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FOREWORD

Development of nuclear fusion as a practical energy source could provide
great benefits. This fact has been widely recognized and fusion research has
enjoyed a level of international co-operation unusual in other scientific areas.
From its inception, the International Atomic Energy Agency has actively
promoted the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls for expansion of
international co-operation in fusion energy development expressed at summit
meetings of governmental leaders. At the invitation of the Director General there
was a series of meetings in Vienna during 1987, at which representatives of the
world's four major fusion programmes developed a detailed proposal for a joint
venture called International Thermonuclear Experimental Reactor (ITER)
Conceptual Design Activities (CDA). The Director General then invited each
interested party to co-operate in the CDA in accordance with the Terms of
Reference that had been worked out. All four Parties accepted this invitation.

The ITER CDA, under the auspices of the IAEA, began in April 1988
and were successfully completed in December 1990. This work included two
phases, the definition phase and the design phase. In 1988 the first phase
produced a concept with a consistent set of technical characteristics and
preliminary plans for co-ordinated R&D in support of ITER. The design phase
produced a conceptual design, a description of site requirements, and preliminary
construction schedule and cost estimate, as well as an ITER R&D plan.

The information produced within the CDA has been made available for
the ITER Parties to use either in their own programme or as part of an
international collaboration.

As part of its support of ITER, the IAEA is pleased to publish the
documents that summarize the results of the Conceptual Design Activities.
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Chapter I
INTRODUCTION

The superconducting magnet systems are among the most critical of ITER
subsystems, not only because of their requirements for advanced technology, but
also because of the inherent demand in some components for extremely high relia-
bility. Within the ITER Magnet Systems, we include the following major
subsystems: the Toroidal Field (TF) and Poloidal Field (PF) Magnets (all of which
are superconducting except the Active Control Coils located inside the Vacuum
Vessel), the Structural Support System and Cryostat, the Cryogenic System, the TF
and PF Power and Protection Systems, and Coil Services and Diagnostics.

There are 16 superconducting TF magnets in ITER with 14 superconducting
PF coils arranged outside them in up/down symmetric pairs. The reference layout of
the superconducting magnet windings is pictured in Fig. II-1. Of the PF magnets,
there are 4 identical pairs at the center of the machine that compose the Central
Solenoid (CS), one pair at the top and bottom of the TF coils to define the
separatrix, and 2 pairs (not identical) on the outboard for establishing the vertical
field. The latter three pairs may be referred to collectively as the Outer PF (OPF)
coils. The TF system was designed to produce the required field on axis while
keeping field ripple at the plasma edge below 2.5 % as well as enclosing sufficient
volume for the plasma, in-vessel components and nuclear shielding.The PF magnets
were designed for ramp-up, control, and 200-s burn of a 22 MA plasma while
allowing variations over a range of plasma parameters. From the very general set of
requirements for the ITER magnet systems derived from the mission goals, a tight
specification has evolved. The design appears capable of supporting a broad range of
plasma operating scenarios, including options for increased current or extended burn.
The TF and PF magnet systems with associated structures comprise nearly 12,000-t
cold mass.

The superconducting magnet-system designs that have been conceived for
ITER are based on existing technologies. However, the operation of these systems
to fulfill the goals of the ITER mission will require that full performance be
achieved from a variety of advanced materials, components, and subsystems--
simultaneously and reliably. Therefore, it is essential to the ultimately successful
performance of the ITER Magnet Systems that a well coordinated R&D program to
support their design be established in which the essential engineering database is
carefully refined and then confirmed in reasonably large-scale, technology-verification
tests, in particular by the design, fabrication, and test of an appropriately chosen
system of model coils. The timescale of these tests must be consistant with that for
the design and construction of the ITER machine itself.



Chapter II
SUMMARY

The windings of both the TF and PF systems will use force-cooled, cabled
conductors with steel jackets that provide distributed structure. In most conductor
options, the jackets also provide containment of the supercritical helium coolant in
good thermal contact vith the cable. In addition to ensuring positive heat removal,
this design approach offers good rigidity in the windings and is compatible with the
high-voltage design requirements imposed by both system operation and quench
protection.

Conductors for all ITER magnets are designed on a consistent basis that
assumes state-of-the-art performance (current density vs field and temperature) from
superconductors but provides sufficient temperature margins for the necessities of
heat removal and stability. For most coils, a constraint on the terminal-terminal or
terminal-ground voltage to no higher than 20 kV makes it desirable to chose a
conductor designed to operate at a current in the range of 30 - 40 kA. Sufficient
conductor stability must be provided to ensure reliable operation during all modes of
normal operation, including a plasma disruption. Feasibility of protecting the
windings in the event of a quench is assured by conductor designs where the
maximum attainable hot-spot temperature is ISO K, assuming a reasonable time (~
10 s) for detection of the quench and discharge of the magnet into an external
resistor.

The choice of superconductor for the CS and TF windings is Nb3Sn beca"sc
of the temperature n'argins necessary for reliable operation in the challenging
environment of simultaneously high fields, high current densities, and high heat
loads from both nuclear and transient-field effects. NbTi remains an option for the
OPF coils where its lower critical parameters are not as constraining.

The primary requirement of the TF system is to produce 4.85 T at a radius of
6.0 m. From considerations for other tokamak design requirements-i.e., space at
the center of the machine for a CS with adequate V-s capability; space in the bore of
the TF coils for plasma, blanket and shield, divertor, and vacuum vessel; clearance
between the coils for ports and shielding; field ripple at ihe plasma edge below 2.5
%; and a constraint to keep the outer PF coiis as close to the plasma as possible -a
design was evolved that can be described generally by Table II-1. Design
considerations for the amount and the efficient distribution of structure in the inboard
legs of the TF coils have led to a winding-pack current density of about 35 A/mm^
and an average current density of about 14 A/mnfi over the central-vault region
formed by the wedged magnet cases.

The vertical clearance requirements for the TF coils, when combined with the
I constrained outer leg position, lead to an elongated, almost racetrack-like shape.
| Although this shape departs substantially from the classic constant-tension Dee
% shape, the increased structural loading penalty is small. An elongated constant
% tension shape is maintained by using an outer "belt' of structure around the TF coils
| to react some of the coil bursting forces. In addition the out-of-plane loads from the
i PF fields are lower because lower currents are required in the OPF, a consequence of
;' their closer proximity to the plasma.
i The windings of fhe TF coils are enclosed in thick, steel cases that help resist
' the self-generated bursting forces as well as the out-of-plane distortions that arise
\
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when the PF fields are applied. The noses of the TF cases on the inboard legs are
wedged together in a vault at the center of the magnet set to react the centering loads
on the coils. The overturning loads are reacted by friction in the center of the vault
region, by shear keys at the top and bottom of the vault, and by an outer frame
formed by the outer segments of the cases and the inter-coil structure (ICS), which
also partially restrains the outward bursting forces.

TABLE II-1. GENERAL FEATURES OF THE TF MAGNET SYSTEM

Number of TF coils
Total Stored energy (GJ)
Total current per coil (MA)
Magnet dimensions (including case):

Horizontal clear bore (m)
Vertical clear bore (m)
Clear bore dia. for CS (m)
Outer radial extent (m)
Height (m)

Field on axis (at 6.0 m) (T)
Maximum field at the windings (T)
Winding pack description:

Pack dimensions (m x m)
Mean pack current density (A/mm^)
Number of turns
Conductor current (kA)

Mass of the windings (t)
Mass of the case (t)

16
42.3
9.094

7.10
14.76
4.26
11.1
18.9
4.85
11.2

0.306 x 0.846
35.1
240
37.9
62
380

The number and locations of the PF coils, as shown in Fig. II-1, have been
optimized to provide satisfactory compromises among the issues of plasma
operational flexibility and control, access, port location and size, feasible coil-
fabrication techniques, and reliable structural load paths. Removal of individual coils
in the event of faults with a minimum disturbance to other coils and machine
systems has also been a consideration. The builds of the coils reflect the inclusion of
distributed structure for effective support of the electromagnetic loads without the
use of heavy external structures.

The PF magnets were initially designed for Physics Phase operation that
includes ramp-up, control, and a 200-s burn of a 22 MA plasma, for a specified
range of variation of the plasma beta and internal inductance. The PF currents vs
time were specified by the PF Design Unit subject to general constraints developed
by the Magnet i,V;ign Unit. The design has since been checked against other
conditions of operation and subject to more detailed analysis, and it appears capable
of supporting a broad range of plasma operating scenarios for meeting both the
Physics and Technology mission goals, including options for increased current or
extended bum.

Optimization of the CS design to maximize the flux-swing (V-s) needed for
inductive drive of the plasma current was crucial to the overall PF design. The key
considerations in the optimization were: 1) space available at the center of the
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machine 2), allowable tensile stresses in the conductor conduit (from a fatigue
perspective), 3) temperature margin and headroom relative to the helium inlet
temperature for providing adequate stability in (he presence of high heat loads, and 4)
provisions for protecting the windings in the event of a quench. Radial grading of
the distributed structure in the CS is proposed. Analyses show that grading will
give important benefits to the V-s rating of the PF system. A gain of about 15 V-s
is indicated for the present design relative to the optimum ungraded design for the
reference Physics Phase Scenario, provided that detailed stress analysis confirms
acceptable stress levels in the insulation.

For the present optimization of the CS design, maximum fields of 13.5 T
will be developed at initial magnetization with uniform current distribution in the
four pairs of coils. Depending on the plasma current, the maximum field at end-of-
burn will be about 12.5 T with the current concentrated in the centre of the stack. As
for the OPF coils, Fields of over 8 T may be attained in the divertor coils and Fields
in the range of 5 - 6 T in the vertical-field coils, also depending on plasma
conditions. The maximum stored energy in the PF system at prebias and end of
bum will be roughly in the range of 12 to 16 GJ with a dip under 10 GJ during
plasma start up. The peak power required from the grid for normal operation of the
PF system is about 400 MW; however, the installed power must be nearly 1.6 GW.

The hoop stress in the conduit of a CS conductor will be large: possibly over
500 MPa tension in the present design when peaking factors are taken into account.
At this stress level, the operational lifetime of the CS will be limited by fatigue in
this component. However, careful fatigue crack-growth analyses that start with a
realistic assessment of the conditbns in the coil after manufacture and take into
account the character of the planned operating scenarios suggest that the missions of
both the Physics and Technology Phases may be achievable within the rated life of
the present design.

It is apparent from Fig. II-2 and Table II-2 that the sum of magnet structures
constitute the dominant fraction of the total mass of the magnet system (especially
when one considers that, except for the TF coils, the dominant component in the
windings is the distributed structure). The magnet structures-Le. the TF cases, the
distributed structure in the TF and PF windings, the TF and PF intercoil
connections, and the gravity supports below the magnet systems—are designed to
accommodate the full range of expected operational loads and credible fault loads.

TABLE II-2. MAGNET SYSTEM COLD MASS SUMMARY (METRIC TONS)

TF magnet windings 990
TF magnet cases 6,100
TF inter-coil structures 1,500
CS windings 670
CS axial loading structure 140
OPF windings 1,380
OPF support structures 600
Magnet system gravity supports 320
Thermal radiation screen 1f0

Total 11,850
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Fig. II-2 Cut away view of magnetic system

The loads accommodated during normal operating include gravity, thermal
expansion/contraction, preloading, and the electro-magnetic forces. The additional
magnetic loading associated with plasma disruptions is considered to be normal,
though less frequent than other normal loads. For the operating scenarios that have
been sufficiently specified for detailed analyses to be carried out, the structural design
concepts appear to be adequate.

Detailed studies of fault-loading conditions have begun, but the range of fault
scenarios examined is still limited since more detailed design definitions are
necessary. Nevertheless, preliminary results suggest that either the magnet systems,
as presently designed will be passively safe in the sense that damage will not
propagate to critical external systems, or that design modifications can be made to
achieve this.

There will be high heat loads in the windings of all the magnets. In the TF
coils, the heating results from a combination of nuclear absorption and
superconductor losses under transient field conditions. In the PF windings, only ac
heat loads must be tolerated-but they are high. Achieving strand and conductor
configurations that generate low levels of AC loss must be a prime consideration for

15



TABLE II-3. AVERAGE MAGNET SYSTEM HEAT LOADS DURING
NORMAL OPERATION (kW)

Thermal radiation 6
Conduction 4
Current leads (equivalent capacity) 13
Nuclear radiation heating 22

Heating by transient field losses:
TF windings 5
TF cases 8
TF intercoil structures 8
PF windings 15
PF structures _4_

Total 85

ft

Losses due to separatrix sweeping are not included in this total.

future design work. The TF-coil cases and other structures will also be subject to
various combinations of nuclear, eddy-current, thermal-radiation, and conduction
heating. Table II-3 summarizes the various heat loads on the magnets. It appears
that a refrigeration capacity of about 100 kW at 4.5 K will be sufficient to
accommodate all these heat loads while allowing reliable operation of the magnet
systems. The cryogenic system will likely be divided into a number of modular
units with capacities of 20 - 30 kW each. For cryogenic systems of the size and
type required for ITER, an overall system efficiency can be provided that will result
in approximately 300 W expended at room temperature for every 1 W absorbed in
the magnet systems at 4.5 K.

16



Chapter III
DESIGN BASIS

III.1. GENERAL REQUIREMENTS

The ITER magnet systems must be designed to confine and control a
plasma that in the Physics Phase of operation has the characteristics outlined in
Table ffl-1.

TABLE III-l. MAIN PLASMA DESIGN PARAMETERS (PHYSICS-PHASE
OPERATION)

Plasma major radius (m) 6.0
Plasma minor radius (m) 2.15
Elongation (95% flux surface) 1.98
Triangularity (95% flux surface) 0.38
Plasma current (MA) 22
Field at plasma axis (T) 4.85
Burn time (s) 200
Field ripple at plasma edge (%) < 2.5

III. 1.1. Geometry

Further considerations for adequate shielding around the plasma,
requirements for space at the top and bottom of the plasma for diverters,
requirements for space at the center of the machine for a CS providing sufficient V-s,
and the desire to minimize the size of the outer PF coils to reduce PF ampere-turn
and power requirements led to the general specifications in Table III-2 for the magnet
system geometry. Optimized TF and PF winding geometries consistent with the
general geometric and magnetic requirements were shown in Fig. II-1.

TABLE in-2. MAGNET SYSTEM GEOMETRY

Number of TF coils
Number of PF coils:

up/down symmetric pairs outside TF
symmetric pairs in the VV (normal conducting)

Coil clearances:
Horizontal clear bore in TF (m)
Vertical clear bore in TF (m)
Clear bore in TF vault for CS (m)
Maximum outer diameter of TF system (m)

16

14
2

7.10
14.76
4.26

22.20
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III. 1.2. Coil currents
Each of the 16 TF coils must be designed for a total current of 9.094 MA.

The PF currents vs time required to drive and control the plasma in the Reference
Physics Phase Scenario were fixed as those in Table III-3 for the purpose of the
conceptual design activity.

TABLE III-3. PF-COIL AND PLASMA CURRENTS DURING THE
REFERENCE PHYSICS-PHASE PF SCENARIO

Init
Lim
Lim
Lim
Lim
Lim
DN
DN
son
SOB
EOB
EOC
DN
Lim
Lim
Lim

0.0
0.1
0.6
3.0

10.0
20.0
28.0
44.0

* 70.0
90.0

290.0
310.0
330.0
350.0
360.0
380.0

0.0
0.0
0.5
2.0
5.0

10.0
10.0
15.0
22.0
22.0
22.0
20.0
15.0
10.0
8.0
5.0

PF Coil Number and Current
20.41
20.09
19.87
17.31
13.53
5.24
4.56
-3.78

-16.79
-17.87
-22.30
-22.41
-21.94
-17.97
-17.50
-11.71

20.41
20.09
19.92
17.31
13.53
5.24
4.56
-3.78

-16.79
-17.87
-22.30
-22.41
-21.94
-17.97
-17.50
-11.71

20.41
20.09
16.52
14.56
10.87
12.25
13.69
8.86
2.85

-2.41
-9.14
-8.77

-12.70
-12.45
-5.57

-15.89

20.41
20.09
16.35
14.56
5.91
8.00

13.69
10.06
0.00
0.00
0.00
0.37
-3.56
-4.87
-2.54

-15.89

14.53
14.30
12.78
10.92
5.24
7.89

12.87
12.90
13.60
10.79
6.25
5.04
0.22
-2.16
-3.95

-11.92

0.25
0.25
0.07
-0.16
-0.58
-1.96
-3.82
-5.80
-6.95
-7.14
-6.49
-7.25
-5.36
-3.52
-4.78

0.25
0.25

-0.25
-0.16
-0.58
-1.96
-0.99
-1.79
-2.72
-4.79
-5.25
-3.12
-2.51
-1.78
-0.91

III. 1.3. Operating cycles
The magnet systems will be designed for the cyclic loading that results

from both normal operation and interruption of normal operation for maintenance.
The combination is estimated to give rise to the loading cycles listed in Table III-4.

TABLE III-4. LOADING CYCLES EXPECTED DURING THE OPERATIONAL
LIFE OF THE MAGNET SYSTEMS

Cooldown cycles 20
TF charging cycles 100
PF operational cycles 40,000*

(equivalent full-power, full-current cycles)

* Provisional estimate, pending adoption and detailed specification of all scenarios
required to achieve the mission goals.

III.1.4. Radiation exposure
In the radiation environment of the winding packs of the TF magnets, the

insulators and the copper and superconductors will all experience some damage.
From a survey of available data at the start of the Conceptual Design Activity

18



(CDA), it was decided that the radiation-damage levels listed in Table II1-5 could
reasonably be tolerated by careful design and choice of materials.

TABLE III-5. LEVELS OF RADIATION DAMAGE TO BE TOLERATED
DURING THE OPERATIONAL LIFE OF THE MAGNET SYSTEMS

Insulator dose (Gy) 2 x 10 (average)

5 x 10 (peak, i.e. average
over one conductor width)

Copper damage (dpa) 5 x 1 0

Neutron fluence (n/m2) 1 x 10 2 3 (E > 0.1 MeV)

III.2 DESIGN CRITERIA

III.2.1. Quench protection

In the case of a quench, energy must be rapidly extracted from the
superconducting magnet systems to prevent damage from thermal stresses. With a
maximum allowed hot-spot temperature of 150 K, it can be easily demonstrated that
it is impossible for damage to result from differential thermal expansion. In quench-
protection-system designs that achieve this temperature limit, it will not be
permitted to invoke discharge time constants so rapid as to be unrealistic in
comparison to times required for detection of a normal transition and activation of
the discharge system or to require voltages between terminals or between a terminal
and ground that exceed 20 kV. A minimum discharge time constant of 10 s is seen
as reasonable.

Lower voltages than the 20 kV are desirable. In principle they can be
; achieved simultaneously with the constraint on hot-spot temperature by increasing
t the conductor current to lower the multiturn inductance. As the conductor current
: increases so does the size of the individual conductors. Bending stresses can develop
" in the long sides of the conductor jacket and the cummulative Lorentz forces in the

superconducting strands can cause strand damage. A maximum conductor current of
"i about 40 kA is seen as being satisfactory. The parameters bounding the quench

protection system design are summarized in Table III-6.
s

TABLE III-6. PARAMETERS FOR THE QUENCH PROTECTION SYSTEM

Maximum coil voltage (kV) 20
(terminal-terminal or terminal-ground)

Maximum conductor current (kA) 40
Maximum hot-spot temperature (K) 150
Minimum dump time constant (s) 10

.9
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m.2.2. Stability and AC losses

The magnets must be designed to have sufficient stability to ensure
continuous and reliable performance under all normal operating modes. This must
include stable operation during a severe plasma disruption. The required stability
levels depend on the heat generated by AC losses. A final assessment of stability
must await very detailed analyses on a single consistent design supported by
experimental measurements, but quite useful guidelines can be established now that
place realistic boundaries on the design choices for the conductors and windings of
all the superconducting magnets. These are listed in Table III-7.

TABLE m-7. GUIDELINES FOR CONDUCTOR STABILITY

Provide 100 % margin above the calculated energy deposition from
a plasma disruption

Provide stability against the maximum possible energy deposition
by mechanical motion

(Note that the above both imply a requirement for something
3

greater than 100 mJ/cm margin from the benchmark conductors
(with a coupling time constant nt of about 15 ms))

Heat is generated in the superconductor during the plasma burn cycle and during
cycling of the PF coil currents for control or plasma sweeping. Target values for the
conductor design are an effective filament diameter for hysteresis losses of 10 \un,
and an overall conductor coupling time constant nt of IS ms.

III.2.3. Mechanical Allowables

The elastic limit on maximum static stress in metallic structures will be
applied to the Tresca stress intensity, defined as

tij = Max (taj -o^kyOjUffj -CT30 ,

where <jj are the principal stresses at a point. The maximum allowable stress
al max w i l ' ** t a k e n ^ ^ s m a U e r o f 2/3 yield or 1/2 ultimate, where yield is
defined by 0.2 % offset strain in a standard tensile test and ultimate is the stress at
rupture. Calculated stress levels will also be assessed against a fracture limit
determined by the critical stress intensity KT .

In applying the stress allowables, care will be taken to define the method of
calculation so as not to impose too severe limits where high stresses result from
local stress concentrations. In such instances, elastic-plastic analysis will be
performed to define the extent of local plasticity with repeated loading-unloading
cycles examined to ensure that local stresses drop below the static allowables after a
few load cycles

All structures will also be assumed to contain flaws of physical size below
reasonable limits of detection. Therefore, when stresses are cyclic, the allowable
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levels of stress will also be limited on the basis of projections of cracks emanating
from those flaws and propagating to failure of the part. An exception may be
appropriate in applications where specially forged and easily inspectable components
can be used, particularly when these can be subjected to proof testing. Propagation
of cracks in critical regions will be predicted on a cycle by cycle basis, with stress
intensities adjusted after each cycle. Fatigue-crack-growth rates vs variation of stress
intensity will, be obtained by using Paris-Law fits to data from appropriate materials.
As an accommodation to the present lack of certainty on short crack behavior, no
allowance will be taken for the thresholds apparent in some data at low stress
intensities.

Failure will be determined either by a leak (the crack propagates through a
containment wall) or a break (the critical stress intensity is reached at the crack
front). With crack propagation analysis described above and using stress values from
a detailed and proper finite element analysis, a safety factor of 2 on the number of
stress cycles is deemed sufficient on the allowed stress from the fatigue perspective
for situations where leak before break can be shown to occur and of 2 in situations
of failure.

The final assessment on fatigue life of components will depend on new data
that must come from R&D during the Engineering Design Activity (EDA), both on
the appropriate materials and the appropriate non-destructive examination (NDE)
techniques. During the CDA, we will assume that structural materials can be
applied with fatigue-crack-growth rates not worse than 316 LN (for thick structural
components) or JBK-75 (for conductor conduits). We will also assume thst NDE
and repair techniques will be available that allow detection and elimination of flaws
larger than those described in Table HI-8.

TABLE m-8. ASSUMED PRE-EXISTING FLAW GEOMETRY

Thick sections (t > 25 mm)

embedded, flat, elliptical crack (with half length a, half depth c)

a = 5 % of wall thickness but < S mm
c = 5 x a

Thin sections (t < 25 mm)

flat, semi-elliptical surface crack with

a = 5 % of wall thickness but > 150 mm
c = 5 x a

Electrical insulation is required in a number of areas in the TF and PF
magnets: to separate individual turns of the windings (with additional thickness
between pancakes), to give additional separation between the winding packs and
structures at ground potential, and to break the conduction path in heavy structural
components in the toroidal direction. Apart from the electrical load, these insulated
areas will unavoidably experience mechanical loading, in which case the static stress
allowables in Table M-9 must be observed.
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TABLE III-9. ALLOWABLES FOR INSULATORS

Allowed shear stress 1/3 ultimate
Allowed compressive stress 1/2 ultimate

(perpendicular to laminae)
Allowed tensile stress (MPa) 0

(perpendicular to laminae)
Allowed strain (%) 0.25

(compressive or tensile)
(parallel to laminae)

The static allowables in insulators are assumed to be sufficiently
conservative to provide adequate margins for fatigue and for radiation damage within
the previously specified dose limits.

III.3. DESIGN PHILOSOPHY

Consistent with the ITER mission for steady-state operation, all TF and
external PF coils will be superconducting. All superconducting TF and PF magnets
are considered to be semi-permanent, which implies that all components of the
Superconducting Magnet Systems are intended to be installed for the life of the
machine, but also that they all should be designed with the capability for remote
handling for assembly/disassembly. However, there is a clearly recognized gradation
in difficulty of replacement or repair as shown in Table III-10. Difficulty of repair
or replacement affects the level of risk to be tolerated in a design, and design features
of the magnets can be expected to vary according to this ordering.

TABLE 111-10. MAGNET SUBSYSTEMS LISTED IN ORDER (TOP TO
BOTTOM) OF INCREASING DIFFICULTY OF REPLACEMENT OR REPAIR

Central Solenoid
Divertor Coils
TF Coils
Outer Ring Coils

TABLE III-l 1. NORMAL AND UPSET LOADING ON STRUCTURES

Gravity Loading
Thermally Induced Loading
Preloading
Magnetic In- and Out-Of-Plane Loading
Disruption Loading
Quench Loading
Fault Loading

'*_
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The magnet systems must be designed to accommodate a variety of load
conditions as listed in Table III-11. To the maximum extent practical, all load paths
will be simple and direct. In particular, the internally generated loads of a
component or system will be reacted internally to that component or system
wherever possible.

The TF system centering loads will be reacted by wedging the inboard legs
of the TF-coil cases. This choice eliminates any unnecessary transmission of loads
between the CS and TF systems and may facilitate the independent replacement of
the CS or individual TF coils. The TF-coil shape need not be constant-tension Dee.
Rather, the shape will be selected in conjunction with the stiffness and placement of
the inter-coil structures (ICS). The performance of all structures will be assessed
against detailed finite-element analyses (FEA) of stresses.

TABLE ni-12. MODES OF OPERATION

Normal Operation (coils must not quench)
TF coils charged to full current
PF coils ramped to drive and control plasma
Plasma disruption

Abnormal Operation (coils must be "hut down safely without damage)
Coil quench
Loss of coolant flow
Loss of power

Fault Conditions (damage must be contained)
Failure of the protection system
Electrical short circuit
Electrical open circuit
Mechanical or structural failure

The windings of all magnets will be constructed of conductors using
continuous steel jackets for structural reinforcement and forced-flow cooling by
supercritical helium. Insulation between turns will be provided by layers of glass
fabric impregnated with epoxy resin. This combination was selected as best for
reliable high-voltage insulation, good winding rigidity, and proper distribution of
structure.

