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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
cf 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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I. INTRODUCTION

I.I. (iF.NF.RAL

This report describes the results and recommendations of the
Containment Structures Design Unit (CSDU) resulting from the work carried
out for the ITER Conceptual Design Phase. The Containment Structures consists
of the following components: the primary vacuum vessel (VV), the attaching
locks (AL) of the in-vessel components, the plasma passive and active stabilizers,
the cryostat vessel (CV) and the machine gravity supports.

For these components, the aim of the ITER conceptual design phase has
been to identify and analyse the main design requirements, interface parameters
and possible design solutions and select where possible reference or possible
candidate designs for further development in the Engineering Design Phase.

Reference designs were selected for most components, but for some
components, alternative design options are described and retained for further
consideration into the next design phase. Where options were retained, these
components are both critical to the working of the basic machine and for which
unresolved problems still exist and further research and development is necessary
before a final choice can be made.

Chapter II of this report gives a summary of the CSDU activity and results
reached during ITER Conceptual Design Phase. Chapter III describes the basic
configuration and functions of the Containment Structures System: how it is
divided into the various subsystems and individual components, how the
components relate to each other and to components or interfaces of other
systems that make up the whole of the ITER machine. Chapter IV sets out the
design requirements that the components are expected to satisfy. Chapter V
describes the critical design issues that have arisen during the course of the
conceptual design study. Chapter VI gives the design description of the
subsystems and components including alternative design proposals to the
reference where appropriate. The logic for the designs and the reasons for the
choices are explained. In chapter VII, the conclusions and recommendations for
future design development are stated in terms of what has been accomplished to
date, the acceptability of the designs including any alternatives, to what extent the
design requirements have been met and remaining areas of concern. For the
latter, the research and development needs are summarised. Finally, in the
ANNEX, the R&D plan is described.

1.2. ITER OBJECTIVES

The overall objective of ITER is to demonstrate the scientific and
technological feasibility of fusion power. ITER will accomplish this objective by
demonstration of controlled ignition and extended burn of a deuterium-tritium
plasma with steady state as an ultimate goal, by demonstrating technologies
essential to a reactor in an integrated system, and by performing integrated
testing of the high-heat-flux nuclear components required to utilize fusion power
for practical purposes.
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To reach this objective ITER will be operated in two phases:
-a physics phase focused mainly on achieving the plasma objectives,
-a technology phase devoted mainly to engineering objectives and the

testing programme.
The engineering and testing objectives are to validate design concepts and

qualify engineering components, to demonstrate the reliability and
maintainability of the reactor systems, and to test the main nuclear technologies
(blanket modules, tritium production, extraction of high-grade heat appropriate
for the generation of electricity, etc.). Specifically it is hoped that the device can
provide:

1. testing conditions with the average neutron wall loading of about
lMW/m2,

2. a neutron fluence of about 1 MWa/m but with the design allowing
for the possibility of a higher neutron fluence in the range of
3MWa/m2,

3. a tritium breeding blanket that aims at achieving a breeding ratio as
close to unity as possible, and

4. an overall availability of ITER of at least 10%, but which should reach
a level of 25 % and provide continuous operation for a period lasting
one to two weeks.

1.3. ITER CONFIGURATION

During the concept definition phase, the configuration development
studies were aimed at deriving a reactor concept that integrated the results of
several concurrent efforts. Information derived from the efforts of other ITER
engineering groups and design units with specific system responsibilities was
combined with efforts within the maintenance and containment structures design
units to arrive at the proposed configuration. Specifically, the issues addressed
included:

1. The design of an integrated vacuum vessel/bulk shield and the
interfaces to the TF and PF coil systems, blankets, active and passive
plasma stabilizers, all port penetrations, etc.

2. The evolution of the maintenance schemes for key components.
3. The principal design solutions of the cryostat and machine gravity

supports.
4. Initial concept and layout of the reactor buildings that affect the ITER

configuration.

The reference ITER configuration, based on the final required machine
parameters and the results of the design efforts to date, is shown in Figures 1.3-1
and 1.3-5.
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T H E I T E R D E V I C E

1- CENTRAL SOLENOIO
2- SHIELD/BLANKET
3- ACTIVE COIL
4-

5 - VACUUM VESSEL-SHIELD
6- PLASMA EXHAUST
7- CRYOSTAT
8- POLOtOAL FIELD COILS

9- TOROIDAL FIELD COILS
10- FIRST HALL

11- DIVERTOR PLATES

Fig. 1.3-1 Overall view of ITER basic machine
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Fig. 1.3-2 Elevation view of ITER basic machine, reference drawing



Fig. 1.3-3 Plan view of ITER basic machine, reference drawing



REJUTOR

0 2 4. 6m

/- CRYOSTAT

3- VACUUM VESSEL PARALLEL SECTION

2- VACUUM VESSEL UEDGE 5ECT10N

4- VACUUM VESSEL SUPPORT

Fig. 1.3-4 Overall view of the vacuum vessel and cryostat
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Fig. 1.3-5 Schematic 3D-view of the vacuum vessel portion
(one parallel and one wedge sector)
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Four reactor configurations, with many variants, were considered during
the concept definition phase. All the solutions investigated have some common
requirements:

1. The basic machine is the semi-permanent part of the reactor and it is
designed for the lifetime of the plant. It must have high reliability. It
consists of the magnet system, the vacuum vessel and shield structures
and the cryostat in a W configuration that permits separate assembly
and repair/reassembly as much as possible.

2. The internal (or in-vessel) components, which include the blanket
segments, shielding plugs and plasma facing components, are located
inside the vacuum vessel and are replaceable. They have lower
reliability and predicted shorter lifetimes and must be more easily
replacable because the component reaches its end of life, there is an
accident, or it is desirable for experimental purposes to make a change
during the various operational phases. (During CDA phase this point
of design philosophy was recc sidered, and only the divertor plate, the
small blanket test modules, and some part of the first wall tiles are
considered as scheduled replacement elements). All large driver-
blanket segments are considered semi-permanent elements with the
need for replacement resulting only from damage due to accidents;

3. Access penetrations through the cryostat, coil systems, and vacuum
vessel are provided for maintenance, for replacement of the internal
components and for reactor auxiliary systems (plasma exhaust, heating,
fuelling, etc.);

4. All the main coils are superconducting and the PF coils, located
outside the TF coils, can be removed with the torus (vacuum vessel
and TF coil system) in position;

5. The coils and the intercoil structures contained in the cryostat vacuum
are completely surrounded by a helium gas-cooled thermal shield to
reduce the radiation heat losses;

6. The vacuum vessel is a tight structure which separates the plasma
vacuum from the cryostat vacuum, providing the primary containment
of activated materials; the vacuum vessel in combination wifh the
shield also provides the nuclear radiation shielding to protect the TF
coils;

7. The initial layout of the reactor hall, auxiliary systems and adjoining
spaces were developed with the following guidelines;

-design for full remote maintenance with hands-on backup wherever
possible;

-enable transport of major components into/out of the reactor hall
spaces during construction, and after neutron activation;

-locate the basic machine support systems in optimal locations for
installation, operation, maintenance and safety;

-maintain overall dimensions as small as possible without unduly
constraining construction, operation, safety and maintenance.
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II. SUMMARY

The main efforts of the Containment Structures Design Unit were
concentrated in the following areas:

1. Vacuum Vessel ( W ) : choice of reference, design study and
development of details (assembly of joints, electro-insulating structural
connections, resistieve elements, cooling channels, etc.).

2. Attaching locks (AL) for the in-vessel components: development and
analysis of the candidate designs.

3. Plasma passive and active stabilizers: design development and
integration into the VV structure.

4. Cryostat: reference design selection and development.
5. Machine gravity supports: choice of design and development of

details.

During the CDA, the following were the primary tasks:
-finding workable and reliable design solutions for all machine

components, consistent with the parameters and requirements,
-choosing a reference or "first candidate" design option for each

component for use in the ITER design integration,
-determining the most critical unresolved design problems for future

design and R&D efforts.

Naturally, in the process of choosing the single "reference" or "first
candidate" design option from existing workable solutions, the relatively
conservative, best known, or standard solution has the best chance to be chosen.
Such selections are supported by wide and reliable existing manufacturing
experience and/or previous R&D results.

However, many new and previously unknown attractive alternative design
solutions were discussed during CDA. These solutions provide the potential to
lead to improvements in some parameters of machine components, to increase
total machine reliability, or to provide operational flexibility. Typically, these
options were iiot chosen as a reference mainly due to the lack of existing
manufacturing experinence or the need for additional R&D. These options
should be retained for consideration during the EDA, since such options may
have a good chance to be used in the ITER final design, depending on successful
future design developments and R&D results.

In many ways, these alternative options provide the potential to be an
effective means to solve the identified critical design issues and thereby improve
the existing ITER reference design. Short descriptions of the proposed
alternative solutions in the CDSU area are given in chapter VI.

Progress of the ITER design resulting from the CSDU activity is briefly
described as follows:
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II.l. VACUUM VESSEL (VV)
The reference VV design approach was selected in 1989 based on early

discussions of the candidate options. The design was developed in detail during
1990 based on home team design proposals and analytical studies.

The reference design is a thick wall W structure and consists of 32 rigid
thick-wall sectors (16 "parallel", located in the plane of TF coils, and 16 "wedged",
located between the TF coils). Each parallel sector has two internal electro-
insulating breaks which are structurally connected by toroidally oriented bolts
and shear keys with electro-insulating coatings. All connections are located in the
secondary (cryostat) vacuum and are separated from the primary vacuum by 32
corrugated resistive elements which provide a full-metallic welded boundary for
the primary vacuum and for tritium/radioactive dust containment.

The Vacuum Vessel has 32 assembly joints, located separately from
electro-insulating breaks.

The position, shape and design of these assembly joints were chosen (after
some iterations) on the basis of existing experience, stress analysis, safety,
nuclear shielding and remote handling maintenance requirements. There are
double welded joints with additional structural welds and bolted connections to
provide sufficient stiffness. The location of the weld joints was chosen to maintain
the possibility of cutting/rewelding by remote handling tools after the machine is
irradiated (stainless steel rewelding limit is ~ 1 appm He production).

The design of the main W components (bolts, shear keys, welded joints
and resistive element cross sections) were chosen (after some iteration) on the
basis of numerical studies that determined electromagnetic, overpressure,
thermal, gravity and seismic loads. For the latest W design, all calculated base
stresses are within acceptable values, but some critical points with stress
concentations were identified and need to be improved in future studies and
designs.

Critical R&D tasks are required to finalize the VV design, confirm its
feasibility/reliability, and check its compatibility with remote handling tools.
These should be completed during the EDA to provide the basis for construction
of the W .

In parallel to the reference thick-wall W design development, the
alternative thin-wall W option should be retained for consideration. The thin-
wall design is potentially simpler than the reference and has been the common
approach used in all existing fusion devices. However, some unresolved
problems or technology demonstration tasks exist (e.g. compatibility with the
twin-loops design, bonding/welding manufacturing choice, etc.). If these
problems are solved in time, the thin-wall W has a good chance of being used in
ITER. It may alos be possible to continue to explore the possibility to
incorporate the best features from both approaches.

II.2. ATTACHING LOCKS FOR THE IN-VESSEL COMPONENTS
Many possible design options of the blanket attaching locks were

developed and analysed during the CDA, but a reference approach was not
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chosen. One attractive, but not yet verified, option was chosen for use in the
ITER design integration.

This situation is a result of the extremely difficult and significantly
contradicting requirements for the locks design. The complete set of these
requirements is given in section IV.2., and is briefly summarized below:

-the locks must withstand the high electrodynamic loads due to a plasma
disruption (up to 35 MN shear load between adjacent outboard
blanket segments),

-freedom for mutual (blanket-to-vessel and blanket-to-blanket) thermal
contraction must be provided during normal and accidental conditions
without component damage,

-no clearances or sliding surfaces are allowed in the lock to prevent
dynamic shocks, jamming, vacuum welding, etc.; the locks are located
in an irradiation area that precludes rewelding of stainless steel,

-the connection/disconnection of the locks must be accomplished by
remote handling tools, taking into account the possiblity of having to
remove damaged (uncooled) blanket segments,

-correct mutual position (a few mm) and small gaps (~ 20 mm) between
all blanket segments must be guaranteed,

-the locks should provide the electro-insulating barrier between blanket
segments if these barriers m>, not incorporated into the segment
structure,

-the design should provide effective nuclear heat removal from all lock
elements.

It should be pointed out that the design of the blanket locks has never
been addressed previously since there are no analogies on any existing tokamaks.

New engineerging approaches and guidelines were generated by the ITER
Team that only partially satisfy these requirements. For example, electro-
insulating breaks located in the mid-portion of the blanket segments combined
with electrical conducting connections between blanket segments in the locks
area drastically reduce tht loads acting on the attaching locks. This approach
(referred to as the separation of electro-insulatiug breaks and field assembly
joints) is used in the inboard blanket and also in the W structure design.

A second example is the mutual blanket-to-blanket interlocking scheme,
us;d in ITER instead of the previous blanket-to-vessel locking scheme. This
approach simultaneously solves the problem of blanket-to-vessel thermal
contraction during normal operation and during baking regimes. The approach
leads to compensation of the dominant shear electromagnetic loads, acting in
opposite directions on the adjacent blanket segments walls. Only non-
compensated, relatively small vertical electromagnetic loads and blanket dead
weight act on the vacuum vessel.

A list of some of the blanket attaching lock options analysed during the
CDA phase is given below:

1) Mechanical bayonets
2) Flexible welded plates
3) Hydraulic jacks
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4) Bolted wedges
5) Melted/solidified metal
6) Bolt-to-bolt welded connections
7) Toroidal supporting belts
Approaches 3 through 7 are considered potentially good candidates for

use on ITER; however, they all require significant continuing design and R&D.
Detailed design descriptions of these last five options are given in section VI.2.

For ITER design integration in the CDA, the bolt-to-bolt welded
connection approach was selected for the inboard blanket segments. This
approach, in combination with other approaches seems reasonable for the
outboard blanket (see details.'in section VI.2.).

The bolt-to-bolt welded connection approach is based on the welding of
specially shaped heads of two bolts, respectively screwed into the side walls of
adjacent blanket segments. This approach precludes any gaps and sliding surfaces
and it is not sensitive to the tolerances of the blanket segments manufacturing or
installation. If a blanket segment needs to be replaced (this is a possible, but
non-scheduled operation), all welded connections will be cut and all the bolts in
the two adjacent segments will be replaced. As a result, no rewelding of
irradiated material is required. In the latest design, aluminium-alloy sleeves with
Al~O coating are inserted into the blanket structure prior to inserting the bolts.
They provide a double (or quadruple) electrical barrier and also protect the
blanket walls from damage due to relative thermal contraction between adjacent
segments that may result from off-normal operating conditions (i.e., loss of
cooling).

However, a serious technological problem remains to be solved before this
design can be adopted. Welding and cutting tools must be developed that are
capable of operating in the narrow (~ 20mm) and deep (~ 500mm) gaps. If
feasibility of repeatable, good quality, thick (several cm) welded joints can be
demonstrated for these conditions, this concept will be chosen as the reference. If
not, other approaches must be considered.

This means that R&D studies during the EDA should be conducted on
several design approaches with a uniform level of priority.

It is hoped that work on the blanket locking system will develop a concept
that can also be applied to the divertors or at least lead to feasible new ideas. As
opposed to the blankets, the divertors require scheduled replacement.

II.3. PLASMA PASSIVE AND ACTIVE STABILIZERS
One of the principal torus ( W and blanket) functions is to provide the

passive and active stabilization of the plasma since the very elongated cross-
section is naturally unstable to vertical displacements. To do this, highly
conductive passive loops (PL) and in-vessel fast active control coils (AC) must be
incorporated in the torus design.

II.3.1. Passive stabilizing loops
The conventional passive saddle loop approach was proposed initially for

plasma vertical stabilization in ITER. But evolution of the ITER parameters to
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the highly elongated plasma drastically reduced the saddle loop stability margin
to an unreasonably low value (i.e. m ~ 0.3 for specified plasma parameters and
only 1 cm for all electrical gaps). Additionally, design integration problems
appeared due to interference between the vertical legs of the saddle loops and
the horizontal ports.

To solve both problems, a new passive stabilization concept, named the
twin-loops concept, was conceived and developed by the ITER Team. This
approach was approved as the ITER reference design in October 1989.

The twin-loops consist of good conducting plates attached to the outboard
blanket segments at the front face, side walls, and back walls above and below the
horizontal ports. Conducting plates are also attached to the adjacent inner
surface of the VV bulk structure. There are no special vertical electrical
connections between the upper and lower parts of the twin loops. This provides
maximum flexibility in locating the equatorial ports. There are also no
requirements for galvanic connections between the blanket segments and the W
since inductive coupling is used. This solves the problem of different thermal
expansion movements between these structures. A more detailed design
description is given in Section VI.3.

Both simple estimates and detailed numerical studies show, that the twin-
loop concept (in comparison with saddle-loops) allows an increase in the
allowable gap size between the adjacent outboard blanket segments. The
electrical gaps can be increased from 10mm to 30mm and the geometric gaps
from ~ 5mm to 20 mm. Simultaneously, the stability margin is improved from
mg ~ 0.3 to the required level of mo > 0.5. It is interesting to note that if the
stability margin were maintained at the previous level (about 0.3) the allowable
electrical gap could be increased by a factor of ~ 10, up to ~ 100mm.

II.3.2. Fast active control coil (AC)
A pair of one-turn sectorized coils with ceramic powder electro-insulation

and current joints/cooling water connections located in the primary vacuum was
initially proposed for the active control of the plasma vertical position in ITER. A
detailed study showed three serious problems:

1) the neeed for fully remote maintenance for the in-vessel current joints
because they are located in a severe radiation and tritium environment.
In the original design, the AC current joints and water connections had
to be disconnected before the outboard central blanket segment could
be removed, and then had to be reconnected after the new segment
was installed, since part of the upper AC was integrated in the central
blanket segment structure.

2) extremely severe operating conditions for the AC current joints and
water connections, including high cyclic (N > 10 ) dynamic (t ~ 30ms)
EM loads with a typical amplitude up to F ~ 1 MN/m.

3) an unreasonably high value of the AC self-inductance. For the first
version, the self-inductance was at least a factor of 2 higher than the
"ideal" limit. This resulted in increased requirements for the voltage
and power capability of the AC power supply system.
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To solve the described technical problems, AC design improvements were
conceived by the ITER Team during the second half of the CDA phase (1989-
1990).

The first step involved relocating the AC to a new position, approximately
2.5 meters nearer to the machine horizontal mid-plane. The idea was to use two
toroidally continuous spaces for the AC with up-down symmetry. The space was
available between the upper-to-horizontal VV ports and horizontal-to-lower W
ports. The new AC position results in no geometrical intersection of the AC with
the blanket segment replacement tracjectories. As a result, the AC can be kept
in place during all maintenance operations on in-vessel components. AC static
efficiency in the new position is approximately 20% less than ideal but this
disadvantage can easily be compensated by the reduction of the AC self-
inductance (see steps 2 and 3). The new AC position was adopted as an ITER
reference in February-March 1990.

The second step in the A.C. design improvement was the relocation of the
current/water terminals from the primary to the secondary vacuum region. In
this arrangement the AC can be repaired by remote handling tools without prior
blanket segment removal.

The third step involved the reduction of the AC single-turn self-inductance
(L»fVN ) by eliminating the long current leads, and more effectively, by
replacing the single-turn with multi-turn coils. It was shown that reduction of the
AC single-turn self-inductance by approximately a factor of 2 can be
accomplished by these two methods. The required voltage and power of the AC
power supply system is reduced correspondingly.

Seven possible AC design options were analysed, and the last two or three
are considered as the most probable candidates for ITER. The candidates are the
following:

-single-turn or multiturn sectorized coils
-saddle-type multiturn coils
-flexible multiturn coils.

More detailed AC requirements and design description are given in sections
IV.5. and VIA

II.4. CRYOSTAT
Several feasible cryostat vessel (CV) design options were discussed and

compared during the CDA. Options considered were:
-concrete wall, up to "' 2m thick, with continuous metallic inner liner
-full-metallic ribbed welded wall
-metallic, electrically sectorized wall with continuous liner
-metallic rigid, welded structure with local high-resistive elements

It was decided that the CV should have no specific nuclear shielding
requirements. This decision was derived from the fact that sufficient biological
shielding will be provided (for personal access 24 hours after shutdown) by the
outboard blanket / v.v. (thickness ~ 1.5 m) and the shielding around all
penetrations ( ~ 1.2 m close to the machine). Local streaming points should be
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determined and specially shielded. This means that a biological shielding function
is not required of the cryostat.

The requirement for the CV toroidal electrical resistance (to limit the EM
shielding effects) changed during the CDA. Initially, up to 70 mm of effective
stainless steel wall thickness was allowed, and a simple full-metallic, ribbed,
welded CV design was selected as the reference (25 nm sheets, supported on 700
mm vertical and toroidal ribs). In September 1990 the electrical requirements
were respecified to be 10 mm of effective stainless steel toroidal thickness. The
change was based on a better numerical study of the start-up phase. As a result,
the previous full-metallic welded CV design was slightly modified to include four
local high-resitive corrugated metallic inserts. Electrically insulated bolted
connections were incorporated in the CV cylindrical wall around the resistive
insert perimeter to provide structural continuity through the inserts. This design
seems feasible and reliable, but additional R&D is needed to optimize the
resistive inserts design.

An upper crystat cover, with large trapezoidal openings for blanket
maintenance and a central circular cover for the central solenoid and PF 5
replacement, was also designed. Future design optimization is required to reduce
the weight of the cover and to provide reliable vacuum sealing around all
openings. The multiple penetrations for current leads and cryogenic lines will be
incorporated into the bottom portion of the CV.

11.5. MACHINE GRAVITY SUPPORTS
In the gravity support area, feasible design options were developed and

analysed during the CDA. The main requirements for the supports are to provide
a reliable machine base to react gravity and earthquake loads and for machine
assembly and repair. It should occupy the minimum space and provide sufficient
freedom for the magnet system and W thermal expansion and minimize heat
leakage to the cold components. Different variations of kinematic rolling and
flexible supports were compared. The flexible multi-plate design approach was
selected as reference. Its major advantages are its simplicity, absence of
rolling/sliding surfaces, and a good centering of the magnet set and W axis. The
choice between variants using compressive or tensile flexible plates is still open,
but the compressed plates option was chosen for ITER design integration, since
it has the stronger basis in current designs and numerical analysis.

11.6. LONG TERM R&D PLAN

II.6.1 Introduction
The containment structures long-term R&D plan for 1991-1995 was

originally prepared during the Winter 1990 Joint Work Section, discussed by
Home Teams, and reviewed/updated during the Summer 1990 Joint Work
period.

A new revised R&D plan was then presented and reviewed at the R&D
Specialist Meeting and by ISTAC during the weeks of 27 August and 15
September 90. The main comment was on the full scale mock-up/prototype task
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description and time schedule. The recommendation was to re-examine the full
scale vacuum vessel (VV) prototype needs and timing and evaluate cost/benefit
of centralized versus distributed efforts.

After discussion in the CSDU, most of these recommendations were
incorporated into the last version of the plan (ITER-IL-CS-2-0-38 rev.4).

II.6.2. Summary
Key issues of the ITER containment structure are to develop:

1) fabricability of large and heavy components (20m, lOOton) with
complicated geometry and high accuracy of 2-5mm; this includes the
ability to perform on-site thick welding and cutting and rewelding by
remote handling tools,

2) an accurate torus structure to allow electromagnetic loading
(lOMN/m) due to disruptions and to provide flexibility for thermal
expansion due to different operating temperatures,

3) a tritium containment structure with double seals capable of being
maintained by remote handling.

For this purpose, an overall R&D plan was established and the following
five specific tasks are addressed in the plan. (Technical issues are summarized in
Chapter VIII.). These include:

Vacuum vessel (COS.l)
Locks and supports (COS.2)
Plasma stabilizing elements (COS.3)
Cryostat elements (COS.4)
Full scale mock-ups (COS.5)

Tasks COS.l - COS.4 will basically proceed in the following three steps.

1. key component development/study
2. scaled and partial models development/study
3. full scale mock-up development

In order to minimize redundancy in test facility costs, the final steps of
COS.l - COS.4 task development will be combined in one large mock-up study
(COS.5). This full-scale torus sector mock-up should have most of the important
features of the critical or undeveloped details of the torus. Based on the
recommendations of the R&D review meeting, the fabrication of a W prototype
was postponed to occur after 1995, and is now considered as a task of the
construction phase. The needs and time schedule for the torus sector full scale
mock-up fabrication/study were discussed in both the CSDU and AMDU. It was
decided that a torus mock-up must be at least fabricated before 1995 in order to
validate the principal design solution and to receive feed-back response in design
optimization before starting of the actual manufacturing process. The main
requirements for the detailed mock-ups are as follows.
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Table II.6-1. CSDU R&D COSTS (1991 -1995)

Task No.

COS. 1
1.1
1.2
1.3
1.4
1.5
1.6

COS. 2
2.1
2.2

COS. 3
3.1
3.2

COS. 4
4.1
4.2
4.3

COS. 5
5.1
5.2
5.3
5.4

Total

Task description

Vacuum vessel feasibility
Partial models manufacturing
Strucural assembly joints
Large flange connections and secondary seal
Electro-insulating connectors
Resistive elements
Feasibility of casting

Attaching locks and supports
Blanket attaching locks
Machine supports

Plasma stabilizing elements
Passive loop
Active coils

Cryostat elements
Large bellows
Penetration and lip seals
Thermal shield/superinsulation

Torus sector mock-ups
Full scale W 1st sector
Full scale in-vessel component
Full scale W 2nd sector
Electromagnetics sub-scale model

Cost(M$)

6.0
1.5
2.5
1.5
0.9
1.0

4.5
.5

1.0
4.0

2.0
1.0

0.5

4.0
6.0
6.0
0.6

43.5
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Table II.6-2. CSDU R&D COST PROFILE

Tasks 1991 1992 1993 1994 1995 Total After 1995

COS
COS
COS
COS
COS
COS

COS
COS

COS
COS

COS
COS
COS

COS
COS
COS
COS

1
1
1
1
1
1

2,
2

3,
3,

4,
4.
4.

5.
5.
5.
5.

.1

.2

.3

.4

.5

.6

.1

.2

.1

.2

.1
,2
,3

1
2
3
4

Prototype
SMT upgrade

1
0
0
0
0
0

1.
0,

0,
1.

0.
0.
0.

0.

0.

.0

.3

.5

.2

.2

.5

.0

.3

.2

.0

,5
,3
2

2

2

2
0
1
0
0
0

1
0

0
1.

1.
0.
0.

0.
1.

0.

.0

.5

.0

.4

.4

.5

.5

.2

.5

.5

.0

.5
,3

8
0

2

2
0
1
0
0

1

0
1,

0,
0.

3.
3.
1.
0.

.5

.5

.0

.5

.3

.5

.3

.0

,5
.2

0
0
0
2

0
0

0

0.

0.

2.
3.

.3

.2

.3

,3

.3

0
0

0.2

0.1

0.2

0.2

2.0

6.0

1.5

2.5

1.5

0.9

1.0

4.5

0.5

1.0

4.0

2.0

1.0

0.5

4.0

6.0

6.0

0.6
6.0

12.0
10.4

Total 6.6 12.3 15.5 6.4 2.7 43.5 28.4
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ENGINEERING DESIGN CONSTRUCTION OPERATION
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Fig. II.6-1 Long-term technology R&D plan for containment

structures and assembly/maintenance areas
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1. The ITER torus system is strongly related to safety concerns and a
complete full scale test of all joints and potentially unreliable elements
is needed in order to assure compliance with established safety
requirements and existing practice for nuclear power equipment
development.

2. Extremely high electromagnetic (EM) loads acting on the vacuum
vessel and in-vessel components that result from plasma disruptions,
with the additional constraint of a required limit on the vacuum vessel
toroidal electrical conductance, are the main design features of the
vacuum vessel that make it's requirements different than those of
existing fission power reactor vessels. In order to meet the ITER
requirements for strength and reliability, all vacuum vessel
manufacturing processes (structural and assembly joints, electro-
insulating connections, etc.) need to be throughly qualified at each
fabrication step (Tasks COS 5.1 - 5.3). Additionally, task COS 5.4 is
proposed to help resolve the question of the accuracy of the EM load
calculation.

3. Requirements for full remote handling, disassembly and reassembly of
the W and in-vessel components after failure increases the
importance of compatibility between W and in-vessel components
design and remote handling tools/procedures.

11.6.3. R&D schedule

Figure II.6-1 shows the overall R&D plan of the ITER containment
structure together with the remote handling development. It is proposed to share
the mock-up test facility with the containment structure and remote maintenance
development because the full scale mock-up demonstration in the final step can
be done as a combination and the resources required can be minimized.

In Fig. II.6-1, the basic functions and feasibility of the critical components
and elements and their scalability to partial models can be demonstrated in
STEP-1 & 2; after this step the reference configuration can be fixed. In STEP-3,
deflection and alignment during off-site manufacturing and initial assembly
including on-site welding, cutting and reweldine by remote handling tools can be
demonstrated by full scale mock-up manufacturing followed by final testing.

11.6.4. Cost and schedule

The CS R&D program was estimated to cost a total of 43.5 M$ from 1991
through 1995 and the cost of the prototype W sector wil be included only in the
Construction Activity Phase (after 1995). The tentative cost break-down and time
schedule for all tasks/subtasks are given in Table II.6-1, 6-2 and Fig. n.6-1.

30



III. CONTAINMENT STRUCTURES BASIC CONFIGURATION
AND FUNCTIONS

III.l. BASIC CONFIGURATION

The ITER basic machine inJudes as major components the Primary
Vacuum Vessel (VV) for plasma containment, the toroidal field (TF) coils, the
poloidal field (PF) coils, the gravity support structures with all the connections
between components, and the vacuum-tight outer Cryostat Vessel (CV) which
houses the whole machine. The major components are all designed for the
lifetime of the machine and so must have high reliability. Large blanket
segments are also considered to be reliable, non-scheduled, replaceable
components. However, in the event of a fault these components must be capable
of being replaced by remote handling techniques. Therefore, the support
structures and machine layout must provide for the separate assembly and
disassembly of major components as much as possible.

The auxiliary systems of the machine, such as the plasma heating
equipment (Neutral Beam Injectors, Electron Cyclotron and Lower Hybrid
heating guides), the fuelling system (pellet injectors etc.), the equipment for
blanket testing, the plasiaa diagnostics, the cooling and in-situ baking system, the
remote handling equipment for in- and ex-vessel maintenance and the vacuum
pumps are located outside the cryostat vessel, either in an area at atmospheric
pressure or in a controlled environment (e.g. inert cover gas). These systems
have access to the plasma and the primary vacuum inside the vacuum vessel via
ports. The ports are connected to both the cryostat vessel and the vacuum vessel
by bolted and welded flanges and bellows to allow relative movement of the
structures due to differential thermal expansion during operation and baking.

