated value of the site credits is
given in Table 3, counting only that equipment
used directly on NSTX, and excluding building

Table 2
Cost breakdown ($ million)

Plasma facing components 1.90
Vacuum vessel 1.44
Magnets 541
HHFW RF and ECH preionization 1.67
Auxiliary systems (water, vacuum, gas, bakeout) 1.87
Initial diagnostic set 0.92
Power systems 1.85
Central I and C 1.91
Facilities and machine assembly 2.40
Project support and integration and other 4.22
Total project cost 23.6
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Estimated value of site credits ($ million)

Electric power systems 44.8
RF Systems 30.9
Auxiliary systems (water, vacuum, etc.) 0.8
S-1 PF coils 0.3
Other 0.35
Total site credits 77.1

costs, diagnostics, and NBI systems. Thus the
total project cost in case of a ‘green field’ site
would have been of order $100 million.

2.2. Mission

The mission of NSTX is to perform a proof-of-
principle experiment to assess the physics of the
ST in terms of global confinement and transport,
pressure () limits, pressure driven (bootstrap)
currents, scrape-off-layer and divertor physics,
and stability and disruptions. The outcome will be
an extension of the knowledge base already in
hand for high aspect ratio devices, which can
serve as a basis for future machines such as a
volumetric neutron source (VNS) or deuterium-—
trittum (DT) ST burning plasma experiment
(DTST). In addition, because the ultimate ST
reactor configuration would exclude the use of an
OH coil in the center column, technologies for
plasma non-inductive start up, current drive, sus-
tainment, and profile control need to be devel-
oped as part of the NSTX mission. These
technologies include high harmonic fast wave
(HHFW) RF injection and coaxial helicity injec-
tion (CHI).

The mission strategy is to provide a low aspect
ratio machine which aims to minimize center
stack radial build but is still equipped with a
modest ohmic heating (OH) coil for limited induc-
tive current drive. The initial phase of the research
will be performed with fully inductive plasma
discharges with plasma current /, approximately 1
MA, 0.5 s flat top and a bipolar OH current
waveform to deliver the maximum possible flux
swing. Capability is provided for operation over
wide range of plasma configurations and shapes
including double null, single null, and inboard
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Table 3

limited plasmas with aspect ratio R/a approxi-
mately 1.25 to 2.5, elongation x approximately 1.3
to 2.1 and triangularity 6 approximately 0.2 to
0.6. This will allow for the characterization of
basic ST physics over a wide range. Following the
initial phase of the research, the focus will move
toward the development of the CHI and HHFW
current drive capability, first with partial induc-
tive start-up and current drive in which the OH
creates a target plasma with a single flux swing
ending at or near zero current, after which CHI
and HHFW are to sustain the plasma for up to 5
s. During the final phase of the research fully
inductive startup and sustainment will be
attempted.

2.3. Requirements

Engineering requirements, summarized in Table
4, were developed and formalized following the
conceptual design phase.

3. Machine overview

A photograph of the NSTX machine is shown
in Fig. 1, and a conceptual elevation view in Fig.
2. A cross section of the center stack is given in
Fig. 3. The main components of the machine are
described in the paragraphs which follow.

3.1. TF coil system

The 36 turn ‘TF coil’ system consists of the
‘inner legs’, the ‘radial flags’, the “flexible connec-
tors’, and the ‘outer legs’. The inner legs consist of
a bundle of extruded copper conductors. Each
conductor is water cooled with cooling tubes sol-
dered into milled slots on the outside edges. There
are 12 turns on the inner layer and 24 turns on the
outer, all of equal cross section, insulated with a
B-staged (semi-cured prior to application) epoxy
glass system. Fig. 4 shows the fabricated bundle
prior to assembly.

Connections to the inner and outer layers are
made at two elevations by the radial flags which
are cooled mainly by thermal conduction to the
water cooled inner legs, and which are supported
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by ‘hub assemblies’ (Fig. 5). The hub assemblies
serve to lock the radial flags in place so the bolted
joints to the inner legs do not experience any
deformation and loss of contact pressure under
electromagnetic load.

The connection between the radial flags and the
outer legs is accomplished via demountable flex-
ible connectors, which are cooled mainly by con-
duction to the water cooled outer legs. The
flexible connectors provide a mechanical decou-
pling of the inner leg/radial flag/hub assemblies
from the outer legs for both axial and rotational
modes. In addition when they are disconnected
and removed the entire center stack can be re-
moved from the machine for installation/assem-
bly/maintenance. By careful arrangement of the
turn to turn connections’ angular progression in
the two elevations top and bottom the net

Table 4
Summary of engineering requirements

Plasma Major radius (R,) 85.4 cm
Aspect ratio (R/a) 1.26
Current 1.0 MA
Ramp time 0.2-04 s
Flat top (inductive) 0.5 s
Repetition period 600.0 s
(ind.)
Flat top 50s
(non-inductive)
Repetition period 300.0 s
(partial and
non-ind.)

Toroidal field Field at R, 3.0 (6.0 kG

option)

Ohmic heating Flux (double swing) 2x0.3 V/s

Initiation loop 5.0 V/turn
voltage at R,

Heating/current ~ High harmonic fast 6.0 MW, 30

drive wave (HHFW) RF  MHz, 5 s

Coaxial helicity 50 kA injection
injection (CHI) at 1 kv
Neutral beam 5.0 MW, 80 kV,
injection upgrade Ss
(NBI)

Pre-ionization Electron cyclotron 30 kW, 18 GHz,

0.1's

Bakeout Bakeout 350°C PFCs,

temperature 150°C VvV

toroidal current apparent from a distance is nul-
lified. Fig. 6 shows a top view of the machine with
the TF flexible connectors installed.

The TF outer legs consist of 12 bundles of three
extruded copper conductors. Each conductor is
water cooled with cooling tubes soldered into
milled slots on the inside edges of the conductors,
and insulated with a B-staged epoxy glass system.
The outer legs receive their inlet cooling water
from the outlet of the inner legs. The outer legs
are supported as they pass through the ‘umbrella
structure’, and by a strut and ‘turnbuckle support’
system which reacts dead weight and torsional
electromagnetic loads back to the ‘outer vacuum
vessel’. Installation of TF Outer Legs is shown in
Fig. 7.

The TF inner leg assembly rests on the
‘pedestal’ beneath the center stack such that all
axial thermal growth is in the upward direction.

3.2. OH coil system

The 962 turn ‘OH coil’ system consists of four
layers which are wound ‘two-in-hand’, forming a
total of eight sub-windings which are electrically
connected in series, but which are water cooled in
parallel by eight individual cooling paths. Each
winding is formed using extruded copper conduc-
tors with central passage for water cooling, and
insulated using a B-staged kapton/epoxy glass
composite. The conductor is extruded in a
polygon shape such that it deforms during wind-
ing to a nearly square shape. The coil is wound
over a stainless steel ‘tension tube’, covered with a
Teflon slip plane as shown in Fig. 8. The tension
tube serves as a winding form, and also as a
means of support structure for the coil. The ten-
sion tube is affixed to the pedestal. A stack of
compression washers between the top flange of
the tension tube and the top of the coil body
provides an axial pre-load, and axial thermal ex-
pansion of the coil body causes it to grow upward
at the top while further compressing the washer
stack. A sliding gap exists between the tension
tube and the TF coil inner leg assembly within,
allowing for the axial thermal expansion of the
TF coil inner legs. A low resistance conducting
paint layer forms an electrostatic shield (‘ground
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Fig. 1. NSTX in test cell.

plane’) on the outside of the OH coil assembly.
Various magnetic diagnostics (flux loops and
Rogowski coils), as well as thermocouples are
installed upon the OH coil ground plane.

As shown in Fig. 9 the surface of the OH and
inner PF coils is are covered with an efficient
thermal insulation (‘Microtherm’ by Microtherm,
Maryville, TN, thermal conductivity ca. 0.025 W/
m per °K) to isolate the center stack coils from
heat flowing inwards from the center stack casing

during plasma operations and bakeout.

3.3. Center stack casing

The center stack casing (CSC) consists of a
flanged inconel tube which serves as the inner wall
of the vacuum vessel (Fig. 10). Access for diag-
nostic wiring and gas injection from the air to the
vacuum side of the casing is provided by the
‘organ pipe’ tubes and conflats, approximately 12
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each on top and bottom flanges. In addition, four
toroidally symmetric rods connect to the top and
bottom flanges so as to provide an electrical con-
nection point for the CHI bus bar, which is used
both for CHI and for dc current injection for
ohmic heating of the inconel tube during bakeout.
The surface of the CSC is covered with a compact
interlocking PFC tile system, consisting of alter-
nating ATJ graphite tiles and Carbon Fiber Com-
posite (CFC) tiles, the latter of which serve to
lock in place the former (Fig. 11). Cavities are
provided in the rear of the tiles into which Mirnov

Umbrella Structure

coils and thermocouples are installed, with the
sensor lead wiring exiting via channels formed at
the borders of adjoining tiles. There is no active
cooling of the CSC; it is cooled primarily by
radiation to the outboard internal hardware. As a
consequence it is designed for operation up to
600°C. The CSC flanges are mechanically con-
nected to the outer vacuum vessel (VV) via bel-
lows and ‘ceramic insulator’ assemblies. The
bellows allow for relative displacement of the
CSC and the outer VV due to thermal effects
during operations and bakeout The ceramic insu-

TF Radial Flag
TF Flexible Connector

5
PFla
Center
Stack
Casing
OH Coil
TF Inner
s
Outer
Vacuum
Vessel
Support Leg
& Column

PF2

PF3
TF Outer

AN Leg
\ / Turnbuckle

Support

Outboard

Divertor ! ‘*! PF4
' PF5
RF Antenna — I:M

Primary

Plate
Secondmy\ﬁ
Plate

Ceramic
Insulator

le—— Pedestal

Fig. 2. Cross section of NSTX machine.
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TF Inner Bundle

Tension Cylinder

OH Coil (4 layers)

Thermal
Insulation

Inconel
Case

AR

7 inches
[

17.8 cm
Fig. 3. Quarter cross section of center stack at midplane.
lator assemblies provide electrical insulation be-

tween the CSC and outer VV so as to allow
application of the CHI voltage.

3.4. Internal hardware

The internal hardware consists of the primary
passive plates (PPP), secondary passive plates

Fig. 4.
tubes.

PFCs
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Fig. 5. Hub assembly at end of center stack.

(SPP), and outboard divertor (OBD). The OBD
provides a target for energetic particles emanating
from the plasma Scrape Off Layer (SOL), and
also serves as the outer CHI electrode. It consists
of 48 toroidally segmented copper backplates with
ATJ graphite tiles, for a total of 96 segments

End of TF inner leg bundle after fabrication, prior to assembly showing inner and outer leg conductors and water cooling
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above and below the midplane. The OBD is sup-
ported by a precision three ring assembly (Fig. 12)
which is mounted to the outer VV via pin and
u-bracket fasteners. This mounting scheme is de-
signed to accommodate the non-ideal shape of the
dome. The OBD copper backplate centers are is
fixed in position as they attach to the central
support ring, whereas the inner and outer fasten-
ers are attached via slotted holes, allowing for
thermal expansion in the poloidal direction during
bakeout.

