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1.0 I ntroduction

The Next Step Options (NSO) study is
underway to consider the next steps that
might be undertaken in a restructured
U. S. Fusion Energy Sciences Program.
The findings of this study are
periodically provided to the Fusion
Energy Science Advisory Committee
(FESAC) which advises the DOE
Secretary of Energy on fusion research
strategy. The NSO study has two major
goals:.

(1) Development of research goals
and a strategy for burning plasmas
in the restructured fusion sciences
program. An international multi-
machine  program strategy is
evolving which comprises a series of
experimental projects that could lead
to the development of fusion energy
in an environment of limited energy
research funding.

(2) Development of a minimum cost
burning plasma research device.

A compact high field copper coil
tokamak has the best prospect for
achieving fusion-dominated plasmas
at minimum cost. The design concept
presently being evaluated is FIRE
(Fusion Ignition Research
Experiment).

The possibility of constructing a next
step experiment in magnetic fusion will
depend critically on its cost. Since the
U.S. DOE has constructed ~$1B class
facilities such as the Spallation Neutron
Source (SNS), Advanced Photon Source
(APS) and the National Ignition Facility
(NIF), the construction cost target for
NSO has been set at ~$1B.

The NSO study has been organized as an
integrated physics/engineering design
activity within the Virtual Laboratory for
Technology (VLT). A set of preliminary
goals and associated requirements were
established as a first step in the
development of an optimized Burning
Plasama Strategy. A burning plasma
experiment is one element of a “multi-
machine” strategy to accomplish many

of the ITER objectives using separate
lower cost facilities. These facilities
would focus on physics issues such as:
(1) burning plasma physics, (2) long
pulse advanced toroidal physics and (3)
fusion technology. This strategy reduces
the technical risk and would require
much smaller cost outlays compared to a
singlelarge integrated facility.

The NSO study process involves
national and international activities. An
NSO Program Advisory Committee
(PAC) has been set up to guide the
design work on FIRE. The NSO PAC
has 15 members from the U. S. and
international tokamak community, and
reports to the Director of the VLT. An
external peer review of the mgor FIRE
engineering systems was undertaken in
June 2001. A proactive outreach
program was initiated to involve the
fusion community and the broader
scientific community in determining the
mission and direction for FIRE.
Technical papers have been presented at
al the maor fusion conferences. Over
25 presentations have been made over
the past year and discussion sessions
have been held, including discussions at
major international fusion laboratories.
The FIRE web site (http://fire.pppl.gov)
has archived the technical work on FIRE
and also serves as arepository of current
information on fusion research.

The NSO study has only been underway
since the beginning of FY 99 and much
work is yet to be done, however, the
results are very encouraging. They
indicate that a compact burning plasma
device can be developed which is
responsive to cost issues and could be a
practical and important next step in a
revitalized modular fusion sciences
research program.
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2.0 Physics Objectives and Guidelines
for a Next Step Tokamak Burning
Plasma Experiment

Burning plasma physics is widey
accepted as the primary objective for a
major next step in magnetic fusion
research. The Grunder Pand of FESAC
and the Madison Forum endorsed
burning plasmas as the next step. The
1999 Snowmass Summer  Study
endorsed burning plasmas with the
Burning Plasma Working Group, the
Energy Working Group B and the
Magnetic Fusion evening session, all
overwhelmingly supporting the burning
plasma objective and that the tokamak
was technicaly ready for a high gain
burning plasma experiment. The 1999
Secretary of Energy Advistory Board
(SEAB) review of fusion noted that
“Thereis general agreement that the next
large machine should, at least, be one
that allows the scientific exploration of
burning plasmas’. If Japan and Europe
do not proceed with ITER, “the U.S.
should pursue a less ambitious machine
that will allow the exploration of the
relevant science at lower cost.” “In any
event the preliminary planning for such a

device should proceed now so as to
allow the prompt pursuit of this option.”

Our present understanding of plasma
transport, macroscopic stability, wave
particle interactions and boundary
physics while improving through
experiments on existing facilities will
aways be incomplete until tested and
understood in a“real” fusion plasma.

During summer of 2001, FESAC made
severd strong recommendations
regarding the U.S. Burning Plasma
program including:

* NOW is the time for the U.S. Fusion
Energy Sciences Program to take the
steps leading to the expeditious
construction of a burning plasma
experiment.

« The U.S. Fusion Energy Sciences
Program should establish a proactive
U.S. plan on burning plasma
experiments and should not assume a
default position of waiting to see what
the international community may or
may not do regarding the construction
of a burning plasma experiment. If the
opportunity for international

Attractive MFE
Reactor
(e.g. ARIES Vision)
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collaboration occurs, the U.S. should
be ready to act and take advantage of it
but should not be dependent upon it.

The FESAC aso recommended that a
community workshop be held for the
critical scientific and  technological
examination of proposed burning plasma
experimental designs and to provide
crucial community Input and
endorsement to the planning activities
undertaken by FESAC. At this
workshop, the community would also
carry out a uniform technical assessment
led by the NSO program of each of the
burning plasma experimental options for
input into the Snowmass summer study.

With the FESAC recommendations as
background, the FIRE project after
discussions with the NSO-PAC, adopted
the following mission for FIRE:

to attain, explore understand and
optimize magnetically confined fusion-
dominated plasmas.

Understanding the properties of high
gain fusion-dominated plasmas in an
advanced toroidal configuration is a
critical issue that must be addressed to
provide the scientific foundation for an
attractive magnetic fusion reactor. The
functional fusion plasma objectives for
major next physics steps in magnetic
fusion research can be described as:

Burning Plasma Physics - The
achievement and understanding of alpha-
dominated plasmas  that have
characteristics ssimilar to those expected
in afusion energy source, and

Advanced Toroidal Physics - The
achievement and understanding of
bootstrap-current-dominated  plasmas
with externally controlled profiles and
other characteristics (e.g., confinement
and b) similar to those expected in an
attractive fusion system.

These requirements lead naturally to a
set of fusion physics Stepping Stones as
illustrated in Fig. 1. The ranges of
plasma performance and duration to
address these issues are shown
schematically with the natural time
scales for important plasma processes.