The internal (or in-vessel) components are located inside the vacuum
vessel These include the driver blanket (for tritium production) and blanket test
modules, plasma facing components (divertor plates and armor tiles and
structures of the first wall integrated with the blanket), and shielding plugs. All
of these absorb and remove the energy produced by the fusion reaction, produce
sufficient tritium, and provide enough radiation shielding for protection of the
magnets. A design goal of the ITER design during the CDA was that blanket
segments have sufficient reliability to operate for the full machine lifetime
(without replacement between physics and engineering phases). Blanket
segment replacement should, however, be considered as a possible non-
scheduled operation because of the very demanding radiation and thermal
conditions under which they operate.

Divertor plates and some parts of the first wall armor tiles located in more
critical areas will have to be routinely replaced because of their expected
relatively short life time. Blanket test modules, located in the W horizontal
ports, and some part of the plasma facing components must also be replaced for
experimental purposes during the various operational phases of the Physics and
Technology Testing Programmes.
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To provide for all described scheduled and non-scheduled replacement of
in-vessel components, reh'able design of the divertor-to-vessel, blanket-to-vessel
and blanket-to-blanket attacking locks must be developed. All such locks are
located in a high radiation environment and are subject to high thermal loads;
they must withstand extremely high electromagnetic (EM) loads and must be
reliably connected/disconnected by the use of remote handling tools.

Also inside the vacuum vessel are the components for the control of the
plasma position and vertical stabilization. These are the active control coils (AC)
and the passive loops (PL). The AC's and supporting structure are located at the
outboard region of the vacuum vessel in two toroidally continuous areas above
and below the VV horizontal ports. Active coils are designated as semi-
permanent structures, which do not have to be removed during maintenance of
other VV internals.

Twin loops, a new concept for the plasma passive stabilizing structure,
have been proposed and studied for the ITER machine. These consist of copper
and aluminium plates, attached on the outboard front, side, and back walls of the
blanket segments. The same kind of highly-conductive plates are also directly
attached to the W structure above and below the outboard equatorial ports. The
twin loops are also semi-permanent components.

III.2. FUNCTIONS OF THE MAIN SUBSYSTEMS

The Containment Structure System comprise, those semi-pern lanent
components of the basic machine which have at their main function,
pressure/vacuum containment, structural support, and thermal
control/insulation. The containment structure system can be divided into the
following main subsystems:

-The Vacuum Vessel
-Attaching locks for in-vessel components
-Plasma active and passive stabilizers
-The Cryostat Vessel/Thermoshield
-The Machine Supports

III.2.1. Vacuum vessel functions and components

The main function of the vacuum vessel ( W ) is to provide the primary
vacuum boundary for the containment of the plasma. It is therefore the first
boundary for the containment of tritium and an important safety-related item.
The W also provides nuclear shielding, transient electromagnetic shielding, and
adequate structure to withstand the mechanical and thermal loads associated
with normal operation and fault conditions. The W must also assist in the
passive stability of the plasma while providing enough toroidal resistance to allow
inductive startup of the plasma.
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The vacuum vessel is a D-shape toroid whose internal dimensions have
broadly been determined by the shape parameters of the ITER reference plasma
and required thickness of the breeding blanket and radiation shielding, and
whose outer dimensions are determined by the bore of the TF coils. The VV is
divided toroidally into 32 sectors (16 parallel and 16 wedge) for the purpose of
assembly and maintenance. Each parallel sector is associated with one TF coil,
and between each pair of TF coils there is one wedge section with three large
access ports: lower, horizontal and vertical. The lower port is for vacuum
pumping and plasma impurity removal. The horizontal ports around the VV are
each designated to support different functions such as plasma heating, fuelling,
diagnostics, blanket test modules installation, and access for remote maintenance
of all VV internals except the large blanket segments. The vertical ports are for
the removal and replacement of the blanket segments and the location of the
blanket cooling system manifolds.

The W can be considered to be comprised of a number of components
under whose headings more specific details will be given. These are:

-Bulk Structure
-Resistive Elements
-Electrical Breaks
-Ports

III.2.2. Functions of the blanket attaching locks

The attaching locks (AL) structurally fix the removable internal
components, such as the blanket and divertor, against the electromagnetic and
thermo-mechanical forces (including the gravity load) in both the normal
operating and disruption conditions. In addition, the attaching locks system
should meet the nuclear and remote maintenance requirements as described in
Chapter IV. The requirements are quite demanding and a design solution which
could be used as reference has not been identified at this time. Several potential
solutions have been identified, but they only partially satisfy the requirements of
the system and there are still open problems to be solved early in the
Engineering Design Phase which require detailed analysis and R&D.

The attaching lockt, can be located along vertical planes at the gaps
between adjacent blanket modules. This makes it possible to connect, or lock
together, the adjacent segments without transmitting loads to the vacuum vessel
(in principle). It is clear that this theoretical approach cannot be fully guaranteed
without providing a certain number of attachments to the vessel structure, at least
to ensure the support of the gravity and seismic loads and to provide the
capability to determine the position of the blanket modules relative to the
vacuum vessel. In any case, the proximity of the locks from adjacent segments
reduces the stresses induced inside the vessel structure because of the expected
opposite direction of the transmitted loads. For this reason, the zones for
locating the attaching locks of the blanket segments constitute poloidal ribs, 100
mm wide, located on the inner surface of the vessel, at the gap between adjacent
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segments, (32 in the inboard region). The poloidal ribs can also minimize
nuclear streaming effects at the gap between blanket segments. It was decided to
exclude the poloidal ribs in the outboard region because three blanket modules
in one sector can be expected to be supported without ribs and the nuclear
shielding requirement is less critical. These poloidal ribs can protrude as much as
100 mm inside the inner surface of the vessel, but their final design will depend
on the design of the attaching locks system.

Some of the different AL systems which were examined are listed here as
possible solutions and the main features are described. The systems proposed
refer to connections between blanket segments and vacuum vessel or to
connections between adjacent segments.

1. A system based on the use of "flexible pipes pushing wedges". This
system provides a good locking effect by fixing the segments without
any clearance and ensures cooling the system by means of the same
pressurized water that drives the system. In addition, this system may
be effective for replacable components which require frequent
replacement since quick assembling or disassembling is possible. The
main concerns include reliability, tolerances, and alignment.

2. A system based on mechanical locks, "wedge shaped operated by
hydraulic jacks" between adjacent outboard blanket segments. This
concept has the same problem as the flexible tube concept.

3. A system based on mechanical locks, "wedge shaped based on bolted
connections" between adjacent outboard blanket segments. This system
has the disadvantage of requiring a longer time period for maintenance
because a large number of bolts must be remotely handled in a narrow
gap-

4. A system based on the use of "liquid metal solidified alloy". The main
advantage of this system is that it does not require any special tool
(except heater) remotely operated inside the plasma chamber to
connect and disconnect the blanket modules. The blanket segments
can simply be vertically removed after melting the metal alloy inside
the locking seats of the blanket hooks. The main concerns relate to the
safety aspects and the lack of a vertical shear support. In any case, an
R&D activity is required to identify the appropriate liquid metal alloy.

5. A system based on the use of "Bolt to bolt welded connectors to
adjacent segments". This is a system which allows a real compensation
of most of the loads bduced by the adjacent blanket segments. The
main problem is related to the need to cut and weld inside the gap
between adjacent segments

In the March-April 90 joint work session, the "welded connection between
blanket segments" approach was chosen as a first design option for the purpose
of design integration.
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III.2.3 Functions of the passive and active plasma stabilizers

To reach the required ITER physics objectives, a highly elongated plasma
(K ~ 2.2) is foreseen, but it is known, that for K j>_ 1.2 -1.4 the plasma is naturally
unstable for vertical displacements. For effective plasma vertical stabilization in
ITER, a careful design of the passive loops and fast active control coil system is
needed.

III.2.3.1. Passive loops

The function of the passive loops (PL) is to damp any fast plasma vertical
displacements or, in other words, to provide a sufficiently high value of the
vertical instability growth time. Quantitivelly, the PL effectiveness is expressed by
the stability margin (mg) and instability growth time (t^).

The stability margin can be defined as:

Fstab." Fdestab.

destab.

where F^estab is the destabilizing vertical force acting on the plasma due to the
curvature on the external field and Fgt i is the stabilizing vertical force
acting on the plasma due to the flux-conserving eddy currents flowing in
the passive structure (i.e. as if it were ideally conducting).

A necessary condition for the feasibility of the passive control system is
that the stability margin must be positive. In practice, the stability margin must be
large enough to account for uncertainties and approximations both in plasma
modelling and structure schematization.

Introducing the finite conductivity of the passive structure, the plasma-
structure system shows an intrinsic instability with respect to plasma vertical
movements, measured by the growth time IQ. In practice, the growth time must
be large enough to cope with the limitations of a feasible power supply for the
active coils.

A satisfactory passive control system for ITER should fulfill the following
requirements:

s

IQ _>. 10 ms

These requirements should be fulfilled throughout the entire plasma
operational scenario, including the most deteriorated combination of the plasma
parameters - minimum beta poloidal and maximum internal inductance 1-, and
possibly also in the case of accidental inward radial movements of the plasma
column.
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A numerical study of the plasma passive stabilization in ITER was
performed by the Poloidal Field Design Unit, and the results were formulated in
terms of passive loop geometry, acceptable electrical gap values, and material
conductivity/thickness (see section IV.4).

III.2.3.2. Fast active coils

The main function of the fast active coils (AC) is to provide fast radial
magnetic field changes in the plasma area. Interaction of the AC radial magnetic
field with the plasma current gives the vertical force needed to return the plasma
to its equilibrium position after a vertical shift. To provide this radial magnetic
field, equal and opposite currents ("+/-" mode) should be generated in the two
up and down AC branches. These branches are located in the outboard machine
area and are symmetrical with respect to the equatorial plane.

The required values of the AC current and voltage capacity are
determined by the following factors:

-vertical instability growth time
-sensitivity of the measurement system for plasma vertical position
-structure EM shielding effects
-AC self-inductance value
-AC static efficiency (dependent on its position)
-AC power supply system current and/or voltage restrictions.
On the basis of numerical analysis, the required AC parameters were

chosen as: 1) 300 kA-turn in each (up and down) branch and 2) 3 kV/turn
voltage on A.C. terminals.

A second possible AC function is to provide fast control of the plasma
radial position. This can be provided by AC currents in" +/ +" or "-/-" modes.

The necessity of fast radial control is not evident, because the plasma is
naturally stable for radial displacemetns, and slow radial position control is
provided by the superconducting poloidal field coil system. Possible reasons for
fast radial control may be to improve the plasma controllability in the initial
phase of the plasma current discharge and/or to return the plasma to the normal
position after a partial plasma current disruption.

The requirements for plasma radial position control were reviewed and
finally in August 1990 it was recommended to consider the possibility of AC
operation in "+/ + " or "-/-" modes. This improves the machine flexibility (for
more successful operation near the disruption limit and for better plasma
controllability during start-up). The AC current and voltage capability are fixed
by operation in the "+/-" mode. For more detailed AC requirements, see section
IV.5.

Ill .2.4. Cryostat functions/components

The main function of the Cryostat System is to minimi?^ the heat transfer
by convection, conduction and radiation between the cyrogenic components
operating at low temperatures (TF, PF Coils and intercoil support structure all at
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4°K) and the external atmosphere. This keeps the cryogenic cooling system
power at a reasonable level. The cryostat vessel must also be a partial second
tritium containment barrier. The Cryostat System comprises two components:

-Cryostat Vessel (with port bellows)
-Refrigerated Radiation Shield

The Cryostat Vessel (CV) is a cylindrical structure surrounding the W
and the cryogenic components. On the outside is atmospheric pressure and on
the inside is a secondary vacuum which prevents gas condensation on the cold
surfaces and the convective transfer of heat between hot and cold components.
The side wall of the CV has openings corresponding to the ports in the W .
Connection between the two vessels is by bellows, which accommodate
differential thermal movement between CV and W and maintain the boundaries
between the primary and secondary vacuums and between the secondary vacuum
and atmosphere. Thus, the CV is also a secondary barrier to tritium release in
case of accidental leaks (except on primary vacuum penetrations). The top cover
of the CV is provided with large trapezoidal openings in correspondence with the
W vertical port openings. These are to be connected by temporary trapezoidal
bellows prior to blanket maintenance to allow the blankets to be removed
without direct connection between cryostat volume and interior of plasma
vacuum vessel. The complete cover must also be removable in the event of a
major, non-scheduled maintenance operation on the machine.

The function of the refrigerated shield is to minimise, the heat transfer by
radiation between hot and cold components. This shield, which surrounds the
superconducting coils, incorporates active cooling to maintain a low intermediate
temperature (around 80°K).

III.2.5 Functions of the machine gravity support

The machine gravity support system, consisting of the vacuum vessel
weight support (VWS) and magnet weight support (MWS), acts to support the
basic device against gravity, electromagnetic and seismic loads and to
accommodate differential thermal expansion and contraction. Both support
systems are located below the device in the plane of the Toroidal Field (TF) coils
and provide the reference surface for the machine assembly and maintenance
operations. The reference envelope for the machine support (MS) system was
chosen after careful comparison of several alternate designs based on the general
requirements, as described in Chapter IV.

The tokamak weight will be supported below each of the TF coils in the 16
trapezoidal zones between an inner radius of 6.5 m and an outer radius of 10 m.
The toroidal width at the minimum radius will be 1.1 m, leaving a clearance of
approximately 1.4 m between adjacent supports to provide sufficient access to the
center of the machine and to the lower divertor maintenance area. Within this
envelope, the MWS system shall be located inboard of the VWS system.

37



The machine support uses vertical steel plates to provide the radial
flexibility to accommodate differential thermal expansion and contraction. Both
compression and tension plate arrangements are being designed for comparison
but the compression structure was chosen as a first option for the purpose of
machine integration. The machine support options will continue to be developed
by the home teams (on the basis of defined requirements) for future selection of
the best choice as the reference design.
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IV. DESIGN REQUIREMENTS

IV.l. REQUIREMENTS FOR THE MACHINE INITIAL ASSEMBLY,
REPAIR AND REASSEMBLY

The main requirements to be applied both during the initial assembly and
during the reassembly of machine components have been formulated on the basis
of Remote Handling (RH) considerations and on the basis of output from
several studies on component design. Important requirements are:

to have a device that is fully remotely maintainable (with provision for
hands on maintenance wherever possible)

to accomplish the maintenance of those components predicted to have
either a short life or high failure rate, without moving other components
or disturbing the reactor's internal and external environment

Use of standardized RH compatible mechanical attachments and
equipment wherever possible.

All possible preassemblies shall be performed in the factory or in the site
workshop prior to final assembly on site. Loose pieces, such as shims, shall be
avoided throughout the assembly phases. Smaller parts shall be assembled to the
main components.

In-situ reaming should be minimized during the initial assembly to avoid
the creation inside the reactor hall of metallic waste which could easily become
activated during machine operation. To avoid problems during remote
operations, in-situ shimming shall not be permitted.

The operations for component disassembly and reassembly should have
the minimum possible impact on the surrounding structures and affect only the
relevant portions of the reactor.

A partial preassembly at the W manufacturer's workshop is required to
minimize assembly problems. The VV partial preassembly can be carried out
with sectors on opposite sides to compensate deformations. At least two wedge
segments, and the parallel segment in between, shall be left in place when
disassembling the already checked sectors; this will provide a reference to the
next sector. After checking, the delivery of the segments in four steps solves the
problems from the mechanical and assembly schedule point of view.

The requirement to avoid in-situ reaming and shimming will require the
use of adjustable keys instead of precise shear pins if a bolted W structure is
adopted. During the final installation, this will permit compensation of all the
vertical clearances resulting from manufacturing and assembly tole-ances. If the
W segments are joined together by structural welds, the misalignments shall be
compensated during welding of the segments.

The upper surface of the gravity supports shall provide the required fixed
horizontal reference plane for W and TF coils. Additional temporary supports
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TABLE IV.2-1. VACUUM VESSEL PARAMETERS AND WORKING
CONDITIONS

• Internal vacuum:
internal overpressure in case of accident:

• External pressure:
in case of accident:

interspace used for leak detection)
• Max adm. leak rate:

4x10 mbar
2 bar abs

10"5 mbar to 1 ATM
2.0 bar abs

1.2 bar abs (in

10"6 mbar 1/s

Electromagnetic Disruption loads
Antisymmetry on the right
or left half of 1/16 torus sector
Total loads one 1/16 torus sector

FR (MH)

+ 10
- 20

(HN)

1 10
+ 2

Note: These loads are typical values for reference plasma disruption
scenario,and include effects of inductive currents only.(see ITER-IL-PC-1-9-
11,17 and PFDU technical report)

• Weight of the in-vessel components in one sector:
• Earthquake acceleration:

- vertical
- horizontal

amplitude and frequency TBD)
• Accidental loads during assembly /

maintenance of vacuum vessel /internal components
• Baking temperature
• Operating temperature
• Stand by temperature
• Number of equatorial ports
reference drawings)
• Number of vertical access ports
• Vacuum pumping ports

- number
- conductivity

m /s) cross section is determined
• Total toroidal electrical resistance
current distribution)

TBD (560 tonne approx.)

TBD (0.2 g tentatively)
TBD (0.3 g tentatively

TBD
180°C
90-100°C
90°C

16 (for dimensions see

16

16
TBD (indicatively 100

20 micro-ohm (uniform
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• Electromagnetic pressure on resistive elements
see PFDU technical report)
• Disruptive heat load on resistive elements

for non-uniform current distribution

energy peaking factor 4)
• Min. shielding thickness
for re-welding stainless steel

TBD (tentatively 10 bar

1.5'106 J/m
(for « 4 x 10 J with

(see note below)

Note: A more detailed recommendation on the minimum shielding thickness
(80% SS + 20% HLO) to limit helium production and allow for stainless steel
rewelding have been formulated by NEG in October 90, which gives the different
required distances between V.V. face surface and rewelded joint pusition for the
different machine areas depending on the geometry factors:

appm in the metal

Inboard area,*midplane
Divertor area
Inside NBI port
For NBT ports interface
NEG recommendations on
joints rewelding

0.1 appm

150 nm
350 mm
500 mm
400 - 450

acceptable

1 appm

0
200 mm
350 mm
250 - 300

upper limit

* Assumes additional shielding inside vessel of 210-230 mm.

with vertical reference planes may be used during machine initial assembly (e.g.
the temporary central column).

The machine foundations have to be sufficiently rigid to limit relative
displacements and rotations of each segment during assembly.

IV.2 VACUUM VESSEL REQUIREMENTS

IV.2.1 Vacuum vessel general design requirement
The primary functions of the W are to provide a plasma vacuum

boundary and tritium boundary, provide nuclear shielding, provide structural
support, and contribute to the plasma stabilization. The W must perform these
tasks reliably after numerous bakeout cycles and plasma disruptions in the
presence of a high neutron fluence. The general design requirements are
described below, while specific design criteria are listed in Table IV.2.1.

Vacuum Boundary and Tritium Containement
-The VV shall provide a continuous welded wall on the plasma facing side

for tritium containment. Double containment and leak detection systems shall be
provided at remotely welded field joints. Mechanical seals may be used to
provide the double containment behind the weld.

-The continuous metallic surface of the primary vacuum boundary shall be
consistent with the vacuum and tritium cleaning requirments. This surface will
be baked at a high temperature.
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-The vacuum duct size and number, the in-vessel electro-insulating break

design and material choice, and the guaranteed gap size between all in-vessel

components shall be compatible with vacuum pumping requirements-

Structural Loading
The vacuum vessel must withstand loads due to:

-Atmospheric pressure
-Internal and external pressure due to fault conditions such as coolant

(water) or cryogenic fluid leakage.
-Electromagnetic loads during normal operation and during plasma

disruptions
-Self-weight and weight of internal components
-Forces induced on the internal components that are transmitted to the

VV (The design goal is to limit the forces transmitted from the
blanket/shield modules to the W structure).

-Seismic events
-Forces applied during installation of in-vessel components

Nuclear Shielding and Cooling
-The W shall provide nuclear shielding capabilities for the

superconducting coils in conjunction with the blanket. The W
composition shall be optimized with the blanket/shield in order to
achieve the required shielding performance.

-The W must be actively cooled to remove the heat generated by
neutron and gamma flux. Cooling pipes shall be positioned outside the
plasma boundary to avoid leaks into the plasma chamber.

Electromagnetic Characteristics
-The total toroidal electrical resistance of the W shall be 20 micro-

ohms. Cooling pipes and manifolds shall not shunt the W resistance.
-The W shall contribute, together with the blanket/shield modules, to

the passive stabilization of the plasma.

Maintenance
-The W must be designed for fully remote maintenance. The W shah1

be segmented such that assembly, disassembly and replacement of
faulty sections are facilitated.

-Any field weld shall be located in a region with sufficient shielding to
limit the radiation damage to a level that permits re-welding

IV.2.2 Vacuum Vessel Resistive Element Requirements
The resistive element (RE) forms the portion of the W inner surface that

serves as the primary vacuum boundary at the electrical break and provides the
required toroidal electrical resistance.
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All general requirements for the VV tritium boundary also apply to the
RE (fully metallic boundary, double barriers between water and primary vacuum,
double welded joints with interstitial leak monitoring, "cleanable" for vacuum and
tritium environment, etc.)

In addition, the RE must absorb the joule heating from disruption-induced
toroidal currents. These currents have a non-uniform distribution with a peak-
to-average value of 2 for static disruption model and up to 3 for the dynamic
disruption model.

IV.2.3 Vacuum Vessel Electrically Insulated Structural Connections.
The problem of electrically insulated structural connections is a general

problem and not limited to the W . These connections are also used for the
electrical segmentation of in-vessel components (inboard blanket, divertor plates,
outboard shielding plugs, etc.) and for the attaching locks of the in-vessel
components. As opposed to the W electrical break, the in-vessel connections
are located in the primary vacuum and are exposed to a tritium environment and
a more severe neutron fluence. The W connections, which are located in the
secondary vacuum are not exposed to tritium or radioactive dust (under normal
conditions) and are typically are relatively well shielded from the neutron fluence.
The general requirements for both the electrically insulated W joints and the in-
vessel connections are as follows:

-The electrical break surfaces and components (bolts, shear keys, etc.)
must withstand the specified voltages for the life of the machine
without maintenance.

-The electrical break surfaces and components must withstand the
normal baking temperatures (150°C inside the W structure and up to
250°C for the in-vessel connections) without damage.

-The surfaces and components must withstand the initial baking after
manufacturing on the plant up to 350°C.

-Double insulation must be provided at each interface to reduce the
possiblity of damage from electrical breakdown and arcs and to
provide a means to inspect and locate faults.

-The compressive strength of the ceramic coating should not be less than
316 stainless steel.

-The bonding strength under high shear loads should be sufficiently high.

IV.2.4 Requirements for Vacuum Vessel Ports

Access Port Functional Requirements

Ports shah1 be provided to permit removal of internal components, for
service line routing, for vacuum pumping, and to accomodate other reactor
systems that must have access to the plasma. These include heating systems,
maintenance equipment, test modules, and diagnostics. Each 1/16 sector will
include the following ports:
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-Upper vertical port for the installation of the blanket/shield segments
(including the associated piping), upper divertor piping, and
diagnostics.

-Centerline horizontal port for the installation of heating and current
drive systems, diagnostics, maintenance equipment, or other functions
to be determined. The allocation of these ports is listed in Table
IV.2.4-1

-Lower port for vacuum pumping.
-Small lower vertical port for the lower divertor piping and diagnostics.
-All port ducts that connect the W to the cryostat must accomodate the

relative motion and limit the forces between the W and cryostat.

TABLE IV.2.4-1 EQUATORIAL PORTS ALLOCATION

PORT NO PHYSICS PHASE TECHNOLOGY PHASE

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

NBI:
IWS:
RH:
PI:
TM:
EC:
LH:
NT:

NBI
Diagnostics
RH + IWS
LH
LH
EC
RH+IWS
Diagnostics
Diagnostics
Diagnostics
RH + IWS
TM
TM
PI + Diagnostics
NBI + RH + IWS
NBI

NBI
Diagnostics
RH + IWS
LH
LH
EC
RH + IWS
TM
Diagnostics
TM
RH-IWS
TM
TM

PI + Diagnostics
NBI + RH + IWS

NBI

Neutral beam injection
In-vessel viewing system
Remote handling
Pellet injection
Test module
Electron cyclotron
Lower hybrid
Nuclear testing
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Access Port Interface Requirments

All W ports are finished by flanges, which are used as the assembly joint
with the adjacent equipment extensions or, as a minimum, with vacuum tight
closures. In the ITER CDA, all components behind the VV port flanges were
developed by the "port user", e.g. for the upper port by the Nuclear Group, for
the NBI port by the Heating and Current Drive Group, etc. However, a few
general requirements were formulated for the design development of all ports.
These general requirements for the port interfaces are as follows:

-There should be a full metallic welded boundary of the primary vacuum
with a second seal for leak detection and monitoring.

-In any opening to the plasma area, (NBI ports, EC ports, etc.) sufficient
nuclear shielding must protect the welded assembly joints to provide
the possibility of re-welding after irradiation.

-Double flexible bellows with interspace for leak detection and
monitoring should connect portions of any penetrating structures
supported on the VV with any portion that is supported on the
cryostat. The mass of the penetrating portion that is supported on the
W should be as small as possible.

-Standardization of all the verical, horizontal and lower ports is strongly
preferred in order to provide a common design that offers maximum
machine flexibility.

IV.3. REQUIREMENTS FOR THE BLANKET ATTACHING LOCKS

The following general requirements shall be considered in the design of
the blanket attaching locks system:

1. The design of the attaching locks (AL) shall provide reliable blanket
segment (BS) supports to accommodate the reference electromagnetic
loads due to plasma disruption as well as gravity forces and
earthquake.

2. The number and position of the AL for each BS shall ensure that the
disruption-induced stresses are within acceptable levels defined for the
BS structure.

3. The AL design shall, as much as possible, compensate or reduce the
disruption dynamic loads structurally transmitted from BS to the
vacuum vessel sectors (by reaction of the forces between adjacent BS
or by additional BS electrical segmentation).

4. The AL design shall provide the necessary freedom for the mutual
BS/W thermal expansions and contractions (mainly vertical) during
normal operation and during baking. In accidental conditions (e.g. one
BS temperature rise due to cooling loss), there should be no breach of
the primary tritium bairier and also no damage to adjacent BS.
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TABLE IV.3-1 ATTACHING LOCKS INTERFACE PARAMETERS AND
OPERATIONAL CONDITIONS

Reference EH torces on the inboard and outboard blanket segments

- Loads acting on inboard blanket segment (electrical segmentation is 96,
assembly segmentation 32)
* forces on the: radial, HN vertical, MN
-quarter of segment 1.0 2.55
- half of segment 0.6 3.0

* maximal pressure
on front plate 0.7 MPA

- Loads acting on outboard blanket segment (electrical segmentation 48,
assembly segmentation 48)

* forces on the
- quarter of segment
- half of segment
pressure on the front
plate:
- average
- peak

BS weiqht

- inboard blanket
- outboard blanket

Central lower
Centra) upper
Lateral

- Lower shielding plug
- Key plug

radial, MN
10
2.6

NUMBER
32

16
15
32
32
16

vertical, MN
20
35

0.3 MPA
2.6 MPA

WEIGHT
40 Tonne

45 Tonne
70 Tonne

130 Tonne
15 Tonne
25 Tonne

(Values calculated assuming composition of 85% SS and 15% H20 of
the total volume).

AL temperature
- normal operation
- baking regime
- conditioning between two pulses

• Mutual BS/VV thermocontraction in the:
- normal operation
- baking regime
- accidental conditions

TBD (100°C to 200°C)
250°C
180°C

TBD
TBD

reo
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• Allowable assembly tolerances of BS position
(radial/toroidal/vertical) including divertor
requirements if divertor is supported on blanket TBD, but up to 10 ms for

lock design
Allowable maximum operating gaps to prevent TBD, but less than lnrn

(better 0.1mm)
dangerous dynamic shocks

• Allowable flexible BS displacement under
''.he disruption dynamic loads (mainly radial value) TBD

• Distance from first wall for rewelding
of stainless steel >500 mm

• Volumetric nuclear heating as a function
of distance from first wall see next figure IV.2.2.2.

• Primary vacuum 4x10" mbar
• Required lower limit of the gaps/holes sizes

for good vacuum pumping TBD (1-2 cm between
blanket modules)

„
Thickness is consistent with helium production limit as established by

Nuclear Group (approx. 0.1 eppm He in metal on the machine midplane).

5. The AL design shall provide a method to remove self nuclear heat and
shall provide sufficient margin against local hot spots.

6. The AL shall be baked at relatively high temperatures during baking
for good vacuum pumping (see Table IV.3-1).

7. The AL shall be compatible with full remote handling procedures for
the BS replacement, including alignment of the BS to prescribed
location tolerances.

8. The AL should allow back-up remote interventions for any possible
failure or jamming of its components.

9. All clearances in the AL design should be excluded to prevent internal
dynamic shocks due to dynamic forces, acting on BS during plasma
disruption.

10. The AL shall have sufficient rigidity (mainly in the toroidal direction)
to prevent mutual structural dynamic shock between adjacent BS due
to disruption loads.

11. The AL design shall provide the required assembly tolerance for BS
positioning during initial assembly and during replacement without
requiring reaming and shimming.

12. The AL design shall prevent the diffusion bonding between
contacting surfaces.
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13. The AL design shall not be based on rewelding of irradiated metal
components within a determined distance from the first wall surface
(see Table IV.3-1).

14. The AL design and materials choice shall correspond to the primary
vacuum pumping requirements and guarantee cleanable surfaces.
Constraints on the admissible gap/hole sizes for good vacuum
pumping must be met.

15. The AL design at the inboard BS shall have no large gaps which that
would reduce the effective nuclear shielding such that the radiation
damage or heating limits for the TF coil are exceeded (it is not critical
for the outboard BS).

16. The AL design at the outboard BS shall provide uniform gaps
between blankets, and blanket and vacuum vessel in up-down
symmetry. The design should require as little cutting of the passive
twin loops copper plates as possible to assure that the stabilizing effect
is retained.

17. If the BS is attached to the W on both sides of one resistive element
and no total electrical break is provided in the BS design, electro-
insulating elements must be incorporated into the AL design to
prevent shunting of the resistive element.

IV.4. REQUIREMENTS FOR THE PASSIVE LOOPS DESIGN
INTEGRATION.

All requirements were reconsidered significantly during the CD A, due
to development of the new "twin loops" passive stabilizer concept.