A proper design of the magnet systems depends a full specification of all
operating scenarios so that all magnetic loadings can be accurately determined.
During the CDA, only the Physics Phase Scenario was adequately specified in time
to carryout the appropriate level of design and analyses. Therefore, the detailed
design of the magnet systems will primarily be conceived to meet the requirements
of Physics Phase operation. However, insofar as possible, flexibility will be
retained in the design for operation in other modes, and the capabilities of the
magnet system as designed will be assessed for operation in other modes as the
specifications of these are completed in more detail. This approach will enhance the
probability that the resultant design, or minor modifications of it, will be suitable

' * _ • •
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for the complete ITER mission. Whatever the character of the operating phase, the
magnet systems must be designed for reliable and safe operation under all the modes
listed and classified in Table 111-12.

III.4. DATABASE

The database required for the design of the ITER magnet systems is a
combination of the following: engineering data on key materials and components,
specifications from other ITER task groups giving details about the operating modes
or the operating environment for the magnets, and specifications that are derived
directly from the general requirements. Inasmuch as the engineering database on
materials and components is presently under development, it was necessary during
the CDA to construct a database that reflects reasonable expectations from those
R&D programs in progress now and that will continue during the EDA.

I
ft

Materials Data.
In the design of structural components, we have assumed the availability of

cryogenic, structural steels with the following properties at 4 K: yield strength to
1200 MPa, ultimate tensile strength to 1600 MPa, and fracture toughness to 200

MPa-m . The Young's modulus was taken as 200 GPa.
The appropriate data for fatigue-crack-growth rate in these materials is

sparse. However, it is not likely that the materials finally selected for the key
applications will have fatigue characteristics greatly different than those for which
some data do exist. For the calculations of crack growth in thick structures, we have
assumed material properties equivalent to those of 316 LN as given in figure III.l.

•«• 1 0

1
•o

10 --:

O

o

u 10
B0

10

316 LN (NIST. unpublished)
C = 1.889 x 10 ,*. m = 3.41 (JBK-75 weld)
C = 0.665 x 10"". m = 3.34 (316 LN base)

1 10 100 ,,1000
Stress Intensity Factor, AK (MPa-m1'*)

Fig. III-l.
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For conductor jackets, the material properties after exposure to heat treatment
schedules appropriate to Nb-Sn formation are important. In this instance, we have

established the characteristic in Fig. III. 1. based on data for JBK-75, a precipitation-
hardened steel used in the Westinghouse coil for the Large Coil Task.

In all areas of the magnets requiring electrical insulation, it has been
assumed that epoxy-glass insulations having ultimate compressive strength of 900
MPa and ultimate shear strength of 100 MPa (in small pure shear test specimens)
can be applied and that these properties will be retained at the specified radiation
exposure limits.

Superconducting Data
The reference strands for all superconducting TF and PF coils assume the

use of Nb_Sn. This choice is not intended to eliminate NbTi as a future choice in

particular applications, but it is at present unlikely that NbTi can conveniently be
used anywhere except in the outer PF coils. A typical Nb_Sn composite strand

might have a cross-section like that in Fig. III.2. We define the critical currem
density over the "core" region (the region having diameter d in Fig. III.3) by the

core

expression:

Jc(B,T,e) = C0[Bc2(T,e)]-1/2(I-t2)2b-1/2(l-b)2

where

and

b = B/Bc2(T,e)

= T/Tc()(e).

An expression for B 2(T,e) that gives quite acceptable fits to a broad range of data

for Nb,Sn conductors is as follows:

Bc2(T,e) = Bc2()(e)(l-t2)(l-t/3).

In all the above, the strain dependence is assumed to act through T » and B „„ as

follows:

and

where e is the intrinsic longitudinal strain in the filaments from all effects and a =
900fore<0anda=1250fore>0.

Options to use both binary and ternary Nb-Sn composite wires were

considered. The critical-current performance of these options was assumed to be
represented by the above formulas with the values for the coefficient CL and the

critical parameters T _ and B .Q in Table III-13. Wires using binary Nb,Sn

were assumed for the TF windings because of perceived advantage in radiation
tolerance.
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The residual resistivity of copper was taken as 0.17 niim and magneto-
resistivity was taken into account according to:

p(B) = pQ [1 + O.O339(B/Po)107].

where the resistivities have units of nfim and field is in teslas. Radiation damage
was assumed to alter the residual resistivity according to:

-exp(-240D)].

where D is the damage in dpa.

TABLE in-13

Superconductor

Binary Nb3Sn
Ternary Nb3Sn

BC20m

CD

24
28

Tcom
(K)

16
18

Co
(AT mm ~2)

22200
13400
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Inductances
The definition of the inductance matrices is of course an iterative process,

since they depend on the detailed winding pack geometries. The inductance matrices
in Tables III-14 and 15 represent the values for the reference winding geometries of
the PF and TF systems, respectively, given in the next chapter.

TABLE HI-14 PF INDUCTANCE MATRIX (SINGLE-TURN INDUCTANCES

PF1U
PF2U
PF3U
PF4U
PF5U
PF6U
PF7U
PF7L
PF6L
PF5L
PF4L
PF3L
PF2L
PF1L

PF1U PF2U PF3U PF4U PF5U PF6U PF7U

3.059
0.950
0.239
0.087
0.128
0.416
0.520
0.460
0.339
0.076
0.040
0.087
0.239
0.950

3.059
0.950
0.239
0.236
0.488
0.545
0.384
0.269
0.048
0.021
0.040
0.087

3.059
0.950
0.472
0.535
0.526
0.308
0.211
0.032
0.013
0.021

3.059
0.989
0.542
0.471
0.243
0.164
0.022
0.008

11.577
2.437
1.817
0.839
0.571
0.069

48.153
21.320 53.429
7.921 12.314
5.354

TABLE ni-15. TF INDUCTANCE MATRIX

Coil Number

1
2
3
4
5
6

7
8
9

1

24.420
8.720
4.296
2.443
1.524
1.036

0.772
0.640
0.600

NI = 9.094 MA/coil

Etotal = 4 2 " 2 6 G J

Coil currents
The PF coil currents to drive and control the plasma in the reference

Physics Phase Operating Scenario (Al) havo been given previously in Table III-3.
Uncertainties in the ranges of variation of the plasma parameters /.(3) and ,
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require that the PF coils be designed for variations of current about the values
specified in Table III-3. To ensure that all constraints for the designs of the
individual PF coils are included, it is necessary to scan the currents, fields, and forces
on them over the entire operating scenario, including the permissible ranges of
plasma parameters. The range of currents for these scenarios is presented in the PF
design unit report. Here, we report briefly the results of the scans in terms of the
maximum current and field in each coil (tables 111-14,15). These tables form the
design basis for the conductor.

TABLE III-14. ABSOLUTE MAXIMUM TOTAL CURRENTS IN PF COILS

PFNo.

1
2
3
4
5
6
7

total
(MA)

22.70
22.70
20.26
20.26
16.98*
14.54
7.91

time

EOB
EOB

pre-bias
pre-bias
SOFT
SOFT
EOB

/.(3)

all
all

0.55
0.55
0.75

b
p

all
all

(no plasma)
(no plasma)

0.00
0.00
0.80

* May increase by approximately 0.7 MA during plasma disruption

TABLE 111-15. MAXIMUM IBIIN THE WINDINGS OF PF COILS

PFNo.

1
2
3
4
5
6
7

IBI
CD

13.50
13.49
13.40
12.93
7.81*
5.64
4.53

break pt.

pre-bias
pre-bias
pre-bias
pre-bias
pre-bias
SOFT
EOB

li(3) bp

(no plasma)
(no plasma)
(no plasma)
(no plasma)

0.55 0.00
0.55 0.00
0.75 0.80

May be as high as 7.9 T during plasma disruption

TF Coil Maximum Field and Ripple
The ripple variation inside the TF coil volume is summarized in figure III-

4. The ripple at the plasma surface on the outer equator is ~2%, comfortably under
the allowable value of 2.5 %.

The maximum field in the TF coil occurs at the start of flat top (SOFT)
condition and is 11.2 T at the top/bottom of the inner straight leg of the coil.
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Fig. III-3. Ripple inside TF coils
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circum. from inboard (%)

Fig. III-4. Out of Plane Forces on TF coil

= 0.55
= 0.60
= 0.65
= 0.75
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Coil Forces
In normal operation the TF coils have a circumferential bursting force of

about 70 MN at any cross-section together with a resultant centring force of about
440 MN/coil.

The out of plane forces around the coil circumference for an Li scan at the
end of bum Pp= 0.6 condition are shown in figure III-4.

The poloidai field coil forces vary throughout the scenario and are
dependent on the plasma parameters. Values for the reference scenario and extreme

TABLE IIM6 FORCES ON CENTRAL SOLENOID (MN)

Coil

Radial
PI
Vertical
Radial
P2
Vertical
Radial
P3
Vertical
Radial
P4
Vertical

t=0

239.0

-0.5
234.8

-4.4
231.8

-35.0
215.0

-352.9

li=.65,pp=.l
SOFT

94.2

-35.5
72.6

-324.1
-0.7

57.1
0

0

lj=.65.Pp=.6
BOB

203.2

-34.7
181.7

-319.5
45.2

-211.7
0

0

li=.55,Pp=0
SOFT

50.8

-16.9
37.7

-193.7
0

0.5
36.3

64.6

li=0.75,Pp=0.6
BOB

203.0

-44.1
175.9

-396.5
20.7

-125.8
-0.3

2.58

Vertical Force : Total on a single coil, positive away from axis
Radial Force: MN/radian.

TABLE IH-17 FORCES ON OUTER PF COILS (MN)

Coil

P5
Vertical
Radial
P6
Vertical
Radial
P7
Vertical
Radial

t=0

-208.3
96.5

-0
-0

-0
-0

li=.65,Pp=.l
SOFT

7.5
46.9

-122.1
57.4

93.0
16.8

li=.55.pp=0
SOFT

-45.0
89.8

48.6
113.0

-48.2
-4.8

li=.65,pp=.6
BOB

23.9
1.9

-175.7
37.0

110.6
35.3

li=.75.pp=l.
BOB

14.8
-1.1

-104.9
11.3

11.6
62.6

' Vertical Force : Total on a single coil, positive away from axis
• Radial Force: MN/radiin.
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cases are given in tables III-16 and 17. The central solenoid coils, as well as
experiencing high inward compressive forces, have also scenarios when outward
forces on the outer coils (P3, P4) occur which must be reacted by a vertical support
structure.

TABLE IIM8. NUCLEAR HEATING DISTRIBUTION IN THE TF COILS OF
ITER

Technology Phase
Nuclear heating (mW/cmA3)
@ Midplane of inner legs
Behind outer end, divertor
Nuclear heating, 16 coils (kW)
Inner legs
Behind divertor
Outer legs
Penetrations
Total
Physics Phase
Nuclear heating (mW/cmA3)
@ Midplane of inner legs
Behind outer end, divertor
Nuclear heating, 16 coils (kW)
Inner legs
Behind divertor
Outer legs
Penetrations
Total

TABLE 111-19 NUCLEAR HEATING IN TYPICAL TURNS OF TF COIL
DURING THE BURN

Turn No. Q[W]

1 14.1
2 10.5
3 7.8
4 5.8
5 4.3
6 3.2
7 2.4
8 1.8
9 1.3
10 1.0

Total for a typical flowpath S2.2 W
Total for one TF coil 1.25 kW
Total for 16 TF coils 20.00 kW
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Winding Pack

1.1/0.42
0.7/0.23

6.7
0.7
0.0
1.0
8.4

1.5/0.57
0.95/0.31

9.1
0.9
0.0
1.3
11.3

Inner Coil Case

2.4/1.6
6.2/1.7

5.7
7.0
0.01
2.0
14.7

3.3/2.2
8.4/2.3

7.7
9.5
0.01
2.7
19.9



Nucteor Heating
The largest load on the TF magnet windings and cases is the neutron and

gamma heating during the burn phase of the Physics Base scenario. The nuclear
heating decreases exponentially through the winding pack and varies around the
perimeter of each turn, according to the shielding and the spatial distribution of the
fusion power generated, as shown in Figure III-5. A breakdown of the nuclear loads
in ihe TF magnet system is shown in Table III-18,19.

first of 10 turns
_ _ fifth of 10 turns

lenth of 10 turns

0.00001

Fig, III-5.

0 10 20
Xpatn ( m )

Heating rate along the conductor in the average pancake of a TF
winding vs position along individual turns (starting at the midplane
tm tire trertboard Yeg>, for a total of 20 KW in all \f> cofis.

i
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Chapter IV
SUBSYSTEM DESIGN AND ANALYSIS

IV. 1. CONDUCTOR DESIGN

Many options for conductor designs have been presented, each emphasizing
features important to individual magnets within the ITER magnet systems. Some
of these are shown in Fig. IV-1.1. with key parameters listed in Table IV-1.1.It
should be noted that all these conductors, though quite different in many respects,
have the following similarities:

- All have distributed structure in the form of a continuous steel tube on the
conductor exterior.
- All have provisions for internal passages that allow cooling by forced
flow of helium at supercritical pressures.
- All incorporate the superconductor in some form of cable of composite
strands.

Each of these conductor designs emphasizes different issues of conductor
design. The relative importance of these will be resolved after a better understanding
of the magnet designs and by better characterization of the conductor options under
real conditions. Particularly important will be definition of AC loss characteristics,
stability margins and operating cable space current densities. Final choices among
the detailed features of the various conductor designs will also be based on

considerations of the practicalities of manufacturing, quality control, and economics.
Therefore, it would be inappropriate during the CDA to make the final choices on
such details until sufficient R&D could be carried out to allow a more quantitative
comparison of the more attractive options. Consequently, to allow the magnet
design and analysis processes to continue effectively, a provisional set of
"benchmark" conductors was created.

Individual conductors were .given compositions and .geometric parameters
appropriate for each of the coils in the ITER magnet systems. The questions of
manufacturability and other such issues associated with real conductor designs were
intentionally not addressed for these benchmark conductors, although it is expected
that conductors matching their general description could be manufactured by several
techniques. The establishment of the benchmark conductor designs in the CDA
provided a consistent basis for all coil-performance analyses (e.g. stability, quench
propagation, protection, ac losses) and serves as a point of comparison for the
effectiveness of future improvements of future conductor and coil designs. The
benchmark conductors use the cable in conduit concept since this seems to be
capable of satisfying the requirements for both TF and PF coils.

The benchmark conductor designs are described in detail in Table IV-
2.These conductor descriptions are consistent with the winding pack descriptions in
Tables IV-3,4, and S. They are all based on the following assumptions:

- Superconductor critical current density and temperature was assumed to be
given by the relations in Section in with intrinsic strain of -0.3 %.
- Headroom of 0.5 K assumed in the coofant temperature relative to the
inlet temperature of 4.S K to accommodate increases due to heating and

\ expansion effects.
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TABLE IV-1.1. MAJOR PARAMETERS OF CONDUCTORS PROPOSED FOR ITER

Items TF-1 TF-2 TF-3 TF-4 CS-1 CS-2 EF- EDesign field (T) 11.25
SC Nb3Sn
Conductor type CICC
Operating temp.(K) 5.5
Op. curr.flcA) 42.1
Critical curr.(kA) 70.1
Curr. den.(A/mm2) 53.3
Strand dia.(mm) 0.85
No. of strand 798
Cooling peri.(cm) 149*
Cross-section area (mm )

Total 1295
Cable 790
SC (non-Cu) 159
Cu 291
Helium 316
S. Steel 106

He flow/chan.fg/s') 7.5

11.0
Nb3Sn

MON
4.2
30.3
72.4

65.6
2.6
23
14.3

863
457
HI
233
99
345

11.2
Nb3Sn

MON
4.5
35
60
39.7
2.5
21
12.8

985
558
100
230
162
325

11.2
Nb3Sn
CICC
4.5
29.5
54
46
1.0
165
40.

722
343
90
100
150
289
10

13.5
Ter.
CICC
4.5
36.1
60.
43.5
0.85
819
156*"

1349
830
190
283
332
410
7.5

13.5
Ter.
CICC

4.5
37.4
63.9
48.7
0.92
648
176

2013
768
162
259
292
1104

5.5
NbTi

CICC
5.5
43.8
125
36.5
0.75
1400

2162
1200
120
341
400
830

NbTi
CICC

195
46.6
0.91

810
213

2172
938
98
315
470
1096

CICC: Cable in Conduit MON: Monolithic Ter.: (NbTi),Sn
* For cooling perimeter length of strand-strand contact is eliminated fey

Note I. Areas of SC and Cu are taken normal to strands.
ofz/3



TABLE IV-I.2: BENCHMARK CONDUCTOR PARAMETERS

TF CS PF5 PF6 PF7
Sheath:
W J(mm)

coitd
T c o n d ( m m )

•wall01™0

r (mm)
corner.o

r . (mm)
corner.i

A (mm )
sheath

2
A (mm )

Cable:
d . (mm)

wire
d (mm)

d (mm)
core

d bronze ( m m )

d f i l . r eg . ( m m )

cable pattern
u (degrees)

A . (mm2)
cond

A (mm )
copper 2 i

A (mm )
core

Insulation: (t =
wrap

Hydraulic:
1 1
2 1

P wei ( m m ) 3

D hyd ( m m ) 4

L ^(m) 5

Mechanical:
E (GPa)
Ej(GPa)

E,(GPa)

32.90

29.00

3.0

1.5

3.0

341.2

611.0

0.830

0.826

0.460

0.440

0.400

52x33

18

383.5

262.1

117.7

0.8 mm and

227.5

1467

1561

0.583

399.4

111
33

31

43.60

25.60

3.0

2.0

4.0

389.5

723.2

0.890

0.886

0.546

0.526

0.486

52x33

18

440.9

270.9

166.1

t, = 0.8 mm,
layer

282.3

1573

1680

0.672

143.5

110
39

24

42.60

35.90

5.5

2.0

5.0

760.5

765.4

0.910
0.906

0.327

0.307

0.267

52x33

18

461.0

397.5

59.4

all coils)

304.4

1608

1713

0.711

588.1

127
49

44

55.30

36.80

8.0

3.0

6.0

1240.1

786.5

0.930

0.926

0.227

0.207

0.167

5x33

18

481.5

448.7

28.6

305.1

1643

1753

0.696

939.3

142
72

50

53.90

36.80

7.5

3.0

6.0

1158.7

817.1

0.940

0.936

0.209

0.189

0.149

5x3
18

491.9

463.3

24.4

325.2

1661

1772

0.734

939.3

139
67

48
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- A margin of at least 2 K invoked between the coolant temperature with
headroom applied (i.e. 5 K) and the current sharing temperature of the
conductor at any location in die coil (to accommodate disturbances yet to be
specified).
- A maximum hot-spot temperature of 150 K in the conductor assuming a
quench and dump with a 10-s time constant. (This was conservatively
assessed in setting the benchmark conductor parameters by accounting only
for the heat capacities of the conductor and helium and assuming full
magneto-resistivity throughout the dump).

Notes on Benchmark Conductor Parameters

1. Includes an approximate accounting for increased filling of the cable space
by the twisted cable.

2. Includes only the surface of the strands wetted by helium, and neglects one-
sixth of that surface (occluded because of triplexing).

3. The inside surface of the sheath is added to the strand surfaces.

4. Calculated using P .

5. The length of conductor in a half-pancake, which assumes helium will be
fed from the cross-over turn in the bore of the coil.

6. For the direction transverse to the conductor axis and parallel to the wider
dimension (W .) of the conductor (parallel to the winding axis of the

coil).

7. For the direction transverse to the conductor axis and parallel to the
narrower dimension (T ) of the conductor (perpendicular to the winding

axis of the coil).

8. Mechanical properties for the conductor element only. The CS has
supplementary graded and co-wound steel.
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TABLE IV-L3
BENCHMARK WINDING PACK DESCRIPTION FOR THE TF COILS

Total current (MA)

Maximum field (T)

Winding type

2
Radial build (mm)

2
Toroidal build (mm)

Winding pack cross-section (m )

3
Number of turns in the r direction

3
Number of turns in the u direction

Total turns

Conductor current (kA)

Mass of windings per module (t)

2
Mean composition of winding pack:

Fraction of steel
Fraction of insulauon
Fraction of conductor
Fraction of helium

1. Values at the chosen design point
2. Dimensions at the inboard lee of

0.316
0.118
0.355
0.211

' the TF fm

9.094

11.2

(pancake in r, z plane)

306.0

846.4

0.259

10

24

240

37.89

62

Dt including raound-walg
insulation or space required for cross-overs and joints)

3. Turns inside the winding envelope of the inboard leg
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TABLE IV-I.4
BENCHMARK WINDING PACK DESCRIPTION FOR A GRADED CS
MODULE

Total current (MA)

Maximum field (T)
Winding type

20.60

13.55
(pancake in the r, u plane with graded,

cowound steel reinforcement)

Composition and placement of turns on the radial direction:

Inner Thickness of Outer
Turn Radius Reinforcement Radius Fraction
No. (mm) (mm) (mm) of Steel

Fraction of Fraction of Fraction of
Insulation Conductor Helium

1

2

3

4

5

6

7

8

9

10

11

12

13

1400

1462

1524

1586

1647

1706

1764

1818

1869

1915

1957

1993

2023

33.30

33.39

33.01

32.10

30.59

28.44

25.60

22.04

17.75

12.76

7.10

0.84

0

1462

1524

1586

1647

1706

1764

1818

1869

1915

1957

1993

2023

2050

0.645

0.645

0.643

0.639

0.631

0.619

0.602

0.577

0.543

0.495

0.423

0.313

0.311

0.102

0.102

0.102

0.103

0.104

0.106

0.109

0.113

0.119

0.127

0.139

0.157

0.111

0.154

0.154

0.155

0.157

0.161

0.167

0.176

0.189

0.206

0.231

0.267

0.323

0.352

0.099

0.099

0.099

0.101

0.103

0.107

0.113

0.121

0.132

0.148

0.171

0.207

0.226

Vertical build (mm)
Number turns in z direction

Winding pack cross-section (m )

Mass of windings per module (t)

Total turns

Conductor current (kA)

2.2

1840
40

1.196
84

520
39.62

1. Values at the chosen design point, i.e., pre-bias
2. Dimensions consistent with both conductor and reinforcement strip having

a 0.8 mm wrap of insulation
3. Turns inside the winding envelope
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TABLE IV-I.5
BENCHMARK WINDING PACK DESCRIPTION FOR THE OUTER PF COILS

1

1

Total current (MA)

Maximum field (T)

Winding type

2
Radial build (mm)

2
Vertical build (mm)

Winding pack cross-section (m ) 2

Number turns in r direction

Number turns in z direction

3
Total turns'

1
Conductor current (kA)

Mass of windings per module (t)

Mean composition of winr'ing pack:'

Fraction of steel
Fraction of insulation
Fraction of conductor
Fraction of helium

1. Values at the chosen design point not necessarily attained during normal
operation.

2. Dimensions not including ground-wall insulation or extra space required for
cross-overs and joints.

3. Turns inside the winding envelope.

PF-5

19.59

9.12

900.0

899.2

0.809

24

20

480

40.81

124

0.451
0.095
0.273
0.181

PF-6

14.08

PF-7

8.43

5.47 4.85

(pancake in r, u plane)

499.2

1499.4

0.749

13

26

338

41.66

356

0.560
0.085
0.217
0.138

499.2

900.0

0.449

13

16

208

40.53

211

0.536
0.085
0.228
0.151
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IV.2. TF COIL AND STRUCTURE DESIGN

IV.2.1. Introduction

The function of the toroidal field coils is to generate a toroidal field in the
plasma region. The required field intensity is 4.85 T at R = 6.0 m z = 0 m, and the
allowable field ripple at the plasma edge is less than 2.5 %. To satisfy these
requirements, the number of TF coils are chosen as 16, with the radius of the outer
leg 11.1 m. The total current in each of the 16 coils is 9.094 MAT and the
maximum field is 11.2 T.

On the inside of the plasma, the inner vertical leg of the TF coil lies as
close to the outer vacuum vessel/shield surface as possible, separated only by a
thermal radiation shield cooled by helium gas between SO and 80 K. The radial width
of the coils in the inner leg region should be a minimum so as to maximize the
space available for the central solenoid. At the top of the TF coils lies the main
oblique access port to the in-vessel components. The toroidal width of the coil here
must be kept to a minimum and the use of coil to coil support is not possible.
Under the coil, space is required for the gravity support of the in-vessel components
and the main vacuum ducts between the coils. On the outer equator a radial access
port is required for access with a remote handling boom and for auxiliary
heating/current drive neutral beams. The requirement for tangential injection imposes
the most severe restriction on the coil crossection.

Each coil is made up of a winding pack enclosed in a case. In the central
region the noses of the coils are wedge shaped and fit together to form a circular
vault. On the outside of the coil two intercoil support structures join the coil above
and below the equator. These structures are jointed with a system of bolts and shear
keys to allow individual coil assembly/disassembly and form a continuous ring
around the outside of the machine. The coil system is self supporting as regards
magnetic and thermal loads. Overall gravitational support of the system is by a leg
under each coil.

IV.2.2. Winding pack

The layout of the TF coil winding is defined in section IV. 1.There are
fundamentally two types of winding packs : one is the one pack design and the other
is the two pack design. In the two pack design the winding pack consists of two
symmetric halves.

Four designs of winding packs are presented corresponding to the four types
of conductors described in IV. 1. Cross-sectional views of these winding packs and
their main parameters are shown in Figs. IV.2-1 (a) - (d) and in section IV. 1. The

I winding packs (1) [1] and (2) [2] are one pack designs, whereas packs (3-a,b) [3] and
I (4) [4] are two pack designs. Double-pancake winding is considered for all winding
| packs, with electrical joints placed in the outer low Held region and cooling inlets on
t the inner crossover, cooling two pancakes in parallel.
I Each winding pack has the ground insulation of 5 mm to 10 mm thick.
I The thickness of the insulator wrapped on the conductor is chosen to be between 0.5
{ mm and 0.8 mm. The insulation between pancakes has a thickness of 0.8 mm to 2
; mm.
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(a)

RE602
RS595.5

R2130

(C-1) (c-2)

Cross sectional views of the winding packs.
(a) pack (1), (b) pack (2). (c-1) pack (3a), (c-2) pack (3c). (d)
pack (4).
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Fig. IV-2.2. Deflned TP coil winding. (Common lay out)
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Fig. IV-2.3. Schematic drawing of the central island.