A design study of a Fusion Ignition
Research  Experiment (FIRE) is
underway to investigate near term
opportunities for advancing the scientific
understanding of self-heated fusion
plasmas in advanced toroidal
configurations. The emphasis is on
understanding the behavior of plasmas
dominated by alpha heating (Q ~10) that
are sustained sufficiently long compared
to most characteristic plasma time scales
(~20tg, ~4tye ,~ t«in Where tyeisthe
helium ash confinement time at 5t g, and
t«in 1S the time for the plasma current
profile to redistribute at fixed total
current) to allow the evolution of alpha
defined profiles. The programmatic
mission of FIRE is to attain, explore,
understand and optimize apha
dominated plasmas to  provide
knowledge for the design of attractive
magnetic fusion energy systems. The
programmatic strategy is to access the
alpha-dominated regimes with
confidence using the present tokamak
data base (e.g., EImy-H-mode, = 0.75
Greenwald density) while maintaining
the flexibility for accessng and
exploring advanced tokamak modes at
lower magnetic fields and fusion power
for longer durations in later stages of the
experimental program. A mgjor godl is
to develop a design concept that would
meet these physics objectives with a
tokamak (load assembly) construction
cost of ~$350M and a total project cost
in therange of ~$1 B.

Page 2.0-2
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The activities have focused on the
technical evaluation of a compact, high-
field, highly-shaped tokamak with the
parameters shown in Table |. The
philosophy of FIRE is to chalenge, and
extend existing physics limits toward the
regimes envisioned for a fusion reactor.
Confinement projections are uncertain,
and one of the major objectives of a next
step experiment is to extend the
experimental range beyond existing
experiments and capability to test
projections closer to reactor conditions.
The physics issues and physics design
guidelines for projecting burning plasma
performance in FIRE are similar to those
for ITER-FEAT. The operating regime
for FIRE is well matched to the existing
H-mode database and can access the
density range from 0.3 < n/ngw < 1.0
through a combination of pellet fueling
and divertor pumping. This flexibility is
important for investigating the onset of
aphadriven modes a the lower
densities and to optimize the edge
plasma for confinement studies and
optimal  divertor  operation.  The
performance of FIRE was projected by
sdlecting JET data with parameters
similar to FIRE, namely by = 1.7, Zgt <
20, k > 1.7 and 27 < Qg5 < 35. The

Tablel. Design Goalsfor FIRE

R (m), a(m) 2.14,0.595
Kos, dos ~18,~ 04
Jos >3
Bi(Ro) (T) 10
Wmag TF (GJ) 5
lb(MA) 7.7
flattop time () ~20
alphaheating fraction >0.5
te, twin (S) ~1,~13
Zit (3% Be + He (5tg)) 14
Fusion Power (MW) ~ 150

| CRF Power (MW) 20
Tokamak Cost ($B) ~0.35
Project Cost ($B) ~1.2

average H(y, 2) and density profile
peaking, n(0)/<n>, for these data was
found to be 1.1 and 1.2, respectively.
This is consistent with the anaysis of
JET H-mode data presented by Cordey
et a [3]. A 0-D power balance code was
used to calculate the Q-value in FIRE as
a function of Hfactor as shown in Fig.
2. The density profile was assumed to
have n(0)/<n>, = 1.2 (x points) or 1.5 (?
points) with 3% Be and self-consistent
alpha ash accumulation. On this basis,
FIRE would be expected to achieve Q =
10 for JET-like H-modes. Physics based
models using marginal stability transport
models such as GLF23 aso predict Q
values in the range ~ 10. These models
dependent sensitively on the value of the
temperature of the H-mode pedestal
which is projected to be higher for
plasmas with strong shaping
(triangularity) and pedestal density low
relative to the Greenwald density. A next
step experiment, such as FIRE, would
provide a strong test of these models and
improve their capability for predicting
reactor plasma performance.

A 1 12 -D Tokamak Simulation Code
(TSC) simulation of this regime with
Hy,2) = 11 and n(0)/<n> = 1.2
indicates that FIRE can access the H-
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Fig. 2. Fusion Gain for FIRE

Page 2.0-3



Power (MW

FIRE Engineering Report
FY 01 Update

50

40

TN
\

Q-116| *

Aipha Powar ﬂ
| [ -1

AnzEiliary Power L_I

S

—
Q 4 4 12 16 ¥ 28 32
Time {5)

=N

Fig. 3. Evolution of afusion-dominated plasma.

Mode and sustain aphadominated
plasmas for > 20 tg, >4ty and ~ 1.5
t«in & shown in Fig. 3. This example
shows the importance of having
sufficient magnetic field flattop for
plasma startup (-4 s), helium ash
evolution (~4s) prior to achieving a
steady burn for experimental studies. In
addition, capability must be provided for
controlled plasma shutdown without
causing a disruption on every pulse. The
primary methods of burn control will be
to adjust the input power and the D-T
fueling rate.

A longer term goal of FIRE isto explore
advanced tokamak regimes using pellet
injection and current ramps to create
reversed shear plasmas (eg., PEP
modes), and then applying lower hybrid
current drive to sustain the AT mode at
high fusion gain (Q > 5) for a duration of
1 to 3 current redistribution times.
Simulations using TSC with sdf-
consistent lower hybrid current drive
modeling show that 100% non-
inductively driven burning plasmas
could be sustained at by ~ 3, 64%
bootstrap current with Q = 7.5, fusion
powers of 150 MW if confinement
enhancements H(y,2) © 1.6 were attained
a B = 85T and Ip = 55 MA. An
important feature of the FIRE cryogenic

copper alloy magnets is that the pulse
length increases rapidly as the field is
reduced with flattops of ~40sat 8 T and
~90 s a 6 T. The primary limitation to
exploiting this long pulse capability is
the generic problem of handling the
plasma exhaust power under reactor
relevant conditions.

The baseline magnetic fields and pulse
lengths can be provided with BeCu
/OFHC (Oxygen Free High
Conductivity) copper toroida field (TF)
coils and OFHC poloidal field (PF) coils
that are pre-cooled to 77 °K prior to the
pulse and allowed to warm up to 373 °K
at the end of the pulse. The cross-section
of FIRE is shown schematically in
Figure 4. The key “advanced tokamak”
features are: strong plasma shaping,
double null poloidal divertors, low TF
ripple (~0.34% @ outer midplane),
internal control coils and space for yet to

p Wedged TF Coils (16)

a—Compression Ring

_-Double Wall
&%= Vacuum Vessel

O

Control Coil

Passive Stabilizers

W-pin Outer Plate
actively cooled

AN NN

Z 7
/ ]
L
Fig. 4. Cross-section of FIRE

be determined wal  stabilization
capabilities. The 16 TF coil system is
wedged with a compression ring to resist
de-wedging at the top and bottom of the
inner TF leg. Shielding is added between
the walls of a double wall vacuum vessdl
to reduce nuclear heating of the cails,
limit insulation dose and allow hands-on
maintenance outside the envelope of the
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TF coils within a few hours after a full
power D-T shot. Large (1.3 m by 0.7 m)
midplane ports provide access for
remote manipulators and diagnostics,
while 32 angled ports provide access to
the divertor regions for utilities and
diagnostics. FIRE is being designed
mechanically to accommodate 3,000 full
field, full power pulses and 30,000
pulses at 2/3 field. The repetition time at
full field and full pulse length will be < 3
hr, with shorter times at reduced
parameters.  The  fusion  energy
production of 5 TJ (smilar to BPX)
produces a lifetime neutron dose to the
TF insulating material at the inboard
midplane of ~ 1.5 x 10'® Rads which is
consistent with the polyimide insulation
being considered.