The twin-loops design consists of high conductivity plates attached to
the face, side walls, and back walls of the outboard blanket segment both
above and below the horizontal port area; they are also attached to the
adjacent inner surface of the vacuum vessel. There are no special vertical
electrical connections between the upper and lower twin loops. Quantitatively,
using twin-loops instead of saddle-loops results in a factor of ten increase in
the allowable electrical gap with no change in the stability margin; or if the gap
size is maintained unchanged, the stability margin can be increased to about
0.6. As a compromise between plasma stabilizing effect and blanket/vessel
manufacturing and assembly considerations, it was decided to increase the
electrical gaps from 10 mm to 30 mm and to improve the stability margin value
from a previous value, m ~ 0.3, up to the required value of m _>_ 0.5

The geometrical and structural requirements for the design integration
of the twin-loops were formulated on the basis of detailed numerical study and
are as follows:

-position of conductive plates on the first wall of the outboard blanket
segments: 3 m of poloidal length above Z = 1.7 m and 3 m of
poloidal length below Z = -1.7 m,
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-position of conductive plates on the outboard blanket segments back
wails and on the adjacent surface of the vacuum vessel: upper belt
between Z = 1.7 m and Z = 5.1 m and lower symmetrical belt
between Z = -5.1 m and Z = -1.7 m,

-material of conductive plates: copper or copper alloys (aluminum
alloys are attractive due to low activation level, but problematic due
to large thermal expansion coefficient),

-thickness of conductive plates: 5 mm behind blanket first wall and 10
mm on all other surfaces,

-allowable maximum electrical gaps (separation between center lines
of currents): 30 mm,

-good up-down symmetry should be provided in PL geometry, design
details and gaps (quantitive data to be supplied),

-the conductive plates on the W should be cut near the active coils to
reduce the AC electromagnetic shielding (quantitive data to be
supplied),

-good electrical contact of the W conductive plates to the W bulk
structure is required, especially near the resistive elements
(obviously the conductive plates should not shunt the resistive
elements),

-good thermal contact of the conductive plates to the VV bulk
structure should be provided for removing of the nuclear heat,

-the mechanical connections of the PL attached to the VV structure
must withstand the disruption-induced loads, (for the toroidally
oriented plate, (up to _+_ 2.6 MPa of normal pressure and 7.5 MPa
of shear load - see Polidal Field System report).

It should be pointed out, that due to the relatively short time for
development of the twin-loops concept (one year), the existing reference
design and associated requirements cannot be considered as optimal. Further
work is required to optimize the twin-loops/active coils interaction and the
geometry and this should be done in the EDA. More detailed design
integration of the twin-loops/active coils with the vacuum vessel structure (for
both the sectorized and continuous vacuum vessel concepts) should also be
provided.

IV.5. REQUIREMENTS FOR THE FAST ACTIVE COIL DESIGN
INTEGRATION

General Active Coil Requirements

From the point of view of machine design integration, the general
requirements for the fast active control coils (AC) are the following:

- AC should be located on the outboard side of the machine, inside the TFC
bore, and should have two up-down symmetry branches (Final choice of
location is described below).
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- For the plasma vertical position stabilization, currents in " + /-" or "-/ + "
modes should be generated in the AC up-down branches: the current
capacity in each branch should be 300 K-AMP turns.

- To improve plasma controllability in the radial direction, it is required to
provide current generation in " + / + " and "-/-" modes, with the same
current capability as for vertical stabilization.

- The AC conductor, supporting structure, and assembly current joints must be
designed for the high-cyclic dynamic EM loads. For the 300 KA-turn pulsed
operation, these loads reach 0.4 MN/m in the toroidal branches and up to
1 MN/m in the radial or vertical branches. The total number of full current
cycles is up to 10

- The maximum voltage on the AC terminals for both "+/-" or "+/ + "
operation modes can reach values of 3 KV/turn (required AC voltage was
increased by PFDU approximately twice during 1990 with the aim to
provide faster vertical control and/or to increase the allowable initial
plasma vertical displacement).

- The AC self-inductance should be minimized to reduce the required AC
power supply system capacity and to provide faster vertical position control.

- Parallel AC conductors should have sufficient margin in current capacity to
provide the possibility to electrically disconnect any one conductor (in case
of a breakdown) without any machine disassembly. This should increase
overall reactor availability.

- The AC should have radiation resistant (e.g. ceramic powder) electrical
insulation;

Active Coil Position Requirements

All iterations of the fast vertical control study for different AC positions
were performed by PFDU, but the final reference AC position was chosen on
the basis of the following considerations:

-First, the AC should be attached only to semipermanent machine
components and should not be disconnected/connected for the
blanket segment replacement.

-Second, the AC electrical and water cooling assembly joints should
not be located in the primary vacuum , and, if possible, they should
be repairable by remote handling tools without removal of blanket
segments.

In keeping with these requirements, the reference position of the AC
toroidal branches was chosen to be in the two toroidally continuous areas
between the three main W ports: i.e. upper to horizontal and horizontal to
lower. There are triangular areas, restricted on one side by the blanket
segment vertical removal trajectory (R > 9.1 m), on the other side by the NBI
port opening size (Z = +/- 1.7 m) and on the third side by the W resistive
element surface, (see Fig. VI.4.1.)
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IV.6. CRYOSTAT DESIGN REQUIREMENTS

IV.6.1. Cryostat general requirements

The cryostat consists of two components: the cryostat vessel (CV) and
the cryostat refrigerated radiation shield.

IV.6.2 Cryostat vessel design requirements

The outer containment of the machine is formed by the cryostat vessel
which provides an enclosure that sustains a vacuum environment suitable for
the operation of the cryogenic superconducting coils and which also forms a
partial secondary boundary for the containment of tritium. The CV
requirements are described below and in Table IV.6-1.

For safety, the CV should provide as a minimum one continuous full-
metallic welded boundary for tritium containment in case of W leakage or
failure.

The CV must withstand the specified pressure differences under normal
and fault conditions.

The CV must support its own weight, the weight of a transport flask on
the roof, the electromagnetic pressure due to eddy currents, the reaction load
of the bellows, and earthquake loads.

The CV must have the required minimum toroidal electrical resistance.
The CV must have all the openings corresponding to the ports listed in Section
IV.2 and furthermore must have the following:

-access for assembling/disassembling the coils
-penetrations for cryogenic and electrical services to the magnets.

According to the requirements set by the ITER Nuclear Engineering
Group (NEG), the CV has no defined nuclear shielding function. Additional
local shielding may be attached to it in large penetration areas such as the NBI
ports and the vacuum ducts (but with independant support) if required for
personnel access 24 hours after shutdown. Local ferromagnetic shields shall be
adopted for some components (NBI, pumps) to reduce the magnetic field to
permitted values.

IV.6.3. CRYOSTAT REFRIGERATED RADIATION SHIELD
REQUIREMENTS

IV.6.3.1 General

To reduce the heat influx, the magnetic coils are enclosed by the
refrigerated radiation shield. Without shielding, the coils at 4.5 K would be
subjected to heat loads up to 800 W/m2, which would be unacceptable. The RRS
is maintained by a cooling circuit, thus representing an intermediate temperature
barrier between the vacuum vessel, the CV, and the coil systems.
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TABLE IV.6-1. CRYOSTAT VESSEL REQUIREMENTS

Inner radius
Outer radius
Inside total height
Operating pressure inside

Accidental pressure inside
outside

outside

13 m
13.7 m max
27.3 m
10"5 mbar
1 bar abs
2.0 bar abs

(1 bar design p.)
1.3 bar abs

(1.3 bar design p.)
Operating temperature
Maximum temperature
Maximum leak rate
mbar.l.s"1

Toroidal electrical resistance of
cylindrical section

Minimum electrical resistance
for all ties to VV

Port requirements :

1) Ports interfacing to vacuum vessel:

20 - 35°C
TBD

-510

equivalent of
10 mm of SS

100 micro
Ohm/sector

16 midplane-horizontal
(H)
16 upper side-horizontal
16 lower side-pumping
16 top head - vertical

16 bottom head-vertical
2) Other Ports/penetration:
1 top head-centre
1 bottom head-centre
TBD piping penetrations
TBD coil elect, leads

3.3 m(W)x5.8m

3.1 m Dia
3.3 m Dia
1 m dia
permanent and
a large

trapezoidal cover
for blanket

segments replacement
1 m Dia

6.3 m Dia
14 m Dia
TBD
TBD
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IV.6.3.2. Geometry requirements

The 80 K system of the RRS must enclose the whole magnet system
including the toroidal coil, the coil supports, the circumferential intercoil
structure, the poloidal coils, and their supports. In some places, the space
available for the RRS is restricted by the physical layout requirements. The most
restricted area is inboard between the vacuum vessel and the toroidal coils. A
splitting up of the requirements leads to a minimum gap of 70 mm. This gap is
the minimum required. It must be present under all conditions i.e.:assembly,
operating, and baking. Possible movements of coils and vessel due to mechanical
loads also have to be taken into account.

IV.6.3.3. Thermodynamic boundary conditions

Temperature levels:
Magnetic coils: 4°K
RRS: nominal 70°K
CV: 20°C
Vacuum Vessel: 90°C for normal service

conditions
180°C for baking

Total heat load at 4 K is less than 5 KW.

IV.6.3.4. Leak tightness

The leak tightness of the RRS cooling circuit inside the CV shall be better
than 1x10 mbar.l/sec.

IV.6.3.5 Mechanical loading

Maximum EM pressure during disruption (5mm thick panel)

- inboard region: 0.15 bar
- outboard region: 0.02 bar

IV.7 REQUIREMENT FOR MACHINE GRAVITY SUPPORTS

The machine gravity supports are composed of the magnet system weight
support (MWS) and the vacuum vessel weight support (VWS) systems. As a
general rule, they should be structurally independent of each other and must be
capable of establishing and maintaining the reference position of the supported
components within the specified tolerances. Table IV.7-1 shows the design
conditions specified for both supports. The following general design
requirements shall be taken into account.
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TABLE.IV.7-1. Weight support system design and interface specifications

Earthquake accelerations
Vertical
Horizontal
Position

Magnet weigh support system

TBD (0.2 g assumed @ TBD Hz)
TBD (0.3 g @ assumed TBD Hz)
See Fig.VI.6-1

Total magnet weight
Normal operating temperature

Coil
Base of the support
Allowable total heat leak to coil

Tolerances at installation
Coil-to-Base
Coil-to-Coil

Maximum deflection
Maximum external load

12,000 ton

4.5°K
Ambient
5 kW at 4.5°K
(To be minimized by design)

TBD
TBD
20-30 mm
TBD

Vessel weight support system

Total supported weight
Temperature
Vessel(normal operation)
Vessel(bakeout)
Base of the support
Allowable total heat flow

Tolerances at installation
VV-to-MWS
VV-to-VV sector
Maximum deflection
Maximum external load

16500 ton

90°C
18O°C
Ambient
TBD

TBD
TBD
20-30 mm
TBD

Magnet system weight support (MWS)

1. The MWS shall provide reliable weight support for the superconducting
magnet system, (TF coils, PF coils, and cold structure) under all load conditions.
2. The MWS shall attach to each TF coil and the PF coils shall be supported by
the TF coils.
3. The MWS shall accommodate differential thermal movement during cool-
down and warm-up of the magnet system and all displacements resulting from in-
plane and out-of-plane electromagnetic loads.
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4. The MWS shall be compatible with reasonable initial assembly and remote
handling procedures for possible replacement of the individual coil.
5. The MWS shall allow access for coil service connections.
6. The MWS should minimize- heat leaks to the magnet system operated at 4°K.

Vacuum vessel weight support ("VWS)

1. The VWS shall provide reliable weight support for the vacuum vessel and all
its internal components during normal, fault (especially plasma disruption), and
earthquake conditions.
2. The VWS shall provide the necessary freedom for thermal expansion to the
maximum temperature of the vacuum vessel, without binding, for the required
number of cycles.
3. The VWS shall control the allowable deflections during all load conditions.
4. It is desirable to design the VWS system so that thermal growth of the mid-
vertical plane of the vacuum vessel is, as nearly as possible, in the horizontal
direction.
5. The VWS shall be compatible with reasonable initial assembly and
replacement procedures for the vacuum vessel.
6. The VWS should minimize heat leaks from the vacuum vessel.



V. CRITICAL DESIGN ISSUES

V.I. VACUUM VESSEL CRITICAL ISSUES

The critical design issues can be divided into two categories: 1) issues that
can be resolved on the basis of R & D, and 2) issues that must be resolved by a
reconciliation of the design with the requirements.

V.I.I. Vacuum vessel R&D issues
The primary design issues to be resolved by the R&D program are related

to manufacturing and assembly of the large vacuum vessel segments, the
behaviour of the assembly under operating and fault conditions, and the
maintenance of the system with remote handling equipment. The following
specific items are being investigated:

-The basic fabrication and structural characteristics of the reference
thick-wall and alternate thin-wall designs must be investigated. For the
reference design, the type of structure (welded or cast) and the
performance of the resistive element must be verified. For the thin wall
design, the fabrication technique for the sandwich structure (welded or
diffusion bonded) must be selected.

-Vacuum vessel segment-to segment assembly weld geometry and
compatibility with remote maintenance procedures must be tested and
verified.

-Reliable electro-insulating breaks (surface coatings and insulated
elements) must be developed. The mechanical strength of these breaks
is presently unknown for loadings that result in possible high localized
contact forces (magnitude as yet undetermined) across the breaks.
These conditions are compounded by tolerance effects. In addition,
shorting of the insulation layer during a plasma disruption at a
particular spot due to earlier mechanical damage may lead to a local
overheating of the insolation layer. This could worsen the local
damage. It is therefore desirable to provide for short circuit protection
by developing a double or multi-layer insulation system.

-Large, reliable lip seals for port openings must be developed and tested
for compatibility with remote maintenance.

V.1.2. Vacuum vessel design-requirement conflicts
The following issues must be resolved early in the engineering design

activity (EDA), since the present reference design either has not addressed or
does not completely satisfy the requirements in all areas.

1) Re-welding of field joints in tritium containment system. All field welds must
be protected by sufficient nuclear shielding to limit radiation damage in the weld
area and permit re-welding for repair or replacement procedures. The structural
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and tritium-containment welds in the vacuum vessel field joints and most port
extensions are in areas which are difficult to shield, especially the area near the
apex of the divertors, in the inboard area near the midplane, and in the area of
the field joint next to the neutral beam injection port. The original design
exceeded the damage limit (helium produced in weld material < 0.1 appm) by as
much as two orders of magnitude. In the present reference design, however, the
problems in these areas have been tentatively resolved. First, the damage limit
for re-welding was increased by one order of magnitude, from 0.1 to 1.0 appm
helium. Second, the assembly joints in the latest W design have been modified
by replacing the structural weld on the inner surface with a more complex system
of bolts and shear keys, and by moving the remaining structural and tritium
containment welds as far away from the plasma as possible. The critical
remaining issue is the fact that there is no margin in the design. If subsequent
material testing causes the damage limit to be lowered, even slightly, then a
substantive design change will be necessary.

The seal welds at the connection of the port extensions and the vacuum
vessel can be shielded from radiation damage if they are located the required
distance from the inner surface of the interface. Removable shielding inserts
inside the port duct would be required to allow access to the seal. In any event,
more detailed consideration has to be given to the position of any field weld with
respect to radiation damage and ability to re-weld.

2) Uncertainties in EM loads due to a plasma disruption. There is strong
evidence that poloidal currents are produced during a plasma disruption due to
conductive interaction between the plasma and the internal components. The
pressures associated with these so called "halo" currents could be as high as 15
bar in the inboard region. The present design does not include the effect of these
loads on the internal components or on the vacuum vessel. In addition, some
operating scenarios include a plasma current of 28 MA and a plasma current
quench phase duration of only 5 ms. This would greatly increase the forces
during a plasma disruption as well as increase the joule heating in the resistive
element.

3) Interaction with blanket/shield segments. The blanket/shield segments
experience very high electromagnetic loads during a plasma disruption. The
design of the attaching locks must minimize the impact of these loads reacting
back to the vacuum vessel. Presently, neither the reference vacuum vessel design
nor the alternative designs can react the full blanket/shield segment loads, and
only blanket-to-blanket interlocking can be used to solve this problem.

4) Clearances in inboard region. The space in the inboard region between the
vacuum vessel and the TF coils is not adequate when geometric tolerances,
assembly tolerances, structural deformations under load, thermal expansion and
distortion, and the thermal shield envelope are considered. The nominal gap
available between the vacuum vessel and the TF coils should be increased from
70 mm to at least 100 mm.
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5) Shielding vs. structural requirements. There is a conflict between providing
adequate strength for mechanical loads while maintaining good shielding
properties, particularly in the inboard region where the blanket thickness is 500
mm. Optimum shielding is provided by having several layers of moderator
(water) between layers of structural steel. This tends to restrict the space
available for the connections between the vacuum vessel sectors. For the
reference design, this implies a limit on the size and number of bolts and shear
keys.

6) Access ports vs. structural requirements. The size and position of the main
horizontal and vertical access ports affect the toroidal, structural continuity
around the outboard region of the vacuum vessel. Consequently, forces and
stresses are concentrated in the narrow, continuous band between the vertical
and horizontal ports. This problem has been solved for present reference loads
by increasing the cross-section of this band (both thickness and vertical size) and
doubling the assembly welded joints in these areas.

7) Resistive elements local thermal stresses. During a plasma disruption, 400 MJ
of electrical energy is dissipated as heat in the resistive elements. The timescale is
so short that the temperature rise can only be limited by providing sufficient
thermal capacity. This can be achieved by ensuring there is a sufficient mass of
material in the design, subject to the constraints of electrical resistance,
mechanical strength and space envelope available. The problem is made worse by
the poloidal non-uniformity of the toroidal electrical current distribution. The
peak deposition of joule heat per poloidal metre of resistive element has been
estimated to be approximately four to nine times the average value.

V.2. BLANKET ATTACHING LOCKS CRITICAL DESIGN ISSUES

The critical issues can be divided into two categories: 1) issues that can be
resolved on the basis of R&D, and 2) issues that must be resolved by a
reconciliation of the design with the requirements.

V.2.1. R&D issues
The attaching locks for the blanket/shield segments, in principle, have to

be designed to meet the electromagnetic forces during disruption, which require
very strong connections with minimal clearances to prevent mechanical shocks
due to accelerations. This competes with the required tolerances for remote
handling and the need to accommodate the differential thermal movements
between blanket and vacuum vessel.

There are five principal solutions proposed for the attaching locks; these
are the welded bolt, a water hydraulic jack system, a hydraulic cotter, liquid
metal, and mechanical bolts. The primary design issues to be resolved by an
R&D program are related to manufacturing and maintainability and the
following specific items are being addressed in the technology R&D
program(ITER-IL-CS-2-0-38 rev.4):
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Welded bolt:
-Welding/cutting operation in the restricted space (20mm)
-Welding process and inspection technique
-Insulation break

Water hydraulic jack system:
-Feasible bellows for high pressure and requested stroke
-Metallic gasket for dynamic application
-Friction behavior, including radiation damage
-Insulation break
-Geometric tolerance and alignment

Hydraulic cotter:
-Hydraulic cotter for high pressure and requited stroke
-Geometric tolerances and alignment

Mechanical bolts:
-Remote handling tools to operate the system
-Temperature distribution along tie rods
-Shear local capability
-Insulation break
-Geometric tolerance' and alignment

Liquid metal:
-Low melting point metal choice
-Heater selection
-Allowable stress/creep
-Outgassing rates from the liquid metal
-Insulation break

V.2.2. Design-requirement conflicts
The main issues to be solved early in the Engineering Design Phase are: 1)

the uncertainty in electromagnetic load due to a plasma disruption depending on
reference disruption scenario choice, and 2) the allowable gap between the
adjacent blanket modules.

For item 1), an exact reference loading profile with time response and
distribution along the blanket structure is necessary to ensure the feasibility of
the attaching locks design. The present design does not include any dynamic
effect on the locking system. In addition, some disruption scenarios, using the
shortest current quench time of 5 ms instead of 20 ms, and using an operating
scenario that includes a plasma current of 28 MA, results in an increase of the
electromagnetic force during a plasma disruption. In the most drastic case, this
force will be increased by up to a factor of 4 for the inboard BS due primarily to
the reduction in the disruption current time.
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As for the item 2), a gap of 20 mm between adjacent blanket segments was
specified by the pumping conductance analysis and the necessary clearance
required during remote assembly operation. However, the desire is to minimize
the gap in order to provide sufficient nuclear shielding to the TF coils and this
desire would argue for a smaller gap. In addition, it is clear that the blankets
should be attached without gaps and after joined make a monolithic cylindrical
structure able to carry the electromagnetic forces without transmitting these
la/ge forces to the vacuum vessel. A preliminary analysis taking in to account the
dynamic effect of the electromagnetic forces due to disruption shows that the
allowable clearance of the attaching locks between the blanket segments is much
less than 1 mm in order to prevent plastic deformation. Finally, the attaching
lock system should be capable of having clearances (20 mm) compatible to the
assembly/disassembly procedure and small clearance (< < 1 mm) during
operations.

V.3. PASSIVE STABILIZER CRITICAL ISSUES

Some of the critical issues identified early for the saddle passive loop
option (very narrow geometrical gap (5 mm) required between blanket segments
and between the saddle loop vertical legs and intersection with the horizontal
elements) were solved by using the twin-loops option. But other critical issues
remain both for the previous and new design. These are as follows:

-an attachment of the conductive plates to the stainless steel (SS)
structure capable of withstanding the electrodynamic loads due to
plasma disruption: up to 5MPa shear load and up to +/- 2MPa
normal pressure.

-mutual thermal contraction of the Cu alloy-SS or Al alloy-SS in the
normal operating and baking regimes

-thermal and electrical contact between conductive plates and SS
structure.

Future design and R&D efforts are needed to solve these problems.

V.4. FAST ACTIVE CONTROL COILS CRITICAL ISSUES

The main design problems of the in-vessel active coils are ceramic electro-
insulation, high-cyclic electromagnetic loads ( 0 . 4 - 1 MN/m, and 10 cycles),
and relatively high nuclear and thermal loads.

The problem of locating the AC current/cooling connections in the
primary vacuum (which necessitates remote handling maintenance before and
after blanket segment replacement), was essentially solved by the relocating the
AC to new positions in two toroidally continuous unrestricted areas above and
below the horizontal W ports.
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In addition to the described technology problems, much attention during
the CD A was directed toward establishing a design that is reasonable from the
assembly and maintenance viewpoint. Complete coil removal/replacement, as
well as methods to salvage a partially failed coil by re-connecting its electrical
leads were considered.

V.5. CRYOSTAT DESIGN CRITICAL ISSUES

Four possible design solutions of the cryostat vessel cylindrical wall and
cover were compared during the CDA (see sections IH.2.4 and TV.6) and one was
chosen as a reference (see VI.5).

It was clearly shown that the most critical areas for the cryostat vessel
design are the following:

1) major ports interfaces compatible with the remote maintenance tools
and procedures

2) the relatively narrow regions between the vertical and horizontal
ports, which can be used to provide the required toroidal resistance
(which was increased by a factor of 7 during the last joint work).

To solve these problems, compact metallic, corrugated resistive inserts
were incorporated into the design of the cryostat wall. A more detailed design
description is given in section IV.5.

In light of the predesign results, the realisation of a refrigerated radiation
shield seems to be within the state of the art. Some difficulties are expected in the
field of tolerances, since the RRS panels are quite large, thin-walled components.
These questions will be answered through experience in manufacturing panels.

The target of extremely high reliability with respect to permanent leak
tightness must never be forgotten during the detailed design.

V.6. MACHINE GRAVITY SUPPORT CRITICAL ISSUES

The primary design issues (to be solved by the R&D program) are related to the
manufacturing of feasible supports that accommodate mechanical/thermal
movement and low conduction of heat to the magnet.

62



VI. CONTAINMENT STRUCTURES DESIGN DESCRIPTION

VI.l. VACUUM VESSEL DESIGN DESCRIPTION

Two VV concepts were retained for consideration, the thick-wall reference
design and the alternate, thin wall design. The reference design consist* of thick
stainless steel segments structurally connected with electrically insulated bolts
and shear keys, located in a secondary vacuum. Special corrugated resistive
elements are used to provide the vacuum seal and the required toroidal electrical
resistance. Generally, this design approach provides a sufficient margin against
all electromagnetic and overpressure loads, by selecting an adequate number of
bolts and shear keys. However, local problems such as the local thermal stresses
in the resistive elements were identified as critical and should be solved by design
modification. The thin wall alternate design consists of two continuous thin
stainless steel sheets separated by a core of shielding material and/or water that
forms a structural sandwich. The electrical resistance is provided continuously by
the thin face sheets of the sandwich. This W design seems more simple and
elegant, but an essential feature is a natural trade-off between toroidal resistance
and mechanical stiffness requirements. Before this concept can be used in the
ITER design, two additional design problems should be considered in detail.
First is the integration of the passive twin loops design into the W structure.
Second is a potential increase in the number of electro-insulating structural
connections located in the primary vacuum as a result of decreasing the number
of such connections in the secondary vacuum. A double welded barrier between
the primary vacuum and the water cooling channels is also desirable.

It seems very probable that during the first one or two years of the EDA
that some non-trivial combination of the best design features from both VV
design options will be discovered and developed by the ITER Team. Possible
examples are given in sections VI.1.1 - VI.1.6 for the reference W design and in
Sects. VI.1.8 and VI.1.9 for the alternative W design.

VI.1.1. Referen vt Vacuum Vessel Approach
The reference solution of the vacuum vessel design was determined with

the aim to:
-produce a relatively simple and reliable design with a low number of

components and simple joints.
-provide a structure capable withstanding the high loads induced both

inside the W itself and from the attached blanket segments, during
plasma disruptions,

-simplify the blanket installation and removal using only vertical and
lateral movements (no tilting).

The W is an austenitic steel structure comprising 32 segments, 16 parallel
shaped segments alternating with 16 wedge shaped segments. Figure VI.1.1-1
shows an elevation view of the parallel and wedge segments. The wedge
segments are located between the toroidal field coils and include all the ports
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Fig. VI. 1.1-1 Elevation view of the reference vacuum vessel (envelope)
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required for maintenance, plasma heating, etc.; also, the vacuum exhaust ducts
and coolant supply lines are located here. The parallel segments are located
inside the TF coils and are subdivided into three sections which are electrically
insulated on the abutting faces by a layer of ceramic material (electric break).
The three sections are mechanically connected by bolts and shear keys which are
electrically insulated also. The sections are connected on the plasma side by
relatively thin corrugated plates welded across the breaks and running
continuously around the poloidal direction (resistive elements). The resistive
elements provide a vacuum seal and the required electrical resistance around the
torus of 20 micro-ohms. The electrical breaks are therefore outside the primary
vacuum, which is better for pumping and cleaning.

The thickness of the vacuum vessel for the reference design has been
determined at 300 mm. Compared to earlier designs, this has involved a
reduction in the thickness of the vacuum vessel with a consequent increase in the
shielding blanket thickness. By doing so, the field welds that join the parallel and
wedge segments of the W can be sufficiently shielded to allow re-welding since
there is now at least 500 mm of shielding structure between the welds and the
plasma. Also, the heat deposition into the VV from the neutron and gamma flux
is greatly reduced and so the thermal stresses arising from the different heating
and cooling rates across the thickness during the burn-dwell cycle are much less
than in earlier thick-walled designs. The wall thickness should still give sufficient
rigidity to the VV to sustain the mechanical loads, including the weight of the
blanket segments and the net vertical reaction arising from the electromagnetic
forces on the blankets.

The cross-sections of the VV inboard and outboard planes at the equator
are shown in Fig. VI.1.1-2. The sections consist of layers of 316L stainless steel
separated by layers of water, which serves as a coolant and neutron moderator.
The most critical area for layer design and upon which the work to date has been
concentrated is the inboard cross-section. Here the he?* loads are greatest, the
nuclear shielding requirements (for the TF coils) are greatest and the space
envelope to work with is the most limited. Of the 300 mm thickness available for
the parallel section inboard, only 250 mm thickness is structural: the remaining
50 mm thickness on the coil side is taken by a non-structural layer of special
neutron and gamma absorbing material (lead plus boron carbide). On the
inboard side, the design has to compromise between providing sufficient strength
(especially in terms of space for welds, bolts and shear keys) and providing
sufficient shielding for the coils. Optimum shielding requires a larger number of
thinner steel layers separated by moderator.

The reference inboard design has a 100 mm thick central steel layer which
accommodates the bolts and shear keys and bears most of the force transmitted
between sections. There is a layer of water coolant/moderator on either side.
The water layers have been arranged such that the radiation flux from any point
in the plasma passes through at least one layer and in most instances, two layers
of water. The configuration also attempts to keep the path of the force between
sections/segments as even as possible. Alternate bolts (50 mm dia.) and shear
keys (60 mm dia.) on 100 mm pitch connect the sections of the parallel segment.
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Vacuum vessel partial model

Fig. VI. 1.1-3 3D-view of the reference VV structure in inboard region
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The parallel sections are welded to each other at the back where they meet at the
central vault. The wedge segment is connected to the parallel segments by a 35
mm thick field weld which satisfies structural and vacuum sealing requirements.
To provide double containment and leak detection capabilities, a 10 mm thick
cover plate is welded on the plasma side. It is envisaged that the cover plate can
be made up of short sections that have been machined tc suit the tolerances in
dimensions between the segments. The final toroidal closing welds between
adjacent sections of cover plate should be facilitated by the relative thickness of
the plate. Previous experience, including a practical mock-up demonstration of
applying thin (2 mm) cover plates as a continuous strip between segments has
highlighted problems with guidance owing to sensitivity to mismatch tolerances;
hence the thick plate method was chosen. The schematic 3-D view of the inboard
vacuum vessel is shown in Fig. VI. 1.1-3.

The outboard parallel segment has a 170 mm thick main steel layer which
can accommodate larger bolts (60 mm dia) and shear keys (70 mm dia). This
increases the load bearing capacity and offsets the load concentrating effect
arising from the loss of toroidal continuity due to the ports. The shielding
requirements for the VV on the outboard side are not significant because of the
greater thickness of blanket in front. All the water connections between the three
sections of the parallel segment are made in the outboard region where there is
more freedom of design. The parallel section is connected to the wedge segment
in the outboard region by a 35 mm thick structural/seal weld and double welded
cover plate on the outer surface and by a system of inserts, bolts and shear keys
near the inner surface (See section VI.1.8). The outer weld alone is not adequate
in the outboard region due to large bending stresses caused by the local offset of
the load path. The addition of the bolted inserts at the inner surface eliminates
the bending problem. The transition of the double seal tritium containment weld
from the inner to the outer surface is shown in Figure VI.1.1-4. Separate
shielding material is used to fill the space between the inner and outer welds. The
cover plate remains on the inner surface.

