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Abstract

The ITER toroidal field model coil (TFMC) was designed, constructed and tested by the European Home Team in the framework
of the ITER research and development program of the Engineering Design Activities (EDA). The project was performed under
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the leadership of European Fusion Development Activity/Close Support Unit (EFDA/CSU), Garching, in collaboration with the
European superconductor laboratories and the European industry. The TFMC was developed and constructed in collaboratior
with the European industry consortium (AGAN) and Europa Metalli LMI supplied the conductor. The TFMC was tested in the
test phase | as single coil and in phase Il in the background field of the EURATOM LCT coil in the TOSKA facility of the
Forschungszentrum Karlsruhe. In phase |, the TFMC achieved an ITER TF coil relevant current of about 80 kA and further
representative test results before the end of the EDA. In the more complex test phase Il, the coil was exposed to ITER TF
coil relevant mechanical stresses in the winding pack and case. The tests confirmed that engineering design principles anc
manufacturing procedures are sound and suitable for the ITER TF full size coils. The electromagnetic, thermo hydraulic and
mechanical operation parameters agree well with predictions. The achieved Lorentz force on the conductor was about 800 kN/m.
That has been equivalent to the Lorentz forces in ITER TF coils.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

European fusion activities and to develop a Euro-

The oil crises in the beginning of the 1970's pean design of a device to be built after JEST4].

stimulated the research for energy sources outside theThe NET design has clearly demonstrated the need
combustion of coal and natural gas. Besides nuclear fis- of high magnetic field (N§Sn) and high current car-
sion, which was already an available energy source, therying conductors; therefore, cables in conduit with
magnetic confinement for the controlled fusion reac- forced-flow-cooled conductors has been the choice for
tion has been looked on as a promising energy sourceapplication in the future. Several iBn and NbTi con-
for the future with an inexhaustible fuel source. The ductors were fabricated in short lengths and tested
first conceptual designs of fusion reactors of the toka- successfully in the SULTAN facility (Switzerland)
mak type were developdd]. The dimensions of their  [5].
large magnet systems showed soon that the magnets Intwo medium size experiments POLO at Research
have had to be superconducting if the reactor should Center Karlsruhe, Germany, in collaboration with CEA
have a positive energy balance. Since the next genera-Cadarache, France, and DPC JAERI, Japan, in collabo-
tion of large plasma physics experiments (JET, TFTR, ration with MIT, USA, the superconducting technology
JT-60) were planned at that time with normal con- for the poloidal field tokamak coils that had to with-
ducting magnets the necessity was recognised that, instand higher magnetic field transients and electrical
parallel, the development of superconducting magnet losses than the TF coils, were successfully developed
technology for such types of magnets is indispensable. [6—9]. In addition, the necessary high voltage technol-
Atechnology experiment for the toroidal field coil sys- ogy that has been indispensable for handling the tens of
tem of the tokamak magnet system was initiated under GJ of stored energy in large superconducting magnet
the auspices of the International Energy Agency (IEA). systems, was developed in the POLO pro[&6.
This was the construction and test of a superconducting  Simultaneously with the developments of large
six-coil torus (Large Coil Task, LCT), with coil tech-  superconducting tokamak magnets several medium
nology scalable to reactor coils, within an international size tokamaks with superconducting toroidal field
collaboration of EURATOM, European Community; coils for plasma physics experiments were con-
JAERI, Japan; SIN/BBC, Switzerland; ORNL, USA structed and successfully operated (T10, T1%],
[2]. The LCT was successfully completed in 1987. TORE SUPRAJ[12], TRIAM-1M [13]). The reli-
In that project various forced-flow-cooled conductor able operation of the medium size supercon-
concepts as well as basic design principles and compo-ducting tokamaks has contributed to convincing
nents for large superconducting coils were developed the plasma physics community of the advantages
and tested. In 1983, the NET team was established inand reliability of superconducting magnet technol-
Garching (Germany) with the aim to coordinate the ogy.
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The application and continuation of these develop- 2. Project objectives and management
ments were initiated by the ITER Conceptual (CDA)
and Engineering Design Activity (EDA) in the 1990s. The ITER design foresees to use for the TF coils
There were no more doubts that the ITER magnet a Nb3Sn cable in a circular thin walled conduit, insu-
system had to be constructed with superconducting lated and completely enclosedin a groove in steel plates
coils [14]. In the beginning of the EDA in 1992, this [21]. These are then stacked together to form the wind-
led to the superconducting model coils of the ITER ing pack and supported by a steel case. The concept
magnet system in the ITER research and developmentis demonstrated by two large industrial actions. The
program. It was decided to construct and test a cen- first one is the fabrication of a racetrack shaped model
tral solenoid model coil (CSMC) and a toroidal field coil (TFMC), with outer dimensionsof2.8x3.9m, a
model coil (TFMC). The necessary magnetic field lev- peakfield of9.97 T (in pancake 2.2 inthe 80/16 kA load
els between 11 and 13T required use of the strain case, 8.8 T in the 70/16 kA load case) and a total num-
sensitive NBSn as the superconducting material and ber of Ampere turns of 7.84 MA (6.86 MA for 70 kA)
this was a great challenge for the conductor and wind- including an overall test. The second one is the fabri-
ing fabrication technologyl5]. This resulted in the  cation of two full size sections of a case and a radial
development of new structural materials that had to plate[22,23] The racetrack shape for the TFMC was
be compatible with the heat treatment and modified selected simplifying the fabrication and reducing the
construction principles of the winding pack and coil costs. The bending free D-shape is a specific property
structure. All that needed the confirmation in an over- of the torus operation, which has no importance in a
all test, which was covered by the ITER model coil two coil test configuration. On the other hand, rele-
program. vant stress levels (radial pressure, shear stresses) and