The power densities on the divertor
plates are ~5 MWm™? for detached
operation and ~25 MWm for attached
operation. The divertor plasmafacing
components are tungsten “brush” targets
mounted on copper backing plates,
similar to a concept developed by the
ITER R&D activity. The outer divertor
plate is water-cooled, while the baffle
and inner divertor targets are inertialy
cooled. The first wall is comprised of
Be plasmasprayed onto copper tiles
which do not need active cooling for
pulses < 15 s. The large neutron wall
loading (BMWm™) at fusion power of
200 MW contributes significantly to the
first wall and vacuum vessel heating.
Either a modest reduction in fusion
power due to lower H-mode threshold
assumptions, or improved cooling will
be required for a 20 s pulse length. The
plasma facing materials were chosen to
reduce the tritium inventory in the first
wall. Sixteen cryopumps — closdy
coupled to the divertor chambers, but
behind sufficient neutron shielding —
provide pumping (=100 Pa m®/s) for D-T
and He ash during the pulse. Pellet

injection scenarios using direct injection
inside the magnetic axis and guided
inside launch will be incorporated, and
are expected to provide a modest
increase in fusion reactivity due to
density profile  peaking while
minimizing tritium consumption. The in-
device tritium inventory will be
determined primarily by the cycle time
of the divertor cryopumps, and can range
from < 2 g for regeneration overnight to
~20 g for monthly regeneration.

The possbility of using only high
conductivity (OFHC) copper in the TF
coil in a bucked and wedged
configuration was investigated. The
l[imitation on burn time for both BeCu
and OFHC designsisthe power handling
capability of plasma facing components
and the vacuum vessel. The wedged
design with BeCu was chosen as the
baseline design mainly for its simplicity
and robustness.

A number of important physics issues
remaining to be addressed during the
design phase, and then resolved during
the experimental program. These include
generic issues such as. mitigation and
avoidance of disruptions and vertica
displacement events, H-mode power
threshold, effects of neoclassical tearing
modes, detached divertor operation with
good confinement, and divertor/edge
plasma modeling under high power
conditions.

FIRE, coupled with a non-burning
steady-state superconducting advanced
tokamak in an international multi-
machine strategy, would address
essentially all of the objectives identified
for Next Physics Steps in Magnetic
Fusion (Fig. 1).

Page 2.0-5
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3.0 General Design Requirements Coail initial temp. 80 K
The basic set of machine parameters and Coil max. temp. 373K
features given in Table 3.0-1 were First wall materials Beryllium

adopted by FIRE in late FY 2001 after
an study of possible variations around
the initia design point in the FY 2000
study, and discussion with the NS)-PAC.
The table will ultimately serve as the
basis of the forma General Design
Requirements Document (GDRD) which
will be completed prior to a Conceptual

First wall
replacement/maint.

Single unit: 3wks;
limiter: 6wks.; entire

times system 12 mos.
Total Fusion Energy 5 tergjoules
Limiters For start up
First wall life Machinelifetime
\AY pressure No

suppression system

FW heat flux TBD

First wall cooling Inertial

VV operating temp. 100°C

Divertors Double null; actively
cooled outer W plate,
inertially cooled
elsewhere, possible
upgrade to active
cooling for longer
pulses

In-vessel RH Must be able to

requirements. replace/repair all
components

Ex-vessel RH Classification system

requirements & maintenance similar
to ITER.

TF support Wedged with

arrangement compression rings

Design Review (CDR).

Table 3.0-1. Basic Parameters and

Features of FIRE.

Parameter Value

R, major radius, m 2.14

a, Minor radius, m 0.595

B, Teda 10

No. TF coils 16

Q ~10

Fusion power, MW 150

Max. TF ripple 0.3% (edge)

Pulserep. Time, hr. ~3 at full power

TF and PF coil type LN, cooled copper and
BeCu

Plasma current 7.7MA

Flat top, s ~20

Triangularity, dgs ~0.4

dy ~0.7

Elongation, Kgs , ~18

Ky ~2.0

Neutral beam Power None planned

ICRF Power, (MW) 20

FWCD None in baseline-
possible later option.

LHCD None in baseline-
possible later option.

Vacuum level 10-8 torr

Bake out temp. 350? C

Life pulsesat full field | 3000 (min.)

[1] ITER PhysicsBasis, Nucl. Fusion

39 (1999) 2208
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4.0 Design Configuration/Integration

At the end of FY 01, the device has been
altered in size (dightly), increasing the
major radius to 2.14 m from its reference
baseline dimension of 20 m. The
general arrangement and details of the
components are not expected to change,
but there will be some subtle alterations
to address the change in the radial build
dimensions of a lower aspect ratio
device. The reference 2.0 m device is
shown in Fig. 40-1 (@) and (b). The
main design features include:

High plasma triangularity (0.4 dos) is
provided for improved performance.

Double null gaseous divertors.
Gaseous divertors have been shown to
be effective in radiating most of the
power going to the divertor regions
throughout the first wall rather than
depositing it in a localized toroidal
stripe in the divertor. They are also
easier to engineer.

Divertor module  maintenance
through horizontal ports.

This enables the extraction of larger

divertor components and fewer

pieces.

A double walled vacuum vessel with

integral shielding.

This design approach provides
improved vessel structura stiffness
and makes double use of the cooling

jacket as nuclear shielding. Locating

shielding between the walls reduces

nuclear heating in the TF coils and

the dose level externa to the vessel.

The reduced nuclear heating permits

longer flat top times and higher

current  densities than  would

otherwise be possible. This "close
in" shielding arrangement reduces
the dose outside the vessel and

(a) Cross-Sectional View of FIRE Through Its
Insulation Enclosure

(b) Cross Section View of the FIRE Tokamak

Fig 4.0-1 1sometric Views of FIRE

activation of nitrogen that is in the
thermal shield.