Projecting from the inside of the segments are ribs 100 mm x 100 mm
which are located between adjacent blanket positions. The ribs, which contain a
radial slot for cooling and moderating, represent zones where the blanket
attaching locks could be integrated with the VV. They can also serve to reduce
the neutron streaming effect at the gaps between adjacent blankets. The final
detailed design of the ribs will depend on the design of the attaching locks
system.

VI.1.2. RESISTIVE ELEMENTS

There are 32 resistive elements in the W : two per parallel segment on
either side of the central rib. The design criteria for these elements includes the
following:

-Act as a primary vacuum seal and tritium boundary
-Provide the required toroidal electrical resistance of 20 micro-ohms
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-Withstand the loads due to fault pressure and plasma disruptions
(IMPa, estimated)

-Provide for removal of nuclear and thermal radiation heat
-Provide the ability to absorb the electrical joule heat released during

disruptions without overstressing.
From an earlier assessment of various designs of resistive elements, the

corrugated design was adopted as the current reference. Compared to a flat
plate, the corrugated design can offer a greater thermal inertia over a given
toroidal span to absorb the joule heat. This is because both the thickness and the
electrical path length can be increased such that electrical resistance is
maintained. The corrugated element also has significant flexibility in the toroidal
direction but not in the poloidal direction. A disadvantage of the corrugated
design is the loss of shielding efficiency due to the increased radial dimension and
the gaps between folds. A second disadvantage is the additional temperature
peaking due to uneven distribution of current around the bends in the
corrugation.

The original reference design is shown in Fig. VI.1.2-1. The toroidal span
extends to 260 mm from the side section of the segment to the rib with 5
convolutions and the radial depth is 60 mm. The plate thickness is 15 mm in the
radial direction and 12 mm in the toroidal direction. The element is attached to
the W by double welds with the possibility for leak detection in between. To
remove the heat load during operation and to control heating during baking of
the W , 5 cooling tubes (8 mm outer diameter, 6 mm inner diameter) are
attached to the vacuum vessel facing side. They are sited in mitres to enable the
gap between elements and the W to be minimised at 10 mm. As regards
manufacture, there are two possibilities. One is to forge the corrugations with
shaped rollers, the other is to machine the corrugations from a solid plate blank
of the correct overall dimensions that has previously been formed into the W D-
shape. Considering the overall geometry and the relatively small gaps between
folds, the latter option would appear to be more appropriate.

The design was analysed using finite-element modeling to check the
temperatures and stresses under normal operation and fault (plasma disruption)
conditions.

During normal operation, the only significant load is thermal. The heat
loads come from two sources. The first is the internal volumetric heat load from
the neutron and gamma flux. This is highly distributed having a peak value of 0.05
MW/nr at the inboard leg while being negligible around the outboard half
owing to the greater shielding of the blankets there. The second source is the
thermal radiation from the back plate of the blanket, conservatively estimated for
design purposes at 250°C. This load is assumed to be uniform all around. The
total heat to be removed from each element is 9.7 kW.

The cooling water requirement is 0.12 kg/s per element for a 20°C coolant
temperature rise. The water supply for the elements is shunted from that flowing
through the appropriate side section of the parallel segment. It flows poloidally
around the element through the 5 tubes in parallel before returning to the same
side section water flow further downstream. A flow control baffle in the side
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section water channel provides the required pressure drop to drive the water
through the element tubes (0.6 bar). This scheme minimises the shunting of the
electrical current through, the elfiment&, involves, ao caatLecUaas. ia or near the
primary vacuum and is simple to manufacture. Figure VI.1.2-2 shows the detail of
the water channel connections.

The element temperatures for this cooling scheme are very modest. The
maximum reached is around 10°C above the W average temperature (base
temperature = 100°C approx.) This gives a maximum thermal stress (von Mises)
of 33 MPa. For comparison, a case has been analysed for which there are no
cooling tubes and the element heat load is removed by conduction to the W .
Here the maximum temperature is 70°C above base temperature with a resultant
maximum thermal stress of 250 MPa. These values are not excessively high
especially since they are based on peak heat load values with conservative
assumptions. Eliminating the cooling tubes in the elements could be feasible.

The major mechanical loading on the element occurs during a plasma
disruption where the electromagnetic forces produce an equivalent peak pressure
on the element of 1 MPa. Finite element analysis indicated a maximum stress
intensity on the resistive element for this load of 71 MPa, which is well within the
allowable ASME value for 316 LN stainless of 242 MPa. The maximum
deflection of the element is 0.13 mm. Tne stresses on the element due to other
fault events such as internal or external W overpressure (0.2 MPA max) are
correspondingly lower.

The detailed electrical resistance and joule heating characteristics were
analysed using a coupled thermal-electric finite-element model of the element. A
voltage was applied to the model for 50 ms such that the energy dissipated was
equivalent to 400 MJ for the whole element multiplied by an energy peaking
factor of 4. The results indicated a phenomenon that was not evident in previous
hand calculations: namely that the joule heating in the corrugated design is very
non-uniform. The maximum value of 137°C occurs at the insides of the
corrugations and can be compared to the expected average temperature for the
element under this loading of 55°C. (All temperatures are with respect to W
average temperature). It can be deduced from the temperature distribution that
the electric current is taking the shortest path between successive corrugations
and, since joule energy is proportional to current squared, the effect is magnified
in the temperatures.

Applying this temperature field to a stress model produces high thermal
stresses. The maximum stress intensity is 486 MPa (peak) with the disruption
pressure included. The maximum linearized membrane plus bending stress
intensity is 385 MPa. This is within the ASME allowable 3Sm limit for 316LN
stainless of 483 MPa.

VI.1.3. ELECTRICAL INSULATING BREAKS

The ckMrcent reference design of the electrical ins-olating bieak between the
sections of the parallel segment is a plasma-sprayed layer of alumina plus titania,
about 0.3 mm thick, applied to each of the abutting faces. A layer of nickel
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aluminide is applied between the steel and the alumina layer to improve the
bonding of the alumina. Because there are two layers of insulation in contact,
there is an extra measure of protection against short-circuiting. The breaks are
situated in the secondary vacuum behind the resistive elements so there is no
adverse effect on vacuum pumping.

The design criteria assumed for the electrical breaks are:
-have a specific resistance greater than 10 Q/m
-have a breakdown voltage greater than 300 V under all vacuum

conditions
-be unaffected by high radiation doses (i.e. not organic)
-not adversely affect primary vacuum pumping or W outgassing

characteristics
-withstand the temperature cycles due to baking and normal operation:

a) high temp. 350-500°C once
b) conditioning 180°C 1000 times

-withstand the normal contact and shear loads transmitted between
sections of the W during normal and fault conditions.

The reference solution for the insulated surfacss is based on a feasibility
study, the main findings of which are:

-The addition of titania (tested up to the Iuvel of 13 % ) improves the
mechanical properties of the alumina layer.

-The bond strength (maximum value measured 40 MPa in shear for
0.1mm thick alumina coating) is strongly irfluenccd by the coating
thickness and decreases with increasing thickness.

-The electrical properties of the layer with up to 3% titania comfortably
satisfy the electrical break resistance and breakdown requirements.
The layer with 13 % titania has a significantly lower specific resistivity
(three orders of magnitude) at about 100 Q/m and the breakdown
voltage could not br measured effectively. The electrical tests were
carried out only under atmospheric conditions.

-Coated samples were subjected to compression tests with contact
pressures up to 522 MPa. No indications of damage to the layer were
observed. In fact, the dielectric strength tended to improve after
compression.

-Due to the difference in coefficient of thermal expansion between
alumina (ca. 7106/°K) and stainless steel (ca. 16-10"°/K), there is a
risk of cracking the layer on heating, especially during baking. A
thermal cycle test was carried out, heating the sample to 500°C at
50°C/hour followed by cooling at 80°C/hour to ambient. No sign of
damage to the layer was observed; moreover , the heating cycle
actually tended to increase resistance.

The bolts and shear pins that connect the sections comprising the parallel
segments must also be insulated. Solid ceramic bolts and pins have been
suggested, but lack of long term data on fracture toughness after high radiation
exposure has led to the adoption, as reference, of steel bolts and pins coated with
an insulating alumina-based layer, as previously described. The option of using
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Table VI.1.3-1 Selected properties of candidate ceramic insulators
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the solid pin remains open, however, and Table VI.1.3-1 contains results of
extensive testing on candidate ceramics. As shown in the table, some of the
ceramic materials are stronger than steel.

Conical pins have been suggested but straight pins are the preferred
option, since it is much easier to machine cylindrical holes in the connecting
sections. Tolerances are very important for the efficient working of the shear
pins. The fit should be tight, even to the level of an interference fit, to minimize
sliding between the insulating layers and to minimize the maximum contact force
concentration between the pin and the hole. During manufacture and assembly of
the parallel segments, the side section and centre section would be drilled
together to minimise fit up tolerance. An interference fit could be obtained by
preshrinking the shear pin in liquid nitrogen before assembly.

Three possible configurations of bolt and shear pin have been considered:
-Bolts and pins in separate holes
-Concentric bolt and pin
-Combined bolt and shear pin

The first configuration, bolts and pins in separate holes, has been chosen
as the reference for its simplicity. The combined bolt and shear pin may appear
to be more efficient in terms of load carrying capability, but it would be
impossible to pretension the bolt and obtain an interference fit for the shear
bearing part as well.

The design of the bolts must take into account the strength of the
insulating layer applied to the shank. The bolts are only loaded in tension and
ceramics (e.g. alumina) are stronger in compression than tension. Ideally, the
bolt design load should be limited by the design strength of the bolt material and
not by the layer strength in tension. The aforementioned feasibility study did not
perform any tension tests directly, but an estimate of the tensile strength of the
layer can be deduced from the thermal cycle test. Here, the tensile strain
sustained by the layer without damage was equivalent to a tensile stress in the
substrate of 850 MPa. It may be noted that the shank of the bolt could be
uninsulated if the bolt hole size is increased and the gap between shank and hole
occupied by an insulating sleeve which carries no tensile load. This solution,
however, reduces the size of the bolt that can be accommodated in the already
limited thickness of the VV central structural layer. Relative low bonding
strength of resistive coating could cause problems to hold the high shear loads
expected during disruptions (measured bonding strength of up to 40 MPa for a
0,1 mm coating depends strongly oa the thickness of the coating).

VI.1.4. VACUUM VESSEL STRESS ANALYSES

Early analyses of the ITER vacuum vessel have shown that under
overpressure and electromagnetic loading, stress concentrations in the vessel
plate, and high bolt and weld forces manifest themselves at the junction between
the horizontal access port and the outboard .vedge segment. It was proposed that
these concentrations were due to the lack of any significant toroidal continuity
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between the parallel and wedge segments. As the regions immediately above and
below the horizontal access port represent the only line of toroidal continuity, the
hoop forces in the outboard region of the wedge are concentrated in these areas.
In !he new design, the amount of toroidal continuity in the outboard segment has
been increased. The vacuum vessel envelope has also been modified in the
outboard region to allow ior the integration of the active coil structure.

A three dimensional view of the finite element model of 1/32 of the vessel
is shown in Fig. VI.1.4-1. The cross-sectional view of the design used for this
analysis model is shown in Fig. VI.1.4-2 and corresponds to the original reference
configuration. The connection between the segments is made by M50 bolts at 200
mm pitch in the inboard region and by M60 bolts at 250 mm spacing in the
outboard region. The bolts and gaps are modelled by one dimensional nonlinear
force deflection elements. The incorporation of gaps into the model allows the
bending of the plate structure to be taken into account in determining in the
contact pressures on the electrical insulation at the interface. Radial and vertical
shear at this interface is determined using one dimensional spring elements. The
stresses in the welded joint between the parallel and wedge segments are
determined with plate elements. Lumped mass elements are used to locate the
blanket mass at the attachment points.

Due to the action of internal pressure (2 bar) and gravity there is a general
tendency for hoop compression to develop over the inboard portions of the
vacuum vessel and hoop tension to occur in the outboard portions. The 100 mm
walls of the blanket port and plasma exhaust bulge outwards. The maximum
stress intensity in the blanket port of 205 MPa is concentrated in a small area at
the junction with the horizontal access port. In general the stresses in the blanket
port are approximately 70 MPa while the stresses in the plasma exhaust region
are somewhat lower. The stress intensity in other parts of the vessel is lower than
40 MPa. The peak bolt load is 869 kN (80% of the allowable load) and is located
at the bottom of the blanket port (toroidally continuous region). The poloidal
extent (i.e. the spread) of the high hoop forces is greater than previously
calculated due to the introduction of the toroidally continuous belt in this region.
Plate bending in the outboard portion gives rise to some high gap forces. The
maximum midplane stress intensity in the weld is 105 MPa but bending gives rise
to a peak weld stress just above the horizontal access port of 803 MPa. The radial
and vertical shear at the shear pin positions are relatively low. The peak vertical
shear is 684 kN/m. Figure VI.1.4-3 shows the deformation of the structure under
internal pressure and gravity loading. The original shape is shown by the dotted
line. The maximum displacement is 9.3 mm.

External pressure (2.0 bar) results in hoop compression in the outboard
section of the vessel and hoop tension in the inboard. The 100 mm walls of the
blanket port and plasma exhaust bulge inwards and experience stress intensities
up to 159 MPa. In general the stresses in the thick parts of the structure are
below 30 MPa. At many points in the outboard the interfaces are in hoop
compression. The peak hoop compression of 1.7 MN/m occurs just below the
horizontal access port. The maximum bolt force is 135 kN. The stress in this bolt
is only 12% of the allowable stress. The maximum midplane stress intensity is 52
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MPa but bending in the blanket port region gives rise to stresses of 384 MPa.
The radial and vertical shear at the shear pin positions are relatively low. The
peak vertical shear near the access port is 276 kN/m. The maximum
displacement under external pressure and gravity loading is 7.5 mm.

The third load case studied was a centered disruption of a 22 MA plasma
(at time = 22ms).

A toroidal current is present in the resistive element. This current
interacts with the central solenoid magnetic field in the inbdrd of the vessel, and
with the magnetic field in the outer PF coils in the outboard, and in both cases
the resistive element experiences radial forces acting toward the plasma. These
forces are greatest at the equatorial plane where the vessel is closest to the
plasma.

The vacuum vessel is not toroidally continuous (it is cut by electrical
breaks). In terms of electromagnetic behaviour it is like a blanket element.
Radial forces occur in the inboard as a result of the interaction between the
poloidal saddle loops and the TF coil field. There are also significant
electromagnetic forces acting vertically in the inboard due to the interaction of
the radial current loop with the TF coil field.

In the outboard of the vessel there are radial forces acting toward the
plasma in the region where a toroidal current is present, i.e. immediately above
and below the horizontal access port.

Stress concentrations are located at the junction of the horizontal access
port with the outboard portion of the vacuum vessel and also at the junction of
the inboard vessel with the blanket port.

Figure VI.1.4-4 shows the membrane plus beading stress in the parallel
segment (in the global direction). The bending in the inboard portion is shown
quite clearly (maximum stress 113 MPa), as are tLe highly stressed toroidally
continuous regions above and below the horizontal access port (maximum 266
MPa). In the inboard location, the bolts are in tension due to the radial forces
acting on the resistive element which cause a radial movement of the inboard
vessel towards the plasma. The hoop force at the inboard equator is
approximately 3 MN/m (equivalent to a lObar lateral pressure on the vessel
wall). The maximum load for a single bolt is 825 kN. There is a maximum gap of
0.2 mm opening (wedge-parallel behind weld) and bending causes weld stress
intensities up to 266 MPa in the inboard location. In the outboard location, the
gap interfaces are for the most part in compression. The maximum compressive
forces occur at the junction of the horizontal access port with the outboard
portion of the vessel and are 6.6 MN/m, 5.4 MN/m and 7.1 MN/m height in
gaps 1,2,3 respectively (across electrical breaks, in front and behind bolt
position). There is also high hoop compression in the weld in this region
(maximum membrane stress intensity 262 MPa). Due to all the gaps being closed
there is relatively little bending in the weld.

In the inboard, the radial shear distribution as a function of height is like a
sine wave. This corresponds to the distribution of the applied loads. In the
outboard, there are several peaks in the radial shear distribution corresponding
to the structural discontinuities. The radial shear has a maximum of 0.97 MN/m.
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The vertical shear distribution in the inboard is like a half sine wave with
the maximum value at the equator. In the outboard, there are high vertical shear
forces at the pin positions near the junction with the horizontal access port
(maximum 2.8 MN/m).

As mentioned earlier, the wedge-to-parallel segment joint is highly
stressed (max. 803 MPa) above and below the horizontal port when the VV is
under 2 bar internal pressure. This is because all the bending on the outboard is
being taken by the weld rather than the comparatively thick VV segment plates.
The weld has little stiffness in bending. In the present reference cross-section
(shown in Fig. VI.1.1-2) therefore, the weld location has been moved towards the
outer surface and the inside has been clamped by a shield plug. A separate
analysis of the VV incorporating this scheme shows a reduction of the maximum
stress on the joint at the outboard to 97 MPa.

VI.1.5. VACUUM VESSEL COOLING SYSTEM

The cooling system removes the heat deposited in the vacuum vessel due
to the nuclear flux (neutrons and gamma) and thermal radiation from the back of
the breeder blankets. The nuclear heating is volumetric and decreases
exponentially with distance from the front wall. The thermal radiation is surface
heating on the front wall only. Over 90% of the nuclear heating is on the inboard
side with the parallel segment inboard leg absorbing about 75%. The assumed
peak nuclear heat load on the VV front wall is 0.05 MW/m and occurs at the
inboard equatorial plane. This value is consistent with the requirement that the
total nuclear heat load on the TF coils should not exceed 20 kW and is based on
the attenuation characteristics of the current VV inboard cross-section, as
estimated by one-dimensional neutronics calculations. The thermal radiation flux
was assumed to be 0.79 kW/m and is based on a blanket back wall temperature
during operation of 250°C, a rather conservative value. The total heat load on the
parallel segment during normal operation comes to 60 kW/segment. Water is the
chosen coolant for its good moderating and heat transfer properties.

In designing the cooling system for the parallel segment the following
objectives should be met:

-Minimize and simplify the field connections as much as possible.
-Locate field connections as far from the plasma as possible and it is

preferable to have them double-contained.
-Route water inlet and outlet lines to the parallel segment to be

compatible with assembly/disassembly of other components (e.g.
wedge segment, PF coils).

-Connections that bridge the resistive elements and electrical breaks
should not shunt significant current.

-Provide a reasonable pressure drop < 2 to 4 bar.

Assuming a coolant temperature rise of 10°C, from 90°C to 100°C, about
1.5 kg/s water flow is required to remove the 60 kW of heat from the parallel
segment. The current design has the three sections of the parallel segment cooled
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by one circuit in scries with one water outlet. Figure VI.1.5-1 shows a typical
cooling channel of the inboard parallel segment. There are three main sections: a
large back channel, a smaller front channel, and a center channel. In the front
channel, the required flow velocity is estimated to be 0.5 m/s to provide the
needed heat transfer since that is where the bulk of the heat is removed.

The inlet and outlet pipes sizes are 40mm O/D by 32mm I/D. The pipes
will be routed in the wedge upper port area. Space is very limited to lead the
pipes around the PF 5 coil support. The overall pressure drop between inlet and
outlet is 1.3 bar of which the major part is due to the resistive element flow
requirements. The total volume of water held in the parallel segment channels is
about 1.6 m . The main steady-state temperature occurs in the inboard
equatorial section (where the peak nuclear heating occurs). For an inlet
temperature of 50C, the maximum steel layer temperature is 93°C; the bolt and
shear key maximum temperatures, based on conservative heat flow assumptions,
are 59°C and 61°C respectively. The central rib maximum temperature at the
inner surface is 147°C but this would be reduced to 97C if the front cooling
channel were extended locally an additional 70mm into the rib. This option still
provides a radial depth of solid steel of 100mm in the rib for the possible local
attachment of the blankets.

On the outboard side, the nuclear heat generation is two to three orders of
magnitude lower generally and can be neglected. The main source of heat is the
thermal radiation from the blankets. In the central section of the parallel
segment, where the resistive element shields the rest of the structure from direct
thermal radiation, the steel layer temperatures are effectively at the local coolant
temperature. In the side sections, the front wall is estimated to be about 12CC
higher than the local coolant temperature; however, this occurs only where there
is no additional shielding structure attached permanently to the front wall of the
outboard VV near the active control coils. The shielding itself is designed to be
well cooled by multiple water layers for moderation and cooling.

To control the level of impurities in the plasma, it is proposed to condition
the plasma-facing surfaces periodically by baking at 180°C. The be?*, way to raise
the temperature of the W segments from ambient to 180°C wouk! be to use hot
water at 20 bar pressure flowing through the cooling channels. For example, the
parallel segment weighs 83.5 tonne and requires 5.9 GJ of heat to raise the
temperature from ambient to baking. A pressure drop of 2.5 bars would provide
a flow of water of 2.1 kg/s and, if the inlet-outlet temperature difference is
maintained at 20°C (limited to avoid excessive thermal stress due to uneven
heating), the resultant heating power of 175kW would raise the segment
temperature to 180°C in about 9.5 hours. If hot gas at 20 bars were used instead,
with helium being the most efficient in terms of heat carrying capacity, the time
to raise the parallel segment to 180°C would be at least 160 hours, assuming the
same overall pressure drop and fluid inlet-outlet temperature difference. The
heating of the W by thermal radiation from the back of the blankets has been
suggested. If the back of the blankets are maintained at 250°C, the effective
heating power to the parallel segment is about 28kW on average, which is only
0.16 of that available heating by water. If the back of the blankets is maintained
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at 350cC during baking (first wall baking temperature), the power increases to
around 66kW on average or 0.38 of the water heating power.

VI.1.6. VACUUM VESSEL ASSEMBLY JOINTS

There are 32 main assembly joints in the reference W design. These
joints are poloidally continuous and connect the 16 "parallel" and 16 "wedged"
sectors into a single, rigid toroidal structure. The requirements for these joints
are presented in section IV.2 and are summarized as follows:

-Structural reliability to withstand all electromagnetic, overpressure and
other loads

-Full metallic welded primary vacuum boundary
-Double welds with intercpace for leak monitoring
-Compatibility with full remote maintenance scheme (i.e. no reaming,

shimming, etc.)
-Sufficient thickness of nuclear shielding between plasma and joint

location to limit He production and allow re-welding
The W assembly joint design evolved in three steps during latter part of

the CDA. The first W reference design, developed during the Summer, 1989, is
shown in Figure VI.1.4-2. The assembly joints are located near the inner W
surface looking into the primary vacuum area. The joint includes a structural
weld and a welded cover plate that provides for the double vacuum boundary and
for leak detection. This solution allows the simplest shape for the primary
vacuum boundary (with minimum gaps and cavities) and gives good access for
remote handling tools. However, stress analysis results for this design show
unacceptably high local bending stresses in the assembly joints in the two
toroidally continuous zones above and below the equatorial ports. This was due
to a radial offset in the toroidal load path, since the joint weld was at the surface
and not at the structural centroid of the section.

To reduce the local stresses, a second VV design option (Fig. VI.1.6-1)
was proposed that incorporated a double structural connection (weld lines at
both the inner and outer W surfaces) and also increased the cross section of the
toroidally continuous part of the W (the "belt") above and below the equatorial
ports. Due to these changes, the local stresses in the assembly joints were
reduced to acceptable values.

A serious concern was raised about the second VV option because the
nuclear shielding was insufficient to protect the welded joints at both the
tangential NBI ducts and (aftei later divertor modifications) at the apex of the
divertor. To meet the original requirements for the position of the rewelded
joints, two possible solutions wo> & proposed. The first solution was to increase
the radiation shielding thickness by modifying the machine geometry. The
second solution was to move the toroidal location of the assembly joint to a new
position, at the vertical midplane between TF coils (as in the alternate W design
option, section VI.1.8). Both of these solutions require W modifications that
can only be addressed during the EDA phase. However, a third solution was
found by simply re-examining the nuclear shielding requirements. A more
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correct definition of the required nuclear shielding thickness in front of the
assembly joints must take into account different geometry factors for the
different points considered. On this basis, the required shielding thickness to
limit He production to 1 appm for the inboard machine area remains at 500 mm,
but the shielding thickness can be reduced to 300 mm in the NBI port and to 400
mm (including 200 mm of in-vessel material) in the divertor area (see section
IV.2).

Based on the closer examination of the shielding requirements for re-
welding, the third design for the assembly joint was proposed and developed as
shown in Fig. VI.1.6-1, -2 and -3. In this design, the portion of the assembly joint
between the divertors and all the way around the outside is made with a
combination of welded joint on the outer surface and bolted connection on the
inner surface. The welded joint is similar to that described for options one and
two and provides a double vacuum seal as well as a structural connection. The
bolted connection uses inserts that are attached with alternate shear keys and
bolts. In order to provide for assembly tolerances, the structural key is made in
two pieces and welded together after bolting or is made with bushings around the
bolts and shear keys that are welded at assembly. In any case, this should be a
relatively simple connection since no vacuum seal or electrical insulation is
required.

Additional development is required during the EDA for the VV assembly
joint, but in principal a simple, reliable design that is compatible with remote
handling should be possible.

VI.1.7. DESIGN DESCRIPTION OF MAIN PORTS

The vacuum vessel must have large ports to provide access for
maintenance, heating and current drive, fuelling, diagnostics, vacuum pumping,
etc. Three large ports are located in each of the 16 machine sectors. These
include the upper vertical ports, the midplane horizontal ports, and the lower
ports. All W ports are finished by flanges, which are used for the assembly joint
with the adjacent equipment extensions. During the ITER CDA, all components
behind the VV port flanges were developed by the "port user", e.g. for upper port
by Nuclear Group, for NBI port by Heating and Current Drive Group, etc.
Accordingly, only the major design features of the port interfaces are described
in this section. Figure VI.1.7-1 shows a schematic of the upper and midplane
ports that illustrates the tritium boundary and the seal configuration that is
common to all the port systems. The allocation of the midplane horizontal ports
for specific systems is given in Section IV.2.4.

VI.1.7.1. Upper vertical ports
Each of the 16 upper vertical ports provides access for installation of all in-

vessel components (except divertors), including the inboard blanket/shield
segments, the shielding plugs, and the lateral and central outboard
blanket/shield segments. In addition, cooling and other service lines are routed
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for the inboard, lateral outboard and upper outboard blanket segments, the
upper shielding plugs and the upper divertors. Each of the blanket/shield
segments is serviced by 4 coolant pipes with additional helium gas lines, while the
semi-permanent shields and divertor modules have only 2 coolant pipes.

All blanket segments and shielding plugs have a vacuum tight box which
includes also the first wall. The boxes are welded to a horizontal bulkhead within
the port.. This welded lip-joint separates the high vacuum (plasma chamber)
from the secondary vacuum (leak detection chamber). To remove the
component, the lip-joint must be cut with RH tools. Flexible bellows are
installed at the interface between the bulkhead and the component to
accommodate relative thermal expansion and distortion. The divertors, which
are supported in the same location as the lip-joint, do not require any bellows.

The pipes coming from the inside of the blanket/shield segments are
routed through the secondary vacuum chamber in the radial direction towards
the outside of the cryostat. All cutting and welding of the pipes will be done in
this chamber . In the present design, this operation will be done from the inside
of the pipe. An option exists for the pipes to be joined mechanically since they
communicate only with the secondary vacuum. The seals between the torus hall
or the cryostat and the secondary vacuum may be either metallic O-rings or may
be welded. The horizontal duct connections between the vertical port and the
cryostat, which carry the piping, consist of circular bellows fixed to the walls by
bolted flanges. This makes it possible to clear the necessary area for
disassembling of the intercoil structure, poloidal coils or other hidden
components. The bellows is required to allow W motion with respect to the
cryostat.

In order to avoid interaction between pipes and cryostat head, all the pipes
except the divertor are routed in the lateral wall. The large trapezoidal opening
in the cryostat head is only used for installation or removal of the internal
components and for maintenance.. Because of the large dimension of this port,
no permanent bellows will be used except for the small circular bellows for the
divertor piping. Before this port can be used for maintenance, it is n^essary to
install and connect a temporary trapczoid bellows between the vertical port and
the head of the CV, thus maintaining the cryostat vacuum and preventing warm-
up of the coil system.

VI.1.7.2. Midplane horizontal ports
The midplane horizontal ports provide access for heating and current

drive systems, fuelling, diagnostics, blanket test modules, and for the introduction
of maintenance equipment. The cooling and service lines for the lower, central,
outboard blanket/shield segments may also be routed through the lower portion
of each of these ports, but there are two options for routing these pipes as shown
in Figs. VI.1.7-2 and 3. If the pipes are not routed through the lower portion of
the horizontal port, they will be routed through the pumping duct to each of the
lower vertical ports. The final choice will be made on the basis of maintenance
and nuclear shielding analysis.
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Although the various uses for the horizontal ports are quite different, each
port must still maintain the primary plasma vacuum/tritium containment
boundary without interruption. For this reason, the vacuum vessel/port duct
interface should be the same for all sectors and all the port openings should be as
large as possible within the constraints of the TF and PF coil geometry to
maximize access. Figures VI.1.7-4 to 8 show the typical standard interface for a
few ports.

A standard interface is desirable for the following reasons.

-All VV sectors would be the same.
-The VV-to-duct tritium containment weld would have the maximum

amount of nuclear shielding. ( > 300mm in correspondence with re-
welding requirements, see Section IV.2)

-If, during the EDA, changes in design of diagnostics, heating systems,
maintenance or testing devices is found to be necessary, a standard
port would not require design modifications.

-If, during early operation of ITER a change in the number, type,
location, or design of heating, diagnostic, maintenance or testing
devices is found to be necessary, a standard port would not require
physical modification.

Specific designs for the configuration of the ports are described in the
following:

Maintenance and test module ports (Fig. VI.1.7.-4.5.). The main difference
between the maintenance ports and the test module ports concerns the inner
components, which are not in the scope of this work. The integration problems
with the VV and with the cryostat can be considered the same.

The maintenance port should allow the introduction of the articulated
boom, in-vessel vehicle or other transporter device and the in-vessel viewing and
inspection system for in-vessel maintenance and visual inspection.

The test module ports will be used to install different blanket modules for
testing. Since the width of the modules (1/48 of torus) is less than the port
width, the two side spaces available behind the port have been used to locate
piping and the transport device for the shielding plug.