IV.2.3. Cases

The layout of the TF coil case is defined in Fig. IV.2-2. There are again
fundamentally two types of cases corresponding to the two types of winding packs.
In each case the case is divided into two halves and they are joined by a mixture of
welding and bolting or by only bolting. The case should contain insulating breaks
so as to avoid closed loops around the winding at any section, in order to prevent
excessive heating from eddy currents as the poloidal fields change through a burn
cycle. The central vault region is extended round under the support for the divertor
coil so that torsion in this region, transmitted to the PS, is kept to a minimum. In
the coil ears shear keys prevent slip of individual coils in both radial and vertical
directions, even if intercoil friction is insufficient

At the opening in the outer case where the coil supplies are connected the
winding pack requires extra support against the outward (bursting) forces. This is
provided by a central "island" in the connection region (Fig. IV.2-3).

The winding pack is placed in the case surrounded by steel "bladders" as
shown in Fig.IV.2-4. The bladders are impregnated with a pressurised epoxy/chopped
glass mix to close all gaps between winding and case. Gaps up to 10 mm can be
filled. The winding pack is not precompressed into the case.

Case cooling is built into the case to intercept the nuclear and eddy current
heat loading. Grooves are milled into the plate adjacent to the coil as shown in Fig.
IV.2-4, and He coolant tubes are installed into the grooves. The case cooling loop
will also be used for cooldown.

Three designs of coil case are provided to correspond to the different designs
of the winding packs. The main features of these designs are as follows:

In the case (1) (Fig. IV.2-5) [1], [5], two halves of the case are welded in
the vault region and the winding pack in this region is left open on the inside.Since
a coil back at this point creates structural problems the extra space is instead
allocated to the vacuum vessel shield structure to complete the necessary shielding
for the winding pack. Elsewhere the case is closed by a combination of welding on
the inside where space is limited and by (on one side only where space is available) a
bolted insulated joint. In the case (2) (Fig. IV .2-6) [2,3], two halves of the case are
also jointed by welding in the vault region and by bolts in other regions. The
winding pack is not left open as the case (1) in the vault region. A back plate
provides a vacuum tight winding pack containment, while being insulated from the
case to prevent eddy currents.

In the case (3) [6], after the installation of the half-winding pack into the
half-case, a steel sheet is used at the split plane to close up the coil volume. This
closure sheet is welded to the coil case half to form a leak tight volume for epoxy
vacuum impregnation. Each half coil is vacuum impregnated with epoxy and
assembled with the mating half coil. The glass/cpoxy insulation used at the split
plane between half coils is cured in place to bond the half coils into a good coil/case
structure.

The full eddy current / structural aspects of these different configurations
have not yet all been properly quantified.

IV.2.4 Winding Pack - Case Interaction

The maintenance of full bonding between case and winding can have a
significant influence on coil behavior. The optimum condition is full bonding as
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Fig. IV-2.4.

Schematic drawing of the steel bladders and case cooling.
The bladders are impregnated with a pressurised
epoxy/chopped glass mix to close all gaps between winding
and case. He coolant tubes are installed into the grooves
milled into the plate adjacent to the coil.
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Fig. IV-2.5.

Layout of the coil case (1). Two halves of the case are
welded in the vault region and the winding pack in this
region is left open on the inside.
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Fig. IV-2.6. Layout of the coil case (2). Two halves of the case are also
jointed by welding in the vault region and by bolts in other
region. The winding pack is not left open as the case (1) in
vault region.

long as it can be achieved successfully. However, a failure to bond produces worse
operating conditions than a coil designed for winding pack slip in the first place
due to the ill defined slip surface and the high friction coefficient.

Between 300 K (the assembly temperature) and 4 K the transverse thermal
contraction of the winding pack is greater than that of steel due to the epoxy
insulation. The winding pack thus shrinks away from the case sides. This makes
full bonding more difficult

Winding pack slip can occur both as the TF and PF fields are energized and
analysis suggests that it is difficult to prevent. Slip of the winding leads to a lower
overall bending strength of the coil-case assembly and frictional heat generation as
the poloidal field is pulsed. It also tends to reduce the shear inside the winding, to
the benefit of the insulation. The preferred (fail safe) solution is to provide a low
friction surface (ji - 0.1) between case and winding on which slip can occur. To
minimize heat generation precompression of winding into the case should be kept to
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a minimum. However gaps between case and winding should also be avoided as then
gross winding movement can occur.

IV.2.5. Support structures

W2.5.1. Inter-Coil Structures
The noses of the inboard legs of the cases are wedged together in a vault at

the center of the magnet set to react the centering loads on the coils. The
overturning loads are reacted by friction in the vault and by shear keys at the top and
bottom of the vault.

One of the concepts of the shear keys that are installed in the inboard legs
in the circumferential direction is shown in Fig. IV.2-7[1], [7]. There is space
between the coil flanges in this region to withdraw these keys. Alternatively the
shear keys can be placed in the vertical or radial direction as shown in Fig. IV.2-8
[3].

On the outside of the coil, two intercoil support structures join the coil
above and below the equator. To reduce eddy currents, the central joint and the joint
to the TF coils are insulated. The intercoil structure is subjected to bending (about a
radial axis) due to the out of plane forces. By symmetry this bending drops to zero
midway between the coils and this is therefore the optimum position for the bolted
joint.

Three designs of outer inter coil support structures are proposed. In case of
the inter coil support (1) [1] (Fig. IV.2-9) the structures are bolted to the backs of
the TF coils with adjustable wedges to give shear transmission at the sides. In case
of the inter coil support (2) [2] (Fig. IV.2-10) the structures are bolted and fixed by
shear keys to the sides of the TF coils. In case of the intercoil support (3) [3] (Fig.
IV.2-11), the structures are installed at 7 degrees to the vertical axis, that allows the
lower part to be dismounted between the two PF 7 coils, producing minimum
disassembly of the machine.

IV.2J.2. Gravity Supports
Overall gravitational support of the system is by a leg under each coil. The

gravity supports of the TF coil provide reliable carrying of the coil, compensate the
deformation due to cooldown/warmup, and limit heat influx from the warm cryostaL

•> In the gravity support (1) [1] (Fig. IV.2-12) thermal contraction in the
radial direction is permitted by a series of thin plates which are stiff in the toroidal
direction. Thermal insulation is provided 100 cm of glass fiber reinforced epoxy in

' the form of a block underneath the plates.
The gravity support (2) [2] (Fig. IV.2-13) consists of a stationary rack, a

movable frame, a packet of sheet elements, four upper shafts, four lower shafts, and
a pair of sphere/cone devices. Thermal contraction of the TF coil during cooldown
is permitted by the packet of sheet elements. The sphere/cone device allows to

j, exclude loads on the support arising from deformation of the coils in operation.
l

I IV .2.6. Manufacturing and assembly

1 W2.6.1 Manufacturing
!j Winding Pack : There are two methods proposed for manufacture of the
t winding pack : Wind and react (W/R) and React and Wind (R/W). In the W/R
* concept the manufacturing procedure envisages that the reaction stage (at about 700

i
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Fig. IV-2.7.

Schematic drawing of the shear keys that are installed in the
inboard legs in the circumferential direction.
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Fig. IV-2.8. Schematic drawing of the shear keys that are installed in the
inboard legs in the radial direction.

°C to form the M>3Sn alloy) takes place after the conductor is wound into a coil and
therefore all components of the coil are subject to a high temperature treatment. In
R/W the reaction heat treatment to form Nb3Sn takes place after cabling of the
strands is complete but before (he conductor is placed in a jacket and wound into a
coil.

For RW restrictions are placed on the bending radius of the final conductor
and the cable geometry, to prevent excessive strain on the superconductor. The
superconductor must be arranged as a band near the bending axis of the conductor
with most of the copper stabiliser placed on each side of this band.

For WR, the conductor is wound before reaction and the strands can occupy
the whole cable cross-section.

For RW great care must be taken in the assembly of the jacket not to
damage the cable. In the case of WR, the main components (insulation and jacket)
must be capable of withstanding the reaction process. The thermal strain on the
superconductor due to differential contraction with other conductor components is
greater with WR than with RW since contractions occur from the reaction
temperature (-700 °C) rather than the fabrication temperature (-20 ° Q .

The insulation system consists of glass fibre reinforced epoxy resin. With
Nb3Sn RW this is applied by wrapping the conductor with glass ribbon during coil
winding and then impregnating with epoxy resin, or using semi-cure type glass
epoxy ribbon during winding. With unreacted Nb3Sn WR the winding and glass are
heated before impregnation with epoxy resin. This heat treatment, at temperatures
of around 700 °C, can cause embrittlement of some types of glass with substantial
strength loss of the final bonding. The boron free R glass which offers the highest
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Fig. IV-2.9. Outer inter coil support structure (1). The structures are
bolted to the backs of the TF coils with adjustable wedges.
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Fig. IV-2.10. Outer inter coil support structure (2). The structures are
bolted and fixed by shear keys to the sides of the TF coils.
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Fig. IV-2.11. Outer inter coil support structure (3). The structures are
installed at 7 degrees to the vertical axis, that allows the
lower part to be dismounted between the two PF 7 coils,
producing minimum disassembly of the machine.

!•; I i ,

' ? • / • •

''f 'if Fig. IV-2.12. Gravity support (1). Thermal contraction in the radial
direction is pennitted by a series of thin plates which are
stiff in the toroidal direction.
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fig. IV-2.13, Gravity support (2). Thermal contraction of the TF coil
during cooldown is permitted by the packet of sheet
elements. The sphere/cone device allows to exclude loads
on the support arising in the coils as a result of
electromagnetic forces.

mechanical strength and the best tolerance to nuclear radiation is also capable of
withstanding the reaction heat treatment to form Nb3Sn without any loss of
mechanical properties.

Case : The casing can be fabricated from austenitic stainless steel (SS)
having in its rolled and forged forms the ASME code 316 LN or more recent special
purpose cryogenic steels such as JCS (2). The yield strength and ductility at the
operating temperature (4 K) are suited to the stress levels which have to be
accommodated.
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Fig. IV-2.14. The case half consists of 12 subunits welded between each
other by submerged arc welding. The subunits fabricated by
welding the steel plates with thickness of 220 mm or 350
mm.

Fabrication can be casting dominated, forging dominated or combinations
of the two, with large sections built up by welding smaller forged or cast
subcomponents. Interface surfaces will be finished by machining.

Welding with conventional preparations and seams will induce large heat-
affected zones for the major welds. The attendant casing distortions will be severe
and at this stage the possibility for local base metal yielding due to shrinkage cannot
be ruled out. The associated stresses can be relieved by oven heating, but any
plasticity will leave permanent distortions behind. At this stage the possibility can
be reduced by limiting the number of weids through large thicknesses.

The fabrication time penalties for large welds in terms of inspection, even
using intermediate inspections, is also a constraining factor, given that the strength
of weld material must be equivalent to that of the base metal.

Choice between the fabrication methods must be made after further
investigations into feasibility, quality and cost. Examples of the possible subunits
are shown in figures IV.2.-14 and 15.

IV.2.6.2 Assembly
The assembly sequence of the TF coils and support structures is treated in

the report of the maintenance group.
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The halves of the coils case are fabricated using thick (approximately 10 cm) 316 LN stainless-steel plate. Fillet
welding is used to fasten the plates together, and plug welding may be used to increase the plate-to-piate weld
area in the high-stress regions,
(a) Cross-sectional view, (b) Bird's eye view of half coil case.
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IV.3. TF STRUCTURAL ANALYSIS

IV.3.1. Normal condition

The ITER design of the Toroidal Field (TF) Coil has been analyzed under
ihe normal loading condition at both prebias and end of burn (EOB), using a 3-
dimensional finite element model. By using the toroidaUy symmetric features of the
machine geometry and the loading under normal operating conditions, 1/16 sector of
16 TF coil system was modeled and analyzed. Three detailed analyses have been
completed. These are defined as TF-1 [1], TF-2 [2] and TF-3 [3].

Analysis model
A toroidal field coil consisting of a 22.5 degree sector of the coil system is

modeled with the toroidally symmetric features of the machine geometry and
loading. The analysis models include the outer inter-coil structures as shown in Fig.
IV.3-1 (a), (b), (c). The dimensions of the FEM models are defined in IV.2.

The FEM model of the TF coil is composed of solid linear clastic elements
for the winding pack and coil case, and shell type elements for the supporting
structures in the outer radius and the outer inter-coil structure.

MaterLJ properties
The material properties used for the analysis are summarized in Table IV.3-

1. The winding pack is modeled with smeared orthotropic and linear-elastic material
properties. A set of equivalent stiffness have been calculated [4] to obtain realistic
deformation and stress levels. The different quantities of steel in the different winding
pack layouts give different elastic properties.

Loading conditions
The electromagnetic loads at the End of Burn of the normal operation were

select vi for the main analysis since this represents one of the peak loading
conditions. The detailed distributions of the out of plane electromagnetic loads due
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(a) (b) (c)

FIG. IV.3-1. Analysis models for FEM calculation, (a) TF-1, (b) TF-2, (c) TF-3.



TABLE IV-3.1. MATERIAL PROPERTIES EMPLOYED FOR THE FEM
ANALYSIS

Material

Winding

composition

Steel
Insulator

Char.

Orth

Iso
Iso

Er
Ee
E7

Young's
Modulus (GPa)

TF-1

43.0

61.5
84.0
210.
20.0

Orth: Orthotropic, Iso: Isoiropic

TF-2

73.0

105.
70.0
196.
19.6

TF-3

37

10.0
42
210.
35

r.e
e,z
z,r

Poisson's
Ratio

TF-1

0.3

0.3
0.3
0.3
0.3

TF-2

0.15

0.21
0.17
0.3
0.3

TF-3

0.13

0.17
0.29
0.3
0.3

to the PF system along the coil perimeter are shown in section III. The equivalent
nodal loads are calculated and inputed according to the each element shape and
volume for analysis. In addition analyses were performed for the prebias (t=0) case,
when the out of plane forces are practically zero.

Boundary conditions and coordination
To satisfy the conditions required for cyclic symmetry, the boundary

conditions of cyclic symmetry are applied to the all nodes located on the two vertical
planes at the toroidal angles of +/-11.25 degree from vertical symmetry plane of TF
coil as shown in Fig. IV.3-2. The components of the TF coil cut by these two
planes are the contact surfaces in the inner leg for the wedging, shear key regions at
the top and bottom of the inner leg, and the outer inter-coil structures. Therefore,
the components located on the interfaces between TF coils are assumed to be
idealised joined structure.

The coordinate systems for this analysis are also shown in Fig. IV.3-2.
Analysis results

Displacements
The maximum displacement of the models in the radial, the out-of-plane,

and vertical direction are summarized in Table IV.3-2. The differences between the
analysis model are relatively small and consistent with the differences of thickness of
coil case.

In case of model TF-2, the maximum displacement of the winding pack in
the out-of-plane direction is -25.6 mm at the location shown in Fig. IV3-.3(a). The
maximum displacement of the model is also occurs at this location. There is very
small deformation due to twisting in the region of inner leg. In the radial direction,

• it is seen from Fig.IV. 3-3(b) that there is a displacement of -4.6 mm and 10.9 mm,
at the mid-plane of inner leg and the outer leg, respectively.

Stresses in winding pack and insulator
I The distribution of the toroidal compressive stresses In the winding pack
! are presented in Fig. IV.3-4. From these figures, it can be seen that the compressive
1 stress component has the major contribution to the stress peaking in the region of
\ the inner leg.
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FIG. IV.3-2. Schematic drawing of the used coordinates and the boundary conditions.

TABLE IV-3.2. DISPLACEMENT OF TOROIDAL FIELD COIL AT END OF
BURN

Analysis case TF-1 TF-2 TF-3

Init EOB EOB EOB

[Winding]
11.3 15.1
-5.2 -4.0
26.5 23.8
13.6 11.4

[Coil case and Outer Intercoil Structure]
+dX 8.3 9.4 10.9 15.5
-dX -4.5 -3.9
dY -1.2 20.8 25.6 23.8
dZ 11.7 11.7 16.4 17.2

tdX
-dX
dY
dZ

8.4
-4.0
-0.7
11.5

8.8
-3.9

-18.8
11.5
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(a) 25.6mm

dZ: 16.4mm

f ' dR: -4.58mm
: 10.9mm

FIG. IV.3-3. Deformation of TF coil at End of Burn, (a) Birds eye view, (b) Side
view.

Max.
-228MPa

(MPa)
1. -210.0
2. -190.0
3. -170.0
4. -150.0
5. -130.0
6. -110.0
7. -90.0
8. -70.0
9. -50.0
10. -30.0
11. -10.0

I
Si

FIG. IV.3-4. Distribution of the minimum stress on the winding pack.
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TABLE IV-3.3. STRESSES OF TOROIDAL HELD COIL AT END OF BURN

Analysis Case
Component
[WINDING]
ox
CTy

Oz
CTXY

<Jyz
CTxz
[COIL CASE]
<*t
<*x
°y

TF-1

-48*
-74*
80.9*

-40.5*
-16.8*
14.2*

506(VM)*

-375*
304*

Maximum Value
TF-2 mi
Inner Leg

-75.9
-129.4
63.7
6.5
-1.8
-2.9

654.6
173.0
-392.0
302.8

[OUTER INTERCOIL STKUCTURE]
T
Y
XY

-55
-125

84
12

630.0
28
-370
380

319
370.0

71.0

(MPa)
I t l

-29
25
77.

19.4
-27.4
-14.6

TF-2
Outer Leg

-32.4
-45.5
104.9

3.2
14.0
-5.7

341.0
218.5
113.7
173.5

351.8
263.6
-50.1

* Local coordinates

The peak values of 6 stress components which appear in the winding cross
section at the mid-plane of inner leg and the outer leg, are summarized in Table
IV.3-3. The distribution of 3 stress components (oX, oY, and aZ) in the central
cross section of the inner leg are shown in Fig. IV.3-5(a), (b), (c).

The peaking of the compressive stress component is highly localized due to
the simple modeling of the insulator between the winding and coil case. Therefore, it
is to a certain extent an artificial peaking. The maximum compressive stress of the
insulator between the winding and coil case is 127 MPa.

When expressed in local coordinates the shear stress within the winding
pack correspond to the shear stresses occurring across the insulation layers within
the winding pack. Peak values are given in Table IV.3-3 and typical contour plots
at the surface are shown in Fig. IV.3-6 (a)-(c). The values are generally under 30
MPa with case-winding bonding. Slip between winding pack and case would tend to
further reduce the insulation shear.

Stresses in coil case
Figure IV.3-7 shows the global distribution of the Tresca Stress in the TF

coil case at the End of Burn. The detailed distribution of these stresses, for the inner
ring and the outer ring, are presented in Fig. IV.3-8 (a), (b). The maximum Tresca
Stress of 655 MPa occurs in the outer ring at the lower part of inner leg. Also, the
location of the outer ring corresponds to the thinnest section connected to the side
plate. The maximum Tresca stress calculated for the inner ring is 339 MPa.
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(a)

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.

(MPa)
-75.0
-70.0
-65.0
-60.0
-55.0
-50.0
-45.0
-40.0
-35.0
•30.0
-25.0
-20.0

.Max. -130MPa
/ ; 67 « 9 io II '?

(b)

1.
2.
3.
4.
5.
6.
7.

(MPa)
51.0
53.0
55.0
57.0
59.0
61.0
63.0

(c)

FIG. IV.3-5. Stress distributions in the cross section of the inner leg on mid-plane,
(a) Ox (b)Oy(c)Oz.
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(a) (b) (c)

FIG. IV.3-6. Shear stress distributions on the winding pack, (a) txy (b) txz (c) tyz.



Max.
655MPa

(MPa)
75.0

2. 150.0
3. 225.0
4. 300.0
5. 375.0
6. 450.0
7. 525.0
8. 600.0

1.

FIG. IV.3-7. Tresca stress distribution of the coil case.

(a)

(MPa)
1. 196.0
2. 245.0
3. 294.0
4. 343.0
5. 392.0
6. 441.0
7. 490.0
8. 539.0
9. 588.0

1 .
2.
3.
4.
5.
6.
7.
8.
9.

10.

(MPa)
49.0
68.6
88.2

107.0
127.0
147.0
166.0
186.0
205.0
225.0

(b)
Max. 231 MPa

FIG. IV.3-8. Tresca stress distribution in the cross section on the mid-plane,
(a) Inner leg. (b) Outer leg.

66



§:

s:

0
1
2
3
4
5
6
7
8
9

(MPa)
38

106
175
243
311
379
447
515
583
651

sbo 6bo Vbo
nxis R

FIG. IV.3-9. Tresca stress distribution on the side plane.

As an example of another analysis the Tresca stress distribution is shown
in Fig. IV.3-9. The results is nearly same as the above analysis.

The peak values of Tresca Stress (aT, a x in X-direction, a v in Y-direction,
a z in Z-direction, and xXy (the shear stress in the contact surface for the wedging),
calculated in the cross section at the mid-plane of inner leg and the outer leg, are
summarized in Table IV.3-3.

Stresses in the Outer Inter-coil Structure
Regarding the four outer inter coil structures, the peak value of the Tresca

stress, the stress component in the out-of-plane direction (ay ) , and the in-plane
shear stress (TXY) are checked. The results are summarized in Table IV.3-3.

Forces in the Inner and Outer Inter-coil Structure
The resultant forces act on the boundary of inter coil structure are calculated

as shown in Table IV.3-4. The values on the inner intercoil structure refer to the
shear key region at top and bottom of the leg as shown in figure IV-3.2. Note that
the components Fr and Fg correspond to the total force on the boundary in the radial
direction (r) and in the toroidal direction (0).

Within the central vault the coil legs abut each other and transmit both
normal tension and radial and vertical shear. Within the vault a part of this shear can
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TABLE IV-3.4. FORCES ACTING ON THE INNER AND OUTER INTERCOIL
STRUCTURE

Case

Comp.

IDS]
Fr
FO
Fz

[OIS]
Fr
F0
Fz

TF-1

UpperM

49.6
18.6
48.8

9.7
84.1

-32.3

UpperM

-49.7
18.6

-48.8

-9.6
84.1
32.3

TF-2

Upper(-)

167*
599*
85*

9.9
91.7

-32.9

Upper(+)

-167*
-599*

-85*

-9.9
91.7
32.9

(MN)
TF-3

25.0

60.0

14.0
113.4
70.0

* Total force for upper wedge part.
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3-10. Average ratio of shear stress to compressive stress normal to the
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be transmitted by friction. The average ratio of shear stress to compressive stress
within the leg is shown in Fig. IV.3-10. At each end of the vault shear keys carry
the residual shear force and give stability to the region where frictional load transfer
occurs. Friction coefficients of about 0.3 need to be achieved by suitable treatment
of the abutting surfaces or mechanical fixing of the coil should be considered.

Interpretation of conclusions
The stress analysis of ITER TF coil under normal loading condition at the

End of Bum was performed by using idealised boundary condition specified by cyclic
symmetry. The displacements and the stresses in the TF coil are acceptable on the
condition that the inner vault remains bonded. The friction coefficient between the
wedge surfaces must be greater than 0.3 in the case that only the frictional load
transmission is available. If this value cannot be achieved, keys within the inner
vault region would be required.

IV.3.2. Cooldown conditions

The stress analysis under cool-down condition has been performed with the
results of thermal analysis in IV-8.3. The temperature distribution was chosen at the
moment of 120 hours. The temperature distribution are shown in Fig. IV.3-ll(a).
The maximum stress in the coil case are -74 MPa along winding and -27 MPa
across winding as shown in Fig. IV.3-ll(b). The shear stress in the winding pack
and the case are negligible small. The cool-down condition (300 h) is not serious
from the mechanical view points.

IV.3.3. Fault conditions

The mechanical behaviors of the ITER TF coil system under fault operating
conditions have been analyzed by using 3-dimensional FEM models. Based on the
results obtained by the fault mode analysis [5,6], four abnormal loading conditions
of the TF coil system, named "Short Circuit", "Open Circuit", "Breaker Failure",
and "Ground Fault", were employed for the analysis. This analysis must be
confirmed with the final power supply configuration since this may prevent some of
these fault conditions.

Loading conditions
(1) Short Circuit Mode : Because of the over-charging (225 %) without external
field, the distribution of hoop load along the coil perimeter becomes nearly uniform.
Then D-shaped TF coil tries to become circular. Total hoop load is 1180 MN,
which corresponds to the 1 IS % of hoop load in the normal operating condition.
(2) Open Circuit Mode : The current of TF No.6, No.7, and No.8 coil are 121.8 %,
104.4 %, and 101.7 %, respectively, since the coil currents increase due to mutual
inductance coupling. The adjacent coils try to move away from the faulted coil in
the toroidal direction.
(3) Breaker Failure Mode : TF coil No.5 is the coil connected to the two failed
current breakers. The coil current of TF No.5 is 74.1 % of its rated current. The
imbalance of the coil current in the TF coil system is rather small compared with
those in the Short Circuit Mode and the Open Circuit Mode, the difference of coil
current of the fault coil and two adjacent coils is less than 1.5 %.
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FIG. IV.3-11. (a) Temperature distribution and (b) stress distribution 120 hour after
the beginning of the cooling down.
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TABLE IV-3.5. OPERATING CURRENT OF TF COIL SYSTEM IN THE
FAULT LOADING CONDITIONS

Fault Mode
Name

TF Coil No. 1
No. 2
No. 3
No.4

@ No. 5
No. 6
No. 7
No. 8
No. 9
No. 10
No. 11
No. 12
No. 13
No. 14
No. 15
No. 16

@ : Coil in Fault mode

Short
Circuit

0.5
0.5
0.4
0.3
225.4
0.3
0.4
0.5
0.5
0.5
0.5
0.6
0.6
0.6
0.5
0.5

Coil Current (%)
Open
Circuit

100.7
101.6
104.4
121.8
1.1
121.8
104.4
101.6
100.7
100.4
100.3
100.2
100.2
100.2
100.3
100.4

Breaker
Failure

68.6
69.3
70.6
72.7
74.1
72.7
70.6
69.3
68.6
68.1
67.9
67.8
67.7
67.8
67.9
68.1

Ground
Fault

67.9
68.3
68.8
69.8
71.5
64.1
65.5
66.3
66.8
67.1
67.2
67.3
67.4
67.5
67.6
67.7

(4) Ground Fault Mode : Ground fault of coil current through the protection
resistance also generates the imbalance of operating currents. TF coil No.5 is the
coil in this fault mode. The current distribution in the coil system is not symmetric
with respect to the fault coil. The maximum difference of coil current, which occurs
between No.5 coil and No.6 coil, is 7 %.

Results under short-circuit mode
The fault analysis of this mode was done by using two independent FEM

models as shown in Fig. IV.3-12 (a) Model-1 [6],(b) Model-2 [7]. The components
located on the interfaces between TF coils are assumed to be idealized jointed
structures as before. The deformations obtained are shown in Fig. IV.3-13 (a),(b)
and Fig. IV.3-14 (a),(b). Although there is a little differences in these calculations,
the radial displacement of the inner leg at the mid-plane is in the range of -9.2 mm
to - 14.5 mm, and that of the outer leg is 17 mm to 23 mm. The maximum Tresca
stress of the Model-2 is 811 MPa in the inner leg of the fault coil.