The passive plates provide a close fitting con-
ducting shell in which eddy currents are induced
in response to plasma motion and deformation,
such that a restoring force is generated which
resists the motion and deformation. They consist
of 12 toroidal segments, primary and secondary,
above and below the midplane, total 48 pieces.
The plates are constructed of a high strength
copper alloy (Cu, Cr, Zr) which is able to with-
stand the high bakeout temperature without an-

nealing. ATJ graphite tiles mounted to the copper
plates provide the plasma facing surface. The
passive plates are attached to the outer VV via
support structures which include sliding pin fas-
teners which are designed to allow for thermal
expansion in both the toroidal and poloidal direc-
tions during bakeout (Fig. 13).

A variety of diagnostics including Mirnov coils,
Langmuir probes, and thermcouples are mounted
in cavities machined into the rear of the PPP,
SPP, and OBD tiles. A stainless steel piping sys-
tem is embedded and brazed into the PPP, SPP,
and OBD copper backing plates to allow for
transfer of heat into and out of the system using
liquid and gaseous heat transfer during operations
and bakeout. The system consist of 24 parallel
circuits, 12 in each half plane, which passes
through four OBD backing plates. Fig. 14 shows
the installed internal hardware below the mid-
plane prior to installation of the PFC tiles on the
edges of the passive plates.

Fig. 6. Top view showing TF flexible connections to outer legs.
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Fig. 7. TF outer leg installation.

3.5. RF antenna

The RF antenna (Fig. 15) delivers up to 6 MW
of ‘high harmonic fast wave’ (HHFW) RF power
at 30 MHz, corresponding to the 15th harmonic
of the ion cyclotron resonant frequency at By =3
kG. In this regime, which is especially important
for the low field ST configuration, power is de-
posited primarily on the plasma electrons as a

result of Landau damping. The antenna consists
of 12 launchers which cover a toroidal angle of
90°, driven by six independent sources, allowing a
wide spectral variety as required for the heating
and current drive functions. Each copper antenna
strap is fed on one end via the RF feedthru, and
grounded to the outer VV via a sliding joint at the
opposite end. Each strap is protected by a molyb-
denum faraday shield, and is contained in a stain-

Page

Wed



/typeset 2: / sco4/j obs2/ ELSEVI ER/ f usi on/ week. 35/ Pfus1778. 001 Wed Sep 20 08: 12: 04 2000

C. Neumeyer et al. / Fusion Engineering and Design 000 (1999) 000—000 11

Fig. 8. OH winding two-in-hand over teflon layer on tension tube.

less steel box structure, with boron nitride shields
positioned on top and bottom and between adja-
cent boxes. The RF feedthrus are mounted to the
outer VV RF port flanges with special spool
pieces, custom machined for each of the 12 loca-
tions to accommodate variations in the position
of the VV port flanges. Active cooling is provided
on the lower strap terminal to remove the average
dissipated power between pulses.

3.6. Outer vacuum vessel

The outer VV, fabricated by Process Systems
International, Westboro, MA, is constructed of
5/8 in. thick 304 stainless steel, and consists of
upper and lower dome sections, and central cylin-
drical section, all welded together (Fig. 16). The
domes were spun from plates, and the cylindrical
section roll-formed from plate (the original plan
to use the S-1 domes had to be scrapped due to
weld features which would not support the
stresses associated with the 350°C bakeout). The
upper and lower dome flanges were precision ma-
chined by placing the entire outer VV assembly on
a large milling machine; these surfaces provided
the primary fiducial position reference during sub-

sequent machine assembly. Major horizontal
ports consist of seven 24 in. diameter midplane
ports, two non-circular midplane ports designed
to mate to the TFTR NBI duct, three 16.5 in.
midplane RF access ports, and twenty-six 4 in.
diameter RF feedthru ports (to accommodate the
12 antenna straps, with possible tilting in the
future).

Major vertical ports consist of ten 16.5 in.
diameter ports on each of the domes. The outer
VV serves as the attachment point for the internal
hardware, and the support structure for the outer

Fig. 9. Microtherm blanket covering OH and PFla coils.
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Fig. 10. Center stack casing.

PF and TF coils. The outer PF coils are mounted
on radial sliding supports which engage with
plates welded on to external rib structures. These
external rib structures are welded to tabs which
are, in turn, welded to the outer VV. The tabs are

Fig. 11. Center stack casing with interlocking tiles on central
column.

provided to allow for the out-of-roundness of the
outer VV. The radial slide supports are provided
to allow for the axisymmetric radial expansion of
the VV during bakeout without imparting signifi-
cant load on the outer PF coils. The TF coil outer
legs are restrained by the outer VV via a turn-
buckle support system. The upper and lower ‘um-
brella structures’ (Fig. 17) are attached to the
outer VV using a radial slide support, similar to
that used for the PF coil supports.

The vacuum vessel and all components
mounted thereto (total weight approximately
100 000 1bs.) is supported from the floor via four
legs. The legs rest upon columns. The leg-to-
column interface consists of a radial slide support,
coated with a special low friction coefficient sur-
face treatment (‘magnaplate’). This scheme allows
for the axisymmetric radial expansion of the outer
VV during bakeout. The outer VV is thermally
insulated using a 2 in. thick mineral wool covered
with a 1/2 in. thick layer of silicone foam, total R
value ca. 16.

3.7. Outer PF coils

The outer PF coil set consist of PF-2, -3, -4,
and -5, the first three of which (Fig. 18) were
taken from the retired S-1 machine, and the last
of which was built specifically for NSTX.

The early design of NSTX did not in fact
include PF-5; however it was discovered during
equilibria analysis that PF-5 was necessary to
avoid a ‘dimple’ in the plasma shape near the
midplane. The outer PF coils from S-1 are pan-
cake wound water cooled copper coils, with a
Mylar and Fusa-fab (B-staged epoxy glass) com-
posite turn insulation, and a Fusa-fab (B-staged
epoxy glass) ground wall. The PF-5 coil is similar
in construction. The PF-2 coils are driven by a
unipolar power supply which includes a midpoint
tap such that the current may be different in the
upper and lower coils. PF-2 is used mainly to
‘stretch’ the plasma (elongation) and to form sin-
gle and double null X-points. The PF-3 coils are
driven by a bipolar power supply which includes a
midpoint tap such that the current may be differ-
ent in the upper and lower coils. PF-3 is biased
initially to cancel the stray field from the OH to
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Fig. 12. Outboard divertor support structure.

promote the formation of a null region for plasma
initiation. Then later in the discharge in the oppo-
site current direction a difference current in the
upper and lower PF-3 coils is used to provide a
radial field for vertical position control. The PF-4
coils are at present not used, but are reserved for
future use. The PF-5 coils are connected directly
in series (no midpoint tap) to a unipolar power
supply. These coils are used to produce a vertical
field for radial position control.

4. Electrical and electromagnetic design and
performance

4.1. Constraints

4.1.1. D-site power supplies

The availability of the D-site power supplies
influenced the selection of current and voltage
ratings for those coils built specifically for NSTX
(TF, OH, PF-la, PF-1b, and PF-5). These power
supplies are modular with standard module rating
1 kV, 24 kA, 6 s pulse, 300 s repetition period.
Thus the NSTX voltage and current ratings were
based on series connections of the modules (multi-
ples of 1 kV) and parallel connections of the
modules (multiples of 24 kA, after allowance for
current imbalance).

4.1.2. S-1 outer PF coils

The S-1 coil peak currents were limited to 20
kA per the S-1 design; S-1 voltage ratings were
much higher (20 kV DC hipot level) than required
by NSTX to drive the coils, so voltage was not a
constraint.

4.2. Physics input

4.2.1. Equilibria and scenarios

The TF requirement was established based sim-
ply on the field and flat top duration. The OH
requirement was based on: (1) total flux swing, (2)
loop voltage during plasma initiation, (3) /, ramp
times, flat top duration, and volt second con-
sumption for various scenarios as predicted by the
tokamak simulation code (TSC), a time depen-
dant free boundary predictive equilibrium and
transport solver [4]. The PF coil requirements
were based on I, ramp times and PF coil currents
for various equilibria over the range of triangular-
ity and elongation. For the OH and PF systems
these requirements translate to a set of linear
breakpoint design basis waveforms. Those corre-
sponding to the slow (400 ms) plasma ramp time
set the [i*(r)dr requirement, while those corre-
sponding to the fast (200 ms) ramp time set the
driving voltage requirement. In addition to the
above, a loop voltage and field null quality re-
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quirement was specified which influenced the
height ( + Z) of the OH coil (related to the stray
leakage flux), along with the forcing voltage and
bipolarity requirement for PF-3.

4.2.2. Disruptions

The TSC code was used to predict plasma
disruption behavior. The result for a current and
thermal quench beginning with a centered station-
ary plasma (but with vertical and radial control
turned off) predicts an 7, waveform which resem-
bles an exponential decay with initial slope 1
MA/6 ms [5]. Therefore, subsequent engineering
calculations followed this prescription and utilized
a linear ramp from 1.0 MA to zero in 6 ms to
estimate induced toroidal voltages and currents.

For halo currents, the prescription was set to
10% of the maximum plasma current prior to the
disruption, with a toroidal peaking factor of 2:1.
It is noted that this guidance is based on, but
somewhat reduced from, the halo current data
base from large aspect ratio tokamaks (typically
40% of initial plasma current) based on paramet-
ric scaling related to aspect ratio. An important
feature of halo current flow is the polarity relative
to the toroidal field, which determines whether the
J x B forces will be inward or outward. Physics
arguments [6] which apply consistently indepen-
dent of the relative polarity of I, and By, indicate
that for most scenarios which generate halo cur-

rent flow (vertical drift, radial drift, current
quench) the forces generated are outward (and act
to push the PFC tiles against their backplates).
However it is predicted that changes in plasma
shape and stored energy will give rise to poloidal
current flow to conserve or increase toroidal flux,
and that this poloidal current, when flowing in the
halo, will result in inward forces (which act to pull
the PFC tiles off of their backplates). Typically
the many halo generating mechanisms are active
simultaneously and vary in their strength, so it
remains unclear as to which will dominate and
under what circumstances. For NSTX it was con-
cluded that some scenarios, at least, will result in
the halo force pulling inward toward the plasma.

4.3. Determination of current per turn in new
NSTX coils

The current per turn in the TF coil was chosen
based on the desire to: (1) minimize number of
turns for sake of simplicity and packing factor, (2)
operate with no more than four parallel branches
of the D-site power supplies (to minimize power
supply reconfiguration costs).

The current per turn in the OH coil was chosen
based on the 24 kA rating of the D-site power
supplies. It was decided to utilize a single power
supply branch (for each current direction), be-
cause multiple parallels would significantly com-

Fig. 13. Passive plate support structure.
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Fig. 14. Internal hardware above midplane.

plicate the operation of the power supply system
in the bipolar mode.

The inner PF coil currents per turn were set at
15 kA (PF1la) and 20 kA (PF1b) based on: (1) the
desire to utilize a simple square conductor cross
section for the two new coils, which are rated for
5 and 1 s pulses, respectively, (2) the 24 kA
current limit of the single power supply branch,
and (3) to fit the narrow radial space available for
the PFla coil.