The concepts adopted for pipe welding and cutting for the seals and
flanges are the same as already described for the vertical port. The blanket test
module or shielding plug is sealed by a lip-joint welded to the wall of the V.V. .
All the seals behind this welded boundary consist of metallic O-rings (Helicoflex
or equivalent type). The flange that joins the W and duct is bolted from the
inside where more space is available. The seal between the duct and the cryostat
is a bellows which provides a flexible connection and enough electrical resistance
between the W and the cryostat. For assembly, once the plug is carried into
position by a trolley the lip joint can be welded and then the plug clamped by
removable brackets. The plug pipes are routed out to the cryostat with 90
bends that allow the insertion of the in-pipe cutting tool. To slide back the plug, it
is necessary to cut the pipes in two positions and remove a section of the pipe.

103



The same procedure should be adopted for the lower central
blanket/shield segment pipes, if these cooling pipes are routed through the
horizontal port. In this case, in order to have enough space to cut the blanket
bellows lip joint, it is again necessary to remove portions of pipe. The access to
these pipes is sealed by a welded cover.

To avoid requiring additional large bellows in severe working conditions,
the connection between the maintenance equipment casks and the W will be
made only during maintenance.

Ion cyclotron ports. The ICRH antenna is located inside the blanket segments
and the coaxial feeders exit through a duct in the upper part of the horizontal
ports. All the in-port portion of the duct will be evacuated to avoid vacuum
connections of the coax. The duct for the coaxial cables occupies a space that is
symmetrical to the duct in the lower part of the port that can be used for the
lower central blanket module cooling pipes. As a result, standard equatorial port
flanges can be used.

The coaxial feeder assembly within the port will be of modular
construction. Each module (cassette) will contain the two coaxial feeders coming
from the two antennas in the same blanket module. In case of failure, the entire
module will be replaced.

The double containment between the primary vacuum and the
environment (with tritium detection inside) is realized with double bellows on the
cover of the horizontal port. This places all of the in port duct in the primary
vacuum and avoids the need for vacuum tight connections at the multi-lam
electrical joints. The tritium barrier continues around the wave guides as far as
the vacuum windows.

Neutral Beam Injection Ports Three NBI ports are envisaged for ITER; two
ports are used only for NBI while one port is shared between NBI and a
maintenance port. Figure VI.1.7-7,8 shows two options for the integration of
these three beamlines with the tokamak. The primary integration problem is to
obtain sufficient nuclear shielding at all the assembly joints to permit re-welding,
and still maintain the required amount of tangential access. This problem was
not resolved in the previous reference design, shown on Fig. VI.1.7-7.
Accordingly, the new design was proposed, which is shown schematically in Fig.
VI.1.7-8. For the proposed design, the port structure is basically composed of
three parts:

1) The inner structure, for covering the lip welds and bolts,
2) The middle structure, for primary vacuum containment (includes double
bellows)
3) The outer structure for a biological shield.

The inner and outer structures are supported by the cryostat and the
weight of one half of the middle structure is sustained by the vacuum vessel.
Although the interface to the vacuum vessel is not shown as a standard
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connection, in principle it could be a standard connection, with the additional
shielding attached in a semi-permanent fashion to the inside of the vacuum vessel
port duct. The standard port design solution is considered as a candidate for the
ITER reference at the start of the EDA.

From a remote handling point of view, attention has been paid to the
bellows and the VV wedged segment removal. To access Ihe inside bellows, the
inner structure is withdrawn. To access the outer bellows, the inner bellows is
disconnected and compressed. If all the inner, middle and outer structures are
withdrawn, the area between the vessel and cryostat is completely clear.

Two barriers are always provided between the primary and secondary
vacuum (the two bellows) and between the primary vacuum and environment
(the bellow and a metallic gasket). Between the secondary vacuum and
environment, one barrier is provided by a metallic O-ring.

From the bellows point of view, the most demanding displacement to be
accommodated is due to the thermal growth of the vessel during baking (relative
displacement perpendicular to the bellow axis).

Diagnostic ports During the conceptual design phase, several possible ports for
diagnostics were studied, but they were not completely determined. Figure
VI. 1.7-9 shows a typical port layout proposed for diagnostics.

VI.1.7.3. Lower ports
The lower ports provide access for vacuum pumping, for the lower

divertor piping, for the lower semi-permanent shield plug piping, and possible for
the lower, central, outboard blanket segment. The piping arrangement is similar
to the upper vertical port, except that the shield plug piping is not routed through
a secondary vacuum.

The pumping duct must be as large as possible to obtain the maximum
conductance to the vacuum pumps. To decouple the W mechanically from the
cryostat and from the vacuum pump system and to obtain enough electrical
resistance, a bellows which sees the primary vacuum is required in the duct. A
preliminary assessment indicates that a bellows with 1 m of length and 60 mm of
convolution dept with two plies of 1.5 mm could meet the ITER requirements.
Another assessment indicates the feasibility of providing two short bellows
separated by a rigid duct. In either case, the bellows assembly is made up of two
coaxial bellows in order to monitor tritium leaks from the inner bellows which
face the primary vacuum. The W side of the bellows assembly has an extension
to maintain the radial dimension of the wedge segment of the W small enough
to be lifted through the P6 coil and intercoil structure. For this operation, it is
necessary to disconnect the two flanges of the duct, then to squeeze the bellows
and lower it. A second option is to remove the bellows radially through an overly
large flanged opening in the cryostat.

The same double containment is realised in the flange seals by means of
an inner weld lip-joint and an outside metallic gasket. To protect the inner
bellows, a liner is fixed on one of the flanges. To shield the poloidal coils from
nuclear radiation there is an outer sleeve split in two halves.
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Further work is necessary to investigate the cooling arrangement and to
properly size the shielding thickness.

VI.1.8 ALTERNATE VACUUM VESSEL

Reference Vacuum Vessel Design Concerns The ITER vacuum vessel reference
design is based on heavy steel sections bolted together across insulated joints.
Vacuum integrity is achieved by seal-welding a high resistance corrugation across
the structural joint. The advantages for this design include: good shielding
characteristics, low deformation under load, good strength, no electrical
insulation in the plasma vacuum (except in blanket/shield modules and locks),
and adequate, heavy structure to provide attachment points for the blanket
modules. A very important advantage of the reference vacuum vessel is the good
possibility to incorporate the twin-loops which remains a potential problem for
the alternative option.

As this design concept has progressed, however, several difficulties have
been discovered. First, although the heavy sections can be made very robust, the
overall strength of the structure is limited by the bolts and shear keys that tie the
sections together. The loads from the blanket modules during a plasma
disruption are very severe and must be taken primarily by separate structure
between adjacent blankets, and not be carried into the vacuum vessel. Second,
the seal welds attaching the resistive corrugation to the heavy sections must
absorb the shear stress between the cool heavy section and the hot resistive
section following a disruption. It is difficult to provide flexibility at this joint to
reduce the stress concentration. Third, since the toroidal electrical resistance is
concentrated at discrete locations on the inner surface, there is a tendency for
radial currents to form in the vessel during a plasma disruption, adding extra
vertical shear forces to the structural joint area. Finally, the overall complexity of
the design and required manufacturing tolerances could result in a very expensive
structure to build and to qualify for tritium containment.

Alternate Vacuum Vessel Design Concept As a result of the concerns with the
reference design, an alternate vacuum vessel design concept was pioposed. The
alternate concept is based on a thin wall sandwich structure, with continuous
inner and outer face sheets separated by rib stiffeners. This is a common design
solution for the vacuum vessels of existing fusion devices . The membrane
strength of this design is of the same order as the reference design in that the
tensile area of the skin is similar to that of the segment to segment connecting
bolts on the reference design. The bending strength of the sandwich design is
nearly as great as the solid section design, and does not have the extra bending
loads produced by the discontinuity at the joints. Since the sandwich design
provides the required electrical resistivity by uniformly distributing it toroidally
around the structure, there should be no toroidal gradient in ohmic heating from
a plasma disruption. The primary disadvantage of the sandwich structure had
been the difficulty of providing structural attachment points for the blanket and
shield modules. This problem has been practically eliminated, however, by
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structurally separating the blanket/shield structure from the vacuum vessel. The
most serious concern for the thin-wall design is the difficulty to integrate the
passive twin-loops due to unacceptable large electrical gaps between the blanket
and the double-sheet SS vessel structure. If this gap were to be reduced by using
conductive plates, attached to SS, the vessel toroidal resistance would be
drastically shunted.

Two thin wall concepts have been proposed. The first concept is a simple
replacement of the reference design vessel with the same thickness and shielding
properties. It would also use the same size and type of blanket/shield modu'es
and attachment locks. The second thin-wall concept would have only a 15 cm
thickness, and would employ an intermediate shield and support structure on
which to mount the blanket modules. The two concepts are briefly described as
follows:

Thin wall alternate with 25-30 cm total depth (US proposal).
The proposed design consists of toroidally curved sections, vertical port

sections, radial port sections and stiffening beams as shown in Fig. VI.1.8-1 The
toroidal sections have a total thickness of 25 cm, with 1.5 cm thick face sheets
separated by rib stiffeners and box section cooling channels as shown in Fig.
VI. 1.8-2. The face sheets and box sections are sized to give the required toroidal
resistance of 20 micro-ohms. The ribs are sized to accept the bolts that connect
the semi-permanent shield segments to the vessel. The box sections are sized for
lateral stability due to in-plane bending loads. The vertical and radial port ducts
have a total thickness of 10 cm and 20 cm respectively with 2 cm thick face sheets
and a system of rib stiffeners and box section cooling channels similar to the
torus section. The stiffening beams on the outside of the vertical port ducts are
2.5 cm thick box sections and provide radial stiffness for the outboard section of
the vessel.

The sandwich panels may be constructed by either of two process, welding
or diffusion bonding. In either case the face sheets must be attached to the box
tubing and rib stiffeners, and the entire assembly must be stress relieved in a
fixture to insure proper form tolerance and low residual stresses.

Once the torus sectors and port sections are formed, they are welded
together to form 1/32 sectors. These sectors are then joined together in the bore
of a TF coil with a continuous poloidal weld joint. The rib stiffeners are drilled
and tapped for attaching the semi-permanent shield sections on the inboard, and
these same features are used for fixturing to make assembly welds. A section
through the inboard assembly joint is shown in Fig. VI.1.8-3. At assembly, the
splice plate toward the TF coU is sized and tack welded into position. The full
penetration welds are then made, followed by the insertion of the shield blocks.
These blocks are sized to provide the correct clearance for the second splice
plate with the integral cooling/shielding passage. The second splice plate is
welded and the weld is leak checked by differential pumping of the volume
between the box tubing and the face sheets.

The space between the face sheets of the vacuum vessel is filled with
water, which provides both the required cooling and additional neutron
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Fig. VI. 1.8-1 Alternate vacuum vessel segmentation

(assembly joint through ports)
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Fig. VI. 1.8-2 3D view of alternate vacuum vessel (US)
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Fig- VI.l.8-3 Alternate-B (US) vacuum vessel



shielding.. The water enters each segment at the outboard vertical port, is
distributed to the bottom of the vessel and exits at the top vertical port. All
circuits and internal piping can be pre-tested all the way out to the final
connection point with the external supply and return lines prior to installation in
the machine.

The strength of the thin-wall vacuum vessel has been checked with a finite
element analysis for the pressure, thermal and electromagnetic loads from a
vertical plasma disruption. The peak stress (Von Mises stress of 260 MPa for
combined loading) occurs at the intersection of the upper and lower vertical
ports with the inboard side of the torus, but are still within reasonable limits.

Thin-wall alternate W with 15 cm total depth and separate shield structure
(Japan proposal).

This design consists of a relatively thin (15cm) double wall vacuum vessel
that has a separate shield structure from which the blanket modules are
supported. In this way, the blanket and shield EM forces are not transmitted to
the vacuum vessel, except for the residual EM load and the gravity load, which
are transmitted through a "shelf1 on the outboard lower side of the vacuum
vessel. The shield system is structurally continuous in both the toroidal and
poloidal directions, but is electrically discontinuous in the toroidal direction. The
concept is illustrated in Figs. VI. 1.8-4,-7.

The vacuum vessel is constructed of thin face sheets separated by box
tubing, which forms the structural core as shown in Fig. VI.1.8-4. As in the other
thin wall design, either welding or diffusion bonding can be used to bond the
face sheets to the box tubing. The general feasibility of this approach has been
demonstrated during the manufacturing of JT-60 Upgrade. Heavier rib sections
are used at the assembly joints where the double field welds are made. Water
between the face sheets serves as coolant and additional shielding material.
Calculations show that the shielding effectiveness of this design is comparable to
the reference concept.

The vacuum vessel is segmented at the radial planes through the ports (the
same as the other thin wall design), and part of the shield structure is pre-
installed in the bore of the TF coil. The pre-installed pieces are bolted across an
insulated bieak in the factory. Other pieces are connected by keys in situ, and
clearance is provided by a small toroidal shift of the shield structures.

The peak calculated Von Mises stress for this design is 199 MPa, which is
slightly lower than that calculated for the other thin-wall design, even though the
section depth is smaller. This discrepancy is primarily due to the different EM
load cases that were assumed.

In conclusion, a continuous, thin wall sandwich type vacuum vessel is
proposed as an alternative to the thick wall reference design. The alternate
concept appears feasible from the standpoint of fabrication, assembly, cooling
and structural loading. There are still issues to be resolved, such as the exact
composition of the core, the fabrication method (welded, diffusion bonded or
other), the worst case temperature distribution due to joule heating from a
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Fig. VI. 1.8-4 Alternate-A (Japan) vacuum vessel cross-section
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Fig. VI. 1.8-5 Alternative vacuum vessel/TF coil module (exploded view)
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Fig. VI. 1.8-6 Alternative vacuum vessel/TF coil module (assembled view)
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plasma disruption, and the effect and severity of conductive plasma currents or
"ha'.o" currents.

Alternate Vacuum Vessel Segmentation
The reference vacuum vessel is joined during assembly along 2 seams

located at the edge of each parallel segment in the bore of the TF coil. There are
a total of 32 such field joints.. An alternate segmentation is proposed where the
vessel would be joined with only 16 field joints. In this concept, the vessel
sections would be welded together prior to assembly into sixteen left and right
halves, divided at the vertical midplane of the TF coil and at the vertical midplane
of the ports as shown in Fig. VI.1.8-5. The halves would be connected in the
workshop around the TF coil as shown in Fig. VI.1.8-6 and the entire module
would then be installed vertically in the machine.

This segmentation scheme is proposed for two reasons. First, the helium
production in the vacuum vessel due to neutron damage is very high in the
unshielded regions near the divertor at the top and bottom of the machine and at
the NBI ports. If the vacuum vessel field weld is placed in the bore of the TF
coil, then the weld crosses the high damage area and cannot be re-welded except
during the very early phase of operation. If, however, the field weld occurs at the
centerline of the ports, the weld does not cross the high damage area and repair
is possible well into the technology phase of operation.

A second reason for splitting the vacuum vessel at the ports is the relative
ease of installation and removal of the vacuum vessel segments. In the reference
approach, the parallel segment of the vacuum vessel is installed with the TF coil,
and the wedge segment must be lowered into place and then translated radially
into position. The two poloidal welds are then made to connect the wedge and
parallel segments, as well as any cooling connections to the parallel segment.
The radial port ducts are then installed, as is the upper part of the vertical port.
The proposed segmentation requires that the entire vacuum vessel segment be
installed with the TF coil. There is only one poloidal weld to connect vacuum
vessel segments, and it has only two short sections with curvature. There are no
special cooling connections since the manifolding is pre-installed in the
workshop.

In conclusion, this segmentation scheme is proposed for both of the thin-
wall vacuum vessel concepts for the reasons given above, which are; 1) the
reference segmentation meets difficulties in re-welding of seals and structure
near divertor or tangential ports and the alternate segmentation scheme does
not, 2) the alternate segmentation simplifies the required motion of the vacuum
vessel during assembly and disassembly, and 3) the cooling connections are
greatly simplified.

Assembly scheme for alternative W

Alternate concepts for the design and assembly of the vacuum vessel were
studied by two of the home teams. The two designs both use double thin walls to
simultaneously obtain the required toroidal resistance and the double all-welded
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vacuum/tritium boundary. Both concepts also split the vacuum vessel toroidally
into only 16 equal sectors, versus the 16 parallel and 16 wedge sectors of the
reference concept. In this segmentation scheme, the required field joint is in the
midplane between the TF coils and toroidally bisects the ports. In both concepts,
each vacuum vessel sector is installed into the bore of a TF Coil and assembled
into its installed position with the TF Coil. From an assembly and maintenance
perspective, the two concepts differ only by the manner of how the shield is
incorporated; in one, the shield is installed with the vacuum vessel and then these
sections are separately linked together, by introducing additional sections to form
a separate structural shell (to support the blankets) within the vessel. The other
includes all the shielding on the blanket modules which are then linked together
to form the required structural assembly.

In addition to the configuration and structural advantages discussed in the
Containment Structures reports, this concept has features which can be beneficial
to assembly and maintenance.
-Fewer, lighter pieces must be handled

-Fewer field joints
-Fit up tolerances at assembly are less severe since sections are welded
(i.e. no bolts or shear keys)
-The interspace between walls, usually used for cooling passages, can
be evacuated and used for leak checking of the two walls independently
while still in the work shop. Since the field joints used to connect
adjacent sectors contains independent inner and outer splice plates, a
similar void area is formed that can also be used for lead checking.
This means that individual vacuum vessel sectors can be leak checked
without having a complete toroidal assembly.

(1) Installation of alternate VV concept "A"

The steps required to assemble the vacuum vessel are shown in Figure
VI.1.8-7.

1) The assembly unit of a TF coil, 1/16 of the vacuum vessel, and a 35.5
degree sector of permanent shield is preassembled.

2) The units are sequentially installed onto the machine support structure.
3) The vacuum vessel sectors are aligned and welded together, inner and

outer walls, in the gaps of the shield sectors.
4) The sixteen 15.5 degree shield sectors are shifted toroidally with the aid

of air jacks and fifteen 7 degree "filler" sections are inserted through the upper
port and installed between the 15.5 degree sectors using spigot key joints.

5) The last 7 degree sector key is installed to complete the loop and
welded in place.

6) The cooling pipes connecting the 7 degree sectors to the 15.5 degree
sectors are installed.

7) Continue the machine assembly as in the reference case.
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(a) Testing of SC
(b) Installation of

Ports and others

(c) Testing of VV (d) Installation of
In-vessel component and
completion of assembly

Testing of SC and VV

Fig. VI. 1.8-8 Basic device assembly for testing (similar on the approach
for reference design)
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(2) Installation of vacuum vessel alternate B

The steps required to assemble the vacuum vessel are as follows:

1) The vessel sections are welded together prior to assembly into sixteen
left and right halves divided at the vertical midplane of the TF coils and at the
vertical midplane of the ports as shown in Figure VI. 1.8-1. The halves are
connected in the workshop around the TF coil as shown in Figure VL1.8-2 and
the entire module is installed vertically into the machine. Note that this
arrangement allows the cooling circuits to be completely installed in the
workshop without the need of any field joints.

2) An inner splice plate is sized and welded into position.

3) Shield blocks are inserted between the walls of the W .

4) The inner splice plate is welded into position, resulting in the completed
vacuum vessel assembly shown in Figure VI. 1.8-3.

5) Continue remainder of machine assembly as in the reference case.

On-site Testing of SC Coils and W

The on-site TF and PF coil testing under cryogenic temperature should be
performed to determine any initial failure of the magnet and then replace the
module as necessary. The replacement of the magnet becomes much more
difficult after the connection of the vacuum vessel and port has been completed.
Accordingly, an assembly procedure is proposed to have priority which would test
the magnet system for any initial failures and make any replacement of the
magnet module easy.

The coil test is carried out by evacuating the cryostat vessel and cooling
down the magnet system to the cryogenic temperature. The penetrations of the
cryostat vessel are covered by temporary caps to plug them. After the coil test,
the W sectors and ports are connected together. Then the final leak test is
performed to check the total outgassing characteristics of the vessel (see Fig.
VI.8.-8).

VI.2 BLANKET ATTACHING LOCKS

The design of the attaching locks system for the internal removable
components is a critical issue that is still open. According to the design
requirements described in Chapter IV, the attaching locks should be capable of
providing sufficient mechanical stiffness, flexibility, maintainability, and tolerance
of nuclear radiation.

For this purpose, five different locking systems described below have been
proposed and discussed. It may be possible to select a different attaching locks
system for the inboard and outboard region due to differences in space, access
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available, and maintenance procedures. However, no reference solution was
selected because the candidate solutions only partially satisfy the requirements
and there are large uncertainties in the present data base on technological and
material properties as well as concerns about feasibility and reliability.

The bolt-to-bolt welded connector concept was tentatively chosen as a first
option for the purpose of design integration, but the selection of a reference will
be made during the EDA based on the R&D results and detailed analysis of the
candidate concepts.

VI.2.1 GENERAL APPROACH

(1) General concept

There are three basic design concepts for supporting the blanket/shield modules
in the machine. The first is to connect each segment directly to the vacuum
vessel and assume that the vessel can carry the resultant loads. A second concept
is to carry certain local loads by the vacuum vessel and to react other loads
directly between adjacent segments. The third support concept is to tie all the
blanket/shield segments together to form an independent structural assembly.
Only the net non-compensated vertical load on the blanket/shield assembly
would be carried back through the vacuum vessel into the machine gravity
support. In general, the third concept (independent support) is preferable to the
others and the independent support has the following advantages:

1. The vacuum vessel can be much simpler structurally and less accurate
dimensionally, since the locations of the blanket/shield segments are
not referenced from the vacuum vessel.

2. Failures from fault loading should not impact the vacuum vessel. If a
failure occurs in the blanket/shield structure due to an unexpected
electromagnetic or thermal load, it can be repaired or replaced
independent of the vacuum vessel. Protecting the vacuum vessel also
prevents breaching the tritium barrier.

3. The inherent thermal mismatch between the vacuum vessel and the
blanket/shield segments will not be constrained.

4. The vacuum vessel and blanket/shield structure can be analyzed
separately.

(2) Vertical load connection

The net vertical load on the blanket/shield segment assemblies must still
be carried through the vacuum vessel into the machine gravity support. The
vertical connection is made at the bottom of the machine for two reasons. First,
in a remote environment, it is probably easier to set a large blanket/shield
structure on a shelf than to hang it from a vertical surface. Second, the local path
through the vacuum vessel is more direct for both gravity and disruption type
loads.
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(3) Segment to segment connection

The connection between the blanket/shield segments is the key and the
following basic features are desirable:

1. Standard connectors of the same design should be used wherever
possible instead of custom connectors at each location. This should
provide a-better chance of developing remote tooling for assembly and
disassembly.

2. Multiple connectors of modest size should be used instead of a few
large connectors for two reasons. First, this allows the possibility to
operate even with one or two connectors improperly installed or
broken. Using only a few connectors would probably mean that each
connector must function correctly. Second, the blanket/shield
structure may not be capable of carrying high local loads from a few
connectors, but would be more compatible with the distributed load
from many connectors.

3. Connectors must have some means of providing assembly clearance
during the initial placement of the segments. The size and mass of the
segments will make them difficult to handle with precision.

4. Connectors should have a backup method of replacement, if the
primary method fails.

5. Connectors should be located far enough from the plasma to avoid
excessive nuclear heating and damage.

VI.2.2 BOLT-TO-BOLT WELDED CONNECTOR

(1) Concept description

The welded bolt connector consists of a bolt that is extended, at assembly,
across the gap between adjacent blanket/shield segments and welded to a similar
connector, as schematically shown in Fig.VI.2.2-1. One connector end is
prepared with a j-groove type pocket, while the mating connector has only a
simple flat face. The connectors are extended until they touch, then are welded
together with a gas metal arc weld (GMAW). A threaded insert is used as the
seat for the bolt to prevent galling and to allow repair of damaged threads by
replacing the seat. The seat material is aluminum and is coated with an oxide
layer or anodized to provide electrical isolation.

The assembly and disassembly operations are shown in Fig.VI.2.2-2. The
bolts are cut to remove a blanket/shield segment and new bolts are installed
prior to re-assembly. The bolts are replaced to avoid any problems of rewelding
irradiated material. The method of turning the bolts to extend or retract them
must be within the capabilities of the remote handling equipment, and could be
based on a rack and pinion or worm gear drive approach. A schematic example
of the rack and pinion method is shown in Fig.VI.2.2-3
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Fig. VI.2 2-1 Blanket-to-blanket welded connectors approach



ASSEMBLY SEQUENCE DISASSEMBLY SEQUENCE

1. Install module with
connectors retracted

2. Adjust position of
blanket/shield modules

3. Extend all connectors

4. Leak check all piping,
re-inspect position

5. Weld connectors with
automatic welder

1. Cut connectors

2. Remove blanket/shield
module

3. Unscrew connectors
from adjacent modules,
clean threads, inspect
aluminum sleeve and
replace, if damaged

4. Install new
connectors and
repeat assembly
sequence

Fig. VI.2.2-2 Assembly/disassembly sequence of welded bolt connectors



Fig. VI.2.2-3 Rack & pinion mechanism for extending welded bolt connector

The method of welding depends on the ease with which the process can be
adapted to remote handling equipment. GMAW welding is the preferred option,
since the existing programmable equipment provides a repeatable process and
the weld head is small. A simple test weld was performed that verified the
possibility of making the GMAW weld with only a 1 cm wide weld pocket. A 1.5
mm diameter filler wire was used to weld two bolts made of 316 stainless steel.
Limited distortion and reasonable fusion of the two surfaces was observed.
Areas without fusion (crack) should be eliminated with minor changes to weld
prep geometry.
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Other weld processes have additional problems. Electron beam welding
(EBW) would be desirable since it is the cleanest process, but this requires a
vacuum environment in which the remote manipulators are difficult to operate.
Laser welding has not been developed for welding this size unless multiple passes
with filler wire are employed. Finally, resistance welding or discharge welding
may be possible, but the design of the connectors themselves would be more
complex to provide the high current distribution system.

The method of cutting the bolts must be within the capabilities of remote
handling equipment. One method would be to simply use a saw, with a chip
collection system. A laser may also be used, but this would require an extensive
system to direct the laser.

(2) Concept evaluation

The welded bolt connector meets the primary requirements for the locking
system.

An evaluation of the concept with respect to the main requirements is as
follows:

Function: The welded bolts structurally attach the blanket/shield segments to
each other. Only net vertical loads (gravity and residual electromagnetic loads)
are transmitted to the vessel.

Mechanical loads: The electromagnetic loads from a plasma disruption are
reacted directly between adjacent blanket/shield segments through the welded
bolts. The minimum number of bolts required for a given bolt diameter depends
on the assumed load distribution. Fig.VI.2.2-4 shows the relation between bolt
size and number for the normal loading condition including axial loads that put
the connections in compression on the inboard and in tension on the outboard.
There are no loads associated with coolant pressure or gravity, and the assembly
and handling loads should be small since the bolts are retracted during these
operations. The induced loads from relative thermal expansion of adjacent
blanket/shield segments could be high, but should not be considered as a normal
operation. Normal operation should produce limited temperature differences, on
the order of a few tens of degree C.

Thermal loads: The thermal loads from nuclear heating are assumed to be small
on the outboard segments and on the order of 1.7 W/cm3 on the inboard
segments. A preliminary thermal analysis show that the maximum operating
temperature of the shield surface is about 150 C and the temperature gradient
across the threads and aluminum should be less that 20 C. Therefore, the bolts
should operate in the range of 200 to 300 C. The disruption heating is assumed
to be negligible, since no current flows through the bolts.

Fault loads: Fault loads may be produced in the event that the electrical isolation
fails or arcing occurs, producing unexpected current paths. It is difficult to
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determine the worst case loading event, but since the blanket/shield segments
are structurally separated from the vacuum vessel, a nnjor fault should not cause
a breach of the tritium barrier.

Fatigue life and reliability: The number of disruptions should be limited to a few
thousand, so the fatigue life of the connectors should be adequate if they are
conservatively designed for the worst case disruption. In general, for ductile
materials like 316 stainless steel, significant plastic strain can be accommodate
for this number of cycles. The reliability of the system should be good for two
reasons. First, with a large number of connectors, a poor or failed connection at
several locations will have little effect. Since the welding operation will be
automatic, a statistical failure probability can be established and a reasonable
number of redundant connectors can be provided. Second, the system is
relatively simple and completely passive. No additional systems are required
once the initial installation is completed.

Radiation damage: The maximum radiation dose occurs in the connectors at the
midplane of the inboard blanket/shield. These connectors see a dose of about 2
dpa in the gap between blankets and about 1.5 dpa away from the gap. Based on
the present data base of stainless steels, the total elongation at 10 dpa is still 5 %
to 10 %, so the material retains some ductility. The total strain range for a
fatigue life of 10,000 cycles remains above 0.6 %, which corresponds to an
alternating stress of about 500 MPa. The 2 dpa dose is above the allowable
rewelding limit, which is why the connectors are not rewelded.

Compatibility with high vacuum: The connector system can be cleaned and baked
to the same temperature as the blanket/shield segments. The GMAW process
uses an inert cover gas but no flux, so there should be no contamination of the
weld area with foreign material.

Compatibility with remote handling: The primary problem is related to reliability
of the remote welding/cutting procedure and positioning in the narrow space (20
mm). This can only be proved by demonstration as a part of technology R&D
program. In addition, as described previously, a large number of bolts are
required, resulting in longer maintenance time. On the other hand, the
connectors have the advantage that they can be visually inspected from the front
of the blanket/shield segments to assess problems such as extension of
connectors or orientation of the weld prep. As for back-up scheme, the problem
would be by-passed by relying on the remaining connectors to carry the extra
load.

Blanket/shield segments positioning: The positioning and geometric tolerance of
the blanket/shield segments is less critical since the connectors can be adjustable
in a range of 10 mm in every direction.
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Minimum gaps between blanket/shield segments: The gaps required for
welding/cutting the connectors are required to be at least 20 mm on both the
inboard and outboard regions.

(3) Primary concerns
Two primary problems exist with the welded bolt option and should be

resolved by some modification in design and by R&D results in the next design
nhase:

1. Since there is no vertical compliance between adjacent segments, a
temperature difference between blankets could cause damage to the
connector, blanket, or both.

2. The welding process will require extensive development to be
repeatable enough for the required reliability, to be fast enough to
make the thousands of connections that are foreseen and to be simple
enough for a remote maintenance operation.

VI.2.3 HYDRAULIC CONNECTORS

(1) Concept description

The hydraulic connectors basically consist of a movable wedge with a
hydraulic driving system. The hydraulic driving system has a flexible part to
provide reversible movement capability for the wedge by changing the cooling
water pressure. For example, the wedge is extended to provide locking forces for
the blanket segments in the normal operation and is shrunk to provide unlocking
and clearance between segments during maintenance. This system has the
following advantages;

1. The assembly/disassembly procedure of the blanket segments is very
simple since locking and unlocking of this system can be clone only by
changing the cooling water pressure.