Wedged TF coils aided by a pair of
large compression rings to support
torsional shear at the inner corners
of the TF

Page4.0-1
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It is expected that some configurational
benefits will be achieved in the increased
machine size; somewhat wider ports,
additiona space  for magnetic
diagnostics and added (CS side) coolant
of the TF inner leg. Also the integration
of the pellet injection system into the
base configuration will be developed,
adding details to show injection from
low and high field side of the plasma and
from the top using different sets of
guidetubes.

4.1 Design Features

Figures 4.0 (@) and (b) illustrate the

design features of the reference design.

The major components and features are:

- 16 wedged TF coils, inertialy LN>
cooled with coil windings located in

a partial coil case. High strength

BeCu C17510 is used in the inner

legs and OFHC copper in the

remainder of the coil. Compression
rings girdle the TF coails to suppress

"dewedging" in the upper and lower

inside corners of the coils.

Two pairs of divertor coils (up-down

symmetric). These coils are inertialy

LN2 cooled, strip wound OFHC

copper coils.

Two pairs of external ring coils (up-
down symmetric). These are similar
in construction to the divertor coils.

A free standing segmented central

solenoid (CS) that will be made of

LN2 cooled, oxygen free, high

conductivity copper (OFHC) water

jet cut discs.

A double wall vacuum vessel. The

inner space is filled with steel and

water for nuclear shielding.

Internal plasma facing components

(shown in Fig. 4.1-1). The Be coated

Cu first wall and tungsten pin-type
inner divertor module is inertialy
cooled through the vacuum vessdl;
the tungsten pin-type outer divertor
module and baffle is actively cooled.
The divertor is designed for a high
triangularity, double-null  plasma
with a short inner null point-to-wall
distance and a near vertica outer

divertor flux line.

Be coated
CuFW

Fig. 4.1-1. FIRE Plasma Facing Components

Two outboard poloida limiters,
spaced 90 degrees apart, enclose the
ICRH quadrant.

A passive dtabilization system
consisting of an inboard pair of ring
coils and an outboard saddle cail.

An active control coil system
consisting of a pair of coils located
within the outboard vessel jacket.

A therma enclosure similar to the
design used for C-Mod (i.e,
polyimide foam insulation with
fiberglass  inner and outer
protective/structural skins).

Page4.0-2
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4.2 Design Choices

Sixteen TF coils were selected as the
number of coils to provide reasonably
large openings between coils for in-
vessel access. The radial position of the
coil back leg is set by a number of
considerations, including access, ripple,
and shield thickness requirements;
FIRE's design has good balance between
these considerations. The inner leg of
the TF coail, where the stress is highest, is
made of high strength, high conductivity
variant of C17510 BeCu. This aloy
was developed for BPX, and
commercialized since then by its
developer, Brush-Welman. The variant
we propose to use has a 0.2% vyield
strength of 720 Mpa and an electrical
conductivity of 68% IACS. The stressin
the outer regions of the coil is low
enough to permit less costly oxygen free
copper (C102) to be used. Large rings
located outside the TF coils are used to
obtain a load balance between wedging
of the intercoil case structure and
wedging a the upper/lower inboard
corners of the TF coil winding.

The design of the baffle and outboard
divertor was revised by integrating the
two components into a single module.
This was done to increase the baffle heat
load capacity by providing coolant to the
baffle, a component not actively cooled
in the earlier design. The reconfigured
baffle-outboard divertor module can be
extracted through the horizontal ports in
a maintenance scheme that provides for
component rotation and avertical lift.

4.3 Machine Assembly
The assembly sequence is illustrated in

Fig. 43-1. FIRE is assembled in four
90-degree sectors built up from two TF

coils and a 90-degree vacuum vessel
guadrant.

A vacuum vessel quadrant is rotated into
the bore of a two TF coils at assembly.
Sixteen large, “straight-in” view ports
are equally distributed along the vacuum
vessel mid-plane. Sixteen upper and
lower auxiliary ports are provided,
angled in a position to allow diagnostic
view of the divertor region. Small
circular ports are also located at the top
and bottom of the vacuum vessd,
passing through the region between the
TF coil windings.

The horizontal ports will provide access
to the ancillary systems outside the
device. Three ports are assigned to RF

Fig. 4.3-1 90-degree Sector Assembly

heating, and the remaning ports
alocated between diagnostics, vacuum
pumping and a pellet injection system.

Page4.0-3
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Some port space will also be used for in- Table4.3-1 FIRE Radial Builds
vessel PFC coolant routings. The
electrical feed connection to internd COMPBUILD CO_MP TO_TAL
control coils are located above/below Mm Dim _ Dim
two horizontal ports located 180° apart. Mmhgzocmter 240 42600
The angled auxiliary ports located in the cs [turninsdl + grondwiap 5.0
upper and lower vessdl regions Nom winding thk 410
acco_mm(_)date Cryopumps, the divertor Insul ation outside 20
cooling lines and diagnostics. gas plenum 8.0
CSshell 5 | 4300 8700
Gap 8 878.0
TF turn insulation 10 879.0
plate thickness 486.0 1365.0
Plasmaside tube 0.0
turninsul + groundwrap 5.0 | 4920 1370.0
Trapezoidal Effect 0.0
TFTPT 5.0
Minimum TFVV gap 5.0
VV TPT 5.0
Thermal Shield 120 270 1397.0
\AY; VV shell thk 15.0
Water 20.0
VV shell thk 15.0 | 50.0 1447.0
PFC Cu Heat Sink 25.0
FW 380 | 630 1510.0
Plasma SO 35.0
Plasmaminor radii 595.0
RO

Fig. 4.3-2. The FIRE Vacuum Vessdl is
assembled from 90-degree Sectors

The radia build dimensions for the 2.14
m device are listed in Table 4.3-1,
identifying the space alocated to the
components in the confined region
inboard of the plasma center.
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5.0 Engineering Systems

Sections 5.1 to 5.16 which follow
describe the engineering systems of the
FIRE device. Thisincludes the TF coils
and Structure, the Central Solenoid and
PF coils, the Vacuum Vessd, Plasma
Facing Components, Therma Shield
which encloses the LN, cooled device,
the lon Cyclotron Heating System,

Fueling and Pumping System, Tritium
System, Neutronics and Shielding,
evauation of Activation, Decay Heat
and Radiation Exposure, Remote
Maintenance Systems, Magnet Power
Supplies, Diagnostics, the Cryoplant,
Facilities and Siting, and Safety
evauation.
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5.1 TF Coils & Global Structure

5.1.1 TF Coils and Stress Conditions

Characteristics of the TF coil pertinent to it’s
mechanical design are listed in the table below.