4.4. Conductor sizing

4.4.1. Conductor temperature

The maximum conductor temperature allow-
able was set to 95°C to avoid the use of a pressur-
ized water system and the degradation of

insulation mechanical properties which occurs at
higher temperatures. Operation at full ratings is
constrained by this limit, including due consider-
ation of the scenario requirements along with the
prospective [i*(7) dr due to L/R decay following a
fault, as well as temperature ratcheting from one
pulse to the next in a sequence.

4.4.1.1. Temperature rise during a pulse. The most
critical coils are the TF inner legs and OH, which
are located in the center stack region where cross
sectional area is at a premium. Conductor cross
sections for these coils were chosen based on the
assumption of adiabatic conditions during a
pulse, and full cool down between pulses to an
inlet water temperature of 10°C.
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The properties given in Table 5 were used
(100% IACS copper).

‘G’ (conductor heating) and ‘H’ (conductor
energy deposition) functions were derived as fol-
lows [7]. These functions were found to be very
useful for spreadsheet calculations related to the
design and operation of the coil system and are
presented here for future reference:

p. = electrical resistivity

p.To. = electrical resistivity at temperature ;.

T = temperature

Pe= pet0e(1 + O‘(T_ T()e))

C, = specific heatCt,. = specific heat at tem-

perature T,

Cp = CptOC + ﬁ(T_ TOc)

J = current density

pq = density

t =time

For an adiabatic conductor:

pe J2dt =p,C,dT
G function:

Jz dl = pde dT/pea

St = jpde dT/p.=G(1) [(A/m?)*s]

A

H function:J?p 1 = [p,C, dT = H(r) [(J/m?)]

Piecewise integration of G and H functions was
performed over the range 0—120°C and the fol-
lowing curve fit functions derived:

G(T)
= 6.2949¢13 +2.0934e14 x T —2.8709%11 x T2

7(G)
=0.13608 +4.5496e — 15 x G+ 5.3309¢ — 32
x G?

H(T) = — 1.1183¢6 + 3.4362e6 x TJ2p, dt
= pde dT

Thus to calculate final temperature:
1. Calculate G(Ty)
2. Calculate G= [j >dr
3. Calculate Gy, = G(T,) + AG
4. Calculate T, = T(Ggnal)
To calculate energy dissipation and heat load to
cooling water system:
1. Calculate H(T)
2. Calculate AH = H(T4,..) — H(Ty)

Fig. 15. High harmonic fast wave RF antenna.
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Fig. 17. Umbrella structure.

which divides the conductor length in many sec-
tions through which a slug of water progresses
over time and receives heat through the heat
transfer film resistance. Fig. 19 shows a typical
result for the case of the fifth pulse in a sequence.
During the pulse the conductor temperature rises
to its maximum for a brief instant after which
some of the heat flows into the body of water
occupying the coolant passage and equilibrium is
reached. Following this, the first turns of the coil
Fig. 16. Outer vacuum vessel. at the inlet of the coil receive cool water and rapid
cooling takes place. However the water heats up
and is not effective in removing heat from the

4.4.1.2. Cool-down between pulses. Each of the 36
turns of the TF coil are individually cooled, with
the water passing through the inner legs (high
current density) and then through the outer legs
(low current density). The cool-down after a pulse
is rapid (bulk thermal time constant ca. 25 s)
compared to minimum NSTX repetition period of
300 s. Therefore, no temperature ratcheting will
occur.

The cool-down between pulses was a major
issue in the design of the OH coil, due to the long
length of the conductors paths. Cool-down time
was minimized by: (1) winding the coil two-in-
hand to cut the maximum conductor path length
in half and: (2) increasing the pressure and flow of
the water coolant via a special booster pump
providing 400 psi at the inlet. Cool-down of the
OH coil was simulated using a FORTRAN code [8] Fig. 18. Outer PF coils from S-1 machine.
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Table 5
Conductor properties

20°C resistivity
Temp coefficient of resistance («) 0.0041/°C

27°C specific heat 386 J/kg per °C
Temp coefficient of specific heat (f) 0.105 J/kg per °C/°C
Density 8.95 gm/cc

1.7241 pQjem

downstream conductor until the ‘cooling wave’
passes through the coil. A period of 600 s is
necessary to achieve complete cooling of the coil,
including the turns at the end, near the outlet.

The PF-4 and PF-5 coils, due to their large
diameter, also have long cooldown times. The
PF-5 coil includes a water tap midway through
the winding so that the total cooling path length
is cut in half.

4.5. Coil system impedance

The TF coil inductance (4.176 mH) was com-
puted [7] using a simple piecewise integration
¢ = [Bx dA across the bore of the TF coil system,
with B= u,NI/2nr and L= N¢/I. TF coil resis-
tance computation (6.52 mQ) includes an al-
lowance for the many joints in the circuit (six
joints per turn).

100 ———r—r e ! .

—o— Start
—e— Middle
—o— End

80

m \
| RN

0 100 200 300 400 500 600
Time (sec)

Temperature (deg C)

Fig. 19. OH coil temperature at start, middle, and end of
winding during and after fifth pulse, 600 s repetition period.

The inductance matrix and resistance vector of
PF coil set was calculated [9] using the ICC code
from the PPPL magnetics library, based on the
coil geometry given in Table 6. Results are given
in Tables 7 and 8. Due to its unusual aspect ratio
and critical function, the OH coil inductance was
cross checked using two other techniques and
good agreement was found. Measurements taken
in the field during commissioning tests are in
agreement with the calculated L and R values.

Coil L/R time constants are given in Table 9;
they are noted to be relatively short, since NSTX
is a small machine. This fact, in combination with
the strong mutual coupling between the PFla and
PF1b coils with the OH coil presents a significant
control challenge for the power supply system
whose frequency response is limited by the input
AC power frequency ca. 60 Hz.

4.6. Driving voltage requirements

Detailed simulations [10,11] were performed of
the TF and OH coil performance using the
PSCAD (PSCAD/EMTDC power systems simu-
lation software, Manitoba HVDC Research Cen-
ter) simulation software. The models included the
‘G’ function calculation and the dynamic coil
resistances, the resistances of the external cable
and bus bar circuits, the commutation voltage
drop behavior of the AC/DC converter power
supplies, along with the D-site motor generator
supply which delivers AC power to the power
supplies at variable frequency as energy is
extracted.

For the TF system it was found that a single
power supply layer (one module in series x four
modules in parallel) providing 1 kV was adequate
for both the 3 kG and 6 kG scenario; the jiz(t) dt
due to the current rise was relatively small com-
pared to flat top. Fig. 20 shows the PSCAD
simulated current waveforms for 3 kG and 6 kg
operation.

The OH coil impedance was sized to match a
four layer (4 kV) power supply. However, as a
conservative measure, it was decided to provide
(and insulate to coil for) a 6 kV system (the
modules come in pairs of 1 kV) to ensure that
sufficient loop voltage was provided during
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Table 6

PF/OH coil geometry®

Reenter (M) AR (m) Z enter (M) AZ (m) Turns Turn CSA (cm?) Fill

OH 0.1319 0.0449 1.0657 +2.1313 482 1.4139 0.712
PFla 0.1803 0.0416 1.4483 +0.5388 48 3.3513 0.718
PF1b 0.3048 0.0848 —1.8188 —0.1713 28 3.3513 0.646
PF2a 0.7992 0.1627 1.9335 +0.068 14 5.8528 0.741
PF2b 0.7992 0.1627 1.8526 +0.068 14 5.8528 0.741
PF3a 1.4945 0.1864 1.6335 +0.068 15 5.8528 0.693
PF3b 1.4945 0.1864 1.5526 +0.068 15 5.8528 0.693
PF4b 1.7946 0.0915 0.8072 +0.068 8 5.8528 0.753
PF4c 1.8065 0.1153 0.8881 +0.068 9 5.8528 0.672
PF5a 1.9946 0.1359 0.6523 +0.0685 12 5.9667 0.769
PF5b 1.9946 0.1359 0.5777 +0.0685 12 5.9667 0.769

4 Turns are the number above and/or below the mid plane (Z = 0); coils 2, 3, 4, and 5 consist of ‘a’ and ‘b’ sub-coils connected

in series; PF1b consists of a lower coil only.

plasma initiation (NSTX relies fully on the power
supplies and I x R drop in the OH coil winding to
produce the breakdown loop voltage, i.e. DC
circuit breakers and inserted resistors are not
used). Fig. 21 shows the PSCAD simulated cur-
rent waveform for one of the IMA design basis
scenarios.

The PF coil driving voltage requirements were
obtained by applying the linear breakpoint wave-
forms to the mutual inductance matrix and resis-
tance vector. In general the requirements are
below 1 kV. However, to ensure adequate voltage
for plasma control, additional power supply lay-
ers were provided since they were readily available
from the D-site inventory.

4.7. Summary of coil ratings

Coil ratings are summarized in Table 10.

electron cyclotron (EC) RF power) is used. For
NSTX the requirement on the OH and PF system
was to create conditions at Bt =3 kG where the
stray field |B| and the loop voltage V satisfied the
condition |B| < 1.3 V/(zR?) where R is the target
breakdown radius [12,13]. This corresponds to the
case of fully inductive breakdown without pre-
ionization. On NSTX the EC pre-ionization
source was included to: (1) provide additional
insurance that NSTX would be able to achieve
inductive breakdown and (2) to provide a non-in-
ductive plasma initiation source relevant to future
ST operation without an OH coil (e.g. with CHI
plasma start-up).

Field null and loop voltage creation on NSTX
are complicated by the fact that the vacuum vessel

Table 7
PF/OH circuit 20C resistances®

Circuit Resistance (mQ)
4.8. Plasma initiation and field null creation

OH 97.5
A key function of the OH and PF system is the PFlaU 2.80
. . PFlaL 2.80
creation of sufficient loop voltage and field null PF1b 276
region, for sufficient duration, for plasma initia- PF2U 4.14
tion. To initiate Townsend valance breakdown the PF2L 4.14
required electric field and allowable stray poloidal PF3U 8.29
field are a function of the toroidal field By at the ;}ziL 1?'?2
target breakdown radius. The required electric PFS 17.38

field is reduced, and the allowable stray field
increased, if a means of pre-ionization (e.g., from

a U, upper coil; L, lower coil.
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Table 9 30 N o
Coil L/R time constants
Circuit Time constant (mS) 20
OH 133 Wl / \
PFla 134 g L
PF1b 194 b
PF2 477 e o
PF3 624 3
PF4 455 5
PF5 707 -10
TF 640

forms a conducting shell, and the copper passive
plates form an ‘n =0’ toroidal loop, albeit broken
by the gaps between the 12 plates (a complete
toroidal conducting path still exists through the
stainless steel passive plate support brackets and
vacuum vessel wall). Therefore, significant eddy
currents flow as the external OH and PF coils are
ramped, contributing to the stray field pattern,
and a delay in the rise of the loop voltage within
the vacuum vessel.

Several simulation codes were developed and
used to study the initiation sequence and deter-
mine the PF and OH coil requirements, including
the LRSIM code. These codes model the machine
as an axisymmetric array of conducting filaments,

80 ——

TF Current (kA)

1 2 3 4 5 6

Time (sec)

Fig. 20. TF current waveforms simulated by PSCAD for 3 kG
(35.6 kA) and 6 kG (71.2 kA).