2. This system can basically provide no gaps between the blanket
segments during normal operation, so that high mechanical stiffness
will exist due to the surface contact and thereby permit reacting the
electromagnetic forces. Also, there will be no large forces transmitted
to the vacuum vessel and to the hydraulic driving system during
disruption.

3. This system provides better nuclear shield because there is no neutron
streaming effect compared to the shielding capability of the welded
bolt and mechanical bolting connectors. In addition, this system uses
the same pressurized water that drives the system to also provide
cooling needed by nuclear heat deposition. The result is that no
additional cooling circuit is required.
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HYDRAULIC LOCKING APPROACH

Basic Concept : Cotter + Hydraulic Driving
Mechanism

Hydraulic Driving Mechanism (Feature)
Flexible Tube Type

1.Strong Driving
Force

2.Simple Mechanism

Bellows Type

intermediate
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Fig. VI.2.3-1 Three options of driving mechanisms for hydraulic locks
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4. The wedge surfaces arc coated with an oxide layer or anodized to
provide an electrical insulation break between the adjacent blanket
segments.

5. This can be a remotely operated system, located behind the blanket
and therefore does not require any access to the vacuum vessel or any
hole or gaps in the first wall for remote tools to reach the locking
system.

The driving mechanism is the key of this system and two different types of
driving systems, as schematically shown in Fig.VI.2.3-1 were proposed and
discussed. Their key features are described below.

1. Flexible tube type: This is based on the use of thin wall pipes with
non-circular cross-section and capable of providing elastic
displacement in both directions ( expansion and compression) by
changing the internal pressure of the cooling water. This system
provides a good locking effect by pushing wedges in a wide surface
area to fix the segments. However, the stroke of the wedges is limited
to a range of 10-20 mm. The reliability of thin tubes should be
demonstrated.

2. Jack type: This is based on the use of a hydraulic piston with bellows.
The piston can be moved in both directions by adjusting the pressure
difference of both sides of the piston. This system can provide a
sufficiently long stroke, but the fixing forces are limited by the number
of these systems installed in the blanket segment. The main concern is
the reliability of the bellows.

Flexible tube type:
Fig. VI.2.3-2 shows a typical example of a hydraulic locking system with

flexible tube for the outboard blanket segments. Movable wedges, driven by
cooling water, are installed in the center segment. Three blanket segments
(center and two lateral segments) are attached to the vacuum vessel by support
rails and their relative position fixed. For normal operation, the wedges of the
locking system are extended to push the center segment in the radial direction
and the adjacent lateral segments in the toroidal direction, so that three segments
can be tightly connected due to a combination of the driving forces produced by
the wedges and the reacting forces at the support rails. In addition, the driving
forces eliminate any clearance between adjacent segments due to the radial
movement of the center segment, resulting in a good surface contact against the
electromagnetic loads. In case of maintenance, the wedges are moved in the
opposite direction in order to permit unlocking and to provide clearance between
the adjacent blanket segments. If a longer stroke is needed, the hydraulic jack
system described below can be applied for a driving mechanism instead of the
flexible tube.
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Support Rail

Support Rail

Fig. VI.2.3-2 Flexible-tube hydraulic connectors for outboard
blanket segments
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Fig. VL2.3-3 Hydraulic jack connectors for inboard blanket segments



Major Dimensions of The Jack
1.total length : 260 mm
2.outer dia. : 170 mm
3.piston stroke : 25 mm

Bellows Spec.
1.double walled welding bellows
2.outer dia./inner dia. : 93mm/66mm
3.thickness : 0.3mm/each
4.convolution : 30
5.material : Ni based superalloy

Piston Ring Spec.
1.material : graphite, Mn bronze,

Ni based superalloy

Piston Ring

Bellows

Piston/Rod

Fig. VI.2.3-4 Hydraulic jack details developed and tested
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Hydraulic jack type:
Fig.VI.2.3-3 shows the proposed solution with a hydraulic jack to lock the

inboard blanket segments. The blanket segment is attached to the vacuum vessel
through a hook located in the upper part of the blanket. The main function of
this hook is to support the weight of the blanket and to react seismic and
electromagnetic vertical forces. The hook, which is part of the back plate of the
blanket, fits in a slot machined in the protruding part of poloidal ribs of the
vacuum vessel. Once the blanket is installed on its support, two pins actuated by
the water hydraulic jacks engage in a hole machined laterally on the support of
the vacuum vessel. The bellows must be long enough to provide a 70-100 mm
stroke. Therefore, to gain length, it is necessary to locate two bellows one inside
the other separated by a pipe which divides the two chambers of the double-
acting cylinder. In this solution, the blanket segment is constrained also in
toroidal direction. That means that the supporting points must follow the
movements of the vacuum vessel. Therefore, any change in the toroidal
dimension of the segment (differential thermal expansion) is accommodated by
the gap between blankets. The lower stop, which is located in the middle of the
width of the segment, allows vertical and lateral expansion of the segment while
always maintaining the centered position.

Fig.VI.2.3-4 shows a typical hydraulic jack system. This system was
fabricated as a first step of the hydraulic locking system development and whose
basic performance was measured. It was demonstrated that this hydraulic jack
can produce a fixing force in proportion to the internal water pressure and the
maximum force of 17.5 ton with a stroke of 25 mm appears at 100 bar. The
lifetime of the bellows was about 200 cycles under the cyclic pressure loading
from 0 to 100 bar with a stroke of 25 mm. These results seem to be sufficient for
the present design condition from a thermal-mechanical point of view, since the
fixing force of a few tons per hydraulic jack is large enough to sustain the
electromagnetic load and the number of locking/unlocking operations is limited
only for assembly/disassembly of the blanket segments. If more stroke is
required, the bellows can be connected in series.

(2) Concept evaluation

The hydraulic connectors meet the primary requirements for the blanket
locking system. An evaluation of the concept with respect to the main
requirements are as follows:

Function: The hydraulic connectors structurally attach the blanket/shield
segments to each other. Only vertical loads (gravity and residual electromagnetic
loads) are transmitted to the vacuum vessel.

Mechanical loads: The electromagnetic loads resulting from a plasma disruption
are reacted directly between adjacent blanket/shield segments through the
contact surface of the segment and wedges of the locking system. Therefore, a
smaller number of wedges than required by the welded bolt concept should be
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enough to sustain the electromagnetic loads. There are no direct
electromagnetic loads applied to the hydraulic driving system (flexible tube and
bellows) during disruption and the system needs only to withstand internal
pressure. The induced loads from relative thermal expansion of adjacent
blanket/shield segments can be adjusted as in the case of the hydraulic jack
concept; however, these loads should not be considered as a normal operation as
mentioned in the welded bolt concept.

Thermal loads: This system can be cooled by the same pressurized water which
drives the system without any additional cooling supply.

Fault loads: As mentioned in the welded bolt connector concept, the
blanket/shield segments are tightly connected to each other independently from
the vacuum vessel. Therefore, a major fault should not cause a breach of the
tritium barrier even in the worst case.

Fatigue life and reliability: This system includes mechanically movable part such
as flexible tube and bellows, which should have high reliability including fatigue
characteristic required for the ITER operation. In this concept, fortunately, the
electromagnetic loads are not directly applied to the movable part resulting in a
less critical issue. The maximum loads are from the internal pressure during the
locking/unlocking procedure for blanket assembly/disassembly. The frequency
of maintenance of the blanket/shield segment is low enough, probably once a life
time, according to the present design requirement. Therefore, the fatigue life of
this locking system appears acceptable but should be demonstrated.

As for reliability, redundancy can be provided by installing additional
connectors and thereby be able to accommodate poor or failed connectors.

Radiation damage: The radiation damage in this system is not critical (same as in
the welded bolt concept) because the hydraulic locking system is a fully metallic
structure and no rewelding is necessary for assembly/disassembly of the
blanket/shield segments.

Compatibility with high vacuum: The connector system can be cleaned and baked
to the same temperature as the blanket/shield segments. In addition, no
outgassing from the connectors can be expected. In the case of the flexible tube
concept, however, no gap between the adjacent segments is available, which is
inconsistent with the vacuum conductance requirements.

Compatibility with remote handling: This connector is a fully remote-operated
system and special tools for locking/unlocking of the connectors are not
required.

Blanket/shield segments positioning: The positioning and geometric tolerance of
the blanket/shield segments are a critical issue and the connectors should
accommodate a misalignment of about 10 mm.
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Minimum gaps between blanket/shield segments: The gaps between the adjacent
blanket/shield segments are not necessary for locking/unlocking the connectors
and sufficient nuclear shield for TF coil can be provided because there is no
neutron streaming effect.

(3) Primary concerns

Four primary problems exist with the hydraulic connector and should be
resolved during the EDA by design modification and by R&D:

1. Allowable geometric tolerance and alignment for the connector
should be clarified by scalable model testing.

2. Reliability, including fatigue limits of the movable parts such as
flexible tube and bellows, should be investigated under the certain
design conditions; it is possible to increase the reliability by using a
double seal structure for the movable part.

3. In case of failure of the connector, a back-up scheme should be
qualified. It may be possible to cut the wedges by accessing from the
enlarged gaps between the adjacent segments.

4. There are a large number of cooling/pressure lines and connectors.
Four connectors are required for each hydraulic jack.

VI.2.4 LIQUID METAL CONNECTOR

(1) Concept description

The liquid metal connector consists of two hooks (upper and lower) with a
large radial gap between the hooks to accommodate the expected tolerances
during assembly and disassembly operations. The typical structure is
schematically shown in Fig.VI.2.4-1. The lower hook is designed to be a box
structure with the upper side open and providing a kind of reservoir. The lower
hook, which is filled with a low melting temperature metal, is attached to the
vacuum vessel. The upper hook is attached to the blanket. The key features of
this connector concept are as follows;

1. This connector can accommodate the manufacturing tolerances of the
components.

2. This connector provides no gaps and any dynamic effect due to
disruption can be prevented.

During the assembly/re-assembly operation, the metal would be melted
(by heaters) in order to insert the upper hook into the reservoir. Then, during
normal operation, the heating is switched off and the metal becomes solid and
the hooks can be fixed to withstand a radial force without any radial
displacement. In order to allow vertical motion between the two hooks, an
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intermediate part is attached to the upper hook and sliding between the
intermediate part and the upper hook can be expected.

A 3D view of the liquid metal connector is shown in Fig.2.4-1 together
with the blanket/shield segments. The key item to be considered for the
connector design is to decouple the electromagnetic loads from the vacuum
vessel, as described previously. For this purpose, several lower hooks
(reservoirs) are tightly connected by bolts and the liquid metal is filled
continuously in the toroidal direction (except bolted joints). In addition, a
blanket/shield segment is attached to an adjacent segment one via the trough.
The radial electromagnetic loads are reacted onto the blanket/shield segment via
the trough. Since the electromagnetic loads are essentially identical for all
blanket/shield segments, then by joining all the segments together, the total force
is essentially zero with no resultant on the vacuum vessel. There are two hooks
(or two troughs), one located 2.5 m above the mid-plane and the other located
2.5 m below the mid-plane. The upper attachment points support the blanket
weight, the lower attachment points are essentially blanket-to-blanket only and
provide for vertical thermal expansion. Seismic vertical loads are taken by the
upper attachment points. The vertical loads are taken by a separate system
included in the upper part of the blanket. Electrical insulation to assure the
appropriate one-turn resistance can be provided in two barriers (one in the inner
surface of the reservoir) and the other in the outer surface of the sleeve or in the
inner surface of the sleeve.

The choice of liquid metal is the key to this connector concept. The liquid
metal should meet several requirements such as mechanical properties, vapor
pressure, compatibility with structural material and electrical insulator, and
melting and creep temperatures under the irradiated conditions. The following
two groups of liquid metal were tentatively selected, but more detailed
investigation is needed prior to a final decision.

1. Aluminum alloy: 138 alloy (less magnesium than the 220) with high
melting point and strength.

2. Tin alloy: lower melting point and strength (A tin alloy is preferred to
a lead alloy because the vapor pressure, strength and irradiation effects
arc better.)

(2) Concept evaluation

The liquid metal connector meets the primary requirements for the
locking system. An evaluation of the concept with respect to the main
requirements are as follows:

Function: The liquid metal connector provides the blanket-to-blanket connection
independently from the vacuum vessel. All vertical loads (gravity and
electromagnetic loads) are transmitted to the vacuum vessel.
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Mechanical loads: The radial electromagnetic loads from a plasma disruption are
reacted directly between adjacent blanket/shield segments through the trough of
the locking system. The induced loads from relative thermal expansion of
adjacent segments can be adjusted by sliding or by silver coated surfaces at the
intermediate part between hooks. Therefore, this system basically can be
compatible with the mechanical loading conditions, but several properties
relating to the choice of the liquid metal should be further investigated.

Thermal loads: A preliminary analysis shows that this system can be cooled to
100°C by conduction from the back plate of blanket/shield segments under the
nuclear heating conditions.

Fault conditions: The fault conditions are not well investigated at present.
However, the blanket/shield segments are mechanically connected to each other
independently from the vacuum vessel which is first containment of tritium, so
that a major fault should not cause a breach of the tritium barrier even in the
worst case.

Fatigue life and reliability: The electromagnetic loads from a disruption are
reacted to the blanket/shield segments through the trough and hooks contacting
with liquid metal. Therefore, several properties such as mechanical strength
relating to the choice of the liquid metal should be qualified for the fatigue
evaluation. The reliability of the liquid metal connector is critical since one
connector system works for one sector (1/16 sector) of the blanket and there is
no redundancy when one connector system fails.

Radiation damage: The radiation damage in this system may be critical since the
basic properties of liquid metals are not well investigated under irradiation
conditions.

Compatibility with high vacuum: The connector system can be cleaned and baked
to the same temperature as the blanket/shield segments. However, outgassing
property from liquid metals should be quantified.

Compatibility with remote maintenance: This connector is a fully remote-
operated system and special tools for locking/unlocking are not required.

Blanket/shield segments positioning: The positioning and geometric tolerance of
the blanket/shield segments are not critical because this connector can allow a
total mismatch between the blanket and connectors in the range of 10-20 mm.

Minimum gaps between blanket/shield segments: The gaps between the blanket
segments are possible but not required because remote handling tools to
lock/unlock the connector from the first wall side are not necessary. A large gap
between the blanket segments and the vacuum vessel is required for assembly
clearances, which reduces the effective nuclear shielding.
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(3) Primary concerns

The primary concern is related to the choice of liquid metal which should
meet several requirements of mechanical, chemical and physical properties under
irradiated conditions. These properties are not well investigated up to now and
therefore further investigations are necessary to qualify the liquid metal
connector system. A second concern is that the method for reacting the vertical
shear load between blankets is not defined.

VI.2.5 MECHANICAL BOLTING CONNECTORS

(1) Concept description

The mechanical bolting connector consists of toroidal tie rods which clamp
the adjacent blanket/shield segments together and provide continuity in the
toroidal direction. The blanket/shield segments are attached to the vacuum
vessel by a hook which carries the gravity loads of the segment and supports the
residual electromagnetic vertical loads. In this way, the blanket/shield segments
are mechanically connected together and are independent from the vacuum
vessel; therefore, no large electromagnetic loads are transmitted from the blanket
to the vacuum vessel.

Fig.VI.2.5-1 shows the mechanical bolting connectors installed in the
inboard blanket/shield segments. This connector is composed of the following
components and features:

1. A push-pull device to introduce and retract thf, key
2. A key with a square section and wedge shape to recover any clearance
3. Wedges which can be driven by four tie rods to be used to recover

misalignments
4. A tie rod to preload the system and which incorporates the possibility

of retraction when the key is introduced in position; also provided is
the possibility of autocentering with a key

5. A screw to control the gap and to act as an abutment stop

The tie rods are alternatively assembled and act as a tension belt, while
compressing the segments. This monolithic structure of blanket segments is free
to expand radially and vertically in the lower direction. The driving of the tie
rods must be performed by a remote handling tool which should have access
from the first wall side and operate in the 20-mm gaps between adjacent
blanket/shield segments.

The contact surfaces between blanket segments and the vacuum vessel
must be electrically insulated to provide the required one-turn resistance. In
addition, blanket-to-blanket connections (pins, tie rods) must be electrically
insulated. The ceramic insulator (ALOo) will be coated on these surfaces and
should provide sufficient thermal and mechanical properties, such as low friction
in vacuum and electrical insulation.
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Fig.VI.2.5-2 shows the mechanical bolt connectors for the outboard
blanket segments. The basic scheme and key features of the components are
almost the same as for the inboard blanket. One of the major differences
between the inboard and outboard blanket segments is that the outboard blanket
is divided into three segments in each sector and the lateral segments can be
assembled and removed only when the center segment is out. For the locking
system of lateral blanket to lateral blanket, therefore, it is in principle possible
simply to use tie rods which clamp the two adjacent lateral blankets, without
gaps, since driving the tie rods can be performed using access from the center
segment side. In this case, it is necessary to use symmetric tie rods which can be
operated from both sides of adjacent lateral blankets. This would preclude the
need to remove two center blankets when a lateral blanket is replaced.

Locking the center blanket segment is achieved using the same principle as
used for the inboard blanket segments. The main difference is that the locking
system during assembly/disassembly must be actuated only from one side.
Therefore, gaps between the adjacent center segment and lateral segment is
necessary to allow access of the remote handling tool used to drive the tie rod
from the first wall side. Overall, the mechanical bolt connectors also provide a
monolithic cylindrical structure in the toroidal direction for the outboard blanket;
this is the same as the case for the inboard blanket. The vertical loads, such as
the weight of the blanket, can be sustained by lower steps connected to the
vacuum vessel.

(2) Concept evaluation

The mechanical bolting connector meets the primary requirements for the
locking system. An evaluation of the concept with respect to the main
requiremects are as follows:

Function: The mechanical bolting system provides blanket-to-blanket
connections as a monolithic cylindrical structure independently from the vacuum
vessel. Only net vertical loads are transmitted to the vacuum vessel.

Mechanical loads: The electromagnetic loads from a plasma disruption are
reacted directly between adjacent blanket/shield segments through a key
connected to each toroidal tie. A preliminary analysis shows that 32 keys with a
square section 60 mm x 60 mm are enough to carry 5+5 MN on each side in the
Onboard blanket and 40 keys with a square section 85 mm x 85 mm to carry 10 +
10 MN on each side in the outboard blanket.

Thermal loads: This syv.em does not have active cooling and a detailed thermal
analysis is necessary to establish the thermal gradient in the parts not cooled.

Fault conditions: The fault conditions are not well investigated at present.
However, the blanket/shield segments are tightly connected to each other and
are independent of the vacuum vessel which is the first containment of tritium, so
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that a major fault should not cause a breach of the tritium barrier even in the
worst case.

Fatigue life and reliability: The electromagnetic loads from a disruption are
reacted to the blanket/shield segments through the keys of this connectors. The
fatigue life under the limited number (a few thousand) of disruptions can be
adequate since significant plastic strain can be accommodated for this number of
cycles in ductile materials like 316 stainless steel. The reliability of this connector
should be good since the system is relatively simple and completely passive, and
there is enough redundancy even should there be a poor or failed connection at
several locations.

Radiation damage: The radiation damage in this system is not critical because
the mechanical bolting connector is a fully metallic structure and no rewelding is
necessary for assembly/disassembly of the blanket/shield segments.

Compatibility with high vacuum: The connector system can be cleaned and baked
to the same temperature as the blanket/shield segments. In addition, no
outgassing from the connectors can be expected. In the outboard region,
however, no gaps between adjacent lateral blankets is available, which is
inconsistent with the vacuum conductance requirements.

Compatibility with remote maintenance: The primary problem is related to the
remote handling tool which should be capable of driving the bolt and providing
the ability to position within the narrow space (20 mm).

Blanket/shield segments positioning: The positioning and geometric tolerance of
the blanket/shield segments are critical because this connector requires accurate
and complicated operation within very restricted space.

Minimum gaps between blanket/shield segments: The gaps between the
segments in the inboard region and between the adjacent center and lateral
blankets in the outboard region are required because access from the first wall is
necessary to lock/unlock the connector.

(3) Primary concerns

The primary concerns refer to the development of a reliable remote
handling tool to accomplish the locking/unlocking operations within a 20-mm
gap; the feasibility of entire system must be demonstrated. In addition, good
thermal contact between the connectors and the blanket should be established
based on thermal analysis and verification tests which determine the temperature
gradient along the toroidal tie rods (because an active cooling channel to remove
the nuclear heat cannot be applied to the individual connector system). A lesser
concern is related to the small loss of nuclear shielding due to gaps around the tie
rods and actuation mechanism.
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VI.2.6 TOROIDAL BELT CONNECTOR

(1) Concept description

The toroidal belt connector consists of two pairs of toroidally and
structurally continuous belts (twin belts) and vertical supports. Fig.VI.2.6-1
shows a three-dimensional view of this system in the inboard region. The belts,
which are made of standard pipes and cooled if necessary, are attached to the
vacuum vessel by electrically insulated hooks. The vertical supports are located
in the upper vertical port to support vertical loads such as gravity of the blanket
and to compensate the radial loads in combination with the twin belts.
Fig.VI .2.6-2 shows the basic concept to fix fhe blanket segment by using twin
belts and vertical supports. The back plate of the blanket is grooved to insert the
twin belts and the blankets are connected via the belts into a cylindrical
monolithic structure in the toroidal direction. In addition, the blanket segment
can be moved along a slope of the groove without fixing the vertical point to
prevent the induced loads from differential thermal expansion between segments.
Advantages of this system are summarized as follows:

1. Extreme simplicity and reliability because no movable parts or
welding is necessary for locking/unlocking

2. Possibility of assembly without any relevant gap
3. Compensation of differential thermal expansion
4. Release of the major part of the loads from the vessel by using twin

belts which compensate loads between adjacent blanket segments
5. Simple fastening system by means of bolts behind the divertor plates

near the upper vertical port
6. Simple movement for assembly and disassembly

(2) Concept evaluation

The twin belt concept is potentially capable of satisfying the primary
requirements for the locking system. An evaluation of the concept with respect
to the main requirements are as follows:

Function: This system provides blanket-to-blanket connections by using toroidal
belts which are independent from the vacuum vessel. Only net vertical loads are
transmitted to the vacuum vessel through the vertical support.

Mechanical loads: The electromagnetic loads from a plasma disruption can be
compensated by adjacent blanket/shield segments mechanically connected by the
twin belts and vertical support. This connector can allow relative movement of
adjacent blanket/shield segments due to differential thermal expansion since
each blanket segment can move along the groove surface.

Thermal loads: The twin belts are made of standard pipe, so it is possible to flow
the cooling water inside the pipe if it is necessary.
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Fig. VI.2.6-1 Twin belts concept for blanket attaching locks

Fault conditions: The fault conditions are not well investigated at present.
However, the blanket/shield segments are tightly connected to each other and
are independent from the vacuum vessel, so that a major fault should not cause a
breach of the tritium barrier even in the worst case.

Fatigue life and reliability: The twin belts can be standard stainless pipe and the
fatigue life under the limited number (a few thousand) of disruption cycles can be
adequate since significant plastic strain can be accommodated for this number of
cycles in case of ductile materials like 316 stainless steel. The reliability of this
connector should be quantitatively investigated but high reliability can be
expected since this system is relatively simple and completely passive.
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Fig. VI.2.6-2 Details of twin belt locks design for inboard blanket segments
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Radiation damage: The radiation damage in this system is less critical because
the twin belts connector is fully metallic structure and no rewelding is necessary
for assembly/disassembly of the blanket/shield segments.

Compatibility with high vacuum: The connector system can be cleaned and baked
to the same temperature as the blanket/shield segments. In addition, no
outgassing from connectors can be expected.

Compatibility with remote maintenance: This connector is completely compatible
with remote maintenance requirements and no special tools are required for
locking/unlocking.

Blanket/shield segments positioning: The positioning and geometric tolerance of
the blanket/shield segments are critical because this connector requires accurate
and complicated movement of the blanket segments within the restricted area.

Minimum gaps between blanket/shield segments: The gaps between the
segments are not required for locking/unlocking of the connector, so good
nuclear shielding can be provided for the TF coil.

(3) Primary concerns

The twin belts concept was newly proposed in the last specialist meeting in
summer of 1990 and therefore no quantitative investigation, including drawings
for the reference ITER configuration, is available at present. However, this
concept has attractive features and the following details should be examined in
the next design phase:

1. Peak value of the local mechanical stresses in the small areas of the
blanket segments-to-belts contact

2. Relation between mechanical stiffness and one-turn resistance of the
belt because it is preferable to have no insulation breaks along the
belts from a mechanical point of view.

3. Structural design including selection of optimized position of the
vertical support

4. Possible movement of the blanket segment to fit the twin belt and
groove in the restricted vacuum vessel area

5. Compatibility of the groove location with the blanket structure and
passive control loops

6. Friction between the groove and belt in vacuum
7. Allowable alignment and gaps of the whole system including the

blanket structure
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OUTBOARD

VACUUM VESSEL

Fig. VI.3.1-2 Twin loop concept for passive stabilizer (reference configuralion)

VI.3 PASSIVE STABILIZING STRUCTURE

VI.3.1 Twin loops general design description
As was shown in sections II.3.1 and IV.4, the twin loop concept is superior

to the saddle loop concept as a passive stabilizer. For the ITER machine with a
highly elongated plasma (k = 2.2 at separatrix) and large openings in the
equatorial ports, only the twin loop concept can provide the required damping of
the plasma vertical displacements.
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Generally, twin loops are formed by high conductivity plates attached to all
the surfaces of the outboard blanket segments and to adjacent surfaces of the W
in the two up-down symmetric area between z= +/- 1.7 m and z= +/- 5 m. The
reference geometry of the twin loops is shown in Figure VI.3.1-1.

A reasonable maximum value for the geometrical gap of 20 mm between
adjacent outboard blanket segments is allowed for the twin loop concept.
However, this becomes a more stringent requirement when it is imposed as the
allowable gap between the blanket segments and the vacuum vessel. In addition,
these gaps must be equal in the upper and lower areas to keep the
electromagnetic symmetry between the upper and lower conductors. To satisfy
all geometrical requirements, direct vertical boundaries between the vacuum
vessel and blanket segments were chosen. The central blanket-to-W interface is
a simple flat vertical surface, orthogonal to the R-direction, while the lateral
blanket-to-W interface has one additional radial step. The 3-D view of the twin
loop blanket/VV interfaces is shown in Figure VI.3.1-2. These simple, vertical,
radial, and horizontal surfaces provide the best possibility of achieving the proper
machining and assembly. Also, there will be no variation of the blanket to W
gaps for the upper and lower positions due to differential thermal expansions,
regardless of the location of the point of blanket vertical support, since the
surfaces remain vertical and concentric. For example, in the case of an oblique
or curved blanket-to-W boundary, and a vertical support point below the
midplane, the upper gap would become smaller than the lower gap as the
blankets expanded. This would result in stronger inductive coupling to the upper
loop than the to lower loop, and would cause an asymmetric stabilizing effect,
(coupling between horizontal and vertical plasma motions)

There is a contradiction of two requirements for the W design in the
outboard area. On the one hand, the conducting surfaces for the twin loops must
remain simple vertical, radial, and horizontal surfaces. On the other hand, there
must still be a possibility for welding, cutting and re-welding the W assembly
joints located behind the conducting plates. To solve this contradiction, separate
shield plugs will be used, which are attached to the vacuum vessel after the
assembly joints are made and can be removed prior to cutting or repairing the
assembly joints. The tentative design of a plug is shown in Figure VI.1.6-3. The
plugs are connected to the W structure by bolts and shear keys and their cooling
water manifolds can be welded either inside or outside the W . The active coils
(see section VI.4) should be incorporated in the corresponding plug structure.

Vl.3.2. Electro-insulating breaks and current joint positions for twin loops
There are different options for the electrical breaks and current joint

positions in the twin loop geometry.
Two options for blanket electrical segmentation were analysed: 48 and 16

electrical breaks. The option with 48 breaks is the reference and is shown in Fig.
VI.3.1-2. All blanket segments are electrically separated from each other and
from the VV. The main reason for choosing this highly segmented design is to
reduce the local voltage across each gap during a disruption as much as possible.
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For a 20 ms plasma current decay time, the loop voltage on the blanket surface
can reach 2 - 3 KV, or 40 -60 V/gap. This gap voltage is near the lower limit of
the unipolar arc initiation, as determined by the INTOR studies. For a shorter
disruption event (5 ms), the gap voltage will be proportionally higher ( up to 160 -
240 V/gap).

A second design option was considered that is more convenient for the
assembly procedure and for the attaching locks design. It is based on the
reduction of the blanket electrical segmentation from 48 to 16. Electrical breaks
are kept only between pairs of lateral blanket segments (in the TF coil vertical
planes). Removing the radial conductors between the lateral and central
segments practically eliminates the vertical shear forces at this interface. The
lateral-to-central segment connection could then be accomplished with some type
of welded connection. Good possibilities exist for using a standard bolted
connection between two lateral blanket segments (where the vertical shear forces
remain high), since there is good side access when the central segment is
removed.

Reduction of the total electrical gap length (by about a factor of 2) allows
for an increase in the electrical gap width from 20 mm to 40 mm, while
maintaining the same stability margin. If the increased gap size is not needed,
then the stability margin would be improved.

The most important concern for the reduced electrical segmentation is the
increase in the gap voltage by a factor of 3 (48/16) between the lateral blanket
segments. During a reference plasma disruption, the voltage could be as much as
120 - 180 V/gap and up to 500 - 700 V/gap for a 5 ms plasma current decay
time.. This could lead to much more damage from electrical arcing. A more
detailed analysis of the possible electric (unipolar) arc initiation and behaviour
between blanket segments during plasma disruption is needed for the final
segmentation choice. Some preliminary studies performed by INTOR could be
useful for this process.

There are also options for the shielding plugs and VV electrical
segmentation and connection. In first option (Fig. VI.3.2-1) the shielding plug has
a galvanic connection on the VV that is preferred to minimize the gap length, but
is very problematic from the point of view of current/structural joint design. The
second option, also shown on Fig. VI.3.2-1, is based on the inductive coupling
between plug and VV that makes the electrical gap slightly longer, but much
simpler in design. This option is recommended as the reference choice.

VI.3.3 Technological problems of the passive loops design
For both the saddle loop and twin loop passive stabilizer concepts, one

serious technological problem was identified. This problem is the development
of a proper bonding technique for attachment of the conductive plate to the
stainless steel structure. Electrodynamic loads (up to _+_ 2.6 MPa for normal
components and 7.5 MPa in shear act - see Poloidal Field System report) on this
connection during a plasma disruption. Cyclic thermal and bending stresses will
also occur. The task of developing a bonding technique is included as a critical
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task in the CSDU R&D plan. If this task produces negative results, significant
changes in the machine design will be required to incorporate some other passive
loop design.