Results under the open-circuit mode
The deformation of the coil system was calculated by using the Model-2.

The radial displacement of the fault coil (TF coil No.5) and the adjacent coil (No.4
or No.6) at the mid-plane are 7.0 mm, 3.5 mm in the inner leg and -10 mm, 9.2
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FIG. IV.3-12. FEM calculation model for fault mode analysis, (a) Model-1. (b)
Model-2.



Faulted coil

Max. Rad. Disp. (inner vault)
Nomal operation: -4.5mm
Fault mode: -14.5mm

(b)

FIG. IV.3-13. Deformation of model-1 coil at Short Circuit mode, (a) Top view, (b)
Side view.
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Faulted coll

FIG. IV.3-14. Deformation of model-2 coil at Short Circuit mode, (a) Top view, (b)
Side view.
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Faulted coll

(b)

Fig. IV.3-15. Deformation of model-2 coil at Open Circuit mode, (a) Top view, (b)
Side view.
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TABLE IV-3.6. ELECTROMAGNETIC LOAD OF TF COILS IN THE FAULT
LOADING CONDITIONS

Fault Mode

TF Coil No. 3
Fr (MN/Coil)
FO (MN/Coil)
Fz (MN/Half)
Fh (MN/Coil)

TF Coil No. 4
Fr (MN/Coil)
FO (MN/Coil)
Fz (MN/Half)
Fh (MN/Coil)

Short
Circuit

0
0
0
0

0
0
0
0

TF Coil No. 5 (Fault Coil)
Fr (MN/Coil)
FO (MN/Coil)
Fz (MN/Half)
Fh (MN/Coil)

TF Coil No. 6
Fr (MN/Coil)
FO (MN/Coil)
Fz (MN/Half)
Fh (MN/Coil)

TF Coil No. 7
Fr (MN/Coil)
FO (MN/Coil)
Fz (MN/Half)
Fh fMN/Coin

Fr: Centering Load,
Fz: Vertical Load,

-5
0
290
1177

0
0
0
0

0
0
0
0 .

FO : Out-of-plane Load,
Fh: Hoop Load

Magnetic
Open
Circuit

-481
36
193
1187

-521
419
221
1338

-5
0
1
11

-521
419
221
1338

-481
36
193
1187

LoadrMN)
Breaker
Failure

-239
-15
93
580

-246
- 13
97
603

-251
0
100
616

-246
-13
97
603

-239
-15
93
580

Ground
Fault

-226
4
88
549

-228
2
90
557

-232
-18
92
569

-208
- 16
80
498

-213
0
82
513

Note : in normal operation Fr : -475 MN. Fz : 185 MN, Fh: 1024 MN.

mm in the outer leg, respectively. The deformation patterns are shown in Fig. IV.3-
15 (a),(b). In spite of the large imbalance of radial loads and the out-of-plane loads
around the fault coil, the deformation is not so large in comparison with that in the
previous mode. The stress concentration of 787 MPa is appeared around the contact
surface of the wedging.

Results under breaker failure mode and ground fault mode
The effects of Breaker Failure and Ground Fault mode to the mechanical

behaviors of TF coil system are not so serious because the imbalance of loading
conditions in the system is not so large. Also the electromagnetic loads of each TF
coil are about 50 % of the loads in the normal operation. The maximum
displacement and the Tresca stress of the coil system are within the aUowable limits.
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Interpretation of conclusions
Short Circuit mode and Open Circuit mode largely influence the TF coil

system and the other structures around the TF coils. The maximum radial
displacement of the inner leg at the mid-plane is in the range of -9.2 mm to 14.5
mm, and that of the outer leg is -10 mm to 23 mm under the condition that the
wedges remain fully bonded. Further analysis is necessary to consider if mechanical
jointing in the inner leg is necessary or if the upper and lower shear key regions are
sufficient to prevent excessive slip.
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IV .4. PF COIL AND STRUCTURE DESIGN

IV.4.1. Layout
The superconducting poloidal field coils consist of a central solenoid stack

containing four up-down independent pairs of coils and three outer up-down pairs,
one in the region of the divertor and two outer ring coils as shown in figure ILL
The coils are positioned with up-down symmetry, but can be independently
controlled to allow unsymmetrical (single null) plasmas to be formed. The central
solenoid stack (figure IV.4.1.,2,3,4) is structurally independent apart from its
gravitational support which is coupled to the TF coils. It is assembled in one piece
from above. The stack is built up of eight identical coil units, precompressed
together by a vertical support structure running between flanges at the top and
bottom. The structure is divided into toroidal segments to reduce eddy current losses.
It provides gaps on inside and outside for the cooling and electrical connection and
pancake interconnections. The winding pack is precompressed (at room temperature)
by the structure so that flange-winding contact is maintained at all times.

The coils are wound as double pancakes with electrical connections in the
outer (low field) region, and cooling supplies from the inside to outside for each
single pancake. The steel structural support (consisting of the jacket and possibly a
co-wound steel strip) is gradually reduced in thickness towards the outer radius to
achieve a grading in current density, providing a greater volt-second swing from the
transformer coils.
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Fig. IV-4.1. Central solenoid. Coil support structure.
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Fig. IV-4.2. Central solenoid. General assembly.
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Fig. IV-4.3. Central solenoid. General assembly.
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Fig. IV-4.4. Central solenoid. Coil support structure.
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All cooling lubes are carried down to a manifolding region underneath the
solenoid with insulating breaks located locally on the coil. The manifolding region
also contains the current lead transition to room temperature, with the current leads
paired to reduce the forces since the field is 3-4 T in this region. The manifolding is
part of the solenoid assembly, so that current lead joints are made in the busbars
during assembly/removal. Electrical connections from current leads to coil use NbTi
superconductor on the outside (low field) of the solenoid.

The upper and lower divertor coils (P5) are mounted directly onto the
toroidal field coils as shown in figures IV.4.5-a, IV.4.5-b. The joint may be rigid or
provide some degree of mechanical decoupling. Ths coils are again wound as doubie
pancakes with electrical connections on the outside.

The outer ring (P6, P7) coils are arranged vertically above each other (figure
IV.4.6.) and set slightly back from the TF coil to allow removal of a single TF coil
without removal of the P6, P7 coils. They are coupled together by vertical struts
which react the vertical forces and are self supporting as regards hoop loads. The
gravity support is through a sliding joint to the outer TF coil leg to decouple
relative movements, or directly to the main machine supports.

IV.4.2. Structural Support
Central Solenoid

The current scenarios and coil forces are defined in section III. At initiation,
all the coils in the stack carry a high current. There is thus a high bursting force on
each coil and th^ outer P3, P4 coils are strongly attracted towards the machine
center. At end of bum, typically only the PI and P2 coils carry a high current (in the
opposite direction to that at the, initiation) and the P2 is attracted strongly towards
the equatorial plane. During the scenario typically at start of flat top, there is a
condition where the P3 and P4 coils carry the same current as the P5 coil but an
opposing current to the PI and P2 coils This produces a high vertical force on the
P3/P4 coils away from the equatorial plane. In scenarios with non-inductive ramp-up
assistance this tendency becomes more pronounced. The flux swing over which a flat
top plasma current can be maintained is determined at one end by the maximum
negative currents in lhe PI and P2 coils which create nigh fields and hoop forces.
The outer end is limited (if resistive flux considerations during ramp-up are ignored
with non-inductive assistance being used) by either the current/field capacity of the
P5 coil or the outward forces on the P3/P4 coils. These vertical forces have to be
reacte-J by the support structure of the central solenoid, since the winding packs are
not able to support direct tension.

The central solenoid winding packs are designed to be self supporting as
regards the hoop forces. Vertical forces can be reacted in compression (i.e. when they
are directed towards the machine center) by either a support structure or through the
winding.

Outward vertical forces are supported by two flanges at each end connected
by a structure running the whole length of the solenoid (figures IV.4.1.,2.,3.,4.)
Precompression of the winding packs at room temperature is necessary to prevent
gaps (or tension regions) opening up between winding packs and flanges. This
precompression must act to suppress gaps when the forces are both inward and
outward. It is slightly reduced by differential contraction on cooldown, since the
windings contract more than die structure. This precompression is applied by
heating the vertical supports and activating screw wedges (figure IV.4.1.). The total
differential movement is about 20-25 mm.
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Fig. IV-4.5a. P5 support structure. Non-rigid option.
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Fig. IV-4.5b. P5 support structure. Rigid option.
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Fig. I V-4.6a. Outer poloidal coil support structure.
General configuration.
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Fig. IV-4.6b. Outer poloidal coil support structure.
Details.
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The vertical support structure runs on the inside and outside of the coils,
and must to some extent be balanced in stiffness to prevent bending of the vertical
supports near the flange when precompression is applied. The flange and supports
are electrically circumferentially segmented into 4 or 8 units to reduce eddy heating
effects.

This structure can be supported gravitationally from the TF coils, at top
and bottom of the TF coil vault, while being decoupled from the displacements and
the rotations of the TF coils.

P5 Coil
The P5 coil is positioned near the top/bottom of the TF coil. It experiences

both high hoop and high vertical forces (inwards and outwards) in various plasma
scenarios. The only convenient support for the coil is the TF coil case. This support
can either decouple some of the relative motions of PF and TF coils or it can rigidly
fix two together. The TF coils more inward under their centering forces, and during
the burn move out of the plane and rotate locally to accommodate displacement

Decoupling of P5 from the TF coil requires in practice a rigid support
against the vertical forces on the coil while at the same time allowing free radial
motion and free rotation about two axes. Design of a suitable support system
occupies valuable space around the coil (figure IV.4.5a) and the preferred concept is a
rigid mounting of the P5 on the TF coil case (figure IV.4.5b). The TF coil vault is
extended under the coil position to suppress to some extent rotation of the TF coil
out of plane. The coil must be firmly in contact with an outer pad to transmit the
radial load from the TF coil contact pads on the outside of the coil. The coil hoop
forces are largely supported by the TF coils.

P6, P7 Coils
The P6 and P7 CMIS can also be supported on the TF coils. Due to '-"ge

separation between the outer legs of the TF coils it is not desirable to restrain u.e
1JF coils to them in the radial direction, since high bending stresses can occur. The
support must be also decouple the rotation of the TF coil from the PF -s the TF
coil moves under the influence of the out of plane forces, since this rotation would
also impose bending stresses on the coil. The coils are self supporting as regards
their hoop (bursting) forces and bending from the toroidal field coil ripple field.

The coils are supported at each TF coil. At the attachment points on the
P6, P7 coils each coil is reinforced by a steel wrap to distribute the Ic?d, but the
coils do not otherwise need a structural case. There are two support schemes
proposed. In the first (figures IV.4.6a,b) the upper and lower coils are supported
separately. The connection with the TF coil case is obtained through a vertical
bracket which is rigidly fixed to a vertical tube 1.8 m long and the extends up on
each side of the square tube to above the P6 coil, and down to the P7 coil.

This bracket is connected to a pin fixed on the TF coil case in order to
allow free radial rotation and movement for each coil system. The support must
decouple the rotation of the TF coil from the PF as the TF coil moves under out of
plane loads, since this rotation would impose bending stresses on the PF coils. The
flexibility of the vertical bracket has been conceived in such a way to allow radial
displacement of the outer poloidal coils. The vertical forces arc thus reacted through
the pin and the outer legs of the TF coils.

In the alternative scheme (figure IV.4.7.) the four coils are linked together
by brackets. These are supported at the equatorial plane by a pin to each TF coil.



Fig. IV-4.7. Outer poloidal coil support structure.
Alternative solution.

This pin allows free radial motion and rotation while providing gravitational
support. The vertical forces area reacted by the vertical brackets between the coils.

IV.4.3. Windings
The main winding parameters are summarized in section IV. 1.

Central Solenoid
There are two alternatives for the central solenoid winding layout. In the

first the coils are wound as double pancakes with a co-wound steel reinforcing strip
in each pancake (figure IV.4.8.). Cooling inlets are placed at the inner bore cooling
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two single pancake in parallel, with outlets and electrical joints on the outside. The
cooling outlets may ran up (he outside of the stack to collecting manifolds or pass
between coil blocks to manifolds in the inner bore.

The co-wound strip is tapered to increase the current density in the outer
part of the coil. This grading also helps reduce the peaking of the hoop stress on the
inside of the coil stack (the windings behave similarly to a thick cylinder under
internal pressure) at the expense of reducing the radial compressive stress between
turns. The limit of the grading is reached when radial tension begins to occur, since
this cannot be supported by the insulation. The conductor size has been chosen to
accommodate 13 turns within the radial thickness, but operating current is chosen on
the basis of 12.75 turns, to allow for the effect of the pancake joints and transitions.
The variation of current density and elastic modulus with radius is shown in figure
IV.4.9.

The manufacturing procedure for the winding pack is as follows:
(1) Store one half of a conductor unit length on winding table.
(2) Wind lower double pancake, wrapping each turn with wrap of glass

insulation (nuclear radiation resistance is not required but tolerance of
the reaction temperature for Nb3Sn is). Simultaneously wind a tapered
steel reinforcing strip, similarly insulated.

3) Place layer of glass between pancakes, remove storage spool from
winding table and wind the upper double pancake, again with tapered
reinforcing strip.

(4) Weld tapered transition fillers to conductor in the transition region.
Make helium inlet.

(5) Stack double pancakes together. Form pancake connections on the
outside. Build up base wrap of glass for ground insulation.

(6) React winding pack stack to form Nb3Sn. Alternatively, the double
pancakes may be reacted individually after step (4) and stacked after
reaction.

(7) Impregnate with epoxy resin under vacuum/pressure cycles.
(8) Make pancake electrical connections
(9) Finish ground insulation and surface coating.

In the alternative the winding is formed from double pancakes with a
similar layout of cooling and electrical connections. However, the winding does not
contain a co-wound steel strip (figure IV .4.10).

Two halves of main coil jacket are manufactured by milling from a flat (the
so called 'preformed armour') disc. This milling process can incorporate grading of
the jacket wall thickness directly. The Nb3Sn cables are enclosed in a thin wrap and
heat treated while coiled to the exact coil shape. The cable is placed in one of the
jacket halves and the second half is welded on top. Turn-to-turn insulation and
ground insulation are then applied by partially unspringing the coil. Finally the coil
is epoxy impregnated.

PS Coil
The P5 coil is rather similar to the central solenoid coils, with again two

alternatives for the fabrication procedure, wind and react and the preformed armour
method (figure IV.4.11, IV.4.12). Grading of the steel structure in this coil is not
necessary, but two in hand winding may be used to reduce the cooling channel
length.
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P6, P7 Coils
The winding pack for the outer ring coils is distinguished by its very large

radius (11.5 m). The layout is shown in figures IV.4.13,14. The coils can be
wound as single pancakes since field levels are similar on inside and outside and low
enough to allow acceptable joint resistances. The conductor may be made of NbTi or
Nb3Sn superconductor. In the case of NbTi no reaction heat treatment is therefore
required. The steps in the process are:

(1) Wind a single pancake with a wrap of glass insulation (the
conventional "E' glass is satisfactory for these coils).

(2) (Nb3Sn only) React to form Nb3Sn
(3) Stack the pancakes to form the winding
(4) Make the cooling and pancake electrical connections
(5) Put on the base wrap for the ground insulation
(6) Vacuum/pressure impregnate with epoxy resin (a toroidal vacuum

chamber must be specially built for this purpose).
(7) Complete ground insulation and surface coating.

Alternatively, with NbTi, since P6, P7 coils are expected to have low shear
stresses, it may be acceptable to use pre-impregnated epoxy/glass insulation,
possible with an additional kapton layer to improve the voltage tolerance. This
removes the need for vacuum impregnation, as only a curing heat treatment is
required.

IV.5. PF STRUCTURAL PERFORMANCE

Detailed assessment of the poloidal field coils has concentrated on the »
central solenoid stack, since space in this region is critical and it is required to
minimize the structural support. The central solenoid has been assessed with several
finite elements analyses. These fall into two categories. Figures IV.5.1..IV.5.2.
show the axisymmetric meshes that have been used. The windings are represented
with "smeared" elastic properties and displacements from the global model are
applied to the detailed conductor model. Figure IV.5.3. shows a 3-D smeared model
that has been used to look at the non-axisymmetric aspects of the windings and
support structure.

The conductor models shown consider the case when the conductors are
vertically aligned in the winding. The case when the conductors are considered to be
fully misaligned vertically has also been considered.

After allowing for the minor differences in geometry between the design
concepts the stress levels predicted by the different models are in good agreement

As well as considering the detailed stresses within the conductor jacket, the
analysis has been used to look at the structural advantages brought with grading of
the steel within the winding. Two analyses have been performed with a "smeared"
winding pack, one with a graded winding and one with a uniform winding. The
overall steel fraction in each case is identical.

The hoop stress for the prebias load case, including precompression effects,
is shown in figure IV.S.4. The graded winding pack has a peak hoop stress of 273
MPa and the uniform 252 MPa. However the local average tensile modulus is 126
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GPa for the graded case and 109 GPa for the uniform. Thus the hoop tension in the
steel jacket (E -200 Gpa) is 433 MPa for the graded and 462 MPa for the uniform
windings.These results are also shown in figure IV.5-2.

Figures IV.5.5a., IV.5.5b show the other aspect of grading, the radial
stress variation in the winding. For a uniform solenoid this is always compressive
and peaks at —9 MPa. For the graded solenoid the value is near zero or slightly (~1
MPa) positive. This indicates that the degree of grading is possibly above the
maximum allowable. This value needs confirmation by more detailed analysis.

The results from the stress analyses can be summarized below for the
detailed stresses within the individual components:

Load condition
Main component stresses
Precompression at room temperature (total precompression 20 - 25 mm)
Tension in vertical supports 300 MPa
Prebias

Hoop tension in conductor jacket 500 MPa
Tresca stress in conductor jacket 630 MPa
Tension in vertical supports 30 MPa

End of burn

Hoop tension in conductor jacket 500 MPa
Tresca stress in conductor jacket 630 MPa
Tension in vertical supports 100 MPa

Non-inductive ramp up, start of flat top

Hoop tension in conductor jacket 200 MPa
Tresca stress in conductor jacket 300 MPa
Tension in vertical supports 230 MPa
The maximum resultant outward force on the coils within the solenoid stack is
about 120 MN

The P5 coil has been analyzed as part of the stress analysis of the TF coil
(figure IV.5.6.). The model uses smeared winding pack properties. The coil self
forces have not been included, but the coil is rigidly fixed to the TF coil case and
suffers an imposed displacement. The motion of the TF coil at the attachment point
(rotation and displacement) is rather low and the peak tensile jacket stresses in the
P5 coil are -36 MPa, and 10 MPa shear in the insulation. The self load stresses
give a maximum of 275 MPa extra in tension in the jacket even if all carried by the
coil and not partially transmitted to the TF coils.

A finite element model of the P6, P7 support structure and coils is shown
in figure IV.5.7a., again using a "smeared" winding pack with longitudinal modulus
103 GPa. The peak tensile stresses in the jacket are 188 MPa (figure IV.5.7b.).
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Fig.lV-5.3. Finite Element
Model of 1/8 of Support and Winding.
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Fig. IV-5.6. Finite Element Mesh for P5 Coils
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IV.6. FATIGUE ASSESSMENT OF STRUCTURES

Pulsed operation of the PF system imposes cyclic loading on all magnet
structures, which must be designed to resist the resultant fatigue effects with
adequate safety margin to ensure achievement of the ITER fluence goal of 1 - 3

2
MWy /m . The prudent approach to this issue is the damage-tolerant design, i.e.
a design wherein it is assumed that all structures contain flaws below definable
detection limits. From this assumption, and with a detailed knowledge of the
stresses in any potentially flawed region, it is possible to use the metallurgical
properties of the structural materials to calculate the number of cycles for a crack
emanating from the flaw to propagate to failure. What constitutes failure depends on
both the thicki-v s and the function of the particular component. In thick
components, the crack may propagate to a point where the critical stress intensity is
reached at the crack tip and the component fractures. In thin components the crack
may penetrate through without catastrophic failure, causing a "leak-before-break", if
the component has a containment function in addition to its structural function. The
latter is the concern in the CS conductor, where it is presumed that only the steel
conduit (an integral part of the CS distributed structure) can reliably contain the
helium coolant. The former is the concern for the cases of the TF coils. These two
components are the more critical ITER magnet-system structural components from
the fatigue perspective.

To fulfill the ITER mission, a mixture of PF scenarios are planned.
During the Physics Phase, it is expected that the equivalent of full-field, full-current
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shots (Type A.I.) will be required. Then in the Technology Phase, there would be a
mixture of 5,000 reference ignition shots (Type A.I.), 17,000 reference long-pulse
shots (Type B.I.), and 4,600 steady-state shots (Type B.6.). The sum of these

2
would produce a fluence of 1 MW-y/m . The CS windings would be stressed twice
for each shot or PF cycle, with one peak of the tensile hoop stress in the conductor
conduit being reached at pre-bias and another at EOB. If the CS is operated near the
limits on the current set by stability and protection, the stresses at EOB will be less
Chan at prebias because the presence of the plasma field tends to reduce the Lorentz
load on the windings. For the present design in the Physics Phase, the EOB hoop
stress is about 0.8 of the PB level.

Fatigue life in the CS conductor conduit is calculated by following the
growth of a crack with each application of stress until it penetrates the wall of the
conduit. In accounting for the effect of variation of stress amplitude between pre-
bias and EOB, no assumptions are made about possible differences in the stress state
near the crack tip at zero load after the application of loads of different maximum
level, i.e. the stress intensity at the crack tip during a particular load cycle is
assumed to determine the extension of the crack on that cycle just as if the same load
had been applied on the previous cycle. This assumption is felt to have a
conservative, but not easily quantifiable, effect on the estimate of cycles to failure.
The EOB stress was assumed to always be 0.8 x the pre-bias stress.

The geometric and materials properties of the CS-conductor conduit
assumed for the analysis are listed in Table IV.6.1. If there were two equal loading
cycles per PF cycle each resulting in 450 MPa hoop tension, there would be
approximately 15,000 such PF cycles allowed (assuming a safety factor of 2 on the
number of cycles) to avoid a fatigue failure. If the hoop tension at pre-bias is 450
MPa but alternate stress peaks are only 0.8 of that value, the allowed number of PF
cycles (according to the above assumptions and with a safety factor of 2) is about
20,000, which is less than the number required to meet a fluence goal of 1
MW'y/m . However, if the maximum hoop tension is taken as a variable
constraint in defining the PF scenario in the Technology Phase, the number of PF
cycles to reach a given fluence goal is seen to be a weaker function of the maximum
hoop stress than is the allowed number of cycles from a fatigue perspective.[l] In
Fig.l are plotted the calculations of both the required cycles to reach a given fluence
and the allowed cycles (after 10,000 PF cycles in the PP) vs the maximum hoop
stress in the CS. If the credit for alternating stress peaks is taken into account, the
required and allowed curves cross at about 25,000 cycles and 325 MPa. A study has
shown [1] that the situation may be improved (fewer cycles at a higher stress
required to meet the fluence goal) by a better optimized scenario in the technology
phase. However, careful examination of fully consistent finite element analyses [2]
has also shown that the hoop stress in the CS conductor conduit may also be higher
than the 450 MPa previously assumed, and there is danger that the budget of allowed
number of cycles will be completely spent at the end of the PP. In such case the

only alternative would be to reduce the stress - at the expense of V's and burn time if
the machine size is kept as it is, or at the expense of increasing the machine size if
the V's must be maintained.

The fatigue life of the heavy section cases on the TF-coils must be more
carefully assessed in the future, but to have an indication of their relative tolerance to
fatigue, an analysis similar to that which was applied to the CS was also applied to
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TABLE IV-6.1. PARAMETERS USED FOR THE CONDUCTOR CONDUIT
FATIGUE CALCULATION SHOWN IN FIG. 1

Material

Material condition

Conduit thickness

Conduit external width

Material Paris constant C

Material Paris constant m

Fracture toughness

Fatigue crack threshold

Initial crack shape

Initial crack size:

JBK-75

weld metal, reaction heat treatment 700°C/30 h

0.003 m

0.03 m

1.889 x 1 0 1 2

3.413

lOOMPaVm

OMPaVm
(simulating short crack phenomenon)

semi-elliptical surface flaw under pure Mode I loading

a= UxKHm

110



100-r

8 0 -

i , I , , , , i . , , , I i

o
>>

O
LL

6<H

4 0 -

2 0 -

0 -

PF Cycles in the TP following
10 K PF Cycles in the PP

PF cycles to achieve 3 MW-y m'

PF cycles to achieve 1 MW-y m'2

Alternating stress peaks, EOB/PB - 0.8
Equal stress peakss

l ' '
200 300 400 500

Cyclic Stress, MPa
600 700

Fig. IV-6.2. PF Cycles in the TP following 10 K PF Cycles in the PP.

TABLE IV-6.2. PARAMETERS USED FOR CALCULATION OF THE TF
COIL CASE FATIGUE LIFE

Material

Case thickness
(individual segment)

Material Paris constant C

Material Paris constant m

Fracture toughness

Fatigue crack threshold

Initial crack shape

Initial crack sizes:

316 LN base metal,

0.10 m

6.749 x 10"13

3.335

lOOMPaVm

8.5 MPaVm

fully annealed

semi-elliptical surface flaw under pure Mode I Loading

Casel

a = 0.005 m
c = 0.025 m

Case 2

a = 0.01 m
c = 0.05 m

l i t
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initial crack depth = 0.005 m

initial crack depth = 0.01 m

Fig. IV-6.4.

H

Coil Case Position

Predicted fatigue life of the TF coil case structure.

TABLE IV-6.3. TF COIL CASE PRINCIPAL TENSILE STRESSES

Position

E
F
A
H
B
D
G

Stress,
EOB
409.9
396.1
175.5
268.0
304.2
308.5
323.2

MPa
PB
168.2
118.5
148.2
137.3
198.4
304.6
313.3

the TF-coil cases. In selecting material properties and geometrical parameters for the
analyses, it was assumed that the cases were built up out of 100-mm thick plates.
As in the CS analysis, the evolution of a crack was followed one stress cycle at a
time up to failure. But for such thicknesses, failure had to be defined as either the
crack propagated through a wall (in this case 100-mm thick) or the stress intensity K
at the crack tip exceeded the plane-strain fracture toughness K. . Parameters used in

the analysis are given in Table IV-6.2.
The selection of apparently worst-case stresses used for the calculations are

listed in Table IV.6.3. The locations of these on a TF case are indicated in
Fig.IV.6.3. The results of the calculations are shown in Fig. IV.6.4. for two
assumptions of initial crack sizes a = 5 mm (the reference minimum detectable flaw
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size) and a more pessimistic value, a = 10 mm. By this analysis, only the stresses
at position E appear troublesome, and then only with the more pessimistic value of
minimum detectable flaw size. It is also possible that minor design iterations could
reduce the stress level at this point.