The CSMC was constructed and tested by the ITER Lorentz body forces on the conductor comparable to
partners Japan, Russian Federation, USA, and Euro-those of the full size ITER TF coils were achieved by
pean Union in JAERI, Naka (Japaip]. this configuration (see Secti@). The specific prob-

The TFMC was constructed by the European Union lems of the fabrication of full size TF coils (radial plates
alone and tested in FZK Karlsruhe (Germany) with the and case components) was assigned in the second task
participation of the ITER partners. mentioned before.

Both tests were successfully completed in 2002.  The objectives of the TFMC are as follows:
The CSMC project was concluded with the test of

two three insert coil§17]. The first one was JAERI's  (a) To develop and verify the full scale TF coil man-

CS conductor insert coil (CSCI) followed by RF's
TFCI (TF conductor insert coil) demonstrating the
pulse field capability of the ITER conductor con-
cepts [18]. The third one was the JAERI's ALI

(NbzAl conductor insert coil), an alternative mate-
rial to NbsSn but with a more sophisticated fabri-
cation technology{19]. In test Phase 1 (2001), the
TFMC achieved with 80 kA the highest current in
a large superconducting cdi20] and in test Phase

2, ITER TF coil equivalent Lorentz forces of about
800 MN/m.

The subject of this contribution is an overview of
the TFMC project within the European Union with the
international ITER collaboration. The main features
of design, construction of the TFMC and finally the
TFMC test results in the TOSKA facility are described

ufacturing techniques, in particular the following

features:

- plate manufacturing (forming the grooves);

- fitting the conductor in the groove after heat
treatment and insulation (i.e., predictable geom-
etry change);

- closing the groove with a cover plate and plate
insulation;

- fitting the winding into the case, gap filling and
case closure.

(b) To establish realistic manufacturing tolerances.
(c) To bench-mark methods for the ITER TF coil

acceptance tests, including insulation and impreg-
nation process monitoring, welding quality of clo-
sure welds for cover plates and case, and conductor
joint electrical quality.

to guide the interested reader in more detailed publica- (d) To gain information on the coil's mechanical

tions of different areas.

behaviour, operating margins and in-service mon-
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itoring techniques, particularly for the insulation The test of the TFMC was conducted by the Coor-

quality. dination Group consisting of the EU project manager

, . as chairman, delegates of the ITER partners, ITER

The TEMC and its test arrangement were designed |ytemational Team and the test-hosting laboratory. The

to be representative for the ITER TF coil in respect of Group was supported by two experts groups (Test &

layout and electrical and mechanical stre§2ds-27] Analysis and Operation Group), consisting of associ-