VI.4 ACTIVE COILS CANDIDATE DESIGN DESCRIPTION

Fast Active Control Coils (AC) are located inside the Vacuum Vessel on
the machine outboard region. Due to severe neutron irradiation and thermal
loads, the AC conductor should be electrically insulated by non-organic
(ceramic) materials and should be contained in a vacuum tight metal jacket
(conduit) The typical cross section is shown in Fig.VI.4-1. At the AC terminals or
current assembly joints, the conduit should be sealed to the W wall or to
intermediate vacuum tight boxes by welds like all the other W penetrations or
openings.

The AC conductor, supports, terminals and current joints should
withstand extremely high dynamic EM loads ( up to J^. 1 MN/m due to the AC
current interaction with toroidal magnetic field) with a total number of full-
current pulses up to N = 10 .

In addition, the AC repair anc ^placement can be provided only by
remote handling tools in severe neutron radiaiion and tritium environment.

The AC upper and lower toroidal branches should be located in the two
toroidally continuous areas between three W main ports: upper vertical-to-
horizontal and horizontal-to-lower pumping ports (see Fig. VI.4-1).

The following, relatively detailed, description of the AC conductor and
current joints design is based on the results of an R&D study. The last subsection
describes a few possible AC principal design options, developed for selected AC
position and requirements.

VI.4.1 CONDUCTOR FOR ACTIVE COIL

The conductor is an in-conduit cable consisting of a round hollow copper
conductor, water cooled, surrounded by a steel jacket electrically insulated with
few mm thickness of magnesium oxide (MgO). This type of cable is being
developed as mineral insulated (MI) cable and small size cable without an
internal cooling channel is available for instrumentation leads for nuclear use.
However, the active control coils for ITER require large current of
approximately 50 kA in DC and 300 kA in pulse operation in a high nuclear
radiation environment (10 R/h). The development of this large current cable
was started and short length samples with a diameter of 87 mm and DC current
of 60 kA were fabricated. This cable is designed to be cooled by water with a
velocity of 3.5 m/s and a maximum temperature of 80°C under the nuclear
heating of 0.4 W/cm =3. The total feasibility including the following
characteristics of cable and joints should be demonstrated:

1. Minimum bending radius and mechanical properties under cyclic
loading simulating the electromagnetic loads
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2. Electro-insulation for operating voltage of 3 kV/turn
3. Current flow capability of 50 KAT DC and 300 KAT in peak
4. Thermal transfer conductivity through three layers (steel jacket - MgO

- Copper)

As a whole, the requirements of the ITER active control coil is
significantly higher than the present technology and the well coordinated R&D is
necessary to bridge this technology gap.

Helium gas was also considered as a coolant instead of water. To keep the
copper temperature at 80 C with a pressure of 18 bar, a speed of 32 m/sec is
necessary for a cable up to 10 m in length, he major advantage of this solution is
the possibility of cooling the connections by connecting heat transfer.

VI.4.2. ELECTRICAL CONNECTIONS

Several designs of electrical connections have been analysed. Although
tests were not performed some conclusions are possible.
Two key points have been identified:

-the electrical resistance of the contact surfaces,
-the flexibility between the two ends of the connector.

To obtain low contact electrical resistance, it is necessary to have large
contact area and high pressure. In the present designs, consideration was given to
the use of a special layer of copper felt or multicontact material, which gives
uniform contact with reasonable pressure.

The felt material consists of 30% dense felted copper fibres, sintered to a
copper foil backing. The foil is then soldered onto the copper plate of the joint.

The multicontact consists of several rigid contact elements pushed by
electrical springs against the contact surfaces. The contact elements are
assembled into a ring and several rings can be stacked to a form a number of
contact spots according to the needs of each application.

The flexibility of the joint, which is required to adjust for misalignment
and to alleviate thermal stresses, should be obtained using very thin copper plates
or copper wire braid. Because it appears impossible to cool the flexible part of
the joint, the dimensioning of the connection must be carefully analysed and
confirmed by test. Fig.VI.4.2-1.2 shows a typical electrical connection located in a
secondary vacuum box accessible from inside and outside the cryostat.

In this design, the two electrical ends are bridged while the cooling pipes
are routed out to ihe cryostat. An electrical pipe break is needed to isolate the
pipe from the conductor and can be realized with epoxy fiber glass. The
secondary vacuum box (buffer zone) allows maintenance independent from the
primary vacuum and monitoring of tritium leaks.

VI.4.3. EVOLUTION OF ACTIVE COIL DESIGN OPTIONS

During the CDA, approximately seven active coil design options were
considered with respect to the e~tablished requirements. The list of options
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TABLE VI.4.3.1 COMPARISON OF THE CONSIDERED A.C. OPTIONS

Num-
ber

1

2

3

4

5

6

7

A.C. design considered

Principal
coil types

In-vessel
sectorized
single-turn
coils

Compared
design options

Located near VV
vertical ports

Located near VV
equatorial ports

In-vessel multiturn
sectorized coils

Saddle-
type
multiturn
coils

Flexible
type multi-
turn coils

Without
additional
branches

With
additional
branches

"In-vessel"

"on-vessel"

Correspondence to the
requirements established

Reliabi-
lity

-

0

+

+

0

+

+

Remote
Handling

-

-

-

+

0

+

+

Plasma
horizontal
control

+

+

+

-

poor

+

+

Technology
and/or R&!)
basis is
existing

+

0

0

+

+

-

-

Correspondence
to the CDA
reference
drawings

-

+

+

+

+

+

-

Primary
candidates
to start
EDA phase

-

-

+

+

-

+

+
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(Table VI.4.3.1) includes both previously existing and new approaches. The result
of these considerations shows that none of the options fully satisfies all
requirements and provides a sufficient technology and manufacturing basis. The
final choice of the AC design will be made after review and possible
simplification of the requirements, or on the basis of future technology R&D
results which should be obtained for the most promising options. As s h c . j in
Table VI.4.3.1, four AC designs are considered as a candidate reference for the
EDA phase.

VI.4.3.1 In-vessel sectorized AC options
As shown in Table VI.4.3.1, three options of the in-vessel sectorized AC

were studied and compared. The three options are the following;
1. Single turn located near the vertical ports.
2. Single turn located near the equatorial ports.
3. Multi-turn coils located near the equatorial port.

Initially, position R — 7.0 m and Z = _+_ 5.0 m was proposed for the single-
turn AC location. In this design (marked as Nl in Table VI.4.3-1), the upper AC
consists of 32 "U"-bent portions of cable (13 m each) electrically connected near
the upper decks of the blanket segments. In this configuration, each "U" segment
should have an independent cooling circuit. Every time the upper blanket plug is
removed, the electrical water connections must be disconnected (see Fig.VI.3.2-
1). The lower coil layout can be the same as the upper layout or changed (to
avoid some of the input cable) by axial connection from inside the W . This is
possible because the lower coil does not cross any blanket segment as in the
upper one and the Active Coil can remain permanently assembled in the vacuum
vessel. Originally, the current joints of both upper and lower coils were located in
the primary vacuum area. Later the vacuum seals between all blanket segments,
plugs and W port walls were adopted on the upper deck of W vertical access
port. In this situation, current joints of the upper AC are located in the
intermediate vacuum area.

The main disadvantages of the first option were identified as follows:
-Necessity to disconnect/connect the upper coil joints for each blanket

segment replacement event.
-Different structural basis for each pair of neighbouring V-bent portion

of the upper AC (or W structure or blanket plug structure); as a
result this leads to problems with the AC attachments (for loads up to
1 MN/m) and to a relatively large distance between the current axes of
the neighbouring V-bent portions.

-As a result of a large distance between the V-bent AC portions the
total AC, the self-inductance is approximately a factor of two higher
than for the ring-coils. This leads to unreasonably high requirements
for the capacity of the AC power supply system.

To solve these problems, the new AC position was proposed and adopted
as a reference after detail design and numerical study (see section IV.5). The AC
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toroidal branches are now located in two toroidally continuous areas above and
below the main equatorial ports, near to points with coordinates

R ~ 9.2 m Z ~ _+. 2.6 m
The single-turn sectorized AC, very similar in design to the lower coil of

the previous option, can be used for the new location (Fig. VI.4.3-2). This is the
second design option in Table VI.4.3.1. The AC in the new position can be
considered as a semi-permanent component. Its assembly current joints can be
located in primary vacuum, or, much more preferably, in the secondary (cryostat)
vacuum behind the W wall (Fig. VI.4.3-3). In the later case, the AC assembly
current joints are located in special cavities in the equatorial ports bulk structure,
and AC conduits are sealed to the VV or port wall (Fig. VI.4.3-4). The possibility
exists for maintenance of the AC joints by remote handling tools, but this should
be clariried by future design detail and by R&D.

In this design option, the AC have a significantly smaller self-inductance
than in the first option, due to the absence of long vertical legs of the V-bent
portions.

The critical design problems for this design are the following:
-The difficult design and the uncertain level of reliability of the AC

assembly with current/water cooling joints for the 300 KA pulsed
currents,

-The unclear feasibility and reliability level of the remote handling tools
and maintenance procedure for the AC joints connection and
disconnection in the available restricted space.

As a result, the overall total machine reliability/maintainability level could
depend significantly on the AC reliability (It is evident that this dependence was
much more critical for the first AC option).

To improve the AC reliability level, the multi-turn sectorized coil design
was proposed (see option 3 in Table VI.4.3.1). The multi-turn AC, which is
similar in topology to the previous approach, has the following new features:

-parallel electrical connections of all or a few conductors,
-sufficient redundancy in the current capability of each conductor,
-the possibility to disconnect each conductor electrically from both ends,

by remote handling tools, should the conductor suffer an electrical
break-down on the conduit.

Additional advantages of the multi-turn coils in comparison with single-
turn coils of the same topology is a reduction of the "single-turn self-inductance"
(L */-./N ), which can be reduced by 20 - 30 %. For series conductor
connections, this approach results in smaller currents in all joints (~ 1/N),
smaller inductive voltage and active losses on the supply lines.

Option 3 provides the possibility to achieve an arbitrarily high AC
reliability level without replacement. However, a significant disadvantage of this
option is the increased number of assembly current joints.

As a result of these considerations, options 2 and 3 were identified as
realistic candidates for the final reference design solution.

The fourth AC design candidate option in Table VI.4.3.1 is a "multi-turn
saddle-type active coil". It was developed before options 2 arrd 3 were developed.
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Fig. VI.4.3-3 Single-turn sectorized coil with joints, located in
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Its main objectives are •:.• simplify the AC process and joint design, and to
minimize the requirements for the AC power supply system (compared with
option 1).

One example of the multi-turn AC design is given on Fig. VI.4.3-5. Semi-
permanent, triple-turn coils are located between the outboard blanket segments
and the VV bulk structure, around lbs 16 equatorial ports. Each coil is integrated
into a solid frame-shaped case which acts also as an additional nuclear shield for
the W . High conductivity plates for the twin passive loops are attached to the
face surfaces of the AC cases. These AC cases are bolted to the VV inner wall.
Each AC has only a pair of current terminals and cooling water connections. The
location can be chosen to maximize access for the RH tools (between the upper
PF6 and the blanket cooling lines, or near the W horizontal ports). Each AC
terminal can be preassembled on one standard flange, which could be welded
into a special VV opening. For on-site assembly of the AC, the only need is to
weld this flange and to screw the bolts which connect the AC case to the W
structure. The AC case should be cooled by water hose pipes that penetrate
through the wall together with the electrical feeds.

The triple-turn coil is fixed to the bulk structure of the cases by tig-welds
during manufacturing in the shop. The support of the conductor is practically
continuous so that the electromagnetic loads transmitted to the W wall can be
concentrated in a reasonable number of points. Dominant EM iuads, acting on
the vertical branches of the AC, are compensated by bolting two overlapped
coils. The "single-turn self-inductance" of this saddle-type AC is significantly less
than for option 1 and comparable with options 2 and 3.

The saddle-type AC was proposed and developed when the only
requirement was for fast control of the vertical position. This meant that only a
radial control magnetic field needed to be generated. During the summer 1990
Joint Work Session, the recommendation "to consider the possibility of the
plasma radial position fast control by an in-vessel coil" was made by Poloidal
Field Design Unit. It is clear that vertical magnetic field for plasma horizontal
position control cannot be generated by the saddle-type active coil described
above.

One possible way to generate the vertical magnetic field is to add
additional independent current branches to the AC toroidal branch. This is
design option 5 in Table VI.4.3.1. For example, the incorporation of one
additional conductor in the upper toroidal branch of the previous (Option 4)
triple-turn saddle-type AC design introduces the possibility of AC operation with
unequal total currents in the upper and lower toroidal branches. But this solution
seems to be an eclectic mixture of the sectorized- and saddle-type AC designs
because the main disadvantages of both approaches are retained.

As an ideal aim of the AC development, the following combination of
objectives can be considered:

-to minimize the number and complexity of AC assembly joints;
-to provide the possibility of easy electrical disconnections of AC turns

or replacement without removing blanket segments;
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-to provide the possibility of both vertical and horizontal fast plasma
position control;

-to minimize self-inductance and maximize coupling to the plasma,
which minimizes power supply requirements;

-to locate joints in the reactor hall atmosphere or in the secondary
vacuum and not in the primary vacuum

To reach these objectives, two later AC concepts (Options 6,7 in Table
VI.4.3.1) were proposed and briefly discussed during the summer 1990 Joint
Work Session. Both concepts require more detailed study.

Options 6 and 7 use the natural flexibility of the AC conductor, whose
cross-section (few centimeters) is relatively small compared with typical machine
dimensions (few meters). It is clear, that a set of conductors with relatively small
cross-sections can form an elastic "belt" or "cable", which can be inserted into the
curved channel inside the machine, as shown in Fig.VI.4.3-6. A special "guide-
cable" can be used to insert the "AC cable", as is typically done in the usual layout
of electric cables.

In this approach, the AC elastic "belt" or "cable" can be inserted either in
the primary vacuum volume ("in-vessel flexible coil", option 6, Fig. VI.4.3-6), or in
the toroidal channel inside the W bulk structure, behind the primary vacuum
boundary ("on-vessel flexible coil", option 7, Fig. VL4.3-7). In both options, all
AC current joints and cooling water connections are located at one W
equatorial port in the atmosphere of the reactor hall. Separate AC conductors
can be electrically connected in parallel or in series, or in a combination of series
and parallel (3x4, 4x3, 2x6, 6x2, etc.).

In case one conductor should have an electrical break-down on conduit, it
can be disconnected electrically from both ends. Therefore, high AC redundancy
is reached.

The flexible AC mechanical fixation inside the toroidal channel is the most
critical design problem. A proposal was to use a tensile prestressing force which
should be greater than the maximum operating hoop loads. A relatively thick
conduit, or separate structural belt, can be used for this purpose. To guarantee
the constant prestressing force in all operating conditions, a tensioning device
(such as spring supports) on the AC ends should be used.

The evident advantages of the flexible-type AC are:
-all current joints and cooling water connections are located behind the

cryostat cylindrical wall, in the atmosphere of the reactor hall and
provides good potential for RH maintenance,

-the flexible AC can be replaced without removing any blanket
segments; only one equatorial port must be partially disassembled,

-as in options 1, 2, and 3, the flexible AC coils provide the same AC
current capability for both vertical and horizontal plasma position
control.

The main concerns for the flexible-type AC are:
-limited design results due to the short time for development,
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-unclear allowable limits for repeated bending of AC conductors as a
function of conductor cross-section and design, due to the poor
technological data base (early R&D is needed),

-necessity for tensile prestressing of the AC conductor,
-in order to replace a W sector (an operation with very low

probability), both AC coils must be replaced.
If the planned R&D study for repeaf able bending (twice as minimum) of

the AC conductors with diameter 2-3 cm on a radius of 3-5 meters give good
results, the flexible multi-turn AC design should become a good candidate for the
reference approach for ITER. In the most optimistic case, the same kind of
flexible in-vessel coils can be used for separatrix sweeping on the divertor plate
or for modified divertor concepts.

The main conclusion from the AC options design study and mutual
comparison is that there are a few good candidates for a reliable AC design; they
vary from relatively conservative options to very attractive new options. For the
reference AC design choice, the indicated additional design efforts and R&D
study should be done during the next 1-2 years.

VI.5 CRYOSTAT DESIGN DESCRIPTION

VI.5.1 CRYOSTAT VESSEL DESIGN

VT.5.1.1 General design description

The cryostat vessel (CV) consists of a large cylinder (26m diameter, 27m
high) with at least 64 large penetrations and a flat, removable roof. The bottom
of the cryostat is fixed to the concrete floor. The cylinder and bottom are
permanent components.

During the conceptual design phase, two basic options were proposed and
discussed for the CV; these were a metallic cryostat and a concrete cryostat. The
metallic design was selected as the reference, but technical information about
both options is presented for use during the EDA. The key features of the two
options are as follows:

Metallic crvostat
This cryostat is composed of stainless steel panels with toroidal and

poloidal ribs for reinforcement (see Fig. VI.5.1-1). This is a commercially based
technology. However, the resistive elements integrated locally into the cylindrical
side wall require limited additional R&D.

The biological shield provided by the existing blanket and W structures
(1.5 m thick) is sufficient to provide personnel access 24 hours after shutdown,
except in the regions around large penetrations where additional shielding (up to
total thickness of 1.2 m) must be added locally. Accordingly, there are no
nuclear shielding requirements on the cryostat vessel.

The metallic cryostat is not a structural member of the building.
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Fig. VI.5.1-1 Overall view of the full-metallic cryostat design

Concrete crvostat
This cryostat is composed of prestressed concrete with a thin liner made of

stainless stee) (see Fig.VI.5.1-2). This is commercially based technology for
pressure vessels of the nuclear fission reactor industry. Some modifications are
required for its use for the vacuum vessel.

This cryostat provides the needed biological shield and no additional
shielding for large penetrations between W port flanges and the cryostat
contour is required. However, a concrete cryostat is much heavier than the
metallic cryostat.
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TYPICAL CONCEPT OF CONCRETE CRYOSTAT

BACKING STRUCTURE

PCCV.PRE-STRESSED CONCRETE
CONTAINER VESSEL

RCV :REINFORCED CONCRETE
CONTAINER VESSEL

BACKING STRUCTURE STEEL BAR LINING PLATE

Fig. VI.5.1-2 Design of alternative concrete cryostat

176



This cryostat can also be used as a part of the building structure.
In the conceptual design puase, the nuclear analysis to assess the biological

shielding requirements was available and based on this analysis the thickness of
the outboard blanket was sufficient to provide the required biological shielding
(personal access outside the cryostat 24 hr after shutdown). Since it is not
necessary for the cryostat to satisfy any function of the biological shield, the
decision was made to use the metallic cryostat option as the ITER reference. It
is clear that additional nuclei, shielding around all penetrations in the region
between the W port flanges and cryostat cylindrical wall is a feature that
differentiates the metallic from the concrete cryostat. The mass of this additional
material is relatively small (a few hundred tons) compared to the extra mass in
the cylindrical section of the all-concrete cryostat (a few thousand tons). But
should the cryostat be needed as a part of building structure, the concrete
cryostat could be selected. The final decision should be made in the next design
phase based on the detailed nuclear analysis and taking into account the present
basic machine configuration.

VI.5.1.2. Reference cryostat design description

The fully metallic reference design for the cryostat cylinder is a continuous
stainless steel vessel (25 mm thick) with welded vertical and toroidal structural
ribs (total thickness 700 mm). Additional reinforcement is required around large
openings. The reference envelope for the ribs is from a radius of 13 m to 13.7 m.
There is no additional nuclear shielding on the cylindrical section of the cryostat
vessel except the space needed for shielding around largest penetrations. This
vessel met the original requirements for toroidal resistance (effective electrical
thickness < 70 mm stainless steel). However, in order to improve start-up
chai atsiristics, the toroidal resistance requirement was increased by a factor of 7
(effective electrical thickness < 10 mm stainless steel). Based on preliminary
stress analysis under all loading conditions, the minimum allowable thickness of
the cryostat is estimated to be in the range of 30-40 mm without a safety margin
for buckling. In order to satisfy the new one turn resistance requirement, a
resistive element must be incorporated in the side wall of the cryostat. There are
several options for incorporating this element, as described in the following:

-Metallic corrugated structure: This idea is based on metallic
corrugated elements that can be installed in the side wall of the
cryostat and is the same principle as used for the resistive elements of
the reference vacuum vessel. Electrically insulated bolts are necessary
to connect this element with the cryostat in order to provide sufficient
mechanical stiffness (Fig. VI.5.1-3). In this way, the present structural
design of the cryostat can be retained as the primary structure, except
in the local sections where the resistive element must be added. This
concept can provide high reliablity because the main structure is metal
and the vacuum boundary can be formed by welding.
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-Insertion of insulation material: This is based on a flange connection
with a non-metallic gasket connected by electrically insulated bolts.
This flange can be locally installed in the side wall in the same manner
as the metallic corrugated elemenls. Therefore, the present structural
design of the cryostat can be retained. This concept is based on a
commercially available technique, but it may be unsuitable for the
second barrier of a tritium container. A functional material, which is
based on a sandwich structure of metal and insulator and
manufactured by using an advanced technology such as HIP or
diffusion bonding, is a possible option but requires technology
development.

-Segmented structure; The third option is to use a completely different
structure from the present design. The option is based on the
assembly of rigid, electrically separated boxes with a thin-wall liner.
The assembly is rather complex because "T-welding" must be
performed in several places.

In conclusion, the metallic corrugated resistive element was selected as a
first option for the purpose of design integration. The selection was based on
considerations of higher reliability. Modified section of the CV cylindrical wall
the corrugated resistive element and additional electro-insulating structural
connections is shown in Figs. VI.5.1-3, 4. Double sheet resistive elements ( 2 x 2
mm) have 10 corrugations. The maximum stresses in the electro-insulated bolts
are within 120 MPa. Standard organic electro-insulation (Epoxiglass) can be used
in this design. A standard section of the cylindrical wall without the resistive
element is shown in Fig.5.1-5. A possible position of four modified CV sections
with resistive elements is shown on the developed elevation view of the cryostat
cylindrical wall in Fig. VI.5.1-6.

The cryostat roof consists of concentric and radial ribs (see Fig. VI.5.1-7).
The roof has 16 demountable trapezoidal covers above each VV upper port and
also a central circular cover for the central solenoid and PF5 coil removal. The
roof structure is also designed to be removed in one piece. Above the cover,
additional concrete beams provide biological shielding for the upper hall.

VI.5.1.3. Stress analysis

A preliminary structural analysis of the cryostat was performed. In this
analysis, the roof was assumed to be a box structure. The roof and cylinder were
considered separately.

Case 1, Roof: A 1/32 toroidal sector of the roof was modelled. The finite
element model is shown in Fig.VI.5.1-8. The pressure load of 1 bar acting on the
blanket port cover from above is transmitted to the beam, giving rise to a bending
of the beam with compressive stress in the top fibre and tensile stress in the
bottom fibre. The self weight of the structure adds to this effect.
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Fig. VI.5.1-4 Standard section of the cryostat cylindrical wall

(1/16) with resistive element
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Fig. VI.5.1-5 Standard section of the cryostat cylindrical wall
(1/16) without resistive element
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Fig. VI.5.1-6 Developed view of the cryostat cylindrical wall with
four local resistive elements
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Fig. VI.5.1-7 Example of the cryostat roof design

The box ring is subject to torque about its toroidal axes. The moment
tends to "roll" the ring, i.e. turn it inside out. The top flange is subject to hoop
compression and the bottom flange is subject to hoop tension (the effects of the
pressure and gravity loading are additive).

The maximum general membrane stress intensity in the structure is 134
MPa and the maximum primary membrane plus bending stress intensity is 204
MPa. The deformed shape of the roof structure under load is shown in
Fig.Vl.5.1-9. The maximum displacement occurs at the roof center and is 177
mm. The displacement at the edge of the central section is 109 mm.

Case 2, Cylinder: A 1732 toroidal sector of the cylindrical side wall was
modelled. All five openings were modelled, i.e. the analysis was a worst case
analysis.

The load case considered is an acciderl condition with an external
pressure of 1.3 bar and vacuum conditions within the cryostat. The self weight of
the cylinder was included. The cylinder supports the cryostat roof structure. The
vertical load from the roof structure includes both its weight and the 1.3 bar
pressure acting over the roof area. An analysis of the structure without stiffeners
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PLOT NO. 1

PREP7 ELEMENTS

REAL NUM

PLATE
1
2
3
4
5
6
7
8
9

10
11
12
13
".4

THICKNESS (MM)
55
80
45
90
40

115
125
145

65
60

220
50
25
85

Fig. VI.5.1-8 3D FEM model of cryostat roof

showed that considerable bending takes place in the cylinder wall, especially in
the vicinity of the large, rectangular pori opening. The addition of 20 mm thick
vertical stiffeners is required to reduce the maximum membrane stress intensity
to 113 MPa and the maximum membrane plus bending stress intensity to 159
MPa. These stresses are within the ASME code limits.
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ANSYS 1.1
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PLOT NO. I
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ZF =I.<M

Fig. VI.5.1-9 Cryostat roof displacement calculated for accidental
external overpressure

VI.5.2. REFRIGERATED RADIATION SHEILD DESIGN

(1) Concept description
The purpose of the intermediate thermal shield is to prevent excessive

heat flow to the magnet system operating at 4-K; therefore all of the cold
surfaces, such as the magnet system, current feeders, cryogenic piping and
supporting structures, should be entirely surrounded by this thermal shield. The
intermediate thermal shield is cooled by helium gas and the operating
temperature ranges from 50 to 80°K.

The thermal shield consists of an actively cooled plate and multi-layered
insulator (superinsulation), as schematically shown in Fig.VI .5.2-1. The plate
should be made of thin stainless steel, probably 2-3 mm thickness, because of the
lower induced current during plasma ramp-up and disruption. In addition, the
standard stainless steel cooling pipes, with a diameter of about 10-15 mm, are
attached to the plate for cooling the plate down to 80°K by helium gas. Double
wall cooling pipe may be used for highly reliable operation, if needed. The
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Fig. VI.5.2-1 Design of the thermal shield for inboard region



superinsulation is also attached on the plate to provide reasonably low radiation
emissivity and will be composed of multi-layered aluminum mylar with polyester
net or Kapton with polyamide net d~ ^ading on the elevated temperature. The
superinsulation should be clamped by a nonmetallic band to prevent surface
contact between the superinsulation and the magnet or vacuum vessel.

The thermal shield should be segmented to decrease the induced current
due to a plasma disruption and to provide high maintainability for
assembly/disassembly. The individual panels must be fixed to the coils or to the
cryostat inner wall and must be strong enough to take the mechanical and
magnetic loads, but in a way to limit the heat conduction from the thermal shield
to the coils. Therefore, an epoxy-glass composite is proposed as the main
structural material for the support. The thermal shield of the TF coils are
attached to the TF coil surfaces by the thermally insulated supports. For the
outer PF magnets and coil services such as current feeders and cryogenic piping,
there are two possible schemes. The first is to have the thermal shield
individually attached to the cold surfaces and the second is to have the thermal
shield entirely attached to the inside wall of the cryostat. The former concept
provides high maintainability because each cold component can be remotely
handled together with the thermal shield. The later concept provides a simple
structure inside the cryostat since it is not necessary to have a large number of
cooling pipes connecting to each cold component. The final choice will be made
in the next design phase based on the detailed layout drawings and based on
development of acceptable maintenance procedures.

(2) Concept evaluation
A preliminary thermal analysis on the thermal shield was performed and

typical results show that the average heat load of the thermal shield at 80 K is in
the range of 35 kW to 50 kW depending on operating conditions. The maximum
heat load to the magnet is about 6 kW at 4 K. Typical heat loads including
supports of the thermal shield at 80 K are listed below.

1)
2)
3)

Total surface area
Nuclear heating
Radiation heat
- At normal operation

Facing vacuum vessel
Around coils
Others

- At baking
Facing vacuum vessel
Around coils
Others

3800 m2
10 W/m2

4
4
2

6
4
2

W/m2 x
W/m2 x
W/m2 x

W/m2 x
W/m2 x
W/m2 x

x 1200 m2« 12

1200 m2= 4.8
1900 m2= 7.6
700 m2- 1.4

1200 m2= 7.2
1900 m2= 7.
700 m2= 1.

kW

kW
kW
kW

kW
6 kW
4 kW

4) Conduction by gravity supports 20 kW
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(3) Primary concerns
The primary concerns of the thermal shield refer to the space allocation.

In the inboard region, the minimum allowable space, including the size of the
thermal shield structure and two free gaps on each side of the thermal shield, is
specified to be 70 mm. All of the geometrical conditions, such as misalignment,
thermal expansion and contraction for the plate and cooling connection, should
be accommodated within this space ( the minimum gap shown on the drawing is
about 56 mm). The space allocation will be re-examined during the detailed
design and will include examination of fabricability issues. In addition, designing
for the remote handling of the thermal shield is also critical because highly
accurate operation is required considering that the thermal shield is a large, thin
plate structure which can be easily deformed.

VI.6. MACHINE GRAVITY SUPPORT DESIGN DESCRIPTION

The total dead weight of the ITER basic machine is estimated to be
approximately 26,000 tons, which should be sustained by the machine gravity
supports under all loading conditions including an earthquake. Since che
machine gravity support is the key reference frame of the entire basic device
assembly, several concepts and possible locations were considered. The
following general concept was tentatively selected for the purpose of machine
integration. The final selection will be made in the next design phase based on
detailed analysis:

1. The Poloidal Field (PF) coils are attached to the Toroidal Field (TF)
coils; therefore, the dead weight of all the magnet system is supported by the TF
gravity support.

2. All dead weight of the in-vessel components is transmitted to and
supported by the vacuum vessel gravity supports which are independent from the
magnet gravity supports because of different operating temperatures.
Electromagnetic loads from a plasma disruption are not transmitted to the
magnet and vacuum vessel gravity supports except for the net vertical loads.

3. The vacuum vessel gravity supports and magnet gravity supports are
located below the TF coils in the 16 trapezoidal zones between an inner radius of
7.0 m and an outer radius of 10 m, with a toroidal clearance of about 1.4 m to
provide sufficient access to the center of the machine and to the lower divertor
maintenance area.

4. The flexible multi-plate structure, without any mechanical kinetics, was
adopted to provide high reliability and an absolute reference point for the
machine assembly (i.e. the magnet system and vacuum vessel must be free to
expand or contract radially due to temperature changes, but all components must
remain concentric to the common machine vertical axis.).
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Based on this general configuration, the structural design for both the
magnet system and the vacuum vessel gravity supports, was performed and two
types of supports were proposed: an arrangement of vertical steel plates in
compression and an arrangement of steel plates in tension. In the conceptual
design phase, there was insufficient technology basis to choose a final structural
concept, but the "vertical steel plates in compression" arrangement was selected
as a first option for reference drawings. The key design concepts proposed are
summarized in the following sections.