Table 5.1.1-1
Number of TF Coils 16
Bt, Tesla 10

Flat-top, s 21 (minimum)

Life Pulses at Full Field | 3000 (minimum)

Time between Pulses,hr | 3

Coil Initial Temp, K 80

Coil Max Temp, K 373

The toroidal field coil system of the FIRE
tokamak utilizes LN, cooled, copper alloy Bitter
plate type magnets. A wedged or vaulted
configuration with a free-standing CS is the
baseline structural concept for the project. A high
strength, high conductivity beryllium copper alloy
that was developed for an earlier Tokamak study,
the Burning Plasma Experiment (BPX), is
proposed for the conductor. A number of
alternative  structural concepts have been
reviewed and continue to be reviewed, each with
advantages and disadvantages relating to FIRE's
mission. These have been summarized in table
Tables 5.1.1-2, and 3. TF wedging pressures and
CS hoop tensions have determined the basic
sizing of the machine, but support of torsional
shear in the inner legs has had an important
influence on the evolution of the FIRE structural
design. To support this shear, friction between
the wedged segments of the coil is all that is
available. With torsional shears between 30 and
50 MPa, and friction coefficients of .3, 160 MPa
wedge compression is needed on the plasma side
of the TF where the torsional shear is at a
maximum. Wedge pressures from a pair of large
compression rings, provides this in the upper and
lower inner leg corners. Centering forces supply
the wedge pressure at the equatorial plane.

Table 5.1.1-2 Comparison of Ro=2.0m Versions
of FIRE

FIRE FIRE
Baseline Design BW
W (bucked and
(wedged TF) wedged TF)
TF Inner Leg Mat BeCu OFHC
R (m), a (m) 2.0, 0.525 2.0, 0.525
Biroy (T), baseline 10(12) 10(12)
(upgrade)
flattop time (s) ~20(12)* 31(23)
TF Allowable(MPa) 700 300
TF Von Mises Stress 466(666) 230(326)
Min. TF stress Factor 1.5 (1.05) 1.3(.92)
of Safety (FS)
(allowable/actual)’
Wmag TF (GJ) 3.7(5.328) 3.7(5.328)
I, (MA) 6.44(7.7) 6.44(7.7)
CS Peak Stress at 294(354) (228"
PRE
CS Temp at PRE 83(85) 83(85)
CS allowable at Pre’' 345(347) 345(347)
CS F.S at Pre 1.15(.98) 2.1(1.5)
CS Peak Stress at 182(332) 30)
EOB
CS Peak Temp (EOB) 159 (176) 159 (176)
CS Allowable (EOB) 313(305) 313(305)
CSF.S at EOB 1.7(.92) >10(10)
CS flattop time (s) 21(15) 21(15)
Fusion Power (MW) ~ 200 ~200

Table 5.1.1-3 Comparison of Ro=1.24m

machines
FIRE*
w BW
(wedged TF)' (bucked and
wedged TF) '
TF Inner Leg Mat BeCu OFHC
R (m), a (m) 2.14, 0.595 2.14, 0.595
Broy (T), baseline 10 (12) 10(12)
(upgrade)
flattop time (s) ~20(12) ~31(23)
TF Allowable(MPa) 700 300
TF Von Mises Stress 529 (762) 230(326)
Min. TF stress Factor 1.3 (.92) 1.3 (.92)
of Safety (FS)
(allowable/actual)’
Wmag TF (GJ) 5.08(7.32) 5.08(7.32)
I, (MA) 7.7 (8.25) 7.7 (8.25)
CS Peak Stress at 322(322) (228"
PRE
CS Temp at PRE 882(88) 88(88)
CS allowable at Pre' 344(344) 344(344)
CS F.S at Pre 1.07(1.07) 2.1(1.5)
CS Peak Stress at 190(279) (30)
EOB
CS Peak Temp (EOB) 177(227) 177(227)
CS Allowable (EOB) 304(280) 304(280)
CSF.S at EOB 1.6(1.0) >9(9)
CS flattop time (s) 17.5(327?) 17.5(32?7?)
Fusion Power (MW) 150 150
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Figure 5.1.1-1, Twelve Segment Symmetry Expansion (left) of 1/16 cyclic symmetry model (right)

Stress Criteria

A variety of Beryllium Copper is the present
material of choice for FIRE. Peak stress in the
FIRE TF is about 469 MPa. at the CS side of the
inner leg for 10 T operation, at precharge. The
stress in the bucked and wedged configuration is
about half this and allows the use of cold worked
copper.

These monotonic primary stress limits are to be
applied to stresses resulting from a primary load.
1.5 Sm is allowed for primary plus, bending and
for primary plus discontinuity; and 3.0 Sm is
allowed for primary plus secondary. Appropriate

Table 5.1.1-4 Primary Membrane Stress

multipliers are used for upset and faulted loads.
Where multiply redundant structures make it
difficult to decompose the stress state into these
stress categories, the FIRE criteria document, in
paragraph 1-3.1.1 allows a limit analysis. The
limit load is that load which represents the onset
of a failure to satisfy the normal operating
condition, and this limit load is to be twice the
normal operating load.

It is not clear which of the inner leg stresses
being discussed are primary stresses given that
the primary vertical support is from the external
structure. For the wedged machine, an attempt is
made to assign the stress components to

appropriate elements of the coil and structure.

The wedge stress supports the primary inner leg

Conductor: Structure: —
Sm=2/3 Yield Sm=Lesser of 2/3 e e
Yield or 1/2 Ult o, o Rt

And Adequate Ductility | And Adequate Ductility g':’ﬁm:;m ;“‘ ¥ =

Table 5.1.1-5 Primary Stress Allowables ﬂ="":° B it =
68% IACS | 60% CW | Cast 304SST | 50%CW S i = E =
BeCu Cond | OFHC Cond 304 SST B iEE = o =
Sm=483 Sm=200 Sm=154 Sm=620Mp - = -
MpaatRT | MpaatRT | MpaatRT | aatRT S s = ol =
Sm=497 Sm=233 Sm=188 Sm=834Mp i =
Mpa at 77K | Mpaat 77K | Mpaat 77K | a at 80K Vi B T
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centering load, and should meet the primary
membrane allowable. The peak stress at the nose
is 469 MPa at precharge for the 10 T
configuration with the tierod removed. With a
pretensioned tierod, the peak stress was 433. If
the inboard leg supports only the wedge pressure,
The outboard leg and case structure must be
shown capable of supporting the vertical
separating force as a primary load.

Use of the large rings improves the wedge
pressures in the inner corners of the TF coils, but
has only a small effect on the largest Von Mises
stress in the coil which is at the equatorial plane
of the inner leg.