REFERENCES

1. Miller et al., Capability of the Bl scenario for meeting the 1TER fluence
mission, ITER-IL-MG-1-0-38, 20 August 1990.

2. Kostenko, Cyclic hoop stress in the central solenoid coil, ITER-IL-MG-1-0-38,
29 August 1990.

IV. 7. AC LOSS PERFORMANCE

IV.7.1. Windings

IV.7.1.1.Equations and models
The calculation of the AC loss in the coil has been performed in both PF and TF
coil systems over a grid of points regularly spaced in the general current elements.
For each point the magnetic field components have been computed as a function of
time. The field change and change rate have been used to calculate hysteresis and
ohmic losses according to simplified expressions We report here the expressions for
the dominating loss contributions.

- Coupling loss due to a transversal field change:

Pc = ̂ L(dB/dt)2Ast [W/m] (1)
Mo

where x is the effective time constant of the conductor and Ast is the area of the
strands in the cross section

- Hysteresis loss due to a transversal field change:

^ (2)

where the Jc is the non copper critical current density, Deff the effective filament
^ diameter and Anon-cu m e non-copper cross section.

I
/ - Hysteresis loss due to a parallel field change
* PH=^Jc(dB/dt) Deff Anon-cu [W/m] (3)

\'t - Eddy current loss in the jacket due to a transversal field change:

[W/m] (4)

i
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where a and b are the outer dimensions of the conduit, respectively normal and
parallel to the direction of the field change, while c and d are the corresponding inner
dimensions. The resistivity of the material is p.

- Eddy current loss in the jacket due to a parallel field change:

1
P e =7^ ? \ 7 - J J 0 *• (dB/dt^ [W/m] (5)

*\a* + b* c^ + d^JP

All the expressions above are simple approximations of the more complete
equations. In particular it was assumed that the shielding due to the induced currents
was negligible in the calculation of the coupling and eddy current losses (resistive
regime) and that the penetration of the filaments is complete in the hysteresis cycles.
The parallel coupling loss is still very uncertain, but indications exist that it should
be low in the case of the ITER TF coils. The various loss components have been
computed independently and simply summed, i.e. interferences among the eddy
current paths and mutual shielding were neglected. Finally the two components of
the field normal to the conductor axis were composed in a vector rotating and
changing in magnitude. The transversal field change was computed as the vector
difference between final and initial value.
Approximate models and 3-D eddy current codes were used to compute the eddy
current heating in the cold structures such as the TF coil casing and the central
solenoid support.

IV. 7.1.2. Material Data Base
The calculations were performed using the conductor geometries and

superconductor critical-current performance described in Sections III. and IV. 1 with
an effective filament diameter in the range of 10 to 20 \un. Note that in real wires
under actual operating conditions, the penetration of the magnetic field in the
superconducting filaments is different, e.g. due to the bridging, to what one would
expect for ideal cylindrical filaments. The consequence is that the definition of the
effective filament diameter is not unique; three different values would be obtained
using the penetration field, the magnetization, or the loss per cycle. Here the value of
Deff is only intended as a fitting parameter for the losses. Using the non-copper
current density as given in Section III.4 and the procedures outlined in (reference), the
value of 20 \im corresponds to an energy dissipated of about 340 mJ per cc of strand
(Cu: non-Cu = 1.5) in a bipolar + 3 T field sweep.
For NbTi wires the filament diameter is generally much better controlled during
production, and Deff = 5 \im has been assumed consistently with published data.
For what regards the transverse coupling losses, the value of x = 10 ms seems to be
a good guess of what can be achieved when the strands are coated with chromium to
prevent sintering during heat treatment. This value corresponds roughly to what is to
be expected assuming a high interstrand resistivity (about -100 times more than a
soldered composite) and the typical maximum dimension of the twisted cable.
Although some magnetic field effect can be expected on the value of T, it is assumed
here that the magnitude of the coupling currents is regulated by barriers and
interstrand contacts. These are not (or roughly not) function of B and therefore this
dependence could be neglected. However calculations were performed both using a
constant and a variable (dependent) x.
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Finally for the eddy current loss calculation in the jacket and in the structural
components, the AISI316 resistivity was assumed, namely 530 n£>m.

IV. 7.1.3. Scenarios Analysed
The AC losses were computed in the coil system during the Reference Physics-Phase
Scenario described in Table III-3 and for a case of x-point sweeping. The current
changes for x-point sweeping listed below were superimposed on the coil currents at
t = 90 s (SOFT) and at t = 290 s (EOB) at frequencies of 0.2 Hz and 0.3 Hz, thus
resulting in x-point displacemenffrequency products of 0.6 cm • Hz and 0.9 cm • Hz.
Only single cycles of sweeping at SOFT and EOB were analyzed to deduce the
contribution of sweeping to the loss at any operating point

Coil current changes necessary to move the plasma x-point by
±3 cm

Coil

PF1
PF2
PF3
PF4
PF5
PF6
PF7

AI
(kA)

+/-88
+/-88
-/+ 626
0
+/- 452
7+7
7+20

IV,,7.1.4. Results of Calculations for the Reference Burn Scenario in Winding Packs
The results for the AC loss calculation in normal operation (no sweeping) are
reported here in detail for each coil. A summary table is also given at the end of this
section.

• Central solenoid (PF1 - PF4)
The AC losses in the central solenoid are dominated by hysteresis, as (as it

will be shown) for most of the other coils in the system. They are characterized by a
strongly peaked behaviour in time at the beginning of the pulse, during the break-
down phase, when the dB/dt has a maximum. This is visible in the example given in
Fig.IV.7.1. where the maximum and average losses in the cross-section of PF1 are
reported. However, even higher peak values (about 40 W/m) are reached during the

i first 0.6 s (at plasma initiation) in PF3 and PF4.
I Later in time, at about 70 s, the loss distributions in PF2, PF3, and PF4 becomes
; more complicated, because the currents in each of the coils are much different, and
j the field lines curve sharply inside the stack.
: This can be also appreciated in the loss distributions plotted along a pancake length,
; which were obtained by interpolation from the grid used to compute the overall loss
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distribution. At t = 0 the AC loss is mostly dominated by coupling (e.g. see Figs.
IV.7.2. and IV.7.3.for PF1.PF2) while later on (e.g. at t = 70 s) hysteresis becomes
the most important contribution. On average over the 500 s of the reference scenario
for each of the modules PFl-4 (upper or lower), the power dissipated is 1.42 kW,
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1.54 kW, 1.70 kW, and 1.80 kW, respectively, assuming a Deff = 20 nm and x = 10
ms. With a Deff = 10 fim and x a function of B, the average loss in each module is
0. 57 kW, 0.66 kW, 0.75 kW, 0.83 kW, respectively.
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• Diverlor Coil (PF5)
The situation in the diverlor coil is very much like in the central solenoid.

The coupling loss is dominates in the first second of start-up, then decreases in
magnitude while the hysteresis loss becomes dominant. The peak loss is of the order
of 10 W/m, as indicated in Fig.IV.7.4.
It is interesting to see how the pancake distributions evolve in time: Figs.IV.7.5 and
IV.7.6 show the distribution of AC loss at t = 0 s and at t = 70 s in the lowest,
central, and upper pancake of PFS.
The loss has a minimum at the centre of the coil at t = 0 s (Fig. IV.7.5.), but it
increases in this location, having a relative maximum at t = 70 s when hysteresis
dominates.
The average power during a cycle of 500 s is 1.81 kW for one coil module (for Deff
= 20 |im, 0.5 kW for Deff = 10 \m).

• Equilibrium coils (PF6 - PF7)
The losses in PF6 and PF7 are extremely low compared to the other

magnets in the system. Maximum values of the order of 0.1 W/m during initiation
are computed, and the split between coupling and hysteresis loss at the initiation
(owing to the low dB/dt) is more balanced.
The average AC loss for the 500 s cycle '•" 163 W in the upper PF6 and 87 W in the
upper PF7.

• Toroidal field coils (TF)
The TF coils have a much more complex loss distribution due to the

variation of PF-field orientation relative to the contour of the TF windings. In
particular, in some regions there is a field component parallel to the wire. The lower
dB/dt values at the TF windings as compared to the PF result in lower coupling
losses. The maximum loss is 6.4 W/m during start-up at the top of the straight leg
(see Fig.IV.7. 7). The instantaneous, spatially averaged loss in the coil (Fig.IV.7.8)
has peaked values in the first 70 seconds of the start-up and during the shut down.
Again hysteresis is the dominating loss. In particular, the contribution of hysteresis
due to transverse- and parallel-field changes is approximately the same (Figs. IV.7.7.
and IV.7.8).
The distribution of losses along a pancake length is very complex, reflecting several
effects: the spatial variation of the TF-coil self field, the variation of dB/dt along the
conductor from the PF coils, and the variation of dB/dt in time (Figs.IV.7. 8 and
IV.7.9). The time-averaged losses as a function of the turn number are also given in
Table IV.7-1. for Deff = 10 \im.
On the average, a total of 523 W/coil is computed over the 500 s of a complete
cycle for Deff = 20 [im (221 W/coil are computed for Deff = 10 |im). The influence
of the parallel coupling loss was estimated to be almost negligible (less than 1 % of
the total).

• Summary of the AC loss calculation for the burn cycle
Assuming Deff = 20 \im, the AC loss to be removed from the coils is an

average of 17 kW in the PF coils and 8.4 kW in the TF coils, for a grand total of
25.4 kW in the whole magnetic system. Of these, 75 % is coming from hysteresis
losses in the PF system, while for the TF system this percentage is up to 99 %. the
remaining loss is due to coupling currents and, in very little percentage, to eddy
currents in the jacket. If on the other hand one takes Deff = 10 (im, the total loss in
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the PF system is 7.1 kW, and in the TF system it is 3.5 kW for a total of 10. 6
kW. The rough proportionality to Deff is clear, although small differences are
introduced by different methods used in the calculations.
A summary of the losses computed for Deff = 20 \xm is given in Table IV.7-2. For
evaluating cryogenic system requirements, intermediate values of 15 kW for the PF
windings and 5 kW for the TF windings were taken.

TABLE IV.7 1.. LOSSES IN EACH TF TURN, CENTER PANCAKES,
AVERAGED OVER ONE 500 S CYCLE FOR Deff = 10 ^m.

Average loss (W)
First Turn 0.58
Second Turn 0.62
Third Turn 0.67
Fourth Turn 0.73
Fifth Turn 0.80
Sixth Turn 0.88
Seventh Turn 0.99
Eighth Turn 1.12
Ninth Turn 1.29
Tenth Turn 1.50

Total Pancake 9^2
One coil 221
TF System 3536

IV.7.2. Structures

TV.72.1. Results of the calculation for the reference scenario in the structural
components

•TFCase
Magnetic field pulsed losses in the TF cases have been analysed extensviely for the
reference physics phase scenario, in order to help select among candidate TF-case
topologies. The basic trade-off is between TF case simplicity and reliability and the
pulsed losses. Nishio and Youtsos analysed the pulsed losses in several candidate
topologies, using detailed three-dimensional models based on the solution of
minimum potential energy using current vector potentials.
Several types of electric breaks in the TF cases were analysed but we only consider
here the results for:

(1) no insulation
(2) insulation between two case halves (divided on a veiticrl plane)

The loss calculations were made for an entire 500 s scenario and for a plasma
disruption. The losses in the complete scenario are of the most interest, since the
case losses impact the cryogenic refrigeration load. Disruption-induced losses should
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TABLE IV-7.2. SUMMARY OF AC LOSS POWER DEPOSITION IN
NORMAL OPERATION DURING A 500 s BURN CYCLE. NO SWEEPING
CONSIDERED. Drff = 20 fim.

Coil Hysteresis Coupling + Total
Eddy Currents

[W/m] fW/m] [W/m]

Total

P F l x 2 1.72 x 10 J 5.55 x 10 "2 2.28 x 10 l 2844.

PF2x2 1.84 x 10- 1 6.17 x 10 "2 2.47 x 10 " ! 3073.

PF3x2 2.00 x 10 -1 7.26 x 10 "2 2.73 x 10-1 3410.

PF4x2 2.09 x 10-1 7.92 x 10 "2 2.88 x 10 " ! 3592.

PF5x2 1.26 x 10-1 2.75 x 10 ~2 1.54 x 10 * 3613.

PF6 x 2 4.86 x 10 "3 2.20 x 10 "3 7.06 x 10 "3 326.

PF7x2 4.32 x 10 "3 1.70 x 10 "3 6.02 x 1 0 ' 3 174.

TFxl6 5.93 x 10 "2 2.59 x 10 "4 5.95 x 10 "2 8372.

Grand Total 25404.

TABLE IV.7.3. PULSED LOSSES IN CANDIDATE CASE TOPOLOGIES

Case topology 500 s Scenario Average load
(MJ) (kW)

Disruption
(MJ)

Uninsulated

Insulated

26.6

3

53.2

6

55.4

4.7
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be intercepted by the interior case cooling channels without much impact on
superconductor stability. The losses for two extreme cases are shown in Table

"* IV.7.3.
For partial insulations a total loss on the order of 10 to 20 kW is to be expected,
including the contribution from the intercoil structure.

IV.7.3. Divertor Sweeping and Control

IV.7.3.1. Results of the calculation for the x-point sweeping in the winding packs
The AC loss during sweeping is deposited only during the bum time. The values of
the loss quoted here are referred as "immediate power" seen by the coil. An averaged
value over the complete cycle is also quoted to give a feeling of the additional
requirements for the cryogenic system.
During sweeping, the value of the AC loss power is almost constant, as the dB/dt is
the same for all the instants and the absolute field change is small. Therefore, only
one cycle of currents has been analyzed (with a reference frequency of 0.2 Hz and
Deff = 20 |im) at each of the scenario break points, SOFT and EOB, to check the
influence of the bias field on the loss. Calculations were also performed at a
frequency of 0.3 Hz using Deff = 10 Jim.

• Central Solenoid (PF1 - PF4)
As is clear from Table IV.7.4., the strongest activity is concentrated in the PF3 coil.
Therefore, the highest AC losses are also expected in PF3 and in the neighbouring
coils.
In PF1, the loss in fact peaks towards the top of the stack, to about 0.1 W/m,
decreasing by one order of magnitude at the equatorial plane.
The loss in PF3 is due to the self-field change (as the current changes in PF3) are
the most significant. The loss is as high as 1 W/m, with a strong hysteresis
component and a significant coupling (see Fig.IV.7.10.).
Finally, PF4 sees large field changes from PF3 and PF5. Therefore, the AC loss in
PF4 is high even when there is little change in the self field. The loss is relatively
uniform along the length of the pancakes (Fig. IV.7.10).

• Divertor Coil (PF5)
The loss in the PFS coil is again self-field dominated (as in normal operation) and
reaches about 0.4 W/m at the inner radius on the coil mid plane. The loss is largely
hysteretic in the coil centre, while a significant coupling loss takes place at the outer
locations. An average of 3.4 kW is dissipated during the burn time on the upper
PF5 module when Deff = 20 |im is assumed.

• Equilibrium Coils (PF6 - PF7)
(; Both these coils have, as in normal operation, a much lower loss than the other
I coils in the system. PF6 sees mostly the field changes caused by PF7. In both coils
:T hysteresis gives the largest loss contribution. In average the loss in the upper PF6
••* module is 24 W, while in the upper PF7 module it is 35 W.

| • Toroidal Field Coils (TF)
f The loss in the TF coil is mostly of hysteretic type and follows the field changes as
li; in normal operation. It has peaks close to the PF3 and PFS locations, above and
f;', below the straight leg. As the steady-state toroidal field decreases towards the coil

C:
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TABLE IV-7.4. AVERAGE ADDITIONAL LOSS DURING SWEEPING IN
THE COILS SYSTEMS. THE VALUES REFERRED TO THE 200 s BURN
TIME AND COMPUTED AT SOFT.D,.,, = 20 \im AND SWEEP FREQUENCY
0.2 Hz ASSUMED.

Coil Hysteresis

[W/m]

Coupling +
Eddy Currents
[W/m]

Total

[W/m]

Total

[W]

PFl x 2 4.08 x 10 "2 2.25 x 10 "3 4.31 x 10 "2 537.

PF2x2 1.49 x 10 2 . 8 0 x l 0 - 2 1.77 x 10- 1
2210.

rt\Jx2 4.20 x 10-1 8.89 x 10 "2 5 .09x10" ' 6341.

PF4x2 3.80 x 1 0 - 1 3.20 x 10 "2 4.13 x 10 - 1 5141.

PF5x2 2.14 x 10 7.31 x 10 "2 2.87 x 10 "' 6755.

PF6x2 1.00 x 10 "3 3.93 x ! 0,-5 1.03 x 10 -3 48.

PF7 x 2 2.23 x 10 "3 2.00 x 10 -4 2.43 x 10-3 70.

T F x l 6 1.30 x 10 - 1 8.97 x 10 "4 1.31 x 10 -1
18453.

Grand total 39555.

outlet, the loss increases. The peak and wells in the loss distribution, reported in
Fig. IV.7., resemble very much those observed during start-up. The magnitude is
much lower but the duration significantly longer, so that on average the sweeping
loss amounts to 1.15 kW per coil over the 200 s burn time again under the
assumption of Deff = 20 (xm.

• Summary of the AC loss calculation during sweeping
Table IV.7.4. gives a summary of the loss computed for a sweeping cycle at the
SOFT conditions. Here, as in the normal operation cycle, the hysteresis dominate
(85 % of the total loss in the PF system, about 100 % in the TF system) with Deff
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TABLE IV-7.5. AVERAGE ADDITIONAL LOSS DURING SWEEPING IN
THE COIL SYSTEMS. THE VALUES ARE REFERRED TO THE 200 s
BURN TIME AND COMPUTED AT EOB.Delr = 20 |im AND SWEEPING
FREQUENCY 0.2 Hz ASSUMED.

Coil Hysteresis

[W/m]

Coupling +
Eddy Currents
[W/m]

Total

[W/ml

Total

[W]

P F l x 2 3.56x10 -2 2.26 x 10 "3 3.78 x 10 "2 471.

PF2 x 2 1.34 x 10-1 2.80 x 10 "2 1.62 x 10 -1
2020.

PF3x2 2.88 x 10 8.89 x 10 "2 3.77 x 10 "J 4697.

PF4x2 3.01 x 10-1 3.21 x 10 "2 3.33 x 10 "' 4150.

PF5x2 3.06 x 10"1 7.31 x 10 "2 3.79 x 10 8921.

PF6x2 1.01 x 10"3 3.95 x !0 "5 1.05 x 10 "3 48.

PF7x2 2.18 x 10 "3 1.97 x 10 "4 2.38 x 10 "3 69.

TFxl6 1.30 x 10-1 9.11 x 10 "4 1.31 x 10 -1 18373.

Grand total 38749.

= 20 \un,. the total increase of the AC loss computed during the bum time is 40
kW, of which 18.5 kW in the TF coils and 21.5 kW in the PF coils.
The calculation has been repeated in the EOB conditions, giving some decrease of
the loss in the PF system (in particular in the central solenoid) due to the increase of
the absolute value of the field (thus decreasing the hysteresis loss).
No effect was seen on the TF coil, as it should be expected since the dominating
field component is that produced by the TF coils themselves.
Table IV.7.5. gives a summary of this second calculation, where the total loss in the
system is 39 kW, of which again 18.5 kW in the TF system and 20.5 kW in the PF
system.
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TABLE IV.7.6. AVERAGE ADDITIONAL LOSS IN THE COIL SYSTEMS
DURING SWEEPING. THE VALUES ARE REFERRED TO THE 200 s BURN
TIME. Deff = 10 pm AND SWEEP FREQUENCY 0.3 Hz AND 0.1 Hz
ASSUMED WITH Ax = ± 3 cm AND ± 6 cm, RESPECTIVELY.

Coil

PF system

TF system

± 3 cm 0.3 Hz

Total loss
[kW]

22.2

12.7

+ 6 cm 0.1 Hz

Total loss
[kW]

13.1

8.9

Assuming Deff = 10 |im and for a sweeping frequency of 0.3 Hz the results of Tab.
IV.7.6 were produced. In this case the additional loss on the PF system is 22.2 kW,
while that in the TF system is 12.7 kW, correponding to a 300 % percentural
increase of the AC loss in the PF coils and to a 350 % percentmal increase in the
TF coil.
An additional calculation was performed with Ax = + 6 cm and f = 0.1 Hz assuming
Deff = 10 Jim. The results are also reported in Table IV.7.6.
The agreement of the three calculations is good, considering the linear scaling with
Deff and the scaling with Ax and f given in the next section.

• Scaling laws for sweeping losses in windings
Assuming that the AC loss during sweeping scales with the field changes according
to the equations (1) - (5), it is possible to develop a scaling relation for sweep
frequency f and amplitude Ax. First we note that the hysteresis loss scales
proportionally to dB/dt:

and that coupling and eddy currents losses scale with the square of dB/dt, on

Pc + Pe** f 2 A B 2

Moreover we can assume that the displacement of the null point scales linearly with
the field change, or

Ax « AB

so that

P = a f Ax + b f2 Ax2 (6)

where a and b are two coefficients relative to the computed hysteresis and coupling /
eddy current losses respectively.
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TABLE IV.7.7. SCALING COEFFICIENTS FOR THE SWEEPING LOSSES IN
EACH COIL

Coil

PF1

PF2

PF3

PF4

PF5

PF6

PF7

TF

a
[W/Hz'cm}

738

2783

5980

6250

12503

77

105

30388

b
[W/Hz 2 • cm 2 ]

78

972

3081

1111

3942

6

17

389

These two coefficients can be computed from the computed loss and the reference
frequency and amplitude f() = 0.2 Hz and AXQ = 3 cm.

a -

b _ 2
b " f

The two coefficients a and b have been listed in Table IV.7.7. for each coil.

Using the relation (6) it is possible to project the sweeping losses for different Ax's
andfs.

IV.7.3.2.. Results for the x-point sweeping in the structural components
The losses in the cold structure were estimated using the scaling relation illustrated
earlier. Table 9 gives the expected loss for an x-point displacement of + 3 cm and a
sweeping frequency of 0.2 Hz.

IV.73.3. Vertical control limit cycles
The ITER plasma is vertically unstable and may require a controlled oscillation of

4 vertical position control circuits, in order to simultaneously control the separatrix
4 heights in a semi-dolbe null configuration. This can be done using either a set of
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TABLE IV.7.8. AC LOSSES IN THE COLD STRUCTURE DUE TO X-POINT
SWEEPING

Sweeping
immediate power

Sweeping
average power
[kW]

TF casing

TF intercoil
structure

CS support

32

35.3

11

12.8

14.2

4.4

TABLE IV-7-9. CALCULATED LOSSES DURING VERTICAL STABILITY
CONTROL CYCLES.

Case

Normal Internal
PF Winding
TF Winding

Off-Normal
Internal
PF Winding
TF Winding

Normal External
PF Winding
TF Winding

Immediate
Power
(while cycling)

(kW)

3.2
4.0

16.0
33.0

2.4
4.0

Energy/Scenario

(200 s flattop)

(MJ)

0.64
0.8

0.16
0.33

4.8
0.8

Average
Power
(500 s rep
rate)
(kW)

1.3
1.6

0.32
0.66

9.6
1.6

normal internal coils or else using superconducting external coils. Teh vertical
position controllers are designed to handle abnormal deviations from the reference
equilibrium heights as well as the controlled oscillation of normal displacments. The
normal cycle, using internal control coils requires + 30 kAT with a frequency of 1
Hz in each of the internal control coils, with the current in the upper equivalent coil
being equal and opposite to that in the lower equivalent coil. Normal operation using
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external coils requires a worst-case swing of + 380 kAT about an average of 5.25
MAt at end-of-burn in PF7 with a frequency of 0.5 Hz. For these three cases, the
losses calculated are shown in Table IV.7.9.

IV.7.4. Disruptions
The local AC loss due to plasma disruptions were estimated assuming a coupling
time constant of 10 ms and using the integrated field and field derivatives as given in
chapter (PF group report, transient e.m. section). The results are listed in Table
IV.7.10.

TABLE IV.7.10. LOCAL AC LOSSES DUE TO PLASMA DISRUPTIONS IN
THE VARIOUS COILS.

x = 10 ms assumed for all conductors.

Coil

PF1

PF5

PF6

TF

System

-PF4

-PF7

AC Loss
[mJ/cc]

160

5

5

93

IV.8 THERMOHYDRAULIC PERFORMANCE

I V.S.I Normal operation

The coils need to have a forced flow of helium sufficient to insure the removal of
the heat deposited while leaving a large enough temperature margin for stability.
The design of the cooling has been performed in two steps :
• determine the helium mass flow which is necessary to remove the steady state

(averaged) heat load under limited temperature increase and pressure drop;
• check the temperature margin along the pancake length to determine the point

where the stability margin has a minimum.
The first analysis has been performed in steady state conditions for different inlet

pressures and mass flows. Because of the large inertia of the system, the cryogenic
requirements on mass flow and pressure drop can be extracted from this steady state
calculation. More details on the local temperature distribution in the coil and on the
temperature and flow fluctuations can be obtained from the transient analyses. As
steady state loads only the normal operation AC losses and averaged nuclear heat
have been considered. The data used for the thermal analysis are reported in Tab.
IV.8-1, while the schematic view of the cooling circuit considered in the analyses is
given in Fig. IV.8-1. Note that the heat exchanger at the refrigerator has to remove
the sum of the heat input in the cooling path and the work performed by the pump.
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Fig. IV-8.1. Schematic view of the cooling circuit considered for the steady
state thermal analysis.

TABLE IV.8-1 THERMAL AND HYDRAULIC PARAMETERS OF THE COILS
UNDER NORMAL OPERATION

Coil

P1-P4

P5

P6-P7

TF

Flow path*
length (m)

142

588

722

400

Average heat
toad(W)

32.6

91

5.15

52.3

Helium area
(mm2)

332.

256

150

316

Wetted
perimeter (m)

1.56

1.20

0.043

1.49

*A11 coils are wound with one-in-hand conductor

IV.8.1.1 Steady State thermal analysis
Central solenoid (P1-P4)

The steady state, averaged heat loads of Tab. IV.8-1 were used to compute the
steady state temperature distribution for inlet pressures of 5 and 10 bars and mass
flows per channel in the range of 5 to 12.5 g/s. The results of the analyses are
summarized in Tab. IV.8-2. There pressure drop and temperature at outlet are
reported as a function of mass flow. Also reported is the work performed by the
pump to circulate the helium mass flow and the total heat removed by the
refrigerator, given by the sum of the heat load in the channel and the pump work.
Note that a pump efficiency of 1.0 was assumed in this calculation.