-20

30 L P R P S R S S S RS |
0 0.5 1

Time (sec)

Fig. 21. OH waveform simulated by PSCAD.

some of which are driven (representing the coils
and their associated power supplies), some of
which are passive (representing the conducting
metallic structures). The LRSIM model included
approximately 100 filaments, beside the coils
themselves, to represent the passive structure in
each half plane. In addition, realistic power sup-
ply models (including finite time response and
voltage drop under load) were included. LRSIM
is also used by NSTX control system to test
control waveform and gain settings programmed
into the power supply real time controller, prior
to their actual use.

It was found that a bias from the PF-3 coil set
is necessary to null the initial stray vertical field
from the OH coil (ca. 100 G), and that following
the OH ramping to produce the main component
of the loop voltage, a rapid response from the
PF-3 and PF-5 coils is necessary to maintain field
null conditions.

Fig. 22 depicts a typical LRSIM result showing
the field null structure.

The use of LRSIM to provide insight into this
process and establish a starting point for coil
current programming was a key ingredient to the
rapid achievement of Ist plasma on NSTX.

Another issue related to initiation is the effect
of eddy currents in the TF inner legs which oc-
cupy the bore of the OH coil. Analysis of this
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effect [14,15] showed that the time constant of an
individual TF inner leg conductor is of order 1
ms, which is not insignificant but still small rela-
tive to the 5-10 ms plasma initiation transient
period.

4.9. Plasma disruption

4.9.1. Poloidal forces due to disruption induced
toroidal currents

The SPARK and LRSIM codes were used to
estimate disruption-induced toroidal currents in
the internal hardware and vacuum vessel [16].
SPARK is a PPPL clectromagnetic transient cur-
rent/field/force analysis code which can handle
toroidal geometries with non-axisymmetric ele-
ments. Two filaments located at R= R, and Z =
4+ 0.6 m were used to account for the distribution
of the plasma current over the plasma cross sec-
tion. This approach was found to yield satisfac-
tory results after experimentation with different
representations using SPARK. The driving term
was a current ramp from 1.0 MA to zero in 6 ms.

From a structural design point of view the
primary forces of concern are those which pull the
internal hardware away from the VV wall, toward
the plasma (Fig. 23).

To identify the worst case condition for each of
the internal hardware structures (inner wall (IW)
of center stack casing, outboard divertor (OBD),
secondary passive plates (SPP), and primary pas-

Table 10
NSTX coil circuit ratings®!

sive plates (PPP)), worst case coil current combi-
nations were established [17] for each of the
structures such that Jg, cure X Beoiis (INWard) was
maximized. For each structure, coil currents were
set to 0, (—), or (+) rating so as to maximize,
separately, B. and B, at that structure. Coil cur-
rent polarities were constrained where appropriate
consistent with the reference plasma direction, but
coils which are inherently bipolar or which might
be used with either polarity for plasma shaping
were allowed to take on either polarity. A total of
nine coil current combinations were identified
which define the worst case conditions for the
structures. The background fields for these nine
cases (including the contribution of the toroidal
currents induced in the SPP and PPP) were com-
puted and the worst case inward forces F, and F,
taken to be the cross product of the disruption
induced toroidal currents and these worst case
background fields. An additional multiplying fac-
tor of 1.5 was applied to account for the possibil-
ity of a moving, non-centered plasma disruption
scenario. Results are given in Table 11.

Although the approach described above is not
rigorous it was found to be a practical and con-
servative one.

4.9.2. Forces due to disruption induced poloidal
halo currents

To calculate the halo driven forces, the toroidal
field at the average radius of the element (based

Circuit Volts (+kV) Peak amps (kA) Equiv. square wave (ESW) at peak amps (s)
TF 1 35.6 (71.2) 53 (1.3)
OH 6 +24 0.525
PFlaU 2 15 5
PFlalL 2 15 5

PF1b 2 20 1

PF2U 2 20 5

PF2L 2 20 5

PF3U 2 20 5

PF3L 2 20 5

PF4U an L in series 3 20 5

PF5U and L in series 3 20 5

4 An ‘equivalent square wave’ (ESW) pulse is a square pulse of current of a particular amplitude and duration such that the
[i*(r) dt will cause the same i?x R heating as another pulse with a more complex shape.
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X [m]

Fig. 22. Typical field null (|B| in G) and flux contours from
LRSIM.

on By =6 kG at R,) in question is multiplied by
the current and by the poloidal length of the
segment. This results in a poloidal force normal to
the element. The division of current between the
tiles and the backplates of the various elements
will likely be such that the great majority of
current will flow in the backplates rather than the
tiles due the resistivity effects, except where the
halo current enters or exits. Forces on the struc-
tures are given in Table 12 (in the case of the
inner wall, on a per tile basis, assuming the full
current flowing in the tile).

During the initial phase of the design, there was
significant concern about the possibility of a large
non-axisymmetric halo induced force on the cen-
ter stack casing (CSC) due to the halo current
toroidal peaking factor; the attractive force be-
tween the inner legs of the TF coil and the
poloidal halo current flowing down the CSC

would be non-symmetric (unbalanced) due to the
peaking. The analysis [18,19] showed that, due to
the geometry of the CSC, halo current entering at
a discrete point of injection quickly becomes
toroidally symmetric as it flows from the point of
entry to exit, owing to the fact that the impedance
of the toroidal current path is comparable to that
of the poloidal current path. As a result, unbal-
anced forces are small. This effect is depicted in
Fig. 24.

It was found that the worst case force occurs
when the distance between entry and exit points is
of order 1 m. Smaller separations lead to greater
asymmetry but over a shorter length, hence a
smaller force. The magnitude of the worst case
force is very small (net radial force F, less than
100 1bs.). This was an important finding because it
allowed the use of the Microtherm layer between
the CSC and OH coil, which although an excel-
lent thermal insulator does not possess strong
compressive strength.

4.9.3. Plasma disruption induced voltages

In the case of a plasma disruption, an open
circuited coil ‘7’ will develop a measurable in-
duced terminal voltage based on X M x AlL;/At,
while a coil connected to power supplies will act

Inner Wall IW) Primary

v Divertor
(IBD) N A
Bv
BrrFr Secondary
Br.F Fv Passive Plate
- YBV (SPP)
Fy BrFr E

Y Bv Outboard
E Divertor

J (OBD)

Fig. 23. Fields and inward forces on internal hardware.

/ Passive Plate
(PPP)
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F
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Table 11

Summary of poloidal forces due to toroidal disruption currents

Inner wall IBD OBD SPP PPP Units
Lioroidal 35000.00 44100.00 44100.00 44100.00 105700.00 Amp
B, 0.27 0.68 0.31 0.44 0.22 T
B, 0.37 0.52 0.60 0.56 0.56 T
L toroidal 0.05 0.07 0.12 0.62 0.71 m
k 1.50 1.50 1.50 1.50 1.50
Fadialjsegment 967.25 2516.10 4747.56 22790.53 62992.99 N
217.44 565.62 1067.25 5123.31 14160.82 Ibs.
Fertical segment 705.83 3290.29 245291 17906.84 24747.24 N
158.67 739.66 551.41 4025.46 5563.18 Ibs.

as if short circuited and experience a small change
in current such that LAl ~X M; x Al/At. If a
coil is connected to a power supply and carries
current in the forward direction of the power
supply then it is possible that the disruption in-
duced current change could exceed the initial cur-
rent in the opposite direction, in which case the
current would be driven to zero and the power
supply would become reverse biased and appear
as an open circuit.

Based simply on the projected d/,/df of 1 MA/6
ms and the direct mutual coupling between the
coil circuits and the plasma, all circuits except
PF-4 and PF-5 will experience less induced
voltage than their normal rating. Further analysis
taking into consideration the filtering effect of the
passive plate and vacuum vessel structure, these
coils also experience a voltage less than their
rating in case of disruption.

When the power supply is connected, the in-
duced current change is typically less than one or
two kA except for PF-4 and PF-5 where it ap-
proaches 4 kA.

4.10. Coaxial helicity injection

With CHI a power supply is connected across
the two electrodes formed by the CSC and the
outer VV, and up to 2 kV is applied. The CHI
power supply is rated to inject up to 50 kA which
is projected to produce up to 500 kA of plasma
current. An X-point poloidal field is formed by

the driven plasma current and PF1b. As injected
current flows around the poloidal perimeter it also
flows around the toroidal circumference ¢ times,
where ¢ is the value of the edge safety factor [3].

To allow for the CHI mode of operation, the
NSTX machine proper was designed with a large
number of dielectric breaks in addition to those
which would normally be provided on a tokamak
to interrupt eddy current loops. These serve to
isolate the CSC and outer VV to a 5 kV DC test
level between each other and to ground. A sche-
matic which identifies the main components of the
machine at different potentials is given in Fig. 25
and the voltages and dielectric breaks between
these components are described in Table 13.

It was originally planned to bias the CSC up to
2 kV while maintaining the OH coil ground plane
and tension tube, along with the outer VV, near
ground. However, concern about the small gap
and entrained diagnostics in the space between the
OH coil ground plane and the CSC led to the
decision to tie the OH coil ground plane and
tension tube to the same potential as the CSC.
Along with this decision a corresponding decrease
in the maximum allowable operating voltage of
CHI to 1 kV was imposed (based on feedback
from first CHI experiments which were successful
at 1 kV). Therefore the OH coil and TF inner leg
ground insulation must withstand an additional 1
kV compared to the original requirement. This
extra stress is accepted in light of the necessity of
protecting the aforementioned gap.
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Table 12
Summary of poloidal forces due to halo currents

Inner Wall?! IBD OBD SPP PPP Units
I, 1.00E 406 1.00E 406 1.00E+ 06 1.00E+06 1.00E 406 Amp
k 0.10 0.10 0.10 0.10 0.10
Peaking 2.00 2.00 2.00 2.00 2.00
# Segment 24.00 24.00 48.00 12.00 12.00
Lootoidal 8333.33 8333.33 4166.67 16666.67 16666.67 Amp

—90.000 —90.000 —21.447 —59.036 —70.942 Degrees
R,y 0.190 0.279 0.914 1.175 1.355 m
B, (R,e) 2.694 1.834 0.561 0.436 0.378 T
L poloidal 0.152 0.461 0.624 0.292 0.582 m
Format/segment 3421.39 7045.35 1456.92 2118.99 3667.43 N

769.13 1583.79 327.52 476.35 824.44 Ibs.
Fadiatjsegment 769.13 1583.79 119.75 408.47 779.25 Ibs.
F. 0.00 0.00 304.84 245.08 269.20 Ibs.

vertical/segment

4 Force given for inner wall is per tile.

5. Mechanical and structural design and
performance

5.1. Overview of mechanical and structural design
approach

The mechanical and structural design of NSTX
responds to the following requirements:
1. dead weight loads
2. vacuum loads
3. electromagnetic loads during normal operation

and plasma disruption
4. thermal loads and displacements during nor-

mal operation and bakeout
5. seismic loads
6. feasibility of manufacture and assembly

Load paths and support schemes, working from
the inside of the machine outward, are described
in the following paragraphs.