“Smeared” stresses presented in the table above
have been found to vary little with the application
of the effects of a packing fraction=.9 or Stress
multiplier=1.11 because the predominant stress
component is wedge pressure to which the
multiplier does not apply.
Table 5.1.1-7 Wedged Be Cu Machine
Monotonic Stress Check

Materi | TF Primary | Allo F.S
al Field | Stress wabl

(1) e

Inner BeCu 10 249(2) 480 1.9
Leg

Inner BeCu | 12 358(2) | 480 1.3
Leg

Outer | OFHC | 10 155[2] 233 1.5
Leg

Outer | OFHC | 12 223[2] 233 1.0
Leg

Case 200 188
at
Outer
Leg

(1)(Average Wedge Pressure, Vertical load
assumed supported by the Outer TF and Case)
(2) Hand Calculations with the case contributing
200 MPa.
Table 5.1.1-8 Wedged Be Cu Machine Inner
Leg Bending Stress Check

Cu Brr | Mem. | Allow- | F.S
Type | () | + able
Bend

Inner BeCu | 10 469 724 1.5
Leg

Inner BeCu | 12 689 724 1.0
Leg 5

To satisfy the "adequate ductility criteria" the
BeCu wedged machine was analyzed with a 13T
TF field with elastic-plastic TF material
properties. A stress-strain curve with a 600 MPa

elastic limit was used for the inner leg. This
conservatively brackets the properties of the
BeCu conductor which has a .2% offset yield of
724 MPa. A .6% strain resulted from the 13T
aloading, and the structural response remained
bounded for this over-loaded condition. The .6%
strain was conservatively imposed on the
insulation as though it all was in-plane in the turn
to turn insulation. The resulting stress was within
the allowable tensile stress for the insulator.

During the BPX design effort, cyclic fatigue for
the Higher strength BeCu limited the allowed
tensile stress to 60 ksi (413 MPa). Fracture
mechanics calculations were the basis for this.
Paris Law constants were measured for BeCu as a
part of the CIT/BPX projects. The design number
of full field pulses for FIRE is 3000 (as a min).
This is much less than BPX. TF stresses are
predominantly compressive. The vertical tensile
component in the inner leg is about 120 MPa. This
indicates margin in the fatigue behavior at the
equatorial plane of the inner leg. In the inner
upper and lower corners, on the plasma side
where the coil build is reduced to make room for

o]

DRONNN 2522

B00CHOCEN DO

Figure 5.1.1-3 Plastic Strain after 13 T
loading

PF1 and the divertor, there is some imposed
strain from the inner leg motion due to the
centering force, and subsequently, the thermal
expansion of the central column when the coil is
turned off. Evaluation of the strain controlled
fatigne for the 3000 full power pulses is
acceptable. A local strain absorbing insulation
detail will be needed, such as kapton sheets
interleaved with epoxy glass.

A central tierod had been used in FIRE, but the
improvement in inner leg stresses was only about
30 MPa, and the complexity of the tierod and
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Figure 5.1.1-4 SOF CS1 Torsional Shear -
About 20 MPa at Mid-Plane OD. - The Bucked
and wedged design loads the CS in torsional
shear, but there is About -70 MPa vertical
compression at this point in CS1 to improve
shear capacity.

interference with the CS leads and coolant lines
in the bore made removal of the tierod attractive.

The Bucked and Wedged Design
The bucked and wedged version of the FIRE
model was run for a number of different fit-up
tolerances, and friction coefficients. The
following observations resulted:

e TF wedge pressures are approximately half
the pressures of the wedged only design,
allowing the use of OFHC copper, and
reducing insulator compressive stress

e The TF must bear on full height of CS.

e CS1 Heat-up causes bending in inner leg.
Solution is to "preheat" CS2

e CS stresses are limited by a compressive
maximum at Nul (the inversion, or zero CS1
current point in the pulse)

*  CS currents can be increased above that for
the TF wedged-only design, allowing more
freedom in selection of CS bias, but would
then require the TF be on to limit hoop stress.

*  Unlike the wedged TF design, CS segment
differential radial motion is near zero during
the pulse. Provision must be made for radial
displacements after the pulse. When the TF is

off and does not press against and align the
CS

*  Fractional mm Fit-Up Tolerances are OK

e Off Normal Fit-Ups > 1.0mm Produce Small
Plastic Strains, Well within The Plastic
Capacity of the Conductor Materials.

e 1.25mm Gap Yields the TF, 1.25mm
Interference Yields the CS. 1.25mm Gap or
Interference produce a One-Time Plastic
Strain (Self Fitting?)

Limit Load Analysis

Starting with 11.5T, the bucked and wedged
configuration was analyzed with increasing
toroidal field, and the behavior was monitored.
At 14T the radially inward displacements started
to grow, and a bucking cylinder was added to the
bore of the CS. Results of the last two runs are
tabulated below.

Table 5.1.1-9 Bucked & Wedged 16T
TF Elastic-Plastic Limit Load Analysis

Bo 15T 16T

Run #73 #74

Buck Cyl VM 1270 1600

Buck Cyl Hoop -836 -1130

Buck Cyl vert 639 859

TF VM 389
(432w /9
PF)

TF £p VM .008 .0142

TF Hoop -325

TF Vert +277 +346 (plasma
side)

CS Von Mises 284 320

CS Hoop -300 -307

CS ep VM .006 .012

Case VM at EQ PL 699

Case UY Max +.0002 .007

Case UY Min -.013 -.016

All Stress are "Smeared" and in MPa, The
bucking cylinder was added at 14T, Bucking
along CS1,2,and 3,
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Table 5.1.1-10 Ultimate Stress of Cold Worked
OFHC Copper

80%CW | 420MPa RT | 500 MPa at 77°K

60%CW | 350MPa RT | 474 MPa at 77°K

At 16T, the vertical displacements, shown in
Figure 5.1.1-5 are predominantly in the inner leg
illustrating the shift of vertical load from the inner
leg to the outboard structures. This is a
characteristic also claimed for the wedged
configuration, in which the primary structure
supporting the vertical separating force is the
outboard structures. The torsional displacements
after two shots, and with the coils turned off are
interesting. These are shown in Figure 5.1.1-6 and
show that the tokamak central column has taken a
permanent twist, however the displacements were
the same after the first and second pulses. The
machine could continue 16T shots, but possibly

Figure 5.1.1-5 Bucked and Wedged 16T Limit
Analysis, EOB Vertical Displacements, Including
Cool-down.

Figure 5.1.1-6 Toroidal Displacements, Locked-In
Twist, After two Shots with 16T TF. Light Blue is -

1.6mm and Brown is 3mm

7 S S T (N, T N

Figure 5.1.1-7 Single Coil 10% over
Nominal 10T Current - 533 MPa Von
Mises Stress
not lesser fields because the inner leg has yielded
in the toroidal direction. Wedge pressure needed
for OOP support would be diminished for lower

field operation.