As it appears clearly from the pumping power in Tab. IV.8-2 it is of
questionable advantage to operate above 10 g/s per flow path, as the additional heat
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TABLE IV.8-2 PRESSURE DROP, OUTLET TEMPERATURE, POWER
NEEDED TO CIRCULATE THE HELIUM AND TOTAL HEAT REMOVED BY
THE REFRIGERATOR IN PI (Tin = 4.5 K, Pin = 5 bar and 10 bar)

m
(g/s)

5

5

7.5

7.5

10

10

12.5

12.5

Pin
(bar)

5

10

5

10

5

10

5

10

Ap
(bar)

0.27

0.25

0.55

0.51

0.91

0.86

1.36

1.28

Tout
(K)

5.71

6.12

5.39

5.68

5 21

5.46

5.10

5.34

Wp
(W)

1.2

1.0

3.6

2.9

7.7

6.4

14.4

4.9

Qref

W
33.8

33.6

36.2

35.5

40.3

39.0

47.0

44.5

TABLE IV.8-3 PRESSURE DROP, OUTLET TEMPERATURE, POWER
NEEDED TO CIRCULATE THE HELIUM AND TOTAL HEAT REMOVED BY
THE REFRIGERATOR IN P5 (Tin = 4.5 K, Pjn = 5 bar and 10 bar)

m
(g/s)

5

5

7.5

10

Pin
(bar)

5

10

10

10

Ap
(bar)

2.5

1.94

3.86

6.61

Tout
(K)

5.56

7.68

6.74

5.79

Wp
(W)

33

12.

33.

89.

Qref
(W)

124

103

124

180

to be removed by cryogenic system (due to the work of the pump) becomes
comparable to the AC loss heat input Also it is not advantageous the use of high
inlet pressure, as the specific heat of helium becomes lower, and the temperature
increase at equal mass flow higher. Operation around 7.5 g/s seems reasonable.

Divertor coil (P5)
Due to its long flow path length coil P5 has a sensibly larger pressure drop than

the coils of the central solenoid. The large AC loss also contributes to the fluid
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acceleration and further increases the pressure drop. Therefore the inlet pressure must
be above 5 bar, to avoid two phase flow at the outlet, already for mass flows of the
order of 5 g/s. At higher inlet pressure (10 bar) a large temperature increment is
computed even at very high mass flows, indicating that a two-in-hand winding
would be beneficial. A summary of the calculations is given in Tab. IV.8-3
indicating that operation at 7.5 to 10 g/s will be needed.

Outer equilibrium coils (P6-P7)
The heat load on the outer equilibrium coils is small (by one order of magnitude

at least smaller compared to that in the other PF coils). A small helium mass flow
is sufficient to maintain the outlet temperature below 5 K, and this is beneficial
because the very long length of the P6 and P7 pancakes would cause otherwise large
pressure drops. Using a central cooling space this problem can be circumvented. In
Tab. IV.8-4 the results of the calculations for P6 are presented. Operation at 2.5 to
5 g/s will be possible.

Toroidal Field (TF) Coils
The TF coils are characterized by a large heat input on the plasma facing side of

the straight leg, due to nuclear heating. A typical heating distribution along the
pancake length is schematically reported in Fig. IV .8-2. The large nuclear heating
in the first turn causes a large temperature increment in the high field region of the
TF coil, thus decreasing the temperature margin at the most critical point.

The cooling analysis was performed using average heat loads in the 500 s time
span of a cycle. Tab. IV.8-5 summarizes the results and Fig. IV.8-3 and IV.8-4
report the temperature distributions computed for inlet pressures of 5 and 10 bar and

TABLE IV.8-4 PRESSURE DROP, OUTLET TEMPERATURE, POWER
NEEDED TO CIRCULATE THE HELIUM AND TOTAL HEAT REMOVED BY
THE REFRIGERATOR IN P6 (Tin = 4.5 K, P m = 5 bar and 10 bar)

m
(g/s)

2.5

2.5

5

5

7.5

7.5

10

10

Pin
(bar)

5

10

5

10

5

10

5

10

Ap
(bar)

0.01

0.01

0.04

0.04

0.08

0.07

0.13

0.12

Tout
(K)

4.98

5.08

4.75

4.81

4.68

4.72

4.68

4.67

Wp
<W)

0.02

0.02

0.14

0.12

0.44

0.38

1.00

0.85

Qref
(W)

5.17

5.17

5.29

5.27

5.59

5.53

6.15

6.00
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TABLE IV.8-5 PRESSURE DROP, TEMPERATURE AT THE HIGH FIELD
POINT AND AT OUTLET, POWER NEEDED TO CIRCULATE THE HELIUM
AND HEAT REMOVED BY THE REFRIGERATOR IN A PACKAGE OF A TF
COIL FOR INLET PRESSURES (Pjn = 5 bar and 10 bar)

m
(g/s)

Pin
(bar)

Ap
(bar)

TBmax
(X)

Tout
(K)

Wp Qref
(W)

5

5

7.5

7.5

10

12.5

5

10

5

10

10

10

0.95

0.83

1.87

1.67

2.79

4.18

4.94

5.05

4.80

4.92

4.85

4.80

5.96

6.82

5.50

6.25

5.95

5.76

5.5

3.7

15.2

10.5

23.3

45.2

57.8

56.0

67.5

62.7

75.6

97.5

in
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O

Fig. IV-8.2.
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Temperature distribution in a TF pancake computed for heat
load distribution of Fig. IV-8.2, 5 g/s mass flow and 5 bar
inlet pressure.

mass flow of 5 g/s. The temperature at the high-field point is 4.94 K and S.05 K
for pin = 5 bar and 10 bar respectively.

It is clear from Tab. IV.8-2 that operation above 10 g/s is not advantageous. In
the range of 5 to 7.5 g/s per cooling path the typical temperature at the high field
point is 5 K.

IV.8.1.2 Transient thermal analysis
In reality the heat loads in the coils have a transient character compared to the

residence times for the helium in the flow path (several hundreds to more than a
thousand seconds at typical flow velocity of 0.2 to 0.4 m/s). Therefore the detailed
analysis of the temperature margin in the coils should be performed over several
burn cycles in transient conditions. Due to the much larger complexity involved in
this calculation, at the moment only the central solenoid (P4) and the TF coils have
been analyzed.

Central solenoid (P4)
The transient thermal analysis of the central solenoid was performed using the

local value of the AC losses and taking a mass flow per flow path of 10 g/s. Only
the central pancake of P4 was examined for simplicity, because this coil module has
the highest AC loss. The analysis was performed for two complete cycles (1000 s).
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Fig. IV-8.4. Temperature distribution in a TF pancake computed for heat
load distribution of Fig. IV-8.2., 5 g/s mass flow and 10 bar
inlet pressure.

This time is enough to reach a saturation in the temperature distribution. The
temperature distributions at the beginning and during the second cycle are reported in
Fig. IV.8-5. The temperature in the first turn increases during the initiation phase
up to 5.5 K (t=590 s) then this high temperature helium slug flows to the coil
outlet (t=1000 s). Since the temperature increase is very small in the first seconds
of the pulse (t=510 s) and the field is decreasing during the plasma initiation phase,
the relatively high temperature computed should not represent a problem for the
temperature margin. However more detailed analysis will have to be performed to
ensure that all locations in the coils have a satisfactory temperature margin.

Using a space averaged AC loss a similar calculation was performed to determine
the outlet temperature oscillations for the design of the cryogenic plant The results
of computations for the He flow and the conductor thermal behaviour are given in
Fig. IV.8-6. The He flow temperature oscillations at the outlet of the first, second,
and last turn of a CS pancake are reported. The amplitude of the He flow
temperature oscillations with respect to the average temperature increment at the
pancake outlet will not exceed 12%.

Toroidal Field (TF) Coils
The transient thermal analysis of the TF coils was performed using heat load

distribution of Fig. IV.8-7 and Fig. IV.8-8a. Fig. IV.8-7 shows the transient
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Fig. IV-8.5.
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Fig. IV-8.7. TF coil operating heat load cycle at middle of inner turn.
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Fig. IV-8.8. Heat load distribution along the length of the TF conductor
during plasma burn.
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operational heat load at ihe middle of the inner coil turn. Heat load distribution along
the length of the TF conductor during plasma burn is presented in Fig.IV.8-8. An
helium mass flow of 8 g/s with an inlet pressure of 10 bar was used. In this case
the residence time of the helium in the coil is longer than in the CS (of the order of
1500 s). Therefore at least 3 full cycles had to be analyzed in sequence to reach a
saturation in the helium temperature distribution. The result of the analysis can be
summarized in Fig. IV.8-9, where the temperature margin is reported together with
the current sharing temperature. The temperature margin in the coil is always above
1.5 K, and the minimum margin is found at the high field point at the lop (bottom)
of the straight leg on the plasma facing side (first turn). The value of the margin is
sufficient for the stable operation of the coil.

A simplified form of the heat input along the pancake length was used to analyze
the transient behaviour of the Helium temperature at the TF coil outlet for the
design of the cryogenic system. A typical result is shown in Fig. IV.8-10 where in
addition the temperature at other locations of the coil is plotted as a function of
time. The temperature oscillations are very small, of the order of 2% of the
temperature difference between inlet and outlet. Although the modelling of the
heating distribution is not accurate, the smoothing effect of the heat transfer to the
conductor should maintain this temperature oscillation within (typically) 5% of the
temperature increase at outlet

TF coils casing and intercoil structure
The temperature in the TF coil casing was analyzed for an average value of the

heat loads of about 32 kW. The investigation of the He-flow behaviour in the TFC
cases was done for series connected cooling channels located in the inner and outer
parts of the case with the He-flow going into the inner part first and out of the outer
part. The TFC cases have a large cold mass = 350 tons. The thickness of the outer
case ring is also large, average value = 0.3 m on the straight parts of the case and
about 1 m in the comer of the case. The inner case ring has small thickness in zone
of inner TFC leg and about 0.3 m in the zone of outer TFC leg. A simplified view
of the case thickness and of the cooling channels is given in Fig. IV.8-11 together
with the cyclic heat load distribution along the channel. In Fig. IV.8-12 the case

, temperature curves during a series of plasma cycles is shown. It has been determined
that the amplitude of the He-flow temperature at outlet oscillates within 12% of the
total temperature increase.

A large heat load (up to about 20 kW) will be deposited in the cold intercoils
structure (IS) of the TF coils due to AC losses. It is possible to conceive two IS

) designs, with and without cooling channels. For an IS design without cooling
' channels the heat of Ihe AC losses will be removed by the cooling channels which
i are located in the outer face of the TFC cases. In this case a temperature gradient of

about 50 K will appear along the length of IS elements due to the low thermal
t, conductivity of stainless steel and the long length of IS elements. For an IS design

with the cooling channels, high heat load oscillations are possible due to very short
| (about 10 m) length of IS cooling channels and the repetitive character of AC losses.
I The results of the calculations of the He-flow behaviour in the cooling channels of

!

one IS element show that the amplitude of the He-flow temperature oscillations at
IS outlet is near to 20% of the average temperature increase.

I
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Fig. IV-8.12. Temperature distributions in the TF coil casing along the
cooling channels after several plasma cycles (up to 20),

Summary
The coils seems capable to withstand the accumulation effects due to repetition

of 500 s cycles with enough margin in temperature. The cyclic heat loads on the TF
and PF coils are "buffered" and smoothed by the long residence times of the helium
in the coils. Therefore the oscillations of the heat load acting to cryogenic system
will not exceed 10% of the total load averaged over 500 s cycles.

IV.8.2 Quench analysis

The coifs should be dumped during a quench so that the temperature at the hot
spot does not exceed 150 K. The dump time constant has also a lower limit imposed
by the restriction on the maximum terminal voltage (20 kV). During quench rather
high He-pressure can be reached in the coils. The pressure will also rise in the
system of supply pipes that connect the coils with cold boxes where the manifolds
for the flow distribution between coils and valves system are contained. The He-flow
distribution system should provide suitable conditions for flow expulsion out of
coils without extreme high pressure rise that could cause breaks in the flexible
elements of the supply pipes or in the electrical insulating breaks installed in the
coils. It is also important to know the He-flow transient parameters at the end parts
of He-supply pipes. On the basis of this information, requirements for relief valves
can be formulated. Several computer investigations of the thermal and hydraulic
transient phenomena during quenching have been carried out. AH computer codes
allow the calculation of the transient flow behaviour corresponding to 1-D model of
the long cooling channel and take into account the temporal and spatial variations of
magnetic field and electrical resistivity and the non-linear material properties.
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PANCAKE 2

I
I

PANCAKE 4

Fig. IV-8.13. 3-D Temperature distribution in four adjacent pancakes during a
quench at constant current. The side pancake (number 1) is
initially quenched.
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IV.8.2.1 TF coils

3-D analysis
Four pancake in parallel were analyzed at constant current. The normal zone was

initiated in the high field region of the first turn of the side pancake. The thermal
coupling between them causes the quench to propagate in the two adjacent pancakes.
A plot of the temperature is given in Figs. IV.8-13 and IV.8-14. Transversal quench
propagation happens on a time scale of 4 to 5 seconds per pancake. During a quench
initiated at a single spot of the TF coil with current dump, 3 to 5 pancakes are likely
to quench.The longitudinal propagation velocity is of the order of 25 to 30 m/s and
increases in time. At a limit, for very long initial normal zones, the adiabatic
heating of the helium subjected to the pressure waves at sound speed can cause the
normal zone velocity to increase up to 50 to 100 m/s.

Full length normal: flow at inlet/outlet.
As it has been discussed above, the propagation speed of the normal front is very

high when the normal zone reaches a long length (up to 50-100 m/s at the limit). In
this conditions the whole length goes normal very quickly. Assuming a fully
normal cable length the maximum pressure and expulsion velocity will be obtained
by the simulation. This condition was taken as a conservative assumption for the
design of the supply lines, adding to the pancake length two supply pipes of about
50 m length and 50 mm diameter. A dump time constant of 10 s was used.

In Figs. IV.8-15, IV.8-16, IV.8-17 the distributions of pressure, temperature and
He-flow velocity rise during quench corresponding to the 400 m cable paths of one
TF coil are plotted. All pancakes of the coil are quenched simultaneously and the
pressure at the ends of the pipes is constant. The pressure near the center of cable
path is high (= 155 bar). The peak pressure is reached in the coil at 6-8 seconds. The

100 200 .300
Length (m)

500

Fig. IV-8.15. Pressure distribution in a TF cooling path during a quench
with current dump. Full length normal assumed.
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Fig. IV-8.16. Temperature distribution in a TF cooling path during a quench
with current dump. Full length normal assumed.

Fig. IV-8.17.
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He velocity distribution in the cooling path of a TF coil during
a quench with current dump. Full length normal assumed.

maximum cable temperature at this moment is close to 60 K. The dynamics of He-
flow velocity, density and temperature near the ends of supply pipes are shown in
Fig. IV.8-18. These transient flow parameters allow to formulate requirements on
the characteristics of the relief valves. According to these results, a supply pipe of
one TF coil with SO mm diameter is sufficient for the He-flow expulsion during
quench. The diameter of the relief tubes can be also near to 50 mm. The cross
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Evolution of helium velocity (W), density (D) and temperature
(T) at the TF coil inlet and outlet during a quench with current
dump. Full length normal assumed.

section of the relief valves should be determined corresponding to an He-mass flow
rate = 5000 kg/m2s (Fig. IV.S-18)

Recovery times
On the basis of the results presented here we infer that the three to five pancake

will be heated when a quench is started in the center of one of them. The temperature
of the "cold" pancake will be lower that that of the "hot" one, and it will equalize
• ver a time scale of several minutes. The time needed to recover the operating

inperatiu-i in this condition is of the order of some hours. This long time is
partially due to the fact that the cooling mass flow in the quenched pancakes (at
much higher temperature than the rest of the coil) is much lower than in the outer
pancakes (much colder). However this sstimate can be taken as a conservative value
as in reality thermal diffusion in the coil will tend to distribute better the helium
flow in the pancakes.

IV.8.2.2 PF coils

A set of calculations similar to that performed for the TF coils with full length
normal was also produced for the PF coils. The diameters of the supply lines have
been determined to achieve low pressure increase at the coil outlet (insulating
breaks). According to the simulations we need for a pair of the CS coils a pipe of 30
mm diameter, and for the other coils (PS, P6, P7) 25 mm diameter pipes.

IV.8.3 Cool-down conditions

The magnet system cold mass is approximately 105 tons.The weight of the TF
and PF coils and cold mechanical structure are listed in Table IV.8-6. The main
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TABLE IV.8-6 HYDRAULIC PARAMETERS OF ITER MAGNET SYSTEM IN
f X)L-DOWNMODE

ITEM

Central solenoid

PF5(2)

PF6(2)*

PF7 (2)*

TF winding packs

TF magnet cases

Intercoil structures

Total cold
mass (tons)

720

240

700

420

1100

6400

1400

Total He-
flow at 300

K(kg/s)

0.35

0.05

0.15
(0.04)

0.10
(0.03)

0.36

3.1

0.67

Pressure
drop at 300

K(bar)

4

15

15
(15)

15
(15)

15

15

1

Total He-
flow at 4.5
K(kg/s)

0.07

0.02

0.07
(0.07)

0.04
(o.o4)

0.6

0.6

0.13

The He-flow mass rate in P6 and P7 coils without additional tube-cooling channel
in cable space are given in brackets. Time of cool-down = 600 hours.

requirement for the cool-down is the uniform simultaneous cooling of all magnet
system components from 300 to 4.5 K in a reasonable time period with acceptable
mechanical stresses due to differential thermal contractions. The thermal contractions
coefficients of the magnet materials decreases with decreasing temperatures and, at
temperatures below 80 K, the thermal mechanical strains in the coils are low.
Therefore, the cool-down process can be divided in two temperature stages: 300-80 K
and 804.5 K.

For uniform/simultaneous cool-down the He-flow rate distribution should be
directly proportional to the weight of magnet system components; and the He-flow
rates are related to (1) cooling channel size, (2) the number of cooling channels, (3)
the hydraulic diameter of the cooling channels, (4) the friction factor. The pressure
drops and He mass flow rates at the beginning/end of cool down are reported in Table
IV.8-6.

A primary analysis has shown that a linear temperature decrease of the He flow
at the coil inlet is a good method of cool-down which develops acceptable thermal
mechanical stresses in the magnets. Therefore, the detailed computer investigation of
cool-down have been carried out using a He inlet temperature linear decreasing
boundary condition.

The cool-down conditions of the TF and PF conductors is modeled as a long
conduit with He flow thermally coupled to the cable and conduit. The thermal
conductivity along the cable length is taken into account but cross-section thermal
gradients are not considered. The cool-down of TFC cases are computed with a
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Temperature distribution along cooling channel of the TFC
case during cool-down.

o
O-i

"5
0.0-

E
3

lime

Fig. IV-8.20. Tiriie behaviour of the inlet and outlet temperatures and the
mass flow rate through the channel of the TFC case during
cool-down.

simplified 2-D thermal conductivity model in the case thickness direction, and the
He flow heating was considered to be along the length of case cooling channels. It
should be noted that thermal gradients in a cross section of the TFC case does not
exceed '0-15 k due to the long coul-down time (more than 100 hours).

The cooling channels of the outer and inner case rings are connected in series.
The inlet He pressure is 20 bar and the pressure drop is 15 bar , the He mass flow
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Fig. IV-8.21.
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Temperature distribution along cooling channel of the TFC
winding during cool-down.
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Fig. IV-8.22. Time behaviour of the inlet and outlet temperatures and the
mass flow rate through the channel of the TFC winding.

rate at the beginning of cool-down is 3.1 kg/s (table IV.9-6) and the mass flow rate
increases <luring cool-down. In Figs. IV.8-19, IV.8-20, the dynamics of the
temperatu <- variations during cool-down of the TFC case are plotted. The total cold
mass of TFC cases is 6400 tons. The computations have been performed with a
linear decreasing He flow inlet temperature of 1 K/h. In Fig JV.8-19 the curves of
the temperature rise along the length (80 m) of the outer and inner case rings are
shown. In Fig IV.8-20 the cool-down inlet and outlet temperature decrease is shown.
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Fig. IV-8.23.
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Temperature distribution along cooling channel of PF S coil
during cool-down.

It has been determined that the temperature gradient along the cases cooling channels
is 30 K for a 1 K/h decreasing inlet temperature.

The temperature distribution curves along the 400-m TF cable shown in Figs.
IV.8-21 and IV.8-22 were so calculated for a 1 1 ^ linear decreases of the inlet
temperature. The computation results show the temperature rise along each TFC
pancake turn to be less than 10 K. A comparison of the TFC cases and TF winding
pack cool-down calculations shows that the temperature of the outer and inner rings
and the case side-plates are always 10-20 K lower than the winding pack averaged
temperature in any magnet cross section along the length of the case cooling loop.
Therefore, the TFC winding pack is compressed during cool-down due to the larger
thermal contraction of TF case with respect to the winding pack. According to the
above results the 300-80 K cool-down of the TF magnet can be done in
approximately 200 hours.

In Fig. IV.8-22 the temperature cool-down curves are plotted along the 600-m
P5 cable. A detailed analysis of the central solenoid cool-down has not been
considered, because the length of CS cooling path (143 m) is smaller than the TFC
are. Therefore, there should be no problems in cool-down of the CS magnet.

According to data of Fig. IV.8-23 the cool-down of the coils P6 and P7 can
exceed 600 hours due to the very long cable cooling paths(~900 m). The He mass
flow rates in the P6 and P7 coils are only (3-4) x 10 ^ at 300 K with maximum
pres"ire drop (table IV.8-6). To reduce the cool-down time of these coils additional
cooling channels are needed. Additional tube channels can be located inside the cable
or slots may be used between the cable and conduit For example, a tube with an
inside diameter of 8 mm can reduce cool-down time to 200 hours (Table IV.8-6).

At the second cool-down stage (80-4.5K) the magnet system cool-down time
would be restricted only by the liquefaction capacity of the ci/ogenic system, which
is about (25-30) x 10~3liters/h. the liquid helium must be distributed between coils
according to their mass. The total time of the second stage cool-down is about 50
hours.
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IV.9 STABILITY

The superconductor must be stable (i.e. remain superconducting) to transient
inputs of energy. In ITER these are mainly caused by eddy currents driven by
electromagnetic field changes during a disruption but can also be caused by
mechanical heating.

For cable in conduit type conductors AC losses are dominated by the transverse
coupling time constants of the cable. After allowing for uncertainties in the
calculation, energy margins of 200-250 mJ/cc of strand are required for time
constants of 10 ms. Such time constants can be achieved in cable in conduit
through strand-strand contact resistance without the use of extra insulation barriers.

The effect of an energy input into the strand is to raise the temperature above the
current sharing temperature for the strand since the metal has a very low enthalpy,
causing current to flow in the copper stabiliser. This current causes additional
heating, at the same time as heat transfers into the helium surrounding the strand.

There are thus four aspects influencing the stability: the amount of copper
present in the strand (since this reduces the heating rate), the amount of helium
enthalpy available in the conductor relative to superconductor, the heat transfer rate
from superconductor to (he surrounding helium, and finally the temperature margin
from operation to current sharing.

Temperature Margin
The critical current (jc) of a superconductor is defined as the maximum current

capacity of the superconductor at the ambient conditions of T and B. The critical
temperature (Tc) is the temperature at which the critical current drops to zero at the
ambient condition of B. There is a near linear relation between these conditions as
shown in figure IV.9-1. The current sharing temperature (Tcs) is thus dependent on
the fraction of critical current at which the conductor operates. The temperature
margin is defined as the difference between the coolant temperature and the current

Operating current / critical current

Temperature

Fig. IV.9-1. Definition of Tcs
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sharing temperature. It is shown in figure IV.9-2 for Nb3Sn strands at a range of
fractions of critical current at a flow temperature of 4.5 K. The temperature margins
for Nb3Sn at 3 and 4.5 K are shown in figure IV.9-3. At 12.5 T Nb3Sn has a
margin of -1.5 K at the ITER design point with a fraction of 60 % of operating
current To achieve fields at 13.5 T the operating current/critical current fraction in
the Nb3Sn is dropped to -0.5, which gives again a temperature margin of -1.5 K, as
shown in figure IV.9-2.

Enthalpy Margin
A better measure of the possible stability margin is the enthalpy available in the

surrounding helium between the bath temperature and the current sharing
temperature. This energy is not necessarily all available, as the heat distribution
may be limited by the heat transfer at the strand-helium interface. Figure IV .9-4
shows the available enthalpy at a pressure of 5 bar. A helium : strand volume ratio
of 1:1.5 has been taken. A typical ITER coil value of -900 mJ/cc is available at
12.5 T.

Copper Fraction
The energy margin discussion above takes no account of heat transfer effects.

The conductor can be heated beyond the current sharing temperature as long as there
is sufficient helium to remove both the original heat input and the extra heat
generated by current flow in the copper. If there is good heat transfer to the helium
the stability margin is limited by the helium enthalpy, as discussed above. If the
heat transfer is poor, the stability margin is limited by the (low) enthalpy of the
strands only. There are therefore two stability regions, well cooled and ill-cooled,
shown in figure IV.9-5. To achieve operation near the 'ideal' value of the available
helium enthalpy the conductor must operate in the well cooled regime. This requires
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that sufficient copper is present to reduce the heating for whatever heat transfer rate
to the helium is available. The required copper fraction (s) is given by :

s =

where

p jc 2 A s c

(T c - Tb)

Acu is the copper area
A s c is the superconductor area
f is the Ioperating/Icrhical
p is the wetted perimeter of the cable
h is the heat transfer coefficient to the helium
Tc is the critical temperature (not the current sharing)
Tjj is the operating temperature
p is the copper resistivity

This expression is equivalent to the Stekly parameter for full cryogenic stability
when f = 1. Typically f = 0.6 in ITER.

Heat Transfer
Only a fraction of the available helium enthalpy can be accessed over the short

(ms) timescale of a sudden heal input, due to heat transfer limitations. These
restrictions on heat flow act with the copper fraction to determine the transition from
well to ill-cooled. The heat transfer coefficients have been the subject of extensive
experimental and theoretical work. They are sensitive to the timescale of the heat
transfer and also to induced flows within the helium but do not seem very dependent
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on the average helium flow velocity. Induced flows arise due to the large density and
pressure changes that occur with small temperature rises in liquid helium. Induced
flow, although possibly sufficient to locally reduce the average cooling flow in the
conductor, also gives improved local heat transfer due to local turbulance in the flow
on a scale comparable to the boundary layer width. For monolithic type conductors,
evaluation of p, the wetted perimeter, is also critical since it is much smaller than in
cable in conduit types. Stability calculations for the ITER TF conductor (at the
worst case condition of S.S K) and PF conductor at 13.S T and 12.S T are shown in
figure IV.9-6. Both these achieve the required margin of 200-300 mJ/a.
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IV.10 CRYOGENIC SYSTEM

IV.10.1 General requirements

The cryogenic system should be designed to provide cooling for:
• the 16 Toroidal Field (TF) magnets,
• the 8 Central Solenoid(CS) modules,
• the 6 Outer Poloidal Field(PF) magnets,
• the intermediate thermal radiation shields,
• the urrent leads,
• the various cryopumps,
• the fuel processing system and
• the RF heating devices.