5.1.1. TF inner legs

The TF inner legs, radial flags, and hub assem-
blies form an essentially monolithic structure. The
radial flags are wedged via epoxy-glass (NEMA
G-10) blocks into the hub assemblies, which are in
turn fixed to the body of the inner legs via torque
collars. The dead weight of this structure is sup-
ported by floor of the test cell via the pedestal.
The joints between the TF inner and outer legs
consist of de-mountable flexible connectors which

allow for small axial growth of the inner legs due
to thermal effects (the structure grows upwards
since it is supported from the floor). The hub
assemblies provide a reaction against torsional
loads resulting from J,; x B,,, which are oppositely
directed top and bottom. The bottom hub assem-
bly is fixed to the lower umbrella and pedestal,
while the top is locked to the upper umbrella
assembly through a G-10 spline, which allows the
axial growth but not the twist. Thus the torsional
loads are reacted between the two hub assemblies
via the outer VV. The torque collar-to-hub assem-
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Fig. 24. Pattern of halo currents in center stack casing (width
of arrow indicates magnitude of current).
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Fig. 25. NSTX components at different electrical potentials
(refer to Table 13 for description of ID numbers).

bly connection prevents the torsional load from
being applied to the radial flags, which would
otherwise have an adverse effect on the electrical
conductance of the joints with the inner legs.

5.1.2. OH coil

The OH coil is wound on a ‘tension tube’ spool
piece. A gap exists between the inside of the
tension tube and the TF coil inner legs, which
allows for their independent axial growth. The
bottom of the tension tube is attached to the
lower hub assembly, but is not attached at the
top. A layer of Teflon located between the tension
tube and the adjoining OH coil groundwall insu-
lation and first layer of the OH coil provides a slip
plane which allows for axial growth of the OH
coil due to its temperature rise during a pulse. The
dead weight of the OH coil, in combination with

compression washers which are react between the
top flange of the tension tube and the top of the
OH coil, hold it down against the bottom flange,
even in the presence of ‘launching loads’ which
can occur due to the interaction between the OH
and PF1b coils.

5.1.3. Center stack casing

The CSC is rigidly attached to the lower hub
assembly which provides for dead load support
down through the pedestal. The bellows assem-
blies top and bottom allow for relative axial dis-
placement of the CSC and outer VV during
operations (CSC up to 600°C) and bakeout. The
gap between the CSC and OH coil groundplane,
partially filled with Microtherm and magnetic di-
agnostics, so as to allow for independent axial
thermal growth of the two structures.

5.1.4. Umbrella structures

The upper and lower umbrella structures re-
ceive the torsional loads from the TF inner leg
assembly and transmit them to the outer VV. In
addition they secure the ends of the outer legs of
the TF coils via cast aluminum clamps which are
inserted into keyed openings on the umbrella
structures.

5.1.5. Outer vacuum vessel

The outer VV provides support to the TF coil
outer legs, outer PF coils, umbrella structures,
and internal hardware (outboard divertor and
passive plates), and also reacts the vacuum loads.
To allow for radial expansion during bakeout the
outer VV goes to 150°C, the umbrella structures
and outer PF coils are mounted to the outer VV
via sliding supports. The TF coil outer legs are
supported by turnbuckles which go slack as the
outer VV expands.

5.1.6. Legs and support columns

The vacuum vessel and all components
mounted thereto (total weight approximately
100 000 1bs.) is supported from the floor via four
legs. The legs rest upon columns. The leg-to-
column interface consists of a radial slide support,
coated with a special low friction coefficient sur-
face treatment (‘magnaplate’). This scheme allows
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for the axisymmetric radial expansion of the outer
VV during bakeout. The legs and support
columns receive, in addition to the dead weight
load, some side loading due to the unbalance in
vacuum forces, mainly due to the lack of same at
the vacuum pumping and NBI ducts which are
attached to the outer VV via flexible bellows
assemblies. Additional struts are provide to react
these loads to the floor. The welded connection of
the legs to the outer VV, along with the sliding
joints, are able to accommodate these additional
side loads without excess stress, and without bind-
ing of the slides.

5.2. Stress allowable criteria

Based on the linear finite element analysis, the
ASME code requires that the Tresca stress of the
2-D or 3-D element shall meet the following stress
limits:

Table 13
Dielectric breaks for CHI operation

o General primary membrane stress shall not

exceed 1.0 K S,

e Local primary membrane stress shall not ex-

ceed 1.5 K S,

e Primary membrane plus bending stresses shall

not exceed 1.5 K S,

e Total primary + secondary (thermal) stresses

shall not exceed 3.0 K S,

The K factor is 1.0 for normal operating condi-
tions or 1.1 in case seismic force is involved. S, is
the design stress intensity value defined in the
ASME boiler and pressure vessel code. Since the
von Mises stress S,,, is generally more accurate
than the Tresca stress in the representation of the
equivalent one-dimensional stress and the differ-
ence between the two is small, it was used instead
of the Tresca stress in determining the stress
acceptance criteria. The design stress intensity
value is set at 2/3 of the minimum specified yield

Gap ID #’s Vmax (kV) Hipot (kV) Comments

CS casing/outer VV  18/17 2 5 Ceramic insulators

CS casing/OH 18/26 2 5 Microtherm in CS gap
ground plane

CS casing/PF1la 18/2, 18/4 2 5 Microtherm in CS gap

ground plane
CS casing/PF1b 18/12 2 5
ground plane

CS casing/hub 18/1, 18/5 2 5
assembly

OH tension 3/24 3 3
tube/TF inner leg

Hub 1/25,5/7 2 5
assembly/umbrella

Lower hub 5/6 2 5
assembly/pedestal

Lower VV 9/13 2 5
leg/upper VV
Leg

Umbrella/TF coil 7/24, 25/24 3 7

TF leg supports/TF 14/24, 21/24 3 7
coil

PF2/outer VV 11/17,23/17 6 13

PF3/outer VV 10/17, 22/17 4 9

PF4/outer VV 15/17, 20/17 4 9

PF5/outer VV 15/17, 20/17 4 9

G-10/kapton spacers
G-10/kapton spacers
TF Inner Leg Ground Insulation

G-10 spline on top, turnbuckles on bottom

G-10 spacer

G-10 spacer

TF ground insulation plus grouting under clamp attached
to leg

TF ground insulation plus grouting under clamp attached
to leg

PF coil ground insulation

PF coil ground insulation

PF coil ground insulation

PF coil ground insulation plus G-10/kapton spacers
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at temperature. For bolting material, the average
tensile stress shall not exceed 1.0 S,, and maxi-
mum direct tensile plus bending stress shall not
exceed 1.5 S,

5.3. Loads and finite element stress analysis

5.3.1. TF coil system

Torsional loads are generated in the inner leg
bundle by the OH fields crossing the TF conduc-
tors, primarily the outer layer. This results in a
torque of ca. 24 000 N/m on the TF inner leg
bundle. Additional torsional loads are generated
in the radial elements of the TF system (i.e. the
flags, connectors, and outer legs) by the poloidal
fields crossing these elements. Vertical loads are
generated by the TF fields crossing over the TF
flags, connectors, and outer legs. Additional
downward vertical loads are generated by the
dead weight of the structures. Radial loads are
generated inwards on the inner legs due to the
magnetic attraction between turns. Radial loads
are generated outwards on the outer legs due to
the magnetic force Jrr X Br. Ohmic heating of the
TF bundle leg results in an overall growth in its
length of ca. 3/8 in. which, in turn, creates ther-
mally induced loads.

The support system must react the aforemen-
tioned loads while maintaining stresses (e.g. inner
leg turn-to-turn insulation shear) within allow-
ables, and while preventing deformation and loss
of contact pressure the critical inner leg to radial
flag electrical joint.

The TF support structure, shown in Fig. 26
provides the necessary features to react the loads.
A stainless steel torque reaction collar is bonded
to the outside of the TF inner leg bundle just
above the ends of the OH tension cylinder via
glass epoxy which acts in shear. A bolted flange
connection transmits the torque from the collar to
the hub portion of the restraint structure. Both
‘tiers’ of flags are tightly shimmed in the vertical
direction between the two discs in the hub portion
of the restraint structure. In this manner, the
entire circular array of radial flags clamped be-
tween upper and lower discs together form two
tiers of thick discs. Vertical loads on the disc
result in simple shearing loads across bolts of the
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Fig. 26. TF support structure.

joints. The bolts are shoulder bolts designed to act
in shear and resist slippage at the joint. The
shearing load is absorbed by a total of 36 x 4 =
144 bolts. G-10 wedges are installed between the
flags so the entire array of flags behaves as a solid
disc. The resulting torque is reacted through the
restraint structure to the umbrella structure and in
turn to the outer VV. The connection between the
restraint structure is free to move vertically (to
permit free thermal expansion of the central bun-
dle) but fixed in torsion. The TF inner leg bundle
is supported from the floor via the support
pedestal. This arrangement, in conjunction with
the flexible connectors between the radial flags
and the outer legs permits the bundle to freely
expand upwards.

An ANSYS finite element model was generated
to quantify the loads and the resulting stresses
[20]. The model included one-quadrant of the TF
coil system consisting of three outboard legs with
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three conductors each, nine inner core conductors
and their turn insulation, the inner and outer TF
flags and the de-mountable links between the
inner conductors and the outer legs. Only the top
half of the conductors were modeled with both
the inner and outer conductors fixed at the
midplane.

The analysis predicts a maximum torsoinal mo-
ment of ca. 17 700 ft./Ib. for the case of By =3
kG, I,,=24 kA, and Ipr, =10 kA, occurring
over the axial length between the center of the
PFla coil and the end of the bundle as it enters
the hub assembly. This loading results in a von
Mises stress of 4.20 ksi in the copper, a maximum
shear of 1.51 ksi in the insulation in the vicinity of
PFla, and a torsional displacement of 0.1 in.
These results are presented as model A in Table
14.

The model was exercised in subsequent analyses
to bracket the effect of the CS restraint structure.
The first of these analyses, model B, provided
torsional constraints along the radial length of the
flag. This boundary condition simulates the effect
of the G-10 wedges which are installed between
the flags. These wedges prevent bending along the
length of the flag and transmit the torsional loads
through the hub assembly to the umbrella struc-
ture of the vacuum vessel. For this set of con-
straints the maximum von Mises stress in the
copper increases to 5.0 ksi while the shear stress in
the insulation increases to 1.7 ksi at the top of the
OH solenoid. The torsional displacement drops to

Table 14
TF inner leg stress analysis®!

0.01 in. The second Model C added additional
constraints to simulate the effect of the torque
reaction collar. The result of these additional con-
straints was a slight reduction in the copper and
insulation stresses and no change in the
displacement.

The TF inner core is supported at its base and
is allowed to grow/move freely in the vertical
direction. This support arrangement creates no
thermal stresses in the conductor but does create
additional stress in the insulation of because of
differences in the coefficients of thermal expan-
sion between the copper and the insulation. A
shear stress in the insulation of <1 ksi occurs.

The TF inner conductors are fabricated from
quarter-hard CDA 107 copper with specified min-
imum yield strength of 30 ksi (allowable stress at
room temperature of 20 ksi). Shear strength of the
selected insulation system is ca. 6 ksi. From these
results it is concluded that the stresses in the TF
inner core copper (9.9 ksi at 6 kG) is well below
the allowable limits while the insulation shear
stress (3.4 ksi at 6 kG) is challenging but
acceptable.