The layout of the TEMC overtook as many as pos- aiion staff, which prepared, performed and evaluated

sible features of the ITER TF coil design on a scale pq test.

near_ly 1:1. Only the overall dimensions had to be chp- The testing in TOSKA facility at FZK Karlsruhe was

sen in a way that the TFMC assembled together with g, 5hrted by participation of scientists representing all

the already existing EURATOM LCT coil fitted into | Ter partners (EU, JA, RF, US) and ITER central team.
the TOSKA facility of the FZK/ITP at Karlsruhg28].

The construction and test of the TFMC was the
main part of one of the seven large R&D projects of
the ITER EDA[29]. The TFMC has been conceptu-
ally designed by the EURATOM Associations CEA
Cadarache, ENEA Frascati and Forschungszentrum
Karlsruhe (ITP) under the coordination of EFDA-CSU
Garching (the former.NET Team). The work.sharmg _3.1.1. TFMC Project objectives and layout
between the laboratories was adapted according to their . . . i .

. . .9 The special coil designF{g. 3.1 with a circular
experimental facilities as well as their expertise in the . ; . .
: : : . : .~ NbgSn cable in conduit conductor placed into the spi-
different fields and special skills for assistance during ; .
; . ral grooves of the 316LN stainless steel (SS) radial
the construction and the preparations for the 23} :
. . plates required the development of hew manufactur-

A consortium of European companies, called hods includina th iated tooli his h

AGAN (Accel, Alstom, Ansaldo, Noell) developed and Ing metho s Inclu ing t eassoc!ate. tooling. This has
' ' ' been described in several publicatidi3®—-34] The

performed the engineering design and manufacture of design, manufacture and quality assurance (QA) results
the TFMC under the surveillance of the EFDA-CSU gn, m; ; ANC quality
are described in detail i§35].

(_Sarch!ng on behal_f of EURATO.M.’ in tight collabora- The ITER TF Model Coil design parameters and the
tion with the mentioned associations. The conductor : .

- main operating data are shownTables 3.1 and 3.@x
was manufactured by Europa Metalli in separate con- comparison with the ITER TF coils
tract and provided by EFDA-CSU to the AGAN con- P '

3. Toroidal field model coil layout and
manufacture

3.1. Layout of the TF model coil

sortium.
The work sharing within AGAN was as follows: Table 3.1
ITER TF model coil design parameters
Acqel Instrumer_lts: Design calculations, technical properties ITER TF TEMC
project anc_l ql‘_la“ty management. . Conductor diameter [mm] 43.4 40.7
AI;tom: Winding pack assembly, manufactuymg of. Nominal turn insulation 1.95-2.0 25
coil case and superconducting bus bars, final coil thickness [mm]
assembly and instrumentation. Nominal DP module 1.0 15
Ansaldo Superconduttori: Double pancake module _ insulation
fabrication Total insulation between ~5.0 ~4.0
: . . DP modules [mm]
Babcpck Noell Nuclear: Design calculations, COM-  Ground insulation 8 8
mercial management, structural components (radial thickness [mm]
plates, intercoil structure), related instrumentation, Number of DP modules 7 5
and assembly of the test configuration at TOSKA site. Total number of turns 134 98
Winding min. radius [mm] 500 600
The TFMC construction phase was accompanied by €2se thickness [mm] 75-240 70-80
seven review meetings over 5 years within the interna- OV¢rall dimensions [m] 14%85x14  38«2.7x0.77
g y Mass per coil [t] ~340 ~40

tional ITER collaboration.
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Coil Case

Winding Pack

B\ coer

Insulation
Radial Plate
Filled Gap

Cross Section

Fig. 3.1. Layout of the TF model coil (TFMC).

3.2. Conductor manufacture

3.2.1. Strand
A total of 3.9t of internal tin NgSn strand (ITER

parameters of the TFMC NBn filamentary strand
(Fig. 3.2 and the NbTi filamentary strand of the bus
bars.