Because the requirements for the magnets are the best known and the major
drivers of the cryogenic system design, the following descriptions are restricted to
the magnet area.

The cryogenic system should be:
• reliable for more than 3 years operation,
• controllable for different components,
• adjustable for different operating modes
• as efficient as practical (about 300 W/W)
• safe against quench and the spread of radioactive contamination,
• able to recool to normal operating conditions within one day after quench
• able to cooldown the magnet system in about 300 hr.

The total mass to be cooled is estimated to be around 12,000 tonne as listed in
Table IV. 10-1.

IV. 10.2 Heat load summaries

IV. 10.2.1 Heat loads to the 4-K region

(1) Standby mode
Average heat loads at 4 K in case of standby operation are estimated as follows;

As for the other facilities such as cryopump and heating devices, the heat load is
rough estimation because of no detail information available in the conceptual design
phase.

Magnets : about 25 kW
Other facilities : about 20 kW

l' (2) Normal operation
L a) Magnet system
j Average heat loads for the magnet system operation at 4-K region are
t summarized below. These values are based on the preliminary thermal analysis
\ results and give the overall design condition for the cryogenic system in the
; conceptual design phase. However, more detail analysis including the separatrix
I sweeping is necessary as well as time dependency analysis since the heat loads vary
- in each operation mode based on the operation scenario.
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TABLE IV. 10-1 COOLING WEIGHT OF THE MAGNET SYSTEM

ITEMS
01
TF magnet winding
TF magnet case
Intercoil structure
Gravity support
CS modules
CS axial pre-load structure
PF magnet

PF5 structure
PF6 & 7 structure

PF5
PF6
PF7

Intermediate thermal shield(38OO m^)

No. of units

16
16
32
16
8

2
2
2

Total

Total mass

990
6100
1500
320
670
140
250
710
420
100
500
150

11850

TABLE IV. 10-2 AVERAGE HEAT LOADS OF MAGNETS AT 4 K

Radiation load(with shield)
Support conduction load
Current leads
(warm gas flow rate=15Og/s)
Neutron heating :
PF magnet AC* heating
PF structure AC* heating :
TF case AC* heating
TF winding AC* heating :
Intercoil structure AC* heating

TOTAL

22

6
4
13

kW
15
kW
8
kW
8

85

kW
kW
kW

kW

kW

kW

kW

* The AC loss due to separatrix sweeping is not included.

b) Cryogenic system
A cryogenic pump to circulate supercritical helium (SHe) for the magnet system

is selected as a reference scheme because of apparent advantages for flexibility and
controllability during normal operation with high thermal efficiency and for its
compatibility for controlled shutdown in the event of a power outage. In this case,
pumping heat load is tentatively estimated to be around 20 kW at 4 K for circulating
SHe with a total mass flow rate of around 10 kg/sec: this load is to be taken as an
internal load of the refrigerator and independent from the magnet heal load(85kW).
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In addition, the base heat loads due to radiation and conduction of the cryogenic
»* piping and supporting structures are preliminary estimated to be around 5 kW.

However, these values depend on the actual layout design of the system and should
be quantitatively analyzed in the engineering design phase.

IV. 10.2.2 Heat loads at 80-K region
Al! cold surfaces including supporting structure will be surrounded by the

intermediate thermal shield with multilayer thermal insulation in order to reduce the
radiation heat load to the 4-K region. The intermediate thermal shield is cooled by
helium gas and the operating temperature is ranging from 50 to 80 K. A
preliminary thermal analysis on the thermal shield has been carried out and the
typical results show that average heat load of the thermal shield is around ranges
from 35 kW during standby to 50 kW during burn.

IV. 10.2.3 Cool-down operation
All magnets can be cooled from room temperature down to 4 K in an average

cooling speed of around lK/h by using the refrigerator. In this case, an energy of
around 1012 J should be removed and the average refrigeration capacity of about
1MW at 100K is required. However, the pressure drop and temperature difference
during the cool-down should be checked based on the detailed thermal analysis and
conductor configuration.

IV. 10.2.4 Normal operation
All magnets are designed to be cooled by supercritical helium with the following

conditions;
Inlet temperature
Outlet temperature
Inlet pressure
Total mass flow rate
Pressure drop

In order to operate in the maximum enthalpy range, the outlet pressure of around
3 bar is the optimum, so that the inlet pressure near 6 bar is preferable. The mass
flow rate should be based on this optimum pressure condition.

IV. 10.3 Cryoplant design

; IV.10.3.1. Key components
The cryogenic system is basically composed of the following components.

(1) Helium compressor
(2) Main cold boxQiquefier/refngerator)
(3) Purifier system
(4) Recovery system
(5) Gas storage system
(6) Primary liquid helium storage system
(6) Current lead
(7) Valve box

;. (8) Auxiliary cold box
j (9) Cryogenic pump
; (10) Secondary liquid helium storage system
'> (11) Cold recovery tank
>" (12) Test beds for magnet and component testing
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IV. 10.3.2 Basic configuration
(1) Liquefier/Refrigerator

Based on the heat load requirements, refrigeration capacity of 100 kW for cooling
the magnet system .vill be required and an additional ten kW for the other facilities
such as cryopump and fuel separation system. The cryogenic system for other
facilities will be designed after the requirements are well established.

In order to achieve reliable, effective and flexible operation in each operating
condition, a cryogenic system should be composed of several units in parallel.
From the cooling requirement of the standby mode, a refrigerator of 25-30kW at 4.5
K will be effective as the base unit. Accordingly, 4-5 units will be installed, as
schematically shown in Fig. IV. 10-1.

(2) Helium compressor
It is possible to use the present screw compressor as the main compressor. In

this case, however, a large number of compressor is required because of the restricted
capability of the present technology. Although the number of the compressor
strongly depends on the detailed layout of the refrigerator, a large oil-free compressor
may be developed in order to reduce the number of compressor set and achieve high
availability by avoiding oil contamination.

(3) Gas storage system
The total inventory of helium inside the magnet is estimated to be 80 m^

(11,000kg), so that a room-temperature gas-storage system with a total capacity of
60,000 Nm3 should be installed.

(4) Primary liquid-*«*.lium storage system
To produce the supercritical helium, a bath-cooled heat exchanger will be used

and the primary liquid helium storage system should have enough capacity at least to
provide the initial filling of liquid helium into the heat exchanger and to provide
coolant for the current lead and pump circuit as a back-up, approximately 50,000
liter.

(5) Purifier system
The helium purifier system should installed for the initial clean-up of the system

including magnets and for purifying helium gas supplied from outside the system.
The purifier throughput capacity should be comparable with the liquefaction rate and
it is estimated to be around 20,000 Nm-fyh: this corresponds to roughly 10 % of
total compressor flow rate.

(6) Recovery system
The recovery system is designed for handling helium gas evaporated from the

current leads and liquid helium storage in the normal operation and for storage the
helium gas from the magnet during warm-up and accidental cases. It is tentatively
estimated that buffer storage has a capacity of around 30,000 Nm3 with throughput
capacity of around 20,000 Nm^/h.

(7) Current lead
The current lead provides an electrical connection between the magnet operated at

4 K and the bus bar at room temperature and ^ cooled so as to minimize the heat

164



RECOVERY
SYSTEM

LHi
STORAGE

LH.
(STORAGE]

COI1PRESSOR SYSTEM

PURIFICATION
SYSTEM

HELIUM

L/R

HELIUM

L/R

HELIUM

L/R

OH
AUX. C. B

HELIUM

L/R

CAS
STORACE

HELIUM

L/R

TF
AUX. C B

PF
AUX. C. B

STRUCTURE
AUX. C. 8

-cxi-

TEST
BED

FUEL
AUX. C. B

$ $ I I
CURRENT

LEAD SC COIL
FUEL

HEATINC
lie

LH.
5TORACE

LN,

SYSTEM

LN2
AUX. C. B

THERMAL
SHIELD

Fig. IV-1O.1. Cryogenic system



input to the 4-K region. There are two possible cooling methods which are a vapor-
cooled curre.it lead and a current lead cooled by supercritical helium. In both cases,
the required mass flow rate can be estimated to be 0.05-0.06 g/sec per 1 kA or
approximately 150 g/sec returning to the system at near room temperature for all
magnets.

(8) Valve box
The valve box is basically composed of the cryogenic valve box and the recovery

valve box. The cryogenic valve box is to adjust and arrange helium flow to the
magnet system in the cool-down and normal operation. The recovery valve box is
to adjust the helium flow for the current leads in the normal operation and for
recovering the helium gas in case of quench.

(9) Auxiliary cold box
The auxiliary cold box is basically composed of final heat exchanger to provide

supercritical helium at the required flow rate and design temperature of 4.5 K. It
may contain the last heat exchangers and expansion turbines of the refrigerator and
the cold circulation pumps.

(10) The cryogenic circulation pump
There are two concepts to circulate supercritical helium: a cryogenic pump or the

room temperature helium compressors of the refrigerator. In this conceptual design,
the cryogenic pump concept is selected as a primary method and the compressor con-
cept as a backup. The cryogenic pump system gives the following advantages;

High flexibility and control for establishing the required cooling condition
in each operation mode
Capability for controlled shutdown in case of the system failure
Separate flow loop internal to the reactor hall to reduce the risk of
spreading radioactive contamination

In addition, high thermal efficiency can be expected in the present cooling
requirements, in which a total mass flow rate is requested to be around 10-15 kg/sec.

(11) Secondary liquid helium storage system
The secondary liquid helium storage system is to provide liquid helium for

cooling the final heat exchanger and current leads if vapor cooled leads are used.

(12) Cold recovery tank
The cold recovery tank is to recover the helium gas at an intermediate

temperature condition in case of quench.

(13) Filters
A filter installed in the cryogenic pipe line may be useful to protect the activated

particle release to the cryogenic system in the accidental case.

IV.10.3.3 Layout
(1) Inside the reactor building

The following components are installed inside the reactor
building and the basic layout is tentatively developed as shown
inFigs.IV.10-2andIV.10-3.
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. Current lead

. Valve box

. Auxiliary cold box

. Cryogenic circulation pump

. Secondary liquid helium storage

. Cold recovery tank

(2) Outside the reactor building
The following components are installed in the cryogenic building which will

locates near the reactor building. For the heat load estimation, a 150-m length
cryogenic piping between both buildings is tentatively used.

. Helium compressor

. Main cold box

. Purifier system

. Recovery system

. Primary liquid helium storage

. Gss helium storage

. Liquid nitrogen system
A preliminary estimation shows that a 100m x 200m space will be required for

the cryogenic system building. Gas helium storage can be installed outside the
cryogenic building. It may be necessary to install the liquid nitrogen production on
site and some of components are installed inside the cryogenic building.

IV. 10.4 Piping arrangement

The piping arrangement should be designed io provide the following cooling
sr.heme;
1) The magnet system can be cooled by the cryogenic system down to 4 K in

parallel with the cryogenic system itself.
2) The cryogenic circulation pump system provides supercritical helium to cool

the magnet system in the normal operation.
3) Each pump circuit can be connected to each magnet system(ex. TF, CS, PF

Structure, Shield...) or to the magnet group categorized to have the same heat
load condition each other one should aim for an arrangement where different
components having about the same pressure drop are grouped together.

4) The current leads can be cooled by liquid helium or supercritical helium and
the warm gas is returned from the current leads to the compressor inlet.

5) In case of a refrigerator failure, the circulation pump can be continuously
operated by putting liquid helium into the final heat exchanger to produce
supercritical helium for about 30 min. Furthermore, redundant refrigerator can
be connected to maintain the cooling.

6) In case of the coil failure, supercritical helium in the magnet system can be
recovered into the cold recovery tank. In addition, the supercritical helium can
be released into the crane hall in the worst case of the entire helium inventory
in the magnets being released. The crane hall has a volume of around 150000
m 3 , resulting in a maximum possible pressure rise inside the building at
around 0.4 bar in the worst case. Vent ducts connecting between the magnet
system and reactor hall should be provided.

7) In case of a circulation pump failure, a redundant pump can maintain cooling
of the magnet as a standard back-up operation or the helium can be supplied
from the compressor if required.
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IV. 10.5 System performance

IV. 10.5.1 Cooldown operation
A preliminary thermal analysis shows that the 100-kW refrigerator system has

enough capability to cool the magnet from room temperature to 4 K within 300 hr.
In this case, however, a mass flow rate of around 4kg/s will be necessary and more
detailed analysis on the pressure drop and thermal stress due to temperature difference
should be conducted.

IV.10..5.2 Normal operation
A preliminary analysis on mass-flow/heat-balance of the base unit refrigerator

(30kW) shows that the thermal efficiency of around 300W/W can be achieved.
However, more detailed analysis based on the cooling requirement is needed to
specify each component parameter.

IV. 10.5.3 Off-Normal operation
(1) Quench and recovery

When a magnet quenches, the helium inside the magnet should be immediately
recovered to the cold recovery tank in order to avoid an excessive pressure rise in the
magnet In this case, both valves set on the inlet and outlet are closed and a valve
connected to the recovery tank is opened: this gives safe condition to the cryogenic
system as well as the magnet.

In addition to that, a burst line to release the helium to the crane hall relating to
the reactor building can be used in the worst case as a backup.

After this procedure, the magnet is cooled again to the normal condition by
using the circulation pump or refrigerator. The recovery time depends on the
temperature rise of the magnet and it is expected from a preliminary analysis that the
magnet can be recovered from the quench condition to the normal condition within a
day.

(2) Stand-by operation
The heat load of the stand-by mode is less than the one third of the normal

condition because of no AC heating and nuclear heating. In addition, the pump and
current lead loads can be reduced by roughly 40 %. In this case, the system can be
maintained to be 4 K by using 1 or 2 base unit refrigerators.

IV. 10.6 R&D

There is no basic R&D required for the cryogenic system but the feasibility of
the following components should be demonstrated in a scalable model test in the
coming EDA.

j 1) Large oil-free compressor
• Capacity : 2 - 4 kg/s

\ • Efficiency : more than 65 %
i
; 2) Large scale turbo-expander
1 • Capacity : more than 1 kg/s
[ • Efficiency : 70-75
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3) Cryogenic circulation pump
• Capacity : 2 - 4 kg/s
• Pump head : 2 - 4 bar
• Efficiency : more than 60 '

4) Wet(SHE) turbine
• Capacity : 2 - 3 kg/s
• Efficiency : more than 6 0 '

5) Cold compressor
• Capacity : 1 - 2 kg/s
• InADut pressure : 0.5/1.3 bar
• Efficiency : more than 60 <

IV.10.7 Summary

As a whole, the conceptual design of the cryogenic system is well developed in
accordance with the preliminary thermal analysis which was carried out by each
participant. This report can be suitable data base to start more detail design of the
cryogenic system based on the engineering design of the magnet system and R&D
progress.

TABLE IV.10-3 CRYOGENIC SYSTEM DESIGNS STUDIED BY EACH PARTY

ITEMS

Cooldown
weight(ion)
flow rate(kg/s)
pressure drop(bar)
cooldown time(hr)
required capacity:100K

:4K
Thermal shield
with active cooling

weight(ton)
heatloads(kW)
coolant temp.(K)
Operating condition
inlet temp.(K)
inlet pressure(bar)
outlet temp.(K)
flowraie(kg/s)
Heat loads at 4K
magnets(average:kW)
pumpQcW)
m/Qm(g/s-W)
m hr/Qm

EC

11400

300
925 kW
100 kW

yes

152
50
50-80

4.5
5-8
<6.0
11

50
10
I 12
4.2

Japan

12000
4

300
1000 kW
100 kW

yes

TBD
200
50-80

4.5
5-10
<6.0
17

72
18
0.24
4.5

USA

9800
3

345

no
(passive)

4.5
8
TBD
4.2

75.5
no pump
0.06
1.1

USSR

10980
4.78
15
300(600)

yes

TBD
350
50-80

4.6
5-10
6.7
6.7

106
no pump
0.06
1.2

m rmass flow rate(g/s)
Qm :magnetheatload(W)

hr :latent heat(J/g)
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ITEMS

Current leads
TFcurrent(kA)
PFcurrent(kA)
coolant SHe
flow rate(g/s)
Key components
No. of compressor
No. of L/R cold box

magnets

others

Purifier yes
Recovery system
Liquid storage
Gas storage
Valve box
Auxiliary cold box
Cryogenic pump
Current leads
Cold recovery tank
Liquid N2 system
Layout
Reactor building
Auxiliary cold box
Cryogenic pump
Cold recovery tank
Current leads
Superconducting bus41*)
Valve boxyes

Cryogenic building
Cooling scheme
cooldown operation
normal operation
grouping
cunent leads
thermal shield

EC

40
40
LHe
130

TBD

4

no

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes*)
no
yes

TBD

ref.
pump
TF+PF,..
SHe
SOKHe
by ref.

Japan

30
40
LHe
104

<10

4-5

no

yes
yes
yes
yes
yes
yes
yes
yes
yes
yes

yes
yes
yes
yes
yes
yes

100xl50m2

ref.
pump
TF.PF...
LHe
SOKHe
by pump

USA

40
40
LHe

TBD

several

no

yes
yes
yes
yes
yes
no
no
yes
no
yes

no
no
no
yes
yes
yes

TBD

ref.
comp.
TBD
LHe
passive
cooling

USSR

40
40

106

<20

5:Liquefier
6:Satellitc
precooler
2:Shield
2:Cryopump
2:Backup
l:Fuel

yes
yes
yes
yes
no
no
yes
no
yes(20t/h)

no
no
no
yes
yes

120xl20m2

ref.
comp.
TBD
LHe
50KHe
by ref.

SHe supercritical helium LHe :liquid helium
ref :refrigerator TFJPF:TF and PF magnets
*) Current leads are locaied inside the cryostat close to magnets.
•*) Superconducting bus is located inside the cryostat in order to connect between

magnets and current leads.
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IV. 11 POWER SUPPLY SYSTEMS

I V.I 1.1 Introduction

The magnet power supplies provide the steady state and pulsed power to generate
the toroidal and poloidal fields used to form, confine and control a plasma. The
power supplies receive AC power from a high voltage grid (or partly from an energy
storage system) and convert it into DC power needed for feeding 16 TF coils, a set
of PF coils and a pair of active control (AC) coils.

The main parameters on the PF coil supplies derived as a result of analysis of
different operation scenarios and requirements for slow plasma parameters control are
presented in []].

The important function of the superconducting coil supply system is protection
of the coils in the event of a quench in a coil. So the power supplies are integrated
with quench protection circuits providing a safe discharge of the coil stored energy to
the external dump resistor. The rate of discharge is constrained for both TF and PF
coils by the following :
- maximum hot spot temperature: 150 kV
- maximum discharge voltage (terminal-to-terminal or terminal to ground): 20 kV.

The performance characteristics of the quench detection system (e.g. detection
delay time) has an impact on the quench protection circuit design. The accuracy and
reliability of this system is very important for the safety of superconducting coils.
Two quench detection methods will be used : the potential method and the fluid
dynamic method as back-up one. Additional analysis and experimental development
are required for a quench detection system. Now the detection delay time is
considered to be in a range of 1-2 s. The discharge time constants satisfying the
above conditions are assessed for benchmark conductor design as follows: 10 s for
TF and CS coils and 20 s for all the outer coils.

IV. 11.2 TF Power and protection systems

IV.l 1.2.1 Design requirements
The toroidal field coil power supply system provides the power to charge the 16

TF coils and stabilise their current at specified levels. In addition the protection
discharge of the coil stored energy must be provided. Two modes of protection
discharge are planned:

slow discharge (during -0.5 h) for toroidal field shut-down in the case of upset
conditions occuring in supporting systems (e.g. degradation of the vacuum in
the cryostat vessel, deterioration of cryogenic system operation, etc ...) and,
fast discharge in the event of a quench.

The design requirements on the TF Supply and Protection Systems are specified
in IV.l 1-1.

IV. 11.2.2 Design Description
The quench protection circuitry is the most critical part of the TF power supply

system. Several schemes were discussed and analysed. All of them use a series -
alternating connection of coils and circuit breakers. The main difference between
them is in a way of dump resistor connection : across the coil, across the circuit
breakers or across both of them. These schemes have the same coil-to-ground peak
voltages in a case of ideal operation of circuit breakers, and differ by current
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inbalances and ovcrvoltages in the transient conditions, and in the case of breakers
opening time discrepancy or one of the breaker failures. The scheme witfi dump
resistors shunting circuit breakers is considered to be the most acceptable. It has no
current inbalance and overvoltage during current communication into dump resistor
in this case can be kept low. The latter is due to the possibility to minimize the
self inductances of dump resistor circuit by placing it close to circuit breaker
(independently of their location). In a case of dump resistor connected to the con the
inductance of dump resistor circuit includes the inductance of bus bars connecting
dump resistor to busbar carrying steady state current which may be rather nigh
depending on equipment layout. A weak point of this scheme is a possibility of
overvoltage (coil-to-ground) if breakers are opened not simultaneously. In the worst
case: 8 breakers arc opened and another 8 are closed, the coil-to-ground voltage may
be increased by a factor of four. One possible way to decrease this overvoltage is a
connection of coils and breakers in two separate circuits, with adjacent coils in
different circuits. Another approach shown in Fig. IV. 11-1 has been preferred. In this
scheme the mid points of the dump resistors R1-R32 are connected through resistors
R33-R48 to the common bus bar. A value of this grounding resistors has an impact
on overvoltages and current imbalance. If resistors R33-R48 are exclude ? there is no
overvoltage but current imbalance can reach - 50% of operating current value in case
one if the breaker fails to operate. An increase of resistor value decreases current
imbalance but increases overvoltage. As a compromise the grounding resistor value
was admitted to be 40 £2, for which analysis shows the following. In the case of
ideal discharge with a time constant of 10 s, the voltage between coil terminals is
13.2 kV and coil-to-ground voltage is 6.6 kV. If one breaker fails to open the coil-
lo-ground voltage increases to 11.5 kV and the current inbalance is 0.5 kA. It is
important for this scheme that when at the discharge initiation some breakers are
closed and some are opened (due to opening time discrepancy), the overvoltage and
current imbalance appear not abruptly but with time constant defined by the coil
inductance and resistance of grounding resistor. This time constant is much longer •
than breakers opening time difference which is assumed to be not longer than 2 ms. .

In an extreme case of breakers opening time variations (8 opened and 8 closed)
the coil-to ground voltage and current imbalance reach 10 ms later than the
beginning of discharge respectively ~8 kV and -50 A. So the breakers opening time
discrepancy offers no practical problems for the scheme of Fig. IV. 11-1. The only
foreseen problem with this circuit is the complete failure to open three of more
switches resulting in voltage to ground in excess of 20 kV. If this is considered a
credible fault scenario then the circuit would have to split into two separate
interleaved circuits. As this requires two power supplies it is to be avoided if
possible.

The alternative protection circuit which differs from the circuit of Fig. IV.11-1.
only by the presence of additional resistors shunting also the coils should be studied
during EDA. It offers some advantage in the case of current terminal melt-down.
However, the preliminary analysis shows that unacceptably high overvoltages take
place in the case of breakers opening time discrepancy and use of varistors will be
necessary to shave the voltage peaks.

In the scheme of Fig. I V.I 2-1.the resistor R49 = 100 Q is used to limit short-
circuit currents in the structure components in the event of ground insulation
breakdown.

The thyristor convenors provide the power for charge and show protection
discharge of the coils (TCl)and also for the coil current regulation at specified levels

' * _ • •
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R1...R32 = 0.165 ohm
R3...R48 = 40 ohm
R49 = 100 ohm

Fig. IV.11-1: TF Power Supply and Protection



(TC2). Convenor TCI has maximum output voltage 1.2 kV. Rated output voltage
of convenor TC2 equals 25 V In order to reduce voltage harmonic level TCI is two-
bridges convenor providing either 12-pulse operation or asymmetric/sequential
control of convenor. The switches SI and S2 allow the use of either TCI for
charge/discharge of the coil or TC2 for current stabilization during steady state
operation. They also can be used to bypass convenors in the event of AC circuit
failure. The use of low voltage convenor TC2 during steady state operation reduces
voltage pulsations which are favorable for the quench detection system.

The thyristor convenors are connected between two dump resistors Rl and R32
in order to have the minimum potential to ground under normal operation
conditions. An additional circuit beaker CB17 is needed for this purpose. In the event
of coil-to-ground short-circuiting during the fast discharge the convertor-to-ground
potential increases up to fall coil discharge voltage (13.2 kV). So thyristor
convenors and transformers must have ground insulation withstanding this voltage.

Quench protection circuits must employ highly reliable current breakers designed
for steady state current 40 kA and interruption voltage 20 kV. To enhance operation
reliability all breakers should be duplicated (comprise main breaker and reserve one).
The explosive switches are the most appropriate to be used as reserve breakers. Each
dump register (R1....R32) absorbs during fast discharge 1.32 GJ energy. If it's
resistance retains constant during discharge with t = 10 s the peak voltage per coil is
13.2 kV. It can be reduced if non-linear resistors are used. The peak voltage can be
reduced by 24% for resistors increasing its value by factor of 2.2 at the end of
discharge (t=200°C).

IV. 11.3 PF power and protection systems

IV. 11.3.1. Design requirements

The PF superconducting coil power supply and protection systems must supply
the coils with the electrical power required to provide:

coil current waveforms in accordance with the range of plasma configurations
and operating scenarios,
slow control of plasma current, plasma shape and profile parameters,
divertor x-point sweeping.

Also the means for the safe discharge of the coil stored energy in the event of a
quench of superconductor must be provided.