*  From Elastic Analysis, Major Stresses In CS
and TF Remain below 1.5 Sm for ranges in
fit-up, Friction behavior, and preload. The
Elastic-Plastic Analyses show the Limit
Load to be Above 16T TF - Twice Operating
Loads

* A Bucking Cylinder is Needed to
Demonstrate 16 Tesla Limit Load. 14cm
thick Cylinder is Modeled, Lead Cut-Outs
and Coolant Passages will require added
build.

Survivability in off-normal or faulted loading also

is a measure of design margin a 180 degree

model was built to begin investigating the
sensitivity of the TF system to these unusual
loads.

Preliminary Fault Analysis
At this time the faults are postulated based on
ITER experience and are not the result of power

supply behavior or a FMEA.
Table 5.1.1-11 Preliminary Fault Analysis
Model and Current/Loading Peak TF
Stress
Nominal 10T No Tierod Detailed 469 MPa
Model
Fault Model, Nominal 10T 522 MPa
Fault Model, Single Coil 10% 533 MPa
Over Nominal
Fault Model Single Coil 20% 441 MPa
Over Nominal- the Rest 20%
Under
FIRE Pulse Lengths
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A simple zero D integration scheme was used
to estimate the flat top times for various toroidal
fields and nuclear heats. This was done in
parallel with a more rigorous ANSYS coupled
thermal-current diffusion analysis. The analyses
agree.

Table 5.1.1-12 TF Flat Top Times for FIRE
Options.

68% IACS BeCu TF (Feb 3 Dimensions, TF
Central Column OR=1.308,IR=.820),Simplified
Calculations using Packing Fraction=0.9
Nonuniformity=1.0, 80° Start, 370°K Limit

TF 4T 8T | 8T 10T | 10T | 12T | 12

Field T
Nuc 0 7510 11 0 11 0.0
Heat

MW/

m”3

Time | 214 | 31 | 46 18.5 | 26 12 15
sec

Table 5.1.1-13 Thermal Energy of 16 coils
after each Pulse, 80° Start. (Energy to be
removed during cool-down)

Peak Temp | 292° 313° 370°
after Pulse

TF Coil 9.958GJ | 11.054 | 14.079GJ
Thermal 3aGJ
Energy

Sub cooling of the coils to 65 °K does not offer
substantial improvement. =~ The more rigorous
analysis of the current and thermal diffusion
behavior was performed using ANSYS, and does
not include nuclear heating. An 80 ° K start was
used. A 10T pulse was simulated and the point at
which the temperature neared the 370° limit was
noted as the end of flat top. 28 sec was obtained
for 77%IACS material which can be compared
with the simpler analysis which produced 26 sec
for the one-D solution and 68% IACS material.
Temperature contours for this benchmark are
shown below.

N

5 Sec, Early in Ramp-Up 48 sec. End of Flat-Top

FIRE TF Cumrent/Thermal Diffusion Analpsic Results, 77% IACS Material

Figure 5.1.1-8 Temperature Distributions in
the FIRE TF, 77% IACS., Packing
Fraction=.9,~28 sec Flattop

Global Structural Modeling

Both linear and non-linear models have been
used. The linear global structural model employs
links convertible to gap elements at interfaces
between the model components. The ANSYS
computer code is used. The winding pack is
connected to the external case with links or gaps.
Tensions develop in the links when gaps would
have opened. This is adjusted at some locations

Figure 5.1.1-9 Section Through CS and
TF coils at the Equatorial plane. In the
Non-Linear Model, Gaps are used at the
wedged face. Cyclic symmetry is obtained by
coupling the gaps across to the opposite face.

by removing the gaps/links which open, for the
load cases where this is necessary.
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The non-linear model used gaps at the wedge
face and simulates the frictional capacity of the
inner leg to resist out-of-plane torsion. Gaps also
are used at the case segment to segment interface.
It is intended that the case to case mechanical
connections be minimized, as these must sustain
large local pressures, but be insulated. The non-
linear analysis has confirmed that the present
sizing of the ring (.5m X .75 m), stressed to an
average hoop stress of 500 MPa, provides
adequate centering force for frictional restraint of
the TF inner leg and of the case segments.

The connection between the current-thermal
diffusion analysis and the structural calculation is
done outside ANSYS. An algorithm assigns
temperatures to the structural model from the
current/thermal diffusion model by proximity and
averaging, There is a separate CS/PF model
which has been maintained current and is fully
structurally non-linear. This has been used to
investigate support structures for the CS and PF1

Figure 5.1.1-10 Typical temperature
distribution input to the structural model

and 2. For the wedged TF, the CS stack can be
modeled independently.

The TF Von Mises stress is primarily due to in-
plane loading. The largest Von Mises Stress
predicted by the model, is used to select a copper
alloy with maximum conductivity, and adequate
tensile strength. The in-plane stress reduction
using bucking and wedging is sufficient to allow
the use of copper coils. The Von Mises stress is
240 for bucking and wedging vs. 450 for wedged
case. This appears as an attractive alternative, but
the mechanisms available to support TF inner leg
torsional shear need to be considered in the
choice of structural concept.

FIEEEQE, data set §5

Figure 5.1.1-12 Out-of-Plane
Displacements of the FIRE Structural
Model

Fiure 5.1.1-11 Case Model with Gap elements at
the Parting Plane. Friction is the only shear
transmission mechanism.

TF and Global Structural Support of
Out-of-Plane (OOP) Loads

An evolution of models has been employed to
investigate various means of supporting the out-
of-plane (OOP) loads, and changing PF builds.
Support of the OOP loads is statically
indeterminate and changing structural support
concepts changes the magnitude and location of
the torsional shear in the inner leg of the TF. The
wedged configuration has better performance with
respect to the out-of-plane shear than the bucked
and wedged concept, which gives up some wedge
pressures in resisting the outward loads from the
CS. Difficulties arise from OOP support for all of
the in-plane load carrying concepts. The upper
and lower inner corners of the TF de-wedge from
the tension in the horizontal legs, and the
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differential heat-up of the inner leg. A few
concepts were investigated to relieve the OOP
torsional shear:
*  Thermally loaded Aluminum Shrink Ring
»  Stiffened Outer Structure
*  Flex Region to isolate the TF central column
from the outer OOP structure
e Thermal Contouring of the TF to heat the de-
wedge corners
None of which fully solve the problem. For the
“flex”, the torsional shear concentrates near the
equatorial plane of the inner leg, and the de-
wedged regions must “flex” to allow the relative
motion of the central column and the outer coil
structure. Bending stresses of the “flexing” coils
must be accommodated. Dividing the Bitter plates
into multiple thin sections that flex easily with
OOP displacements was investigated. These
sections could not be too thin or too wide or the
local OOP Lorentz forces would induce load
controlled bending stresses.  This “flexure”
approach requires that there be no net torque on
the central column, which, for nominal loading is
not a problem. Off-Normal conditions, and
disruptions, could, however produce net loads
and torques on the central column. The Aluminum
ring proved to weak to solve the problem.
Thermal contouring could improve wedging
pressures by radially thinning sections needing