5.3.2. OH system

The OH solenoid is supported from the test cell
floor via the support pedestal. It is free to expand
vertically upward independent from the TF bun-
dle, tension tube and CSC. Outward radial J x B
forces are generated by the current in each turn
reacting against the self-field of the coil; the forces

Copper von Mises (ksi) Insulation

Displacement (in.)

Shear xy (ksi)

Shear yz (ksi) Stress y (ksi)

Model A Min. —0.64
Max. 4.2 0.5

Model B Min. —1.05
Max. 4.98 0.23

Model C  Min. —1.59
Max. 4.76 0.36

—-0.8 —1.03

1.51 0.7 0.101
—1.71 —1.17

0.54 1.3 0.011
—1.67 —1.02

0.45 0.26 0.011

& All models fixed at mid-plane, flags are coupled for vertical displacement; model B has additional torsional constraints at flags;
model C has additional torsional constraints at flags and TF collar.
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Table 15

OH coil axial and radial force coefficients

Circuit By (Tesla/kA) F, (Ibs./kA?) F. (Ibs./kA?) L. (kKA) Max axial load F, (Ibs.)
OH 0.27768 0.000 22206.9 24 0
PFla-U 0.11917 12.489 2461.1 10 2997
PFla-L 0.11917 —12.489 2461.1 10 —2997
PF1b-L 0.08837 —110.252 1507.4 15 —39691
PF2a-U 0.01133 28.871 402.4 20 13858
PF2a-L 0.01133 —28.871 402.4 20 — 13858
PF2b-U 0.01133 27.403 438.4 20 13153
PF2b-L 0.01133 —27.403 438.4 20 —13153
PF3a-U 0.00636 14.338 464.2 20 6882
PF3a-U 0.00636 —14.338 464.2 20 — 6882
PF3b-U 0.00636 13.633 482.0 20 6544
PF3b-L 0.00636 —13.633 482.0 20 —6544
PF4a-U 0.00177 1.727 187.3 20 829
PF4a-L 0.00177 —1.727 187.3 20 —829
PF4b-U 0.00282 2.424 302.1 20 1164
PF4b-U 0.00282 —2.424 302.1 20 —1164
PF4c-U 0.00315 2.360 342.1 20 1133
PF4c-L 0.00315 —2.360 342.1 20 —1133
PL-U 0.00067 0.072 47.6 1000 1727
PL-L 0.00067 —0.072 47.6 1000 —1727

peak at the inner layer of the solenoid where the
self-field is ca. 8 T. Additional radial J x B forces

preloaded via the tension tube with compression
washers acting against the upper flange so that net

are generated by the current in each OH turn
reacting against the stray field from other PF
coils. Axial compressive forces are generated due
to the attraction between OH turns. Additional
axial forces are generated by the interaction of the
OH current with the fields from nearby PF coils.
PF1b has the greatest effect since it is located
close to the end of the OH coil (PF1a is closer but
its effect tends to cancel since OH turns exist both
above and below its current center). PF1b opera-
tion is nominally of a polarity the same as that of
the OH when it is operated, resulting in a down-
ward force which is reacted through the common
structure which supports both the OH and PF1b
at the bottom. Care is taken in the protection
systems to avoid large OH and PF1b currents in
opposite directions which would cause a ‘launch-
ing load’. The weight of the coil causes a vertical
axial load. Additional loads are created as the
‘coolant wave’ progresses through the winding
after a pulse.

The OH solenoid is vertically constrained and

axial loads do not result in tension between the
solenoid turns but instead against the tension tube
and its mounting.

To characterize the axial loads in the OH so-
lenoid a series of finite element analyses were
conducted whose outcome is summarized via the
influence matrix shown in Table 15 which de-
scribes the effect of each PF coil on the OH coil.
Each term in the matrix was developed by apply-
ing a unit current on the OH solenoid and on an
individual PF coil bundle. The effect of the
plasma was also included (two filaments at R,
above and below the midplane).

For each row i’ in Table 15, Bg,.,(i ) is the field
per kA at the OH conductor center due the
current in coil ‘’. F, is the coefficient of axial
force where:

FZoh = Ioh*ZFr(l)*I(l)

Similarly F, is the coefficient of radial force
where:
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FRoh = Ioh*ze(l)*I(l)

In the case of F, the summation represents the
total ‘hoop stress’. The large coupling to PF1b is
evident from Table 15. Six finite element cases
were conducted using ANSYS to determine the
stresses and deflections in the OH solenoid. The
first examined the stresses and displacements un-
der the 5000 1b. pre-load from the compression
washers acting against the upper tension tube
flange. The second examined the effect of electro-
magnetic (EM) loads only. The third set all con-
ductors to the peak temperature at the end of a
pulse, assuming adiabatic conditions. The fourth
set the lower 45 turns of the coil at 14°C and the
remaining turns at 83°C to simulate the effect of
the cooling wave propagation through the coil.
Cases 5 and 6 are combinations of the EM with
the two thermal cases. In these analyses the OH,
PFla and PFlb coils were all assumed to be
operating at their maximum current. The results
of the analysis are given in Table 16.

The maximum tensile (‘hoop’) stress o, in the
OH copper is ca. 20 ksi while the maximum shear
stress in the insulation is less than 1 ksi. The hoop
stress of 19.8 ksi due to EM alone, compared to
the theoretical value of 17.8 ksi for hoop stress in
an infinite solenoid of the same radial dimensions
and current density, reflects the additional contri-
bution of field from the other PF coils.

The OH conductor is fabricated from half-hard
CDA 10700 copper with specified minimum yield
strength of 36 ksi (allowable stress at room tem-
perature of 24 ksi). Shear strength of the selected
insulation system is ca. 3 ksi. From these results it

Table 16

OH stress analysis for OH =24 kA, PFla =15 kA, PF1b=20 kA

is concluded that the stress in the OH copper is
near the allowable limit while the insulation shear
stress ( < 1 ksi) is well within the allowable. Based
on available fatigue data (for CDA 10400 cop-
per), and the tensile stress o, is ca. 20 ksi, the
cycles to failure is of order 400 000. Therefore,
with the double swing of the OH current (two
stress cycles per pulse) a failure might be expected
after 200 000 pulses at the full rating. A tradi-
tional design rule for fatigue allowables, namely
that the range of stress should be less than 1/2 of
the stress to failure at the design cycle life and less
than the stress to failure at 20 times the design
cycle life suggests, based on the CDA 10400 data,
that the latter criteria may be limiting, however.
This would imply a lifetime of 200 000/20 =
10 000 pulses at full rating. While this falls some-
what short of the total number of pulses planned
for NSTX, it is considered acceptable based the
conservative nature of the design rule and the
necessity for an aggressive design approach.

5.3.3. Outer PF coils

The outer PF coils experience radial and axial
forces due to their mutual J x B interaction. To
characterize these loads a series of finite element
analyses were conducted whose outcome was a
pair of influence matrices shown in Tables 17 and
18 which describe the effect of each PF coil on the
radial and axial load of the other PF coils. The
effect of the plasma was also included (two
groups of filaments ‘PLA’ which carries 63% of I,
and ‘PLB’ which carries 36%). For each column
j’ in the Table the entries in the ‘i’ rows contain
the force coefficients which describe the effect of 1
kA of current in coil ‘7’ on coil ‘j’. Therefore:

Case Load Copper stress Insulation stress Displacement

von Mises (ksi) S, (ksi) S, (ksi) S. (ksi) S, (ksi) S, (ksi) Dy, (in.) D, (in)
1 Preload 0.15 0.03 —0.042 —0.119 0.002 0.010 0.011 0.011
2 EM 22.88 19.80 0.732 —6.436  0.198 0.175 0.101 —0.101
3 Maximum temp.  2.27 —2.46 1.499 —1.196  0.106 0.327 0.246 0.245
4 Temp. at 15.5 s 8.23 8.01 2.134 —5.366  0.096 0.959 0.217 0.217
5 Case 2+3 23.20 19.91 1.978 —7.248 0.290 0.416 0.148 0.147
6 Case 2+4 23.20 19.93 2.210 —7.142  0.280 0.823 0.119 0.119
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Fo () =10j )Y F(i, j)=I(i)

Similarly F. is the coefficient of radial force
where:

Fr(j) =1(j )3 F i, j)=I(i)

In the case of F, the summation represents the
total ‘hoop stress’.

The above forces are relevent primarily to the
design of the coil supports and the outer VV
which supports the outer PF coils.

5.3.4. Center stack casing

To the extent that the halo current is axi-sym-
metric it results in a uniform inward pressure on
the wall of the CSC. The non-axisymmetric com-
ponent causes a net radial load of less than 100
Ibs., which, since the casing is fixed to the support
structure only at the bottom, produces a bending
moment reacted at the bottom flange. The maxi-
mum von Mises stress occurs at the flange connec-
tion to the shell and is 8.6 ksi. At the midplane
the maximum bending stress is 2.6 ksi and the
maximum displacement is < 0.02 in.

5.3.5. Outer vacuum vessel

The outer VV is loaded by the following forces:
1. dead weight
2. vacuum

2.1. balanced

2.2. unbalanced
3. thermal

3.1. normal operation

3.2. bakeout
4. electromagnetic

4.1. normal operation

4.2. plasma disruption
5. seismic

Except for 2b. and 5, an ANSYS finite ele-
ment 3-D model was used to analyze the loads
and stresses [22]. As shown in Fig. 27 the model
was limited to one toroidal quadrant of the
NSTX machine with one NBI port and two 24
in. circular midplane ports. The model also in-
cludes the upper and lower domes, reinforcing

rea
e

e
4+

h il

L
T

Fig. 27. Quarter section finite element model of vacuum vessel.

ribs, dome ports, umbrella structures, passive
plates and outboard divertor internal hardware
structures and their supports, and one leg sup-
port assembly. In some cases the sliding joint
features are modeled explicitly, in others their
effect is simulated by suitable adjustment of ma-
terial properties.

Table 19 (normal operations at 50°C) and
Table 20 (bakeout operations with outer VV at
150°C and internal hardware 350°C) summarize
the results of the analysis. In order to elucidate
the results separate rows are included which ex-
clude the divertor, and which include the vessel
only, leg support only, and torque frame only in
the scan for minima and maxima. Also given are
the applicable allowables at the given tempera-
tures, based on a maximum stress intensity for
304 stainless steel of 20 ksi at 50°C and 18.7 ksi
at 200°C. The finite element analysis proved an
invaluable tool in identifying weak spots in the
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design and confirming corrective measures. The
above results reflect the evolved design after vari-
ous corrections such as inclusion of ribs, increase
in material thicknesses, increases in welds, inclu-
sion of sliding joints, and measures to avoid large
thermal gradients.

6. Thermal and hydraulic design and performance
6.1. Normal operation

6.1.1. Coil cooling water

De-ionized cooling water is supplied at 10°C
with resistivity >1 MQ/cm. Cooling water flow
(gallons per min (GPM)) and pressure drop is
described in Table 21 [7,9]. OH numbers refer to
layer numbers 1-4, each of which as two winding
X and Y in hand. Nominal OH flow rates are
designed to minimize the temperature difference
between layers during cool-down. TF reflects each
inner leg turn in series with each outer leg turn.

