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A In-Vessel Coils (IVCs) are
attached to the inner vacuum
vessel wall

A Limited space for support rails

A Tight fit behind Blanket Shielc
Modules

A Manufacturing constraints

A Integration with Diagnostics

A Integration with Manifold Rails

A Integration with Blankets

A Complex and iterative
Integration process
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A Cyclic and fatigue requirements : design to last for the lifetime of
ITER, 30 000pulses, pulse duration up 3000s;

A Pressure loads

A Electromagnetic (EM) loads: these loads are a strong design driver
during transient events (e.g. plasma disruptions: MDs and VDES),
max. loaddO0KN/m;

A Thermal loads: these loads are a strong design driver and they are
caused by temperature gradients induced by:

I The neutron heat load:4W!/cc for the VS coils andl.2W/cc
for ELM coils

I Operating Thermal Loads :
Joule heating of the coils

Thermal expansion of the coils and the vacuum vessel
(temperature 0100C)
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Reference Design of Upper ELM Caoll

Design and Analysis work
completed, May 2013

n a Brackets used for
/ Feeders mechanical and

thermal anchoring of

the coil

CuCrZr core
MgO insulation
Inconel 625 jacket

Induction brazed

CuCrZr joints /

welded Inconel Water
625 jackets channel

VV Rail

A. Encheva, 25" IAEA Fusion Energy Conference, 13-18 October 2014, St. Petersburg, Russia



Reference Design of a VS Caoll

SS jacketed MgO Bolted and brazed
Insulated cables wb cabl
mm insulation

259

clamping bar

PIng iFourIndividuaI turns
provide redundant
flow paths for
increased reliability

A VS Coils meet
requirements witl3
turns operating

88

10'S RAILS

BOLTED UPPER AND LOWER CLAMPS
OPTIONAL FOR REMOVAL AFTER
BRAZING

Forged SS
Aspineo
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Prototype Coil Manufacturing at ASIPP

Two prototypes of ELM and VS coils have been completed by ASIPP in Aprd014and
the work concluded with a Final Prototype Review28-30 April 2014 Hefei, China

Goals :

A Development of suitable manufacturing procedures and techniques based on R&D
results

A Manufacturel Equatorial ELM coil and. VS segment 0120A
A Electrical and mechanical tests of the prototypes to meet the acceptance criteria

Equatorial ELM Coil Prototype
Height ~2.5m, Width ~3.5m

Upper VS Coil Prototype
Radius 5.8 m, 120° Segment
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Upper VS Coil Cross Section
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Conductor Manufacture
A Mineral insulated conductor (MIC) is made dgnteringa copper
pipe in a stainless steel pipe, filling the annulus with magnesiu
oxide MgO), and then drawing the assembly in dies or pressi
the assembly between rollers to compresiMp®.
A Problem with high hydroscopic featureMfO which requires
special protection against humidity —

l‘ 6 .,‘.

Compaction machine
14 pairs rollers

- 10 pairs for compaction
- 4 pairs for straightening

Well controlled outer diameter and good electrical properties
MgO evenly distributed around the conductor
Billet size limited, max. length of conductb®. 7.
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Conductor brazed jointsT ELM coll

All conductor joints for the ELM colls have been
completed and inspected by X ray in a vertical
direction only

However, there are uncertainties on thea}
detection sensitivity and additional tests are
needed to qualify this sensitivity

324 joints in total: can introduce a large risk for
ITER operation, since th&C are not repairable
or replaceable inside the ITER Vacuum Vessel
An advanced ultrgsonic (UT) techniques as an
additional and potentially more sensitive
inspection method will be investigated

Jacket Butt joint assembly Copper Joint Brazing
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Conductor brazed jointsT VS coll

é ,’A A key issue for the VS coils is the
| joining of the 120° sectors of4
conductors inside the vacuum vessel

joints simultaneously betweerd0 and
80degree segments of the VS caoill
A The quality of these joints shall be
assessed by destructive tests

The simultaneous brazing of the four conductors entails
significant risk due to possibledifficulties in achieving precise
conductor positioning and alignment in the ITER VV and in
controlling key brazing parameters
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ELI\/I /VS Coil bending, forming, final assembly

A Complex shape of the coBD bends, stringent
tolerance requirementst4mm; N2mm

A The bends are the main contributor to the winding
profile tolerance

A The accuracy required for good quality brazed joints
between conductor and brackets (in the ordéx. bf
0.2mm) was not achieved with the present forming
and winding techniques used by ASIPP

A The initial big gaps (up t8-9mm) between
conductors and brackets in the ELM coil have been
reduced by optimizing the sequence of assembly and
by brazing copper shims

p==A The final tolerance of the complete assembled coil

/ - after brazmg and Weldlng of the brackets GQHfIm

Roller bending machine Experimental object

B2 - -

Roller die
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The IVC prototype development has been concluded, but IVC design is not mature
enough for series production;

The main outstanding open issue of the reference design is the brazing between
conductors and brackets. The performance and integrity of the coils is not
guaranteed . There is a large risk for ITER operation since the IVC are not repairable
or replaceable inside the ITER Vacuum Vessel,

37 Cracks occurred on the Incor5jacketof the ELM Coil conductor. The

cracks originate from the coupling of mechanically stressed Inconel jacket with the
Ag-containing brazing alloy used to join the brackets to the conductor;
Simultaneous #situ brazingof the four VS coil conductors entails significant risk
Although the brazed joints appear to be of good quality from the NDE done so far,
final conclusions on quality and reliability cannot be drawn at this stagst

mortem testsire foreseen;

Difficulty in achieving the required installation tolerances for the finished assembly
due to the thermal deformation during brazing process.
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Improved Reference Design

Cc:

(GECI ani an- i et e i et

Conductor made ddDFHC copper will be
used for the core and SKL for the jacket;
Dimensions will remain the same;

Limited brazed area,;

Bolts could be added to increase the stiffn
Brazing to be carried out in a vacuum ovel
Match machining of the bracket;

Fatigue requirements are not fulfilldde to
high thermal stressé&soutcome from
preliminary analysis;

High stress concentration occurs on the el
of brazing joint parts: This is due to partial
brazing, not full circles. In real case, it could
be worse due to irregular brazing joint
quality.
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Design of alternative ELM conductor/coll

Tube OFHC Cu produced by Conform

Extrusion
Extrusion .
hamber and di€
/ ¢
/

O
Includes round in square stainless steel ja@det,61mm (similar Poer fube
jacketing process as used for the CS/PF coil conductor);
Stainless steel jacket segmentisutt welded to achiev@Om.
length;
Insertion of Cu tube witMgO shells by pull in with a rope;

Integrity and robustness of the coil by stiffeners and longitudinal
welding of the conductor.

A. Encheva, 25™ IAEA Fusion Energy Conference, 13-18 October 2014, St. Petersburg, Russia

15



