IAEA-CN-77/ITERP/21

Research and Development for the ITER Toroidal Field Coils

E. Salpietro 1), on behalf of the ITER Joint Central Team and the EU Home Team
(CEA; FZK; ENEA; CRPP; AGAN Consortiunccel, GEC Alstom,AnsaldoNoell;
Belleli Energy; LMI Europa Metalli)

1) EFDA Close Support Unit, Boltzmannstr. 2, D-85748 Garching, Germany
e-mail contact of main author: eichleu@ipp.mpg.de

Abstract. The ITER Toroidal Field (TF) coils are made up of a windiagk enclosed in aase. In thecentral

region the noses of the coils are wedge shaped and fit together to form a circular vault. On the outside an intercoil
support structure joins the caboveandbelow theequator.The goal of the ITER project L2 is to verify the
design principles, design procedures, designiteria, operating margins, analysis methedsl manufacturing
process, including Qualithssurance (QA) capable afplication to the ITER TF coils. Thoject isdivided

into two subprojects: TFModel Coil (TFMC) constructionand testing and TF coil case fabrication
demonstration. The conceptual designtloé ITER TFMC hasbeencarriedout by the ITER EU HT, the
engineering design and construction by European Industries. The testing of the TFMC is foreseen in the TOSKA
facility at FZK Karlsruhe starting in the first quarter of 2001. The feasibility demonstration of the TF coil case is
being carried out also by European industyy Forgingtrapezoidatubes withvariablewall thickness, casting

new modified 316LN type material for the intercoil structanelthe parts of theasesubject to lower stresses,
qualifying the welding and NDT methods to be applied to the heavy thickness (~250mm) to be joined together to
form the casing.

1. TFMC Programme

The TFMC is based on the design concept described in the ITER EDA Final Design Report [1].
This foreseeghe use of thin-walled NQSn cable-in-conduit conductd2] which is then
insulated and placed in spiral grooves on both sides of a stainless steel radial plate [3].

The TFMC isreduced in size as compared to the ITER TF ddis It will be tested in the
TOSKA test facility atFZK Karlsruhe, at firselone andater togethemwith the EURATOM-

LCT coil which will generate a background magnetic field. Although the field of 12 T of the full
scale coils cannot bechieved inTOSKA, themechanical, electricaind hydraulical conditions
representative of the full scale coils will be simulated.

The main objectives of the ITER TFMC programme are:

- to develop and verify the full scale TF coil manufacturing techniques;

- to establish realistic manufacturing tolerances;

- to bench mark methods for the ITER TF coil quality assurance and acceptance;

- to gain information on the coils operating margins and in-service monitoring techniques.

FIG. 1. Conductor Transfer FIG. 2. Cover Laser Welding FIG. 3. Joint
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FIG. 5. Joints E-beam Welding FIG. 6. Case Assembly

The TFMC consists offive racetrack-shaped double pancakese#éthdouble pancake, the
circular conductor, composed of aJSh cable inserted in a thB1L6 LN steel jacket (similar to
the full size ITER conductor), is placed in machined grooves of a radial plate §nelatansfer
process')KIG. 1). The insulated conductor is held in a place by covers which are laser welded at
the corners of thgroove EIG. 2). The single pancake joints are formed by compaction of the
cableinside abox, using a shapedover toreduce thevoid fraction. The complete cable outer
wrap and thesubstagevrap only from the outercable surface, are removed dontrol the AC
losses ofthe joint. Thebox is formed fromsteelwith a copper soleplate machinedrom a
copper steel composite sheet formed by expldsoreding £1G.3). The single pancake joints
are soldered to form a continuous double pancake which is wrapieglass-Kaptortape and
then vacuum impregnated. The five double pancakes are assembled and insglateddwith

a combination of glass fabric and polyimide tapes and then eaxymimpregnated KIG.4).

The joints of the double pancakes are at the outer circumference. Thdgtiugendouble
pancake is made by E-beam weldinglitoit the thermalexpansion and distortion of the
conductor during weldingHG. 5). The impregnated coils are then placed inside a stastksss
case and the gapetween coiland case is filledwith insulation EIG. 6). The external
dimensionsare 3.8 m inheight, 2.7 m inwidth and 0.77 m in thicknes3he weight of the
finished coil is 31 t.