Heat loads are given in Table 22 for the three
modes of NSTX operation. TF losses are the
same in all three modes (Bt =0.6 T assumed in
short flat top, inductive mode).

Table 19

6.1.2. Vacuum vessel and internal hardware
heating and cooling

Machine temperature is regulated at 50°C using
a heating/cooling skid which circulates pressur-
ized water through stainless steel piping networks,
one external to the machine and welded to the
outer VV, the other internal to the machine and
brazed into the copper backing plates of the diver-
tors and passive plate. Auxiliary heating power
input of up to 6 MW for 5 s, once every 300 s
(average power 100 kW) must be removed from
the machine by the skid. The center stack casing is
not actively cooled, and heat deposited thereon is
mainly removed by radiation outward to the di-
vertor and passive plates. Inward heat flow is
minimized by the microtherm insulation. For fully
rated ohmic, RF and NBI heating power input it
is anticipated that the center stack casing may
ratchet to a temperature as high as 600°C.

6.1.3. Heat loads on PFC tiles

The heat loads specified by Physics [23] for the
PFC tiles are given in Table 23 for the three
plasma configurations. The design requirement is
to limit tile temperatures below 1200°C to avoid
sublimation.

Vacuum vessel Von Mises stresses (S,,,) and deflections (U), normal operations

Loading 1 2 3 4 5 6
Thermal (T) Electro-mag. Vacuum (V) Dead load T+EM+DL EM+DL+V
(EM) (DL) ey
Max S,,, (ksi) 16.97 21.76 10.94 7.31 22.92 21.90
Membrane S, (ksi) 3.21 21.32 6.83 4.99 21.76 21.61
Max U (in.) 0.080 0.054 0.021 0.016 0.088 0.056
Max U, (in) 0.045 0.025 0.006 0.009 0.050 0.025
Min U, (in.) 0.000 —0.013 —0.021 —0.010 0.006 —0.027
Max/min U, (in.) 0.004 —0.047 —0.007 —0.005 —0.048 —0.049
Max/min U, (in.) 0.080 0.020 0.014 —0.016 0.072 —0.030
W/o divertor S, (ksi) 16.97 21.76 10.94 7.31 22.92 21.90
Vessel only S,,, (ksi) 16.97 11.43 10.94 3.76 18.13 13.56
Leg Support Svm (ksi) 4.89 2.10 1.61 7.31 8.21 7.82
Torque frame max. S,,,  3.29 21.76 0.53 0.63 22.92 21.90
(ksi)
Bending + membrane 60.00 30.00
allowable at 50°C
General/local membrane 20.0/30.0

allowable at 50°C
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Table 20

Vacuum vessel Von Mises stresses (S,,,) and deflections (U), bakeout

Load case 1 2 3 4 5
Loading Thermal (T) Vacuum (V)  Dead load V+DL T+V+DL
(DL)

Max S,,, (ksi) 38.87 10.94 7.31 11.66 39.74
Membrane S,,, (ksi) 15.23 6.83 4.99 6.89 16.83
Max U (in.) 0.315 0.021 0.016 0.023 0.306
Max U, (in.) 0.194 0.006 0.009 0.007 0.182
Min U, (in.) 0.000 —0.021 —0.010 —0.021 0.000
Max/Min U, (in.) 0.015 —0.007 —0.005 —0.008 0.012
Max/min U, (in.) 0.300 0.014 —0.016 —0.022 0.282
W/o divertor S,,, (ksi) 38.87 10.94 7.31 11.66 39.74
Vessel only S, (ksi) 38.87 10.94 3.76 11.66 39.74
Leg support S,,, (ksi) 23.93 1.61 7.31 4.84 26.40
Torque frame S,,, (ksi) 15.52 0.53 0.63 0.81 15.38
Bending plus membrane allowable at 200°C 28.10 56.10
General/local membrane allowable at 200°C 18.7/28.1

Heat flux on the divertors is assumed to im- 6.2. Bakeout

pinge over a region beginning at the strike point
and ending at a distance of equal to the power
flux width (A) given in the Table. The peak heat
flux occurs at the strike point. The heat flux (¢)
along the power flux width is assumed equal to
¢(X) = Gpear. X & ¥* where x=0 occurs at the
strike point.

Extensive analysis of the thermal performance
of the various NSTX tile designs was performed,
including the center stack carbon fiber composite
(CFQ) tiles and the graphite tiles used on the
center stack, divertors, and passive plates [24].
Both 1D and 3D analysis using P-THERMAL
was used in the studies.

The main conclusions of the PFC thermal anal-
ysis were that:

e For 5 s pulsing, thermal penetration is limited
to ca. 0.5 in. such that increased tile thickness
is not beneficial in terms of thermal absorption.

e Without divertor sweeping, the maximum
power flux with a peak temperature allowable
of 1200°C is 6 MW/m?.

e In order to receive power with flux in excess of
6 MW/m? (as is required for a limited num-
ber of cases) without exceeding the temper-
ature allowable, divertor sweeping will be re-
quired.

The ANSYS finite element 3-D, 1/4 section
model used to analzye the vacuum vessel stresses
was also used to estimate the heat flow during
bakeout, with the internal hardware PFC tiles at
350°C and the outer VV at 150°C [24]. Heat flow
is summarized in Table 24.

It should be noted that these results are highly
dependant on assumed conductivites and
emissivities.

For the ohmic heating a DC power supply is
used which is capable of delivering 4kA to the
center stack casing, which has a resistance of 8§30
pnQ at 350°C. Therefore, the available ohmic heat
input is (4 kA)? x 830uQ = 13.3 kW.

For the internal hardware heating, the original
design called for the use of a high temperature
heat transfer fluid to be circulated in the stainless
steel tubing network both inside and outside the
vessel. However, concerns over flammability, and
pollution of the inside of the vacuum vessel in
case of a leak, have ruled out the use of this or
any other complex compounds. Therefore, at this
time the Project is considering alternative meth-
ods (including superheated steam and compressed
air). Until a decision is taken on an alternative
scheme the system’s operation is limited to 150°C
using pressurized water.
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7. Fabrication features

7.1. TF and OH coils

TF and OH coils were manufactured by Ever-
son Electric, Bethlehem, PA.

7.1.1. Conductors

All TF and OH conductors utilize Copper De-
velopment Association (CDA) alloy 10700 (silver
bearing oxygen free copper) with 100% IACS
conductivity, ‘quarter hard’ for TF and ‘half
hard’ for OH. The two TF inner leg conductor
shapes were extruded and then machined to
provide: (1) electrical joint bolt holes with
threaded inserts, (2) precision electrical joint con-
tact surfaces and (3) milled groove for insertion
and soldering of water cooling tube. The TF outer
leg conductors were roll-formed, then milled
grooves added for soldering of the water tube.
The OH conductors are extruded with a central
cooling hole. The extruded cross section of the
OH conductor is slightly non-rectangular to com-
pensate for the ‘keystone’ effect, such that after

Table 21
Cooling water flow

winding into the relatively small radius, the de-
formed shape becomes closer to rectangular. Since
each of the four layers has a different radius
whereas only one conductor extrusion was made,
the final selected shape is a compromise and none
of the layers are perfectly rectangular.

7.1.2. Electrical insulation

Preliminary design work indicated the need for
a high shear strength turn-to-turn insulation in
the TF inner leg bundle with a relatively low
voltage withstand requirement, but quite the op-
posite in the OH system where the shear stress is
low and the voltage much higher. In the TF coil
the first and last of the 36 turns are adjacent to
one another, but the voltage is only 1 kV. In the
OH coil the maximum voltages which appears
between turns in the same layer and between
layers are 25 and 75% of the total terminal
voltage, respectively, resulting in turn to turn
voltage as high as 4.5 kV. Early investigations
also addressed the relative merits of a B-staged
insulation system versus a vacuum pressure im-
pregnation (VPI). Based on discussions with coil

Coil Flow/circuit (GPM) Velocity (ft./s.) No. of circuits Flow (GPM) AP (PSI)
OHlX 0.64 7.5 1 0.6 207.3
OH1Y 0.64 7.5 1 0.6 207.8
OH2X 0.71 8.2 1 0.7 266.3
OH2Y 0.71 8.2 1 0.7 266.3
OH3X 0.76 8.9 1 0.8 329.7
OH3Y 0.76 8.9 1 0.8 331.8
OH4Xx 0.82 9.5 1 0.8 400.0
OH4Y 0.82 9.5 1 0.8 400.0
PFla 6.15 9.8 2 12.3 100.0
PF1b 3.10 10.2 1 3.1 100.0
PF2a 5.38 8.5 2 10.8 100.0
PF2b 5.38 8.5 2 10.8 100.0
PF3a 3.62 5.9 2 7.2 100.0
PF3b 3.62 5.9 2 7.2 100.0
PF4b 4.66 7.5 2 9.3 100.0
PF4c 4.34 6.9 2 8.7 100.0
PF3a 3.59 5.6 2 7.18 100.0
PF5b 3.59 5.6 2 7.18 100.0
TF 3.20 33 36 115.2 94.8
Totals 61.0 202.7
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Table 22
Heat loads to cooling water system

Mode OH ESW (s) PF ESW (s) TF ESW (s) Pulsed loss (MJ)  Rep period (s) Avg. loss (kW)
Inductive 0.525 1.0 1.5 75.1 600.0 125.2
Partial inductive ~ 0.238 5.0 6.0 104.5 300.0 348.2
Non-inductive 0.000 5.0 6.0 96.3 300.0 321.1

manufacturers and insulation suppliers along with
some R&D [25] it was decided that a B-staged
system was feasible and would be less expensive
than VPI. A B-staged material was identified
which could meet the TF requirements for high
shear strength and, with the addition of a layer of
kapton, the OH requirements for dielectric
strength, albeit with a reduction in shear strength.

Final selected insulation material for the B-
stage epoxy-glass component is a product sup-
plied by Insulating Materials (IMI) of
Schenectedy, NY, consisting of a glass tape with a
TGDM type epoxy supplied to IMI by Composite
Technology Development (CTD) of Boulder, CO.
R&D performed by Cryogenic Materials, Boul-
der, CO, on the TF inner leg and OH versions of
the insulation consisted of lap shear and shear/
compression), shear compression fatigue, and DC
hipot. Results are summarized in Table 25. Se-
lected temperatures for shear tests are based on
projected temperature at time of peak shear stress.
All conductors were grit blasted, solvent wiped,
and then primed with Ciba Geigy DZ80-1. This is
an essential step in achieving the requisite shear
strength.

Details of the TF inner leg and OH insulation
systems are given in Table 26.

7.1.3. OH layer to layer joints

A crucial feature of the OH coil is the layer to
layer joint. As part of the R&D work several
configurations were investigated and tested for
ultimate strength prior to selecting a scheme con-
sisting of a 4 in. overlap of the two conductors to
be joined, soldered together with 96% tin/4% sil-
ver soft solder, then secured using Sil-Fos TIG
braze tack welds at the ends of the two overlap-
ping sections. Tests of this configuration, shown

in Fig. 28, had an average stress to failure at 37.4
ksi (eight samples). Fatigue tests were performed
on three samples at 20 ksi cyclic loading and
failures occurred after ca. 300 k, 420 k, and 555 k
cycles, in all cases in the conductor, not the joint.