HP1 specifications) have been used to fabricate about3.2.2. Cable

900 m of conductor for the five double pancakes of
the TEMC by the Europa Metalli Company. The pro-

The cable, composed of 1080 wires one-third of
which are Cu wires, has a 304 stainless steel central spi-

duction has demonstrated good reproducibility of the ral, and an Inconel wrap for the last-but-one cable stage

conductor performanceTable 3.3shows the main

(10% gap) and for the final cable (half overlapped). The
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Table 3.2
Main operating data of the TFMC in comparison with the ITER TF
coils

Operating data ITERTF TFMC alone/
TFMC +(LCT)
Operating current (LCT) 68 80/80(16)
[KA]
Ampere turns (LCT) [MA] 9.1 7.8/7.8 (9.4)
Bmaxin ITER TF/TFMC [T] 11.8 7.78/9.97
Max. compression stresses —130 —/-180
on coil [MPa]
Max. inter-DP shear stresses 30 —/50
[MPa]
Max. Tresca stresses in case 527 —/470
[MPa]
Max. Lorentz force [KN/m] 780 622/797

cable build-up and the cross-section of the conductor
are shown irFig. 3.3with the main parameters listed
in Table 3.4

3.2.3. Jacket and jacketing

Seamless 316LN SS tubes, with 1.6 mm wall thick-
ness, were butt-welded to the final unit length (TIG
orbital welding). After pulling the cable into the jacket
the conductor was brought to the final specified dimen-

sions by a set of rollers and calendered onto a 2.5m

diameter drum.

The manufacturing process has shown the impor-
tance of maintaining proper tuning of the cabling sys-
tem as one cable had a slight undulation causing diffi-
culties during introduction into the jacket. It also turned
out that the use of a center spiral of a different supplier

Table 3.3
Main parameters of the strands for the TFMC conductor and the bus
bars

Properties TFMC Bus bar

Sc. material NbSn NbTi

Diameter [mm] 0.81@0.003 0.81@:0.003

Twist pitch [mm] <10 <10

Twist direction RHH RHH2

Cu/nonCu ratio 1.568-0.05 2.4+0.05

Barrier 2pm Cr coating 1Qum CuNi int.
barrier

Averagelc 153Aat12Tand 4.2K 440A at5T and
42K

RRR >100 >120

2 Right hand helix.

A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327

caused a significant change in the flow resistance (Sec-
tion 6.2.7).

The conductor design and manufacture has been
described in several publicatiof&6,37]

The NbTi bus bar conductor was fabricated accord-
ing to a similar method. Instead of a tube a thick-walled
stainless steel jacket (316LN) was used developed for
the central solenoid conductor within atask of the Euro-
pean Fusion Technology Program.

3.3. Double pancake (DP) module manufacturing

3.3.1. Pancake winding

An automatically controlled calendering system
was built and integrated into the winding line con-
sisting of a roll-off jack, guiding rollers, straightening
unit, cleaning and sand blasting unit, and calendering
device. Stainless steel plates with spiral grooves served
as winding templates, reaction moulds and references
to position the conductor terminations.

During winding Fig. 3.4, the conductor diame-
ter was reduced from 40.9 mm on the spool to about
40.5 mm after straightening and further to an oval shape
0of40.44+ 0.1 mm n the curved regions of the racetrack.
The as built TFMC double pancake data are listed in
Table 3.5

3.3.2. Manufacturing of the terminations

The terminations consist of an explosion bonded
copper/stainless steel box, inwhich the cable ends were
pressed by a cover with a force of about 2 MN. The
Inconel over-wrap of the cable, the surface section of
the petal wrap and the Cr-coating of the strands were
removed before inserting the cable ends into the box.
The cover was fixed by TIG welding and kept in a rigid
tool fixed to the reaction mould during the whole heat
treatmentcycle. This type of terminations developed by
CEA was qualified with full-size joint samples (FSJS)
showing very low resistance as described in Secfion
[38,39] A cross-section of such a termination is shown
in Fig. 3.5

3.3.3. Reaction heat treatment

The reaction heat treatment (240/100h,
340°C/24h, 450C/24h, 650C/200h) was per-
formed in a special oven using high purity Argon as an
inert gas flowing inside the conductor and with slight
overpressure in the overrif). 3.6. Some of the heat
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Fig. 3.2. Cross-section of the Europa Metalli{$im internal tin strand.