Radial Stress at Assembly Wedging Pressure at Assembly

£ 5.5.1
AEE 23 1939
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Figure 5.1.1-13 TF Inner-Upper Corner Stress
Results for the “With-Ring” Model

more wedge compression, or by allowing inter-
pulse temperatures to build where wedge
pressures were needed, but this was judged
troublesome. The next approach considered was
to add a large ring to offset the horizontal leg
tension. This is similar in concept to the large
static ring used in IGNITOR, but the positioning
of the ring in FIRE is intended to offset radially

outward in-plane loads, rather than to offset
vertical tension in the inner leg, as in IGNITOR.

In Figure 5.1.1-13 , the TF corner stresses at
assembly are shown. The wedging pressure
achieved with the rings in the corner is between
60 and 90 Mpa at assembly. This increased to
150 MPa compression when the coil is energized,
which is sufficient to support the 45 MPa peak
torsional shear. These firgures are from the linear
models and some localized slippage is likely, but
the non-linear model showed this to be small.

The results of shear margin calculations show the
improvement in the region that can frictionally

EOF Comer wedge Pressure ECQF Comer Torsional Shear
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Figure 5.1.1-14 TF Inner-Upper Corner Stress
Results for the “With-Ring” Model

support the torsional shear at the wedge faces. In
the shear margin plot , figure 5.1.1-15, the region
having adequate frictional support of the OOP
loads is shown in red. There is a small difference
in extent of this region between the “with ring”
and “without ring” models, but the added area is
important because it includes the area of largest
torsional shear.

Ring loads are quite large. At assembly the
average ring hoop stress is about 500 MPa This
goes up about another 100 Mpa at EOF. Initial
ring loading can be applied with a number of
mechanisms. In the history of this concept, which
is used on IGNITOR and was used on early CIT
designs, Hydraulic jacks and mechanical jack
systems have been employed. IGNITOR currently
uses a mechanical system which has been
prototyped, and supports similar pressures as
would be required for FIRE It is an opposed
wedge design, with a thermal assist to tighten the
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stud. This, or possibly a freezable fluid filled jack strip wound and are sized to provide wedge
would be used for FIRE pressure for both the TF and Case.

This requires a predictable load share between

FIE 1700 Fus2 Ol [Tpear Clobol Fedel Ty 23 jamez s 5.1 these two load paths, and some additional effort

Rerwm n to shim or individually load the ledge will be

ae =i needed. . The rings bear through the case against a
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Figure 5.1.1-15 Effect of TF Preload Ring on Frictional

Shear Margin i |
I i ! |
Table 5.1.1-14 Case Equatorial Plane : wHi [
Stresses,12T Run#52 Results: ! [~ : | i
Time Peak Stress (MPa) | : |',_ =N
PRE 228 . :
SOF 448 , il
) T

Eile

Figure 5.1.1-17 IGNITOR Mechanical Jack.

Access io TF

T.erlge Shim ledge added to the TF coil. The chamfer on the
ring is intended to increase the area of the ring
‘ without encroaching on the slanted port detail. In
the current design, the PF3 coil has been moved

T from under the ring to the top and bottom of the

Figure 5.1.1-16 TF Ledge Shl;ns " The preload case struc@e, leaving space for the preloading
structure will apply loads to the TF coil turns via wedges or jacks that will be needed. Th? case
this load path was modeled as a closed box around the coil. The
EOB : 585 top plate of the case reinforcement was not
wedged or toroidally connected. Wedging

Eof 617 pressures at the joint plane of the case sectors is
EOP Hot 362 about 300 MPa in the present model. The webs

have been increased in thickness to allow the use

Case stresses are highest near the local bearing
locations of the ring. Elsewhere, case stresses are
below 675 Mpa shown in Figure 5.1.1-18. Much
of the case stress at the equatorial plane relates to
thermal expansion of the TF, and occurs later in
the pulse. Even though the largest fraction is
thermal, a high strength material is needed to
eliminate the possibility of plastic strains in the
case.. Equatorial plane stresses are too high for
cast material. (80K Yield=282 MPa,41 ksi).

Peak:
There is about 228 MPa from Lorentz loading and 675
362 MPa from thermal. Cold worked plate is MPa

suggested for the case sidewalls. The rings are Figure 5.1.1-18 Coil Case
Von Mises Stresses
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of cast material for the complex web and flange
geometry of the intercoil structures.

TF Joints

A "Wrapped" terminal concept equilibrates
poloidal (hoop) tension and improves the thermal
anomaly at the eyebrow cut-out. The details of it's
penetration through the case need to be worked
out, but it does not interfere with the poloidal
coils, and is in the same area as the present lead
layout.

“Wrapped® Terminal.
Equilibrales
Conduclor Tansion
Improves Thermal
atch

insulaled Bolts

i:igure 5.1.1-19 "Wrapped" Terminal Concept
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5.2 Central Solenoid & PF Coils

RUO0NO0RN RECODOD #§3

TLH FIFS.EOF, data ast B
5 Vion Mioes Siess - Srmsed

Figure 5.2-1 Typical CS Stress Results from the
Global Model

current densities vary among the coils in the CS
assembly, and thus the coil segments experience
different Lorentz forces, Temperatures, and
resulting radial strains. Radial grooved plates at
the interfaces between coil segments maintain
concentricity.

The CS and PF coils are analyzed in both the
global model and in a more detailed model of the
free-standing CS/PF1 and PF2 coil system with
their case/structure. Because of the evolution in
the PF scenarios it has been easier to keep up
with the evaluations using the separate model.
This model can use up-down symmetry because
the OOP forces do not load the poloidal coil
system.

_E

Figure 5.2-2 Inner

Corner of Global

Model showing -

the upper CS Figure 5.2-3 Central Solenoid
segments and PF1 Section with one TF Coil

and 2.

Figure 5.2-4 Low Friction Surface, Radial
Grooved Plates Between CS Segments (quarter
of the annular plates is shown) - 