VI.6.1. MAGNET SYSTEM GRAVITY SUPPORT

There are 16 TF coils and 14 PF coils attached to the TF coils whose total
weight including the intercoil structures is about 12,000 tons. The total weight is
concentrated on 16 gravity supports, one located below each TF coil. The first
option gravity supports are made of several vertical plates welded or bolted to the
end flanges. The plates are orientated orthogonal to the radial axes in order to
provide maximum flexibility only in the radial direction, while a high stiffness is
achieved in the other directions. The plates work mainly in compression;
therefore, the size of the plates must ensure a safety margin to accommodate
buckling loads. A preliminary structural analysis for the flexible support was
conducted to optimize the buckling safety margin and allowable stresses in all the
several loading conditions. Fig.VI.6.1-1 shows the flexible supports proposed
based on the results for the TF coil. In this concept, the vertical plate is not a
uniform structure and consists of a thin part at both ends (30 mm thickness and
300 mm length) and a thick middle part (80 mm thickness and 2400 mm length)
in order to increase the flexibility in the radial direction. The buckling safety
margin of this plate is estimated to be around 3.5 in a worst loading condition. In
addition, an intermediate thermal shield is attached to the bottom plate which
results in lower heat conduction, in the range of 1 kW total to the magnet system.
If less heat conduction is required, an insulator material, such as epoxy, can be
placed at the boundary between the supports and the foundation. Alternately,
gas cooled plates may be adopted. The epoxy layered structure may provide
flexibility to accommodate sliding in the toroidal direction and prevent
overstresses due to out-of-plane deformations of the TF coils.

As an alternative second solution, the tension flexible support was
investigated. Fig.VI.6.1-2 shows the typical structure concept of tension plates
for TF magnet gravity support. In this concept, the thin plate works mainly in
tension loads and no buckling effect is considered. Therefore, thinner plaies ilian
the compression type can be adopted which have a better flexibility and higher
thermal resistance than compressed plates. Based on preliminary calculations, 20
pieces of thin plate (5 mm thickness) are proposed to form the main structural
member. The maximum stress in the thin plate is estimated to be about 170 MPa
under normal loading conditions. The epoxy-glass layered plates below the
supports are also useful to limit the out-of-plane loads.
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Fig. VI.6.3-2 Coil services penetrations (elevation view)

VI.6.2. VACUUM VESSEL GRAVITY SUPPORT

The vacuum vessel is supported by 32 flexible supports. These supports
are located behind the magnet gravity supports below the TF coils since two
supports located beside the vacuum duct for each sector (1/16 sector) are
required and permit access to the machine center and to the lower divertor
maintenance area, as shown in Fig.I.3-1, 4. The vacuum vessel gravity support is
very similar to the magnet support and consists of several vertical thin plates
which have the same thickness but more total cross sectional area because the
gravity load is higher, typically 9.3 MN per sector compared to 7 MN per sector.
The intermediate thermal shield is not required but it is necessary to have a rigid
W port structure to guarantee the uniform loading on both halfs of the support
(right and left).
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VI.6.3. FLOOR AND FOUNDATIONS

The supports rest on rigid foundation blocks extended radially to transmit
the loads to the ground and to provide space between them. This space is
necessary for the following reasons: to allow access of the main electrical and
cryogenic supply line for the magnet system, to provide a free space for the
maintenance of the lower divertor plate, and to provide space for other
components located in the lower central part of the machine. Figs.VI.6.3-1, -2
and -3 show an elevation view of the reactor building and coil services layout.
The room below the central lower cryostat cover is reached by a tunnel which
penetrates the foundation under the machine supports. This tunnel provides for
transport of the lower divertor coil (PF5L). An option was examined to reduce
the tunnel width. In this option, the lower divertor coil, PF5L, would be
transported in a vertical position. This results in a narrow, but high tunnel and
was not selected as the first option.



VII. CONCLUSIONS AND FUTURE NEEDS

VII.1. VACUUM VESSEL

A reference W design was selected and developed in detail during the
CDA. Three iterations of design modifications and numerical study provided the
basis for the final option. This option provides almost full correspondence with
the established requirements. This design can withstand the reference
electromagnetic loads, accidental overpressures, and other impacts. The assembly
joints are protected by a sufficient thickness of nuclear shielding to meet
requirements for stainless steel rewelding after irradiation.

A few critical points in the W design still exist, including high local stress
concentrations in the resistive element and electro-insulating connections, which
must be solved by future design optimization.

The most critical future needs are the feasibility studies of W
manufacturing, VV assembly and W repair/disassembly/reassembly by remote
handling tools. As a first task, the reference assembly joint design should be
checked and verified by R&D to receive feed-back information for optimization
of the joint design.

Alternative, thin-wall W options were also analysed during the CDA and
appear to be attractive, simplified design solutions. The analysis and
corresponding R&D studies of these concepts should be continued during the
EDA. If the feasibility questions relating to the total structural integration, such
as compatibility with passive/active elements and blanket attaching locks, can be
successfully resolved, then the thin-wall W concept represents a strong
candidate for ITER. The final W design solution may be a combination of the
reference and thin-wall options, using the best features of each concept.

VII.2. ATTACHING LOCKS

In contrast to the VV, no reference design solution was selected for the
blanket attaching locks. There are five possible design options that are under
investigation, but none of these options fully satisfy the established requirements.
The choice of one option (welded connectors) for design integration was based
on the prediction that a successful remote welding technique will be developed.

The present situation exists for the following reasons:

-the requirements for the attaching locks design are extremely difficult
and internally contradicting (see sections 11.2 and IV.3),

-there is no design analogy for these elements on any existing tokamaks.

Significant efforts were made by ITER team and home team specialists to
resolve this problem and a few original, attractive engineering ideas and
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guidelines for solutions to the conflicts between the design and the requirements
were proposed. Five principal design approaches, developed during CDA, will be
advanced for future design improvements and verification by the technology
R&D during the earliest part of the EDA. In addition, each proposed solution
has some probability to be used in some application, since different designs may
be more suitable for attachments of different elements (i.e., blanket segments,
shielding plugs or divertor plates, inboard versus outboard blanket, lateral-to-
lateral versus central-to-lateral segment connections, etc.).

A common understanding was reached by the ITER team that only the
earliest results of the planned technology R&D efforts can give a reliable basis
for selection of the locks design. From the point of view of successful machine
design integration during the EDA, these results (positive or negative) should be
received as early as possible, and preferably not later than 1992-93. This means
that extensive R&D studies of all five proposed attaching locks options should be
started as early as possible and ongoing activity in this area should continue
without interruption. For details see the CSDU R&D plan or sections II.6 and
VIII.2 of this report.

VII.3. PASSIVE LOOPS AND ACTIVE COILS

Significant progress was made in the area of passive and active plasma
stabilizer design development during the CDA.

Passive loops
It was shown that the conventional saddle-passive loop concept is

unacceptable for ITER. Only the ne_w twin-loops concept can satisfy both the
design integration and the plasma stabilizing requirements. The twin-loops
concept was proposed, developed and adopted as a reference by the ITER team
during a relatively short time period (August 89 - March 90), and some attractive
proposals for detailed design and optimization are advanced to the EDA phase.

One potentially serious technological problem exists for both the previous
and the new passive loop design, which is the development of a reliable process
for bonding the high conductivity plates to the stainless steel structures.

Active coils
Large changes were made during the CDA in the fast active control coil

position and design. The design evolved from the single-turn sectorized coils,
located near the W vertical ports. The main concerns for this design were
identified as: 1) conductor assembly joints located in the primary vacuum, 2) the
necessity to disconnect coils for blanket segment replacement, and 3) long, high
inductance vertical legs on the upper coil portions. All of these disadvantages
were eliminated in the new AC design options. The new reference active coil
position is near the equatorial port and does not interfere with blanket removal
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paths. The current joints arc located in a secondary vacuum or in the atmosphere
of the reactor hall and are repairable by remote handling tools. The coil "single-
turn self-inductance" is reduced by factors of 1.5 to 2 compared with the initial
option.

Three or four workable active coil design candidates were identified for a
final reference choice. This choice will be made between more conventional (but
less electromagnetically optimum designs) and the latest, more attractive
proposals, which are not yet verified by R&D. In all cases, careful development
and testing of AC conductor (and especially conductor current joints) is needed
to provide a reliable basis for the final design choice and development during the
EDA.

VII.4. CRYOSTAT

A few feasible cryostat design options were compared during the CDA on
the basis of established requirements. The simplest, full metallic welded design
was chosen as a reference solution in 1989. During 1990, the required cryostat
toroidal resistance was increased by approximately a factor of 7. Consequently,
the reference design was modified by incorporating four local, high resistive
metallic inserts into the cryostat cylindrical wall.

The latest cryostat design seems feasible and meets all existing
requirements. The necessity of limited technology R&D for new, non-standard
components (resistive inserts, large flanges and flexible bellows) was ider :ified.

As a possible alternative approach, the thick prestressed concrete cryostat
with a thin inner metallic liner was also proposed. This concept combines the
cryostat, biological shielding, and building wall functions. It was shown during the
CDA, however, that biological shielding 24 hours after shutdown can be provided
by the reactor itself (blanket and W ) with extra shielding around all
penetrations, so there are no nuclear shielding requirements for the cryostat
cylindrical wall.

The concrete cryostat will be the best solution if, in the future, the detailed
nuclear shielding analysis, taking into account all penetrations, will require that
the biological shield be provided by the cryostat, or, if it will be necessary to
combine the cryostat and building structure.

VTI.5. MACHINE GRAVITY SUPPORTS

The situation for gravity supports during the CDA phase was similar to the
cryostat, since several feasible options existed from which to choose a reference
design.

The flexible multi-plate gravity supports concept (without any kinematic or
rolling mechanisms) was chosen both for the magnet system and vacuum vessel
supports. Two possible sub-options of compressed versus tensile flexible plates
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are still under consideration for design optimization, but the compressed flexible
plates option was used for ITER design integration based on engineering,
experience.

Very limited R&D .'asks were identified for verification of the chosen
design, but these tasks are essential due to the extremely large supported mass
(about 29 thousand tonnes). The final machine support design will be completed
after the required R&D is performed.

VII.6. ASSEMBLY AND REPAIR

All machine structures developed by the Containment Structures Design
Unit are included in the class of semi-permanent components, i.e. no scheduled
replacement during machine lifetime is planned. But, nevertheless, a very
important constraint for the choice of the reference design is the compatibility
with the selected assembly and repair scheme. The ability to repair or replace
each containment structures component using only remote handling tools should
be provided with a minimum required disassembly of other components.

The position and design of the 32 vacuum vessel assembly joints, 48 large
port flanges, in-vessel shielding plugs, passive loops and active coil joints were
chosen in correspondence with the repair and replacement requirements.

The latest reference design of the W assembly joints and the proposed
design of the standard equatorial port interfaces also meet the established
requirements for rewelding stainless steel after irradiation, i.e., the shielding
thickness provided to protect these joints must limit the helium production to less
than 1 appm.

The task of increasing the allowable assembly gaps between the outboard
blanket segments from 5 mm to 20 mm was solved by the new twin-loops passive
stabilizer concept. Also, a reference location for the active coils was selected and
this location is not trapped by the blanket segment removal trajectories.

The reference cryostat design has 16 large trapezoidal access hatches for
blanket replacement and large central (upper and lower) circular hatches for
removal and replacement of the central solenoid and the PF 5 coil. There are
also assembly joints between the upper roof and cylindrical port, and between all
16 cylinder sections, which can be disconnected should such a need arise.

Finally, the gravity support concept provides the possibility to replace one
W sector or one TF coil without using additional temporary supports.
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ANNEX: R&D PLAN SHORT DESCRIPTION

A.l. Vacuum Vessel Feasibility

[COS-1.1] Partial model manufacturing
Thick & thin wall vessel manufacturing

STEP-1: Manufacturing qualification test (1991-1992)
- Mechanical loading test
. Cooling pressure : 2.5MPa
. Electromagnetic load : IMPa (pressure)

5MPa (shear)
- Thermal load : 0.1MW/m3

- Non-destructive test : UT, ET,...
- Destructive test : macro/micro structure

STEP-2: Full scale partial model tests (1991-1995)
- Fabrication
. Vacuum vessel sector (L:l-3m, W:1.8m, T:0.3m)
. Water connection (L:lm, W:lm, T:0.3m)
. Port/duct parts (L:3m, W:1.8m, T:0.5m)

- Test and conditions
. Cooling system pressure : 2.5MPa
. Electromagnetic load : IMPa (pressure)

5MPa (shear)
. Bending and shear test : 10 cycles

. Non-destructive & destructive test

STEP-3: Full scale torus sector mock-up

Redundant approach: Thick and thin concepts

Resources required [M$]:

1991 1992 1993 1994 1995 Total
1.0 2.0 2.5 0 3 0.2 6.0

[COS-1.2] Structural assembly joint
On site thick welding/cutting/rewelding

STEP-1: Manufacturing process development (1991-1992)
- Short straight test pieces
. Welding qualification
. Non-destructive/destructive examination
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- Full scale short straight pieces (L:2m, W:0.5m)
. Welding/cutting/rewelding qualification
. Mechanical test : lOMN/m
. Destructive test : micro/macro structure
. Non-destructive test
. Leak test : 10"6Acc/sec

STEP-2: Full scale partial model tests (1991-1994)
- Fabrication
. D-shape full scale long piece (L:15m, W:0.5m)

- Test and conditions
. Automatic welding/cutting/rewelding procedure
. Non-destructive test
. Destructive test : micro/macro structure
. Leak test : 10 Acc/sec

STEP-3: Full scale torus sector mock-up

Redundant approach: Not required

Resources required [M$]:
1991 1992 1993 1994 1995 Total
0.3 0.5 0.5 0.2 - 1.5

{COS-1.3] Large flange connections and secondary seals
Large flange connections with secondary seal

STEP-1: Scalable model manufacturing/tests (1991-1992)
-Fabrication
. lm port opening with real thickness
- Test and conditions
. Bolting/welding/cutting procedure
. Preloading of bolt
. Mechanical load : 5MPa (local)
. Thermal load : 0.1MW/m3 (nuclear heat)

STEP-2: Full scale partial model tests (1992-1993)
- Fabrication
. Full scale partial pieces for horizontal port

- Test and conditions
. Bolding/welding/cutting procedure
. Mechanical load : 5MPa (local)
. Thermal load : 0.1MW/m3 (nuclear heat)
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STEP-3: Full scale torus sector mock-up

Redundant approach: Not required

Resources required [M$]:
1991 1992 1993 1994 1995 Total
0.5 1.0 1.0 - - 2.5

[COS-1.4] Electroinsulating connectors
Surface insulation, insulated bolt and shear keys

STEP-1: Manufacturing procedure development (1991-1992)
- Fabrication
. Small test pieces ( 20cm )

- Test and conditions
. Break down voltage > 2kV
.Resistivity >0.01Vm2

. Compression load >500MPa(10 cycles)

. Shear/bonding loads TBD

. Temperature range : 0-500 °C (2 cycles)
0-200 o C (1000 cycles)

. Radiation dose wide rage for different applications

. Thermal nuclear load : 01.MW/m

. Vacuum : 10 mbar

STEP-2: Full scale partial model tests (1992-1995)
- Fabrication
. Full scale short straight pieces (0.2x0,6xl.5m)

- Tests and conditions
. Same as STEP-1

STEP-3: Full scale torus sector mock-up

Redundant approach: Not required

Resources required [M$]:
1991 1992 1993 1994 1995 Total
0.2 0.4 0.5 0.3 0.1 1.5

[COS-1.5] Resistive elements
Toroidal one-turn resistive elements

STEP-1: Manufacturing procedure study (1991-1992)
- Select candidate manufacturing procedures including joint

and attaching methods of cooling tubes
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STEP-2: Full scale partial model tests (1991-1993)
- Fabrication
. 0.26m width x 7m poloidal length including straight
and curved sections

- Tests and conditions
. Mechanical load : up to IMPa (10 cycles)
. Steady state heat load : up to O.lmW/M3

. Joule/disruption heat : up to 15MJ/m

STEP-3: Full scale torus sector mock-up

Redundant approach: Not required

Resources required [M$]:
1991 1992 1993 1994 1995 Total
0.2 0.4 0.3 - - 0.9

[COS-1.6] Feasibility of casting
Welding/forming of large cross-section casting with cooling
channels

STEP-1: Manufacturing procedure study
- Select candidate csting procedures embedded cooling
channels and surface treatments

STEP-2: Short sample test
- Fabrication
. Casting model of around 2 ton mass

- Test and conditions
. Outgassing test : comparable to rolled plate

(10"9 mbar and up to 180 °C)
. Mechanical test : comparable to rolled plate
. Corrosion tests
. Irradiation tests

STEP-3: Full scale torus sector mock-up
If the feasibility is demonstrated through STEP-1&2, full scale
prototupe will be fabricated.

Redundant approa*Ch*-Iifot required

Resources required [M$]
1991 1992 1993 1994 1995 Total
0.5 0.5 - - - 1.0
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A.2. Attaching Locks and Supports

[COS-2.1} Blanket attaching locks
Attaching locks to fix blanket structure

STEP-1: Basic mechanism development (1991-1992)
- Fabrication

Critical parts of the following candidate
. Welded bolt
. Water hydraulic jack & cotter
. Mechanical bolts
. Liquid metal

-Test and conditions
. Locking procedures
. Mechnical load : up to lOMN/m
. Fatigue test : up to 1000 cycles
. Thermal load : up to 1 NfTV/m3

. Outgassing test : comparable to solid plate

. Insulation voltage : up to 2kV

STEP-2: Full scale partial model tests (1991-1995)
- Fabrication
. A complete set of the attaching lock system

- Test and conditions
. Same as STEP-1

STEP-3: Full scale torus sector mock-up

Redundant approach: welded bolt, hydraulic locking,
mechanical bolts and liquid metal

Resources required [M$]:
1991 1992 1993 1994 1995 Total
1.0 1.5 1.5 0.3 0.2 4.5

[COS-2.2] Machine flexible supports
Flexible tension/compression gravity support

STEP-1&2: Full scale partial model tests (1991-1992)
- Fabrication
. Full scale supports for magnet and vacuum vessel ( W )

: 2m(R) x lm(W) x 3-4m(H)
- Test and conditions
.Load -.Magnet up to 100 MN

W up to 100 MN
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. Displacement : Magnet 15-20 mm
W 20-30 mm

. Temperature : Magnet 4-80-300 °K
W 300-450 °K

STEP-3: Full scale torus sector mock-up

Redundant approach: Flexible tension and compression supports

Resources required [M$]:
1991 1992 1993 1994 1995 Total
0.3 0.2 - - - 0.5

A. 3. Plasma Stabilizing Elements

[COS-3.1} Passive loops
Passive loops attached to the blanket structure

STEP-1&2: Full scale partial model tests (1991-1993)
- Fabrication
. Full scale partial pieces

CuandAl:l-2m2x5-l-10 mm thick
- Test and conditions
. Process sequences : bending before/after bonding
. Bonding processes : welding/brazing/explosive

welding/bolting
. Thermal cycles : 20-500 °C (2 cycles)

20-200 °C (1000 cycles)
. Bending test : 10 cycles
. Outgassing test

STEP-3: Full scale torus sector mock-up

Redundant approach: Not required

Resources required [M$]
1991 1992 1993 1994 1995 Total
0.2 0.5 0.3 - - 1.0
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[COS-3.2] Active coils
50-kA turn (DC) and 300-kA turn (pulse) active coil with cooling channel

STEP-1&2: Full scale partial model tests (1991-1995)
- Fabrication
. Cable : 50mm dia. x 25m (multi-turn)

100 m dia. x 10m (single-turn)
. Joint : comparable to remote handling tools

- Test and conditions
. Cable : Bending test : minimum radius 3-5 m

Electroinsulation : up to 3 kV/turn
Current flow test

peak current : 300 kAT
average current : 50 kAT

Thermal test
Electromagnetic load : 3x10 cycles
Irradiation test

. Joint: Same as cable plus remote handling procedure

STEP-3: Full scale torus sector mock-up

Redundant approach: Not required

Resources required [M$]:
1991 1992 1993 1994 1995 Total
1.0 1.5 1.0 0.3 0.2 4.0

A.4. Cryostat Elements

[COS-4.1] Large bellows
Large bellow to allow the machanical/thermal movements

STEP-1&2: Full scale partial model tests (1991-1993)
- Fabrication
. One full-scale rectangular bellows : 4.6m(H) x 2.6(W) x 2m(L)
. One full-scale trapezoidal bellows : 0.5m(H) x 5m(L) x lm(W)

- Test and conditions
. Accidental prssure : 0.2MPa
. Movements vertical : 36 mm

axial : 36 mm
lateral : 30 mm
torsion TBD

. Leak test (see cryosts requirements)

. Heating/cooling : up to 180 °C
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STEP-3: Full scale torus sector mock-up

Redundant approach: Not required

Resources required [M$]:
1991 1992 1993 1994 1995 Total
0.5 1.0 0.5 - - 2.0

[COS-4.2] Penetration and lip seals
Port/duct penetration structure with lip seals

STEP-1&2: Full scale partial model tests (1991-1993)
- Fabrication
. Full scale port penetrations including shielding structure and bellows

- Test and conditions
. Flexibility test : mechanical/thermal movement (30-40 mm)
. Mechanical test : loads simulating in-vessel manipulator, antenna etc.
. Leak test : seal characteristics in various loads

. RH procedures : remote maintenance procedures

STEP-3: Full scale torus sector mock-up

Redundant approach: Not required
Resources required [M$]:

1991 1992 1993 1994 1995 Total
0.3 0.5 0.2 - - 1.0

[COS-4.3] Thermal shield/superinsuiator
Thin thermal shield with thickness of less than 50 mm

STEP-1&2: Full scale partial model tests
- Fabrication
. Thin test pieces : lm x 50 mm thick

- Test and conditions
. Thermal radiation test : 4-80-300/450 K
. Mechanical load : 1.5 ton/m
. Electroinsulation test : up to 1 kV

STEP-3: Full scale torus sector mock-up

Redundant approach: Not required
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Resources required [M$J:
1991 1992 1993 1994 1995 Total
0.2 0.3 - - 0.5

A.5. Full Scale Mock-up Manufacturing

There are three torus mock-ups in STEP-3, which are the W 1st sector,
in-vessel components and W 2nd sector mock-ups. The key features of these
mock-ups are as follows.

W 1st sector mock-up (COS-5.1)
The W 1st sector mock-up is composed of 2 parallel and 1 wedged

segment without resistive elements, insulation break, real cooling channels and
fabricated by real material with real structure in the segment welding region, but
simplest structure in bulk for simulating mass and shape. Main purpose of the
W 1st sector is to demonstrate the feasibility of welding/cutting/rewelding of
the W segment joint including remote handling tools/procedures.

Resouces required (M$):
1991 1992 1993 1994 1995 total
0.2 0.8 3.0 - - 4.0

In-vessel components mock-up (COS-5.2)
The in-vessel vomponent is composed of 1/16 sector of inboard blanket,

outboard blanket, divertor plate and shield plug and fabricated with real
structure in the attaching lock region and simplest structure in bulk for
simulating mass, shape and cooling channels. Main purpose of the in-vessel
component is to demonstrate the feasibility of attaching lock system installed in
the blanket and divertor.

Resouces required (M$):
1991 1992 1993 1994 1995 total

1.0 3.0 2.0 - 6.0

W 2nd sector mock-up (COS-5.3)
The W 2nd sector is finally composed of 2 parallel and 1 wedged

sectors (1/16 sector) with resistive elements, insulation break, cooling channels
manufactured by real materials and structure, and the first 1/32 sector (1 parallel
and 1/2 wedged segment) is fabricated before 1995 in order to obtain a minimum
technological information for the construction basis with the minimum resources.
Another 1/32 sector will be fabricated after 1995 and the total cost of W 2nd
sector is divided into two equal amounts before and after 1995. The both sectors
will be tested together under the similar operating conditions to the real one in
the Full Integration Mock-up Test during 1997-1998 to finalize the construction
design specifications before the actual manufacturing processes.
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1993
1.0

1994
3.0

1995
2.0

total
6.0

1996-
6.0

Resouces required (M$):

1991 1992

A.6. Full Scale Mock-up Test

The full scale mock-up test consists of the simplified mock-up test in the
existing test facility before 1995 and the full integrated mock-up test in the
upgraded test facility after 1995. In the simplified mock-up test, on-site
welding/cutting/rewelding and replacement of W 1st sector mock-up are
simulated in 1994 by using W remote handling prototype equipment and
thereafter, assembly/disassembly of in-vessel component is tested by using the in-
vessel component remote handling equipment. After 1995, the test facility is
upgraded and the full integrated mock-up test is conducted. The whole structural
feasibility including remote handling tools/procedures of all components except
vacuum pump and heating/current drive devices are demonstrated under the
similar operating condition to real one.

(1) Simplified Mock-up Test: 1994

a. On site welding/cutting/rewelding and replacement of W 1st sector mock-up
by using W handling prototype equipment developed in AMA-9.

b. W 1st sector mcck-up (4.0 M$) is
- composed of 2 parallel and 1 wedged segments without resistive elements,
insulation break, real coling channels..

- fabricated by real material with real structure in the segment welding region
by simplest structure in bulk for simulating mass and shape

c. W handling prototype equipment is
- composed of weldkig/cutting/rewelding tools and assembling/disassembling
tools.

d. For this simplified mock-up test, AMA-12 prepares
- Cryostat (1/16 sector):
- Port and cooling tube (1/16 sector):
- Bellows for penetration (1/16 sector):
- Casks for upper/horizontal/lower ports:
- Supporting structures:
- Instrumentations:

e. Test facility involves
- 200-ton Gate crane:
- Building modification:
- Others:

1.0 M$
1.5 M$
1.0 M$
2.5 M$
1.0 M$
1.0 M$

2M$
2M$
2M$
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(2) Simplified Mock-up Test: 1995

a. Assembly/disassembly of cooling tubes and in-vessel components by using the
blanket hadnling prototype equipment, Ln-vellsel component handling

prototype equipment and port assembling prototype equipment developed in
AMA-5, -1, -2, -3, -4, -6, and -8.

b. The cooling tubes ox in-vessel components are prepared by the task AMA-12.

c. The in-vessel components are
- prepared by CSDU as a mock-up manufacturing,
- composed of In-board blanket (1/16 sector): 2.0 M$

Out-board blanket (1/16 sector): 3.4 M$
Divertor plate (1/16 sector): 0.4 M$
Shield plug (1/16 sector): 0.2 M$

- fabricated with real structure in the attaching lock region and simplest
structure in bulk for simulating mass, shape and cooling channels.

d. The blanket handling prototype equipment is for assembly/disassembly of
shield plug, in- and out-board blankets.

e. The in-vessel component handling prototype equipments are rail-mounted
vehicle, articulated boom and vertical robot: these feasibilities are demonstrated
by using full-scale partial torus model before this mock-up test.

f. The port assembling prototype equipment are to make the cryostat/vacuum
vessel open and close and to weld/cut/reweld cooling tubes of the upper,
horizontal and lower ports: these fesasibilities are demonstated by using full-scale
partial torus model before this mock-up test.

(3) Simplified Mock-up Test Upgrades: 1996-1997

a. For Full INtegrated Mock-up Test (1998), the simplified Mock-up and Test
facility are upgraded as follows;

b. AMA-12 will prepare
- Cooling tubes for all components including connecting tubes between

components and cooling system: 1.0 M$
- Port extension including Gate valves, double seal doors and shield structure
outside the cryostat: 6.5 M$

- Main vacuum pump structure: 0.5 M$
- TF & PF structure including thermal shield: 1.0 M$
- Standard connectors: 3.0 M$
- Supporting structures: 2.0 M$
- Ex-vessel transporter: 3.0 M$
- Ex-vessel RH equipment for outer PF handling: 3.0 M$
- Pipings and cables including coil services: 0.5 M$
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c. The test facility upgrading involves
- Building estension for full extraction of blenket: 4.0 M$
- Mechanical load test device: 2.0 M$
- Thermal load test device: TBD
- Vacuum and water systems: 3.0 M$
- Data acquisition system: 1.0 M$
- Piping and Cables: 3.0 M$
- Operation fee: 2.0 M$

(4) Full Integrated Mock-up Test: 1998

a. Remote handling demonstration except vacuum pump and heating/current
drive basic devices are performed as well as structural feasibility test of torus
structure prepared by CSDU.

b. CSDU will orgiinize the complete fabrication of W 2nd sector as well as the
upgrade of the Mock-up as follows:

- Upgrade W 2nd sector to 1/16 sector with real resistive
elements, insulation break, cooling channels and port
seal structure: 6.0 M$

- Cryostat for vacuum chamber: 4.8 M$
- Structural supports: 0.6 M$
- Port extension (bellows, lip seals, flange): 4.0 M$
- Active control coil: 1.0 M$

c. AMDU will prepare
- Standars components developed in AMA-11
- Viewing system prototype developed in AMA-10
- TF & PF handling prototype developed in AMA-9
and the W handling, blanket handling, in-vessel component

handling and port assembling prototypes are continuously used
after the Simplified Mock-up Test.

d. As for the vacuum pump handling and heating/current drive basic device
handling system, the actual fabrication will be initiated after individual feasibility
test by using full-scale partial torus model.

(5) Key items to be tested in the Full Integrated Mock-up Test

The following items are tentatively proposed bur it will be finalized during EDA.

1) Remote handling demonstration

All procedures are remotely and sequentially demonstrated in the both
conditions: initial assembly and after operation simulated temperature profile
and mechanical loading
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2) Hydraulic test

a. Cooling and pressure drop characterictics of all components
including the cooling manifold layout

b. Pressure propagation and flow rate behaviour in the LOCA/LOFA
simulation experiments

c. Drain out and purging experiments to simulate real procedures for
baking and maintenance

d. Flow instability simulation test then a cooling channel in several
parallel passes is highly heated.

3) Thermal tests

a. Baking characteristics measurements by supplying warm gas into
the cooling channels of components with the fixed voundary temperature

b. Thermal movement measurements due to normal operating
temperature profile with different mechanical boundary conditions

4) Mechanical tests

Mechanical stiffness measurement under the scalable machanical loading with
approximate profile and different machanical boundary conditions.

A.7. Electromagnetics Sub-size Model (COS-5.4)

Design criteria and optimized locking system for dynamic loads due to
disruption

Subsized model:
A partial subsized model of vacuum vessel and blanket structure

Test and conditions:
Electromagnetic mechanical test: Dynamic behaviour should be
investigated by simulating loading due to disruption.

Mileston:
Test and analysis : 1991-1993

Resources required [M$]:
1991 1992 1993 1994 1995 Total
0.2 0.2 0.2 - - 0.6

Redundant approach: Not required
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