7.1.4. TF bundle fabrication
A significant fabrication challenge was pre-

sented by the TF inner legs: how to assemble the
36 insulated turns into a bundle with sufficient
precision to fit within the inner diameter of the
OH tension tube, allowing only a small nominal
gap to permit sliding, while at the same time
providing the required radial restraint. And, aside
from the assembly considerations, the fact that
the TF inner legs form the axis of the plasma
places additional importance on its precision. The
TF inner leg assembly, approximately 18 ft. in
length, was required to be formed to a tolerance
of +0.015 in. deviation from the ideal cylindrical
shape. In order to accomplish this, the following
procedure was developed:

1. The assembly was divided into four quadrants,
each of which was first press-cured in a preci-
sion steel mold, which included a special align-
ment fixture to secure the positions of the ends
of the inner legs at their electrical joint contact
surface.

2. The quadrants were then brought together, a
groundwall insulation applied, and the com-
pleted assembly bonded together in a second
press-cure operation using a final sizing and
curing mold.

3. The surface of the groundwall insulation was
precision machined to achieve the final desired
tolerance.

The TF inner leg bundle fabrication process is

depicted in Fig. 29.
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Table 25
Insulation R&D results

TF inner leg OH

Bi-axial shear at 600lbs compression (avg. psi failure)

Fatigue test at 600 lbs. compression (test w/o failure, 1e6 cycles)

DC hipot (avg. kV failure)

6062 psi at 60°C, eight 3710 psi at 100°C, ten

samples samples

2400 psi at 60°C, six samples 1000 psi at 100°C, six
samples

16 kV (420 volt/mil), 16 Not tested

samples

length of the flag, provide elastic pre-load on the
joint which will track thermal expansions and
variations in axial loads. The bolts are ‘body
bound’ (i.e. tight fitting) at the joint interface so
they react shear loads without slippage. They are
torqued to provide a pre-load of 2000 psi. Stain-
less steel threaded inserts are used to provide a
hardened bolt interface with improved pull-out
strength. Tests indicate a pull-out strength of ca.
6000 lbs. The torque restraint structure, in con-
junction with the body bound bolts, keeps the
joint fixed and clamped under constant pressure
throughout the operating cycle. Table 27 lists the
major features of the bolted joint.

A photograph of the radial leg is shown in Fig.
30.

The flags are designed with a radial split. This
feature facilitates fit-up, provides a degree of re-
dundancy, and permits the measurement of joint
resistance with relative ease (ohmmeter probes
placed on upper and lower sections, current
passes in and out of the contact area with the
inner leg).

7.2. Plasma facing components

The PFC tiles in NSTX consist of 3760 individ-
ual tiles of 60 unique designs [27]. The various
generic types and their main features are listed in
Table 28.

Except for the CSC tiles, the configuration,
material, and application of the tiles follows con-
ventional practice for fusion devices. The CSC
tiles are of a unique design driven by the severe
constraints on radial build of the center stack; a
radial build of only 0.55 in. is allocated to the
CSC tiles and their mounts. The CSC tiles consist

of alternating columns of ‘rail tiles” and ‘captured’
tiles, the latter which are locked into place by the
former. A unique design for mounting the rail
tiles to the CSC was developed which utilizes drift
(shear) pins and Inconel brackets. Installation is

Table 26

NSTX insulation design details

TF inner leg OH
Turn insulation
Epoxy-glass IMI 2258XS IMI 2258XS
Thickness (10% 0.0054 in. 0.0054 in.

compression)
Number of layers
Epoxy-glass/

kapton
Thickness (10%

compression)
Number of layers
Total build

Voltage stress

3 half lapped
n.a.

n.a.
0.032 in. (0.064 in.
turn-turn)

15.6 V/mil at 1 kV

Ground insulation (outer)

Epoxy-glass

Number of layers
Thickness (10%

compression)
Total build

Ground insulation
(inner)

Teflon

Number of layers

Epoxy-glass

Thickness (10%
compression)

Number of layers

Total build

3M Scotchply
#1003

2 half-lapped
0.009 in.

0.036 in.

n.a.

n.a.
n.a.
n.a.
n.a.

n.a.
n.a.

1 half lapped
IMI 2259XS

0.008 in.

1 half lapped
0.026 (0.0525 in.
turn-turn)

85.7 V/min at 4.5
kv

3M Scotchply
# 1003

3 half-lapped
0.009 in.

0.054 in.

0.002 in.

2 half-lapped
IMI 2258XS
0.0054 in.

3 half-lapped
0.036 in.
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Fig. 28. Prototype OH layer to layer joint.

accomplished via hidden fasteners accessed
through very small holes in the tile faces.

Assuming full current flow in the CSC tiles (and
not in the underlying casing), halo current loads
can produce a force approaching 100 psi per tile.
Although most events are anticipated to result in
an inward force on the tile, the possibility of an
outward ‘pull-out’ force is assumed to remain.
This force is transmitted as a shear load through
the drift pins, up to ca. 300 lbs. per pin. In
addition the tiles must withstand up to 2 MW/m?
for 5 s, with the underlying CSC ratcheted up in
temperature to 600°C.

The baseline rail tile design is shown in Fig. 31.
The rail tile assembly is attached to the CSC by
Inconel weld studs and captured allen head nuts.
The nuts are tightened through small 0.150 in.
access holes in the face of the tiles. The design
utilizes four, 0.125 in. diameter, Inconel drift pins
to retain the tile. A step in the rail tile permits
lapping adjacent captured tiles and serves to re-
tain them, thereby halving the total number of
mounting studs required. Wave springs under the
captured tiles serve multiple functions; they pre-
load the captured tiles to the rail tiles, cushion
them against disruption loads, and permit thermal
expansion. Radiation shields are used behind the
captured tiles to prevent excessive heat transfer to
the center stack column.

The CSC tile implementation on NSTX was
greatly facilitated by the availability of a 2-D
carbon fiber composite (CFC) material from Al-
lied Signal (type 866-19-4). This material was
relatively inexpensive, available within a reason-
able time (ca. 6 months), and possessed the re-
quired performance in terms of mechanical
strength, thermal conductivity, and thermal per-
formance as evidenced by pull-out and high heat
flux tests [28].

7.3. Magnetic diagnostics

Implementation of magnetic diagnostics on the
center stack of NSTX was extremely challenging
due to the very small available space and the high
temperature. The Rogowski loops, which measure
the plasma current and must encircle the entire
vacuum vessel poloidally, passing through the
central stack annular space between the OH coil
groundwall and the Microtherm insulation, are
unique [29]. Two are implemented on NSTX, each
34 ft. in length, 0.135 in. radial thickness, 77 turns
per inch. Since the center stack casing is remov-
able, the Rogowskis must be designed to be
opened and coiled up without damage. Fig. 32
shows a photograph of the Rogowski during the
insertion of the OH coil assembly into the center
stack.

Page

Wed



42 C. Neumeyer et al. / Fusion Engineering and Design 000 (1999) 000—000

TF GUADRANT

NSL_ATCR

1. (4) QUADRANTS COMBINED
WITH INSULATOR BETWEEN
QUADRANTS AND G-10 ROD

AT THE CENTER

MYL AR SHRINK
WRAP TPAZ

/typeset 2: / sco4/j obs2/ ELSEVI ER/ f usi on/ week. 35/ Pfus1778. 001 Wed Sep 20 08: 12: 04 2000 Page

Wed

2. BUNDLE ASSEMBLY
CLAMPED AND TAPED

Fig. 29. TF inner leg fabrication procedure.
7.4. Magnetic permeability and columbium promote ferrite while carbon,
manganese, and nickel promote austenite. Some
limited amount of ferrite is beneficial to stainless
steel welds and castings as it prevents micro-

NSTX utilizes a large number of stainless steel
components in the vacuum vessel and other struc-

tures which are worked, machined, and welded.
During the execution of the NSTX Project it was
found necessary to advise manufacturers on mate-
rial selection and processing techniques, and to
expand on the definition of magnetic permeabilty
allowables, in order that a minimum of field-per-

Table 27
TF bolted joint features

Feature

Description

Size and number of bolts

(4) 5/16 in. bolts

turbing components were present on the machine Bolt material A286
while at the same time reasonable and practical Bolt length 1lin.
. Nominal joint pressure 2000 psi
manufacturing procedures could be followed. ‘ -,
. . X Allowable contact resistance 2 pQ/in.
’Wrough't austenitic 'stamless steels (1.9. .plate, Cross sectional area 50 in2
pipe, forgings) are typically non-magnetic in the Average current density at 71.6 kA 14.3 kA/in.?
as-rolled condition (x, < 1.02). Thermal process- Load per bolt 2500 Ibs.
ing, welding, cutting, etc., can result in some level Axial stress in bolts 43000 psi
f ferrite which increases the permeability. Chemi- Shear stress in bolts 2300 psi
o Y . p . Y . Pullout yield load for insert 5000 Ibs.
cal composition is a key predictor of magnetic Factor of safety for pullout P

characteristics. Chromium, molybdenum, silicon,
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Fig. 30. TF radial flag

fissuring and resistance to stress corrosion crack-
ing. Certain stainless steels such as Type 316
(16Cr10Ni2Mo typ.) will contain less ferrite and
better magnetic permeability than other such as
Type 304 (18Cr8Ni typ.). Since most NSTX usage
is of Type 304, certain guidelines were followed to
minimize permeability such as: (1) hot formed
steel should be purchased, with the forming
method clearly documented by the material cer-
tification and (2) when the chemical composition
can be reviewed prior to purchase, the choice of a
material with lower Cr, Mo, Si, and Cb and
higher C, Mn, and Ni should be preferred, (3)
rough cutting of materials used water jet methods
where possible. The choice of welding filler mate-

Allen Head
Nut

Captured

rial needs to consider ferrite content, expressed as
the ferrite number (FN). FN between 2 and 4.5
typically produce welds with acceptable perme-
ability which also resist cracks and corrosion. A
common weld filler for Type 304 is ER308 which
is difficult to find with FN in the desired range.
An alternate is ER316. In some cases the use of a
high nickel allow filler (FN 0) may be acceptable
if mechanical requirements are not demanding.
Careful annealing is another option to reduce
permeability.

For NSTX, the allowables were set to u, <1.05
for base material, . <1.2 for machined/formed
parts, and u, < 2.0 for welded parts. These num-
bers represent a considerable increase over the
allowables specified at the outset of the project.

8. Summary and conclusions

NSTX is a proof-of-principle experiment aimed
at exploring the physics of the spherical torus
configuration. The low aspect ratio decreases the
available cross sectional area through the center
of the torus for toroidal and poloidal field coil
conductors, vacuum vessel wall, plasma facing
components, etc., thus increasing the need to de-
ploy all components within the ‘center stack’ in
the most efficient manner possible. Therefore,
careful engineering of this region of the machine,
utilizing materials up to their engineering allow-
ables, has been key to meeting the desired objec-
tives. The design and construction of the machine
has been accomplished in a rapid and cost effec-
tive manner thanks to the availability of extensive
facilites, a strong experience base from the TFTR
era, and good cooperation between institutions.
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Fig. 31. Center stack casing rail tile design
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Fig. 32. Plasma current Rogowski loop
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