The test of an integrated system, namely the mealklis the only way to fully qualify the
techniquesused duringthe manufacture which amelevantfor the full size coils. Thus, the
testing must be representative of the constraints which occur in the full size TF coil arrangement.
Furthermore, the tests showddaluatethe operation margins of tremil parameters. The testing
conditions should alsserve asenchmarks fothe acceptanctests ofthe full size coils. In

order tominimise thecost ofthe TFMC the LCT has beenused toprovide an additional
magnetic field. The connection of the TFMC to the LCHasevia anintercoil structurgICS)

which has already been manufactured and delivered to FAB. )

FIG. 7. I1CS FIG. 8. Coil with Sensors
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FIG. 9.a)Casing and ICS material b) Jacket material

The conductofor the TFMC hasbeen produced by Europdetalli and theTFMC is being
manufactured by AGAN, a consortium of European companies (consisting of AEsedipa,
Alstom, Accel and Noell) and is now nearing completibi; 8). The jacket materidlasbeen
qualified as well as the weldEIG. 9) [6]. Thefirst three objectives indicatebove havédeen
reached. The delivery to FZK Karlsruhe is foreseen by Nove2®@0. It isenvisaged that the
testing of the TFMC will start in the first quarter of 2001.

2. R&D Programme for ITER TF Case and Intercoil Structures

The ITER TF coilcasesare designed to suppotthe large in-plane and out-of-plah@ads
experienced by the TF coilduring operation[7]. The case requires, therefore, thiaklls
(~ 100-250 mm) with good properties for the base material and welds.

The ITER EuropearHome Team has initiated a technological developmetdsk [8] to
manufacture three partial full-scale models of the case.

Model 1

FIG. 10 TF Coil Case R&D
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FIG. 11 Model 1 (Forging) - Austentiic Steel 316 LN (N=0.18%)

The scope ofthe work is toassessthe feasibility of such aconstruction,choosesuitable
materials andevaluatethe achievable materigbroperties, anddevelop the manufacturing
processes anduality controlprocedures. Model 1 reproduct® geometry of the inboard
curved region of the TFcoil, where the operational cyclistressesare highest,Model 2
represents the geometry of one Outer InterStilicture, andModel 3 reproduces a portion of
the inner straight leg where the highest static stresses are apped . Due tothe stringent
structural requirements at the inboded, it has been chosen tdabricate the case sections
located in that region with thick forgings. In the outer regionthetoil, where thestresses are
somewhat loweand the geometry of the case and interstilictures moreomplicated, cast
pieces are a more economical option.

The mechanical properties required at 4 K by the demigivery largesuch asyield strength >
1000 MPaand ultimate tensilestrength > 1500 MPa fdorgings, and a yield strength > 750
MPa for castings. In order txhievethese properties, modified versions of the austesiitiel
AISI 316 LN have been chosen. For Model 1 it hasnproposed to use a stainlegeelwith
higher content of N (0.18-0.2%), similar to the ased inthe manufacture of the radial plates
for the TEMC. The higher content of N makeglding more difficult, because of tiresk of
segregations. In order improve the solubilization of N into the materahd improve its
weldability, another alloywith a higher content of Mnhasbeenused forthe castModel 2. In
order to test the fabrication methods, Model 1 has been fabricated from a 40 t forged curved tube
starting from a 60 billet, which hasbeen pierced to produce affset central hole.Several
forging operations have then been performed to fimentube into the wedgeshapetypical of
the inner legcrosssection and bend it tachieve a curvaturgimilar to theupper region of the
TF coil (FIG. 11). Typical forging thicknesses have been in the range of 200r82Model 2
has been produced by castifr@G. 12), starting from an 80 hillet of modified austenitic steel.
The thickness othe caspiece,simulating the middle intercoil structure BfER, ranges from
100 to 250 mm. The same alloy used for Model 2 will be forged for Model 3 to prodnde
shaped sections of the case to test the feasibility of the entire case with the same material.

FIG. 12.Model 2 (Casting)

The distortions ofthe coil casaluring manufacture, especialtyue to closuravelding with the
winding pack located inside, shall lmited and under control. Aomprehensive campaign of
development and qualification of weldipgocesses haseen performed to compare production
rates, material qualitgnd geometricaldistortions duringwvelding. Severatoupons (up to 240
mm thickness)have been produced to optimisthe welding parameters, tevaluate the
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distortions during welding and assess how to reduce thieenwork included the measurement
of the mechanicalproperties of thewelded joints at room temperature and cryogenic
temperatures and the development of specially dedidétedDestructive Testingprocedures to
guarantee acceptable qualityhtds alsdeen undertaken thaevelopment of analytical (finite-
element) methods for the prediction of the geometrical deformations and resideaéslue to
the weldingprocessesThe modelshavebeen benchmarked against tiesults ofexperimental
measurements obtained on specially dedicategbons usinglifferent weldingmethods FIG.
13).

Coupon A Coupon B Coupon Cla (R)
FIG. 13. Coupons for Distortion Analysis (Manual TIG Welding - SAW)

3. Final Remarks

The structural materials and manufacturing mettiodshe construction of the TF coilzave
been qualified. The validation of the design and analysis methods for the ITE&IF Faswell
as theassessment dhe operating margingill be donewith TFMC testsexpected byJuly
2001.The feasibility of the TF coil caseasbeen demonstrated and tbest optimisation is
being carried out.
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