The PF coil current and voltage requirements to produce the reference operation
scenario (22 MA, DN plasma with inductive current drive) are shown in Table
I V.I 1-2 as an example. All others power supply design requirements in terms of
coil current changes and coil voltages needed to provide slow control of plasma
parameters and two extended physics operation scenarios (25 MA with inductive CD
and 28 MA with non-inductive CD assist) are summarized in [1]. Table IV.11-3
shows the total PF system net powers required to produce three above mentioned
scenarios. The maximum coil voltages providing the slow control of the major
plasma shape parameters (R-a, R+a, Rx, Zx), plasma profile parameters (li, (3p)
plasma current Ip and its vertical position Zp with ranges and rates specified in [1]
are presented in Table IV. 11-4 (first line). Also shown are the voltages of the coil
power supplies which are necessary for both to produce operation scenarios and to
provide slow control of plasma parameters. Coil voltage requirements were derived
based on the assumptions that only one of the plasma parameters (not two or more
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TABLE IV. 11-1 TF-COIL POWER SUPPLY AND PROTECTION
REQUIREMENTS

Total stored energy

Operating current
Charging/scheduled discharging time
Steady state current control accuracy
Maximum discharge voltage
Slow protection discharge time
Fast (quench protection)discharge time constant

42.2 GJ

30-40 kA*
5-6 h
± 1 %
20 kV
0.5 h
10 s

Power Supply is designed for benchmark conductor operating current 40 kA

TABLE IV. 11-2 PF COIL CURRENT AND VOLTAGE REQUIREMENT FOR
REFERENCE SCENARIO

a. COIL CURRENT (kA)

t(s)

0
0.1
0.6
3
10
20
28
44
70
90
290
310
330
400

PF1

37.11
36.53
35.13
31.47
24.60
9.53
8.29
-6.87
-30.53
-32.49
-40.55
-40.75
-39.89
-18.04

PF2

37.11
36.53
35.13
31.47
24.60
9.53
8.29
-6.87
-30.35
-32.49
-40.55
-40.75
-39.89
-18.04

PF3

37.11
36.53
33.00
26.47
19.76
22.27
24.89
16.11
5.18
-4.38
-16.62
-15.96
-23.09
-18.04

PF4

37.11
36.53
33.00
26.47
10.75
14.55
24.89
18.29
0.00
0.00
0.00
0.96
-6.47
-18.58

PF5

36.32
35.76
34.03
27.30
13.10
19.73
32.18
32.25
34.00
26.95
15.63
12.60
0.55
-19.18

PF6

0.72
0.71
0.35
-0.46
-1.66
-5.60

-10.91
-16.57
-25.57
-20.40
-18.54
-20.71
-15.31
-0.66

PF7

1.25
1.23
0.61
-0.80
-2.90
-9.80
-4.95
-8.95
-13.60
-23.95
-26.25
-15.60
-12.55
-1.15

PL

0
0
500
2000
5000
10000
1000-
15(5 '!f;
22000
22000
220000
20000
15000
500

b. COILS VOLTAGES (V)

tCs)

0
0.1
0.6
3
10
20
28
44
70
90
290
310
330
400

PF1

-19536
-10031
-5132
-3161
-4154
-231
-2822
-2724
-449
-137
-49
-147
920
1850

PF2

-19503
-12283
-5843
-3342
-3268
133

-2623
-2507
-601
-142
-23
-330
760
1860

AFTEU

PF3

-19260
-18963
-7875
-4017
-344
1451

-1889
-1806
-989
-148
44

-955
150
1870

TIMES

PF4

-17115
-18229
-7700
-5399

i -715
2938

-1248
-1634
-464
-68
25

-1063
-230
1680

SHOWN

FP5

-25278
-17928
-12164
-8588
1975
58.: v

-669
-528
-1381
-220
-452
•2244
•900
2590

FP6

-13421
-19699
-9590
-5293
-6587
-4580
-5497
-5206
798
-12
328
>731
3360
1470

PF7.

•8218
-12500
-5907
-3150
-4543
1568
-2653
-2303
-2137
-78
2266
1015
1520
900

PL

-20.22
-9.87
-3.84
-1.80
-0.19
0.87

-0.94
-1.07
-1.12
-0.14
-0.07
-1.75
-0.64
-0.16
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TABLE IV. 11 -3 PF NET POWER REQUIRED TO PRODUCE
OPERATION SCENARIO

22 HA

t,s

0
0.1
0.1
0.6
0.6
3
3
10
10
20
20
28
28
44
44
70
70
90
90
290
290

330
330
400
400
500

plasma

P, MW

-3737
-3678
-2843
-2635
-1320
-1081
-683
-392
-132
52
200
338
-72
77
67
297
-11
36
6
13
-70

-8
-140
-70
-184
354

25 HA plasma

t,s

0
0.5
0.5
2
2
10
10
20
20
36
36
74
74
88
88
118
118
248
248
306
306
324
324
368
368
400
500

P, HU

-3186
-2951
-1272
-1139
-795
-33
-36
127
-78
62
28
173
135
175
-7
24
9
13
-160
-96
-174
-113
-210
-7
-9
0
241

28 HA plasma

t.s

0
0.1
0.1
0.6
0.6
3
3
6
6
12
12
20
20
28
28
38
38
74
74
90
90
115
115
140

P, HU

-3737
-3678
-2846
-2637
-171
-159
-825
-665
-75P
-449
-307
-137
12
232
184
293
13
52
100
213
159
267
44
57
-
-
-

TABLE IV.l 1-4 PF COILS POWER SUPPLY VOLTAGES

Coil

Vsl.

V.
c,kV

kV

PF1

1.70

2.0

PF2

1

2

.70

0

PF3

1.79

2.0

PF4

0

T
63

0

PF5

3.09

4.0

PF6

4.82

5.0

PF7

3

3

02

0

simultaneously) are controlled during the flat lop of the reference plasma and the
electrical power required to produce operation scenarios is supplied by thyristor
convenors during the most pan of the plaima pulse except the initiation period of
the plasma current ramp-up. It can be seen from Table IV. 11-4 that the voltage
demands are defined to the high extent by the plasma parameters control needs.

The protection circuits must provide a reliable fast discharge of energy in the
event of superconductor quench and slow discharge in pre-emergency situations. The
latter is needed to reduce the coil stored energy prior to the possible quench
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appearance which can be predicted with the help of a diagnostic system. At least the
up/down symmetric pairs of coils must be discharged simultaneously in order to
avoid the unbalanced vertical forces action on the PF coil system. But it is more
reasonable to provide the quench discharge of full PF coil systems, because in the
case of separate coils (or pairs of coils) discharge there is the possibility of
considerable overcurrents in some coils due to coupling between coils. It should be
noted that even in this case all PF coils are discharged simultaneously the energy
transfer from one coil to the other may take place because of differences in the coil
discharge lime constants and different current distributions in the coils at different
moments of time during operation. The additional analysis is needed for the choice
of the most optimal discharge mode to minimize the possible conductor overheating
caused by energy exchange between the coils. Even more important is the coil
safety analysis in the case of coil shoricircuiting during the quench discharge.

IV. 11.3.2. Design description

High voltage thyristor convenors with rated currents around 40 KA and voltages
shown in Table IV. 11-4 are capable of controlling coil currents during plasma
operation pulse except the plasma initiation period. Large negative power (of about
3.5 GW) and high coil voltages during plasma breakdown and initiation are produced
for most of the coils (PF1-PF5) by the resistive discharge of coil energy stored
during premagnetization. For the coils PF6 and PF7 additional thyristor convenors
designed for high voltage (10-lSkV) and low current (2-4 kA) are used during the
plasma initiation period because the premagetization currents and stored energy of
these coi's is low.

The scenarios which were used as a basis for the PF supplies design require the
supply of several coils with bi-directional currents. They can be provided by using
either bipolar convenors or unipolar convenors with mechanical reversing switches
for switching the polarity. The latter approach decreases the installed convenor
capacity by -35% (see Table IV. 11-5).

The use of a series/parallel operation of two convenors allows minimizing the
power required during premagnetization and reduces somewhat the reactive power and
installed power if the coil voltages become lower with the increasing of the currents.
However very high voltage demands for plasma parameter control made the reduction
of installed and reactive power insignificant and so this mode of convenor operation
is not employed.

There are two possible ways to supply coils
- individual supply of coils
- supply of two series connected up/down symmetric coils

The main advantage of the second approach is that there is a need only for three
current leads and bus bars instead of four for each pair of coils. The busbar
connected to the mid point of the coil pairs is designed for a low current, namely ,
current unbalance between two coils required to produce SN configuration or slow
control of plasma vertical position. It decreases the cryogenic power (by ~2kW) and
also power that is lost in the bus bars. Another useful feature of the second
approach is the higher up/down symmetry of the poloidal fields in the case of DN
plasma which decreased power demands on the AC coils. The serious disadvantage
(most probably the decisive one) is the twice higher coil-to -ground operation and
quench protection voltage in comparison with the individual coil supply.
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T2

Fig. I V.I 1-2: Typical Diagram of Coil PFJ-PF5 Power Conversion and
Protection Systems
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Fig. IV.11-3: Typical Diagram of Coil PF6, PF7 Power Conversion and
Protection Systems
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Fig. IV.11-4: Power Conversion and Protection Systems for two seriesly
connected up/down Symmetric PF Coils
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Fig. I V.I 1-2 illustrates the typical diagrams of conversion and protection
systems for coils PF1-PF5. The same for PF6 and PF7 is shown in Fig. IV. 11-3.
And example of circuit for supplying two series connected coils is given in Fig.
IV.1M.

The power supply presented in Fig.IV.l 1-2. includes:
- dc power source - two series connected thyristor convenors TCI and TC2 with

feeding transformers Tl and T2.
- reverser comprising of four mechanical switches S7-S10.
- "communication group" consisting of circuit breaker CB1, three dump resistors

Rl, R2, R3 and three closing switches S4, S5, S6. It generates high voltage at
plasma pulse initiation periods by dissipating preliminary stored energy in dump
resistors. The closers are used to modify and to bypass the dump resistor.

Convenors TCI and TC2 connected in series with the "commutation group" are
used to assist current regulation at initial periods of plasma pulse. Later when
required coil voltages reach acceptably low levels the coil currents are completely
regulated by thyrisior convenors.

Each converter consists of two bridges having no input voltage phase shift to
allow a sequential/asymmetrical control for improving the power factor. The
secondary windings of transformers Tl and T2 have the phase shift of 30* providing
12-pulse operation. The mid point of the two convenors is directly grounded.

There are two protection circuits. The first one is designed for the fast coil
discharge and is comprised of circuit breakers CB2 and CB3, connecting switch S8
and dump resistor R6. The slow discharge of coil energy provided by thyristor
convenors. In the case of convenor failure the dump resistor RS connected in
parallel to convenors by switch SI is used for slow discharge. The gaps Gl and G2
are intended for protection (he coil and converters against overvoltages. The gaps
must be shunted by SI and S8 respectively after their operation. The snubber
devices SNl and SN2 are connected across the circuit breakers CB2 and CB3 to limit
overvoltages caused by current interruption.

It should be noted that the action of one of the protective breakers (CB2 or CB3)
is sufficient to initiate a fast discharge. Therefore the necessary duplication is
provided by using these two breakers. The coil is grounded through resistors R4 and
R7 which reduces the consequences of an earth fault in the coil or busbars.

t The power supply and protection systems for coils PF6 and PF7 is shown in
Fig. IV. 11 -3. The main differences of this scheme from the above discussed (in Fig
I V.I 1-2) are the following. A ^versible convenor TC3 is used to produce high
voltage during the plasma initiation period. The installed power of TC3 is relatively
low because of low coil currents during this period. The convenors TCI and TC2
are connected to the coil by closing switch SI after the coil voltage decreases to the
level of the rated voltage of convenors TCI and TC2.

Fig. IV. 11-4 shows an example of common supply and protection systems for
two series connected up/down symmetric coils. An additional convenor TC3

fi inserted in the busbar connecting the mid points of thyristor convenors TCI, TC2
and coils PFC-U, PFC-L allows independent regulation of up/down coil currents

r. needed for the plasma vertical position slow control and for SN configuration.
, The PF power supply and protection systems comprise considerable number of
ij switches capable of carrying a steady state current of ~40kA and withstanding a
I voltage of around 20 kV. Multi-action current breakers with such parameters can be
'' of three types: mechanical, thyristor or vacuum. The combination of a mechanical
4 device with thyristors or vacuum bottles appears to be the most acceptable solution.
i
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TABLE IV. 11-5 PFCONVERTTON SYSTEM CAPACITY

VdckV.
IdckA.
PdcMVA

PF1

2.00
45.00
90

PF2

2.00
45.00
90

PF3

2.00
40.00
80

PF4

2.00
4000
80

PF5

4.00
45.00
180

PF6

5.00
35.00
175

PF7

3.00
35.00
105

Convenor installed capacity with polarity switching -1600 MVA
Convenor installed capacity without polarity switching - 2640 MVA

TABLE IV.11-6 PF NET POWER (MW) REQUIRED FOR PLASMA
PARAMETER CONTROL

Time, s

70

90

290*'

310*'

Sign of
change

+

-

+

-

-

R-a

145

-168

133

-6f

-

R+a

-202

179

-84

156

-

Rx

165

-188

200

-128

-

Zx

-294

271

-176

248

-

Zp

74

-97

100

-28

-

Bp

69

-97

68

4

-

l i

252

-275

i "0

•118

-

IP

332

-309

3 J 5

-C~

-452

-424

Plasma shut-down

As for the protective circuits, the explosive switches are thought to be potentially
the most reliable and safe.

IV. 11.4. Utility requirements and preliminary layout

The TF power supply imposes rather low demands on the electrical utility grid,
namely -50MW to p.ovide coil energy slow discharge and it takes place when the
PF supplies are not operating. Much high power is required by the PF coil system.
The total output cf the power supply convenors during plasma cycle operation is
shown in Fig. I V.I 1-5 for the reference physics operation scenario. The power
demands for other operation scenarios and for slow plasma parameter control are
presented respectively in Tables IV. 11-3 and IV. 11-6. It can be seen that in all cases
the maximum net input (positive) power does not reach 400 MW level. The
negative net power (energy is returned to the grid) reaches 450 MW, e.g. during the
plasma shutdown with current change rate 400kA/s (see Table IV. i 1-6), but it can
be reduced by using the resistive transfer of a pan of the stored energy.

According to operation scenarios the coil voltages must be regulated within a
very wide range. Using the convenors with high rated voltage to regulate high
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j \ TIME (..)

Fig. IV. 11 -5: Power Supply Convenors Output Power (22 MA Scenario)

I Qa

0 50 100 150 200 250 300 350 400 450
TIME (g.)

Fig. IV.l 1-6: Power Supply Reactive Power Consumption for :
(a) Normal Sequential Operation (Qs)
(b) Assymetrical Operation (Qa)

currents at low voltages (i.g.during burn) results in the consumption of high reactive
power. Several methods to improve the power factor were discussed:
- series/parallel switching of the convenors
- convenor asymmetrical control
- use of gate turn off (GTO) thyristors.

The first approach is not acceptable because of high voltage demands for slow
control of plasma parameters. The second method will be able to reduce the reactive
power consumption by a factor of two during periods of time when a lower power at
high current is required (e.g. bum phase). 1 he fact that the reactances in the anode
circuits reduce the efficiency of the asymmetric control should be taken into account.
Fig. IV.l 1-6 shows the reactive powers for the Physics reference scenario in two
cases of convenor operation: conventional operation - Qs and asymmetrical
operation-Qa. GTO thyristor convenors present a rather novel technique and a
present they are likely to be more expensive and inefficient solution. The additional
study on the reactive power compensation is required.
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Preliminary recommendations for power supply equipment layout are the
following. The power supply and protection systems are located in two separate
areas. The TF coil supply and protection components are placed as near the coils as
possible, because it's elements carry the full current permanently. They demand an
area of about 500 m2 and will be located in the reactor building together with some
cryogenic system components. In the same place the PF coil protection system
components will be placed (also ibout 500 m2).

The PF coil convenors, transformers and other equipment require large areas and
they will be placed in a special building with an area around 10000 m2.

REFERENCES

[1] ITER Poloidal Field System. ITER Documentation Series N27. IAEA,
Vienna, 1990.

IV.12 .COEL SERVICES

IV. 12.1 General Layout

The general arrangement of the coil services routing & equipment located inside
the reactor building is shown in figure IV. 12-1 and IV. 12-2. All coil services
equipment & routing inside the reactor building is located below the reactor floor
level and the services pass through the bottom wall of the cryostat to enter the.
magnet space. As shown in Fig. IV. 12-3 six penetrations are used for routing of the
cryogenic, electric and diagnostic lines through the cryostat wall. These penetrations
have to be high vacuum leak tight, in order io protect the cryostat vacuum against
the outside. For the busbars connecting the coils with the power supplies etc. and
the diagnostic lines also electrical insulation is required. Cryogenic piping needs
additional insulation to avoid high heat fluxes into the supercritical helium. If
altogether the remote handling of the foreseen combination of cryogenic piping with
the superconducting bus lines as indicated in Fig. IV. 12-2 is possible remains to be
analyzed in detail. Possible interference with the cooling lines for the lower divertor
remains to be checked. The shown arrangement should serve as a starting point for
the detailed evaluation of installation and maintenance problems during the EDA
phase. A below floor level vacuum tunnel is used for circumferential routing of all
coil services and safe personnel access to this tunnel has been assumed. All
disconnections in the electrical and cryogenic lines used for the coil replacement are
located close to the coils. Additional radiation shielding analysis is necessary to
determine if remote handling will be needed to make/break coil services for coil
replacement. The cryogenic valve boxes and current leads are located close to he
reactor as shown in figure IV.12-1. The transition from helium cooled
superconducting current feeders to conventional water or air cooled current feeders are
located in this area. All coil services are routed radially outboard through this area
and away from the reactor area. Another location of coil services equipment installed
inside the reactor building is also shown in figure IV. 12-1. Circuit breakers and
dump resistors for the TFC and PFC quench protection systems and cryogenic
system components (cold boxes, secondary LHe storage, recovery tank etc.) are
placed here. The remaining component of cryogenic system and coil power supply
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Fig. IV-12.1. Reactor building plan view



are located outside the reactor building and this equipment is discussed in
corresponding sections of this report. The methods of connecting and routing
services to this equipment is well established, therefore, the methods do not need to
be discussed here.

IV. 12.2 Cryogenic lines & connections

The magnet cryogenic system schematic is shown in Figure IV. 12-4. All
cryogenic lines will be made from stainless steel tubing and fittings with welded
joints. For thermal insulation a combination of vacuum, multilayer insulation and a
shield which is cooled by the gas used for the refrigerated radiation shield will be
used. A detailed layout also with respect to possible remote handling requirements
remains to be done in the next phase. A possible layout as indicated in Fig. IV. 12-2
shows a combination of cryogenic service with the superconducting buses. Another
possibility would be to separate buses and cryogenic lines. The the use of concentric
pipes could be considered. For such piping arrangement already remote handling
schemes exist (see paper at SOFT-90 conference in London :"C!i. Barnes et al.,
Remote Maintenance of NET Cryogenic Pipe Connectors"). Supports will be used
with strain relief bends and/or stainless steel bellows where needed, to compensate
for differential thermal contraction between supports and lines. Helium coolant lines
which attach to the conductor will be at the coil electrical potential and electrical
insulation designed for 20 kV will be used for them. The CS helium coolant lines
will be routed to the bore of the magnet and connected to an insulator canister. Each
CS coil will be assembled with an insulator canister and the helium in-line
insulators will be located inside the canister. The helium supply/return manifolding
will also be located inside the insulator canister. The helium lines at the coil
potential will use insulated feed-thrus to penetrate the canister walls. The outer PF
coils will also use insulator canisters similar to the CS coil insulator canisters. Each
outer PF coil will have an insulator canister attached to the outside of the coil and
there, all the helium in-line insulators and helium line manifolding will take place.

The TF coils will be done in a similar manner but the helium in-line insulators
and manifolding will be located inside the coil case in the case penetration area. The
TF coil cryogenic services arrangement is identical to the PF coil arrangement with
the exception that the TF coil case replaces the PF coil canister wall. Details of this
canister concept and its feasibility especially with respect to maintenance and
reliability have to be studied in detail during the EDA.

All helium lines which supply helium coolant to insulation canister, structure
and thermal radiation shields are routed to the valve box area located inside the
reactor building. The flow control valves located inside the boxes will be used to
balance the helium coolant flow to all magnets. This How balancing scheme will be
used also during cool down to keep the total magnet system temperature gradients
within an acceptable range. The valves also serve as isolation valves to the different
magnets in case a magnet experiences a major disturbance e.g. quench. Such an
isolated coil then can safely be evacuated into the emergency dump tanks.
The remainder of the cryogenic equipment is located in cryoplant building and the
well established methods of connecting this equipment to the cryogenic system
inside the reactor building will be used.
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Fig. IV-12.4. Magnet ciyogenic system schematic
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IV.12.3 Current feeders

A separate pair of current feed bus bars will be connected to each PF and TF
Coil with a total of 30 pairs of bus bars. The supply and return bus bars will be
clamped together to counterbalance Lorentz forces. All bus bars will have electrical
insulation withstanding a voltage 20 kV. Supports will be used with strain relief
bends and bellows where needed to compensate for differential contraction between
supports and feeders. Bus bar splice joints will be staggered and clamped together
with bolts. The current feeder reference design uses helium cooled superconducting
bus bars for the routing between each coil and the current lead which location shown
in Figure IV.12-1. The superconducting material chosen for the superconducting bus
bars is NbTi as this is a ductile material. The low magnetic fields in the current
feeder routing areas makes NbTi a good choice but use of Nb3Sn providing much
higher temperature margins should also be considered. Conventional water cooled or
air cooled bus bars may be used for the remainder of the current feeder system going
form current leads to the power supplies. Non superconducting bus bars may also be
used inside the cryostat instead of the superconducting busbars. In this case the
current leads are located directly at the coils. The disconnection - by remote handling
- would take place there if a coil has to be replaced. Which of the two alternatives -
sc bus bars or copper bus bars - finally will be used, has to be evaluated during the
EDA phase.

IV. 12.4 Diagnostics

The following diagnostics are being considered for the magnet system:
Voltage taps
Pressure measurements
Mass flow measurements
Strain gages
Temperature sensors
Acoustic emission sensors.

Voltage taps will be used primarily for querxh detection circuits, but they will
also be used as monitors during magnet charge/discharge. The wiring will be at coil
potential and good electrical insulation will be required. Taps will be connected to
the current leads and magnet terminals and additional taps may be needed inside the
coil windings. Voltage tap leads will parallel other coil services out of the cryostat
and routing through the reactor building.

Pressure and temperature sensors will be located close to the coils but these will
be installed in helium coolant lines or support structures which are not at coil
potential. Reliability aspects should be taken into account when making decision
about sensors inside coil windings.

All strain gages will be located on the outside surfaces of coils and structures
only. Therefore, instrumentation wiring penetration into the coil winding space will
not be required. Strain gage measurements inside the coil windings should not be
necessary.

Thermal acoustic emission sensors have been used in the past to detect unusual
sounds during magnet operation and model coil development testing should
determine if acoustic sensors have value in a large magnet system. If acoustic
sensors are used the quantity will probably be small (less than ten sensors). Mass
flow measurement, e.g. orifices will be located at the area of the valve boxes. It will
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be used to assure equal supply to all coil circuits and also may serve as additional
safety signal in case of big disturbances connected with heat into the coils, e.g.
quench, loss of cryostat vacuum, breaking of pipes etc.

IV.13. CONCLUSIONS AND RECOMMENDATIONS

IV.13.1. Overall suitability of the design

The assessment of the overall suitability of the design falls into two categories:
(i) The compatibility of the magnet design criteria with what can be presently

obtained from industrial technology, or what can be expected to be available as
a result of the proposed R and D programme on a timescale compatible with
that of the machine construction,

(ii) The compatibility of the magnet operating conditions with the design criteria.
Issues in the first category that can be expected to be resolved soon after the
start of the EDA are as follows:

• Superconductor strand. The existing assumptions on strand jc and hysteresis
losses are based on "state of the art" technology that must be confirmed in
large scale industrial production.
The assumption on materials properties and levels of non destructive testing
for conduit and case materials.

• The assumption on the acceptable level of nuclear radiation in the coil
insulation.

The second category relates to the overall design and analysis of the machine.
Issues that arise here can be accomodated by small adjustments to the overall
machine parameters. These have not been possible during the CDA since the
boundaries of the magnet system have been "frozen" to allow independent parallel
work in other systems.
• Conductor design. Detailed analysis of all of the conductors has not been

available in the CDA but the various proposals need more careful assessment in
terms of stability during disruption, AC losses and industrial fabrication.

• Volt seconds. The stress levels in the central solenoid need more careful
assessment with fully consistent cable space/conductor designs to look at the peak
level of tensile stress and the creation of radial tensile insulation stresses due to
the grading.

• Structural assessment of the TF coils under fault conditions. A more detailed
analysis is required to confirm that the combination of shear keys, bolts and
friction is sufficient to maintain overall structural independence.

• Temperature margin in the coils as the AC losses/nuclear heat accumulate during
the plasma cycle. The heat input to the coils shows large peaks during the plasma
cycle. A full time dependant electromagnetic thermohydraulic calculation is
required to confirm that the conductor temperature margins are sufficient.

Overall there is confidence that the design concepts presently proposed for the
magnets can be developed into a full engineering design. Minor adjustments may be
necessary to fully satisfy the design criteria as the database develops but the
conceptual design activity has confirmed that the proposed concepts are sufficiently
flexible to be applicable over a range of plasma and machine parameters.
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IV. 13.2. Feasibility issues and requirements for R and D

There are three major objectives of the Magnet R & D programme. These are:
1) Build and confirm the engineering database. The superconducting development

programmes of the past provide the foundation upon which the specific
database for the ITER magnet development can be anchored. This database
development includes such items as conductor development; e.g. strand,
jacket, cable; characterization of heavy steel sections (cases); characterization
of insulating materials; characterization of winding fabrication techniques; and
development of critical utility components (DC breakers, cryogenic circulation
pumps, etc ...).

2) Develop and demonstrate production techniques. This includes model coil
design and fabrication for both the central solenoid (CS) and for the toroidal
field coils (TF), and

3) Model the operation of combined systems to confirm component and
subsystem compatibilities and to reveal synergistic effects. This includes
preparation of facilities for model coil testing and implementation of the
model coil test programme.

These three tasks are expected to confirm the overall feasibility of the proposed
concepts for the magnet systems.

IV. 13.3. Modifications recommended for improved reliability or safety

Consideration of possible fault conditions is an integrated pan of the design of
the main superconducting magnets and their associated support systems (power and
cryogenic supplies). The overall philosophy proposed for the magnets is that all
faults should be contained within the system regardless of the initiation fault or
external control action, i.e. the magnets display passive safety.

Confirmation of this requires both extensive analysis and a full design definition
which is not presently available. The present analysis has been taken to a level
consistent with the design definition.

The extent of the fault analysis that has been performed is therefore limited, and
a more detailed assessment must await development of the design. However the
critical issues have been examined and it appears that either the magnets satisfy at
present the requirement for passive safety or that minor design modifications can be
made to achieve this. The analysis is reported in more detail in the section on
safety.
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