Fig. 3.3. Cross-section and build-up of the TFMC conductor.
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Table 3.4

Parameters of the TFMC and bus bar conductor

Properties TFMC Bus bar

Cable build-up (se€ig. 3.3 (2sc+1Cux 3x5x4x6(MC2) 3x4x4x4%x6

Cabling direction at all stages Right hand Right hand

No. of s/c strands 720 1152

No. of Cu strands 360 0

Central tube diameter 12.0 mr1.0 mm 12.0mnx 1.0mm

Central spiral gap 35 and 50% 50%

Wrapping of last-but-one stage 0.1 mm thick Inconel tape; gap 10% 0.1 mm thick Inconel tape; gap 10%
Wrapping of last stage 0.1 mm thick Inconel tape; half overlapped 0.1 mm thick Inconel tape; half overlapped
Compacted cable diameter 37.4mm 38.2mm

Jacket material 316 LN 316 LN

Conductor dimensions 40.7 mm circular 51 mm square

Twist pitches [mm]

Stage 1 (first triplet) 455 45+5

Stage 2 855 85+5

Stage 3 1255 125+5

Stage 4 (LBO, last-but-one) 16010 160+ 10

Stage 5 (full size) 400-425 400-425

treatments were interrupted due to oven failures, and 3.3.4. Turn insulation and transfer
were continued after repairs. Witness strands reacted The pancakes were spread in a fixture that ensured
with the pancakes showed no degradation. that the reacted conductor was not strained more than
During heat treatment the conductor expanded in 0.2%. In this position, the glass—Kapton turn insulation
length by about 0.05%. This was overcome by increas- and the co-wound voltage taps were applied manually
ing the width of the groove of the reaction mould as shown inFig. 3.7 Subsequently, the pancake was
leaving the conductor some freedom to move. transferred into the grooves of the radial plate using
After heat treatment a dimensional check and leak reference marks on conductor and plate. The turns were
test were carried out on all pancakes. All the pancakes held in the grooves by covers spot weldedi200 mm
including terminations were leak tight to better than distances. After turning the plate over the second pan-
1x 10 Ombarl/s. cake of a DP module was transferred in the same way.

/_ Linkage plate

Steel clamp

Superconducting cable
Copper,

Tin-lead solder Linkage plate

Explosion weld

Fig. 3.5. Cross-section of a conductor termination. The terminations
oftwo adjacent pancakes were soft soldered (inner pancake and wind-

ing end joints) or electron beam welded (outer pancake joints) and
Fig. 3.4. Winding of a pancake into a reaction mould. finally clamped together.




Table 3.5
TFMC double pancake data as fabricated

Properties Specified DP1 DP2 DP3 DP4 DP5
Length of pancakes 1/2 [m] 73/83 83/83 83/83 83/83 83/73
No. of turns in pancake 1/2 9/10 10/10 10/10 10/10 10/9
Average conductor dimensions of pancake
Straight [mm] 40.7% 40.7 40.3x 40.4 40.3x 40.4 40.5x 40.5 40.5x 40.5 40.5x 40.5
Bent [mm] 40.3x 40.4 40.0x 40.2 40.4x 40.2 40.4x 40.3 40.5x 40.3
Local void fraction calculated for pancake
Straight [%)] 35.4% 34.1 34.1 34.7 34.7 34.7
Bent [%)] 34.1 33.4 34.0 34.0 34.3
Last cabling pitch in termination
Pancake 1
Innef [mm] 435 440 425 440 435
Outef [mm] 440 430 435 445 440
Pancake 2
Innef [mm] 440 445 440 435 440
Outef [mm] 435 440 440 432 440
Terminations void fraction calculated [%] ~23 ~23 ~23 ~23 ~23
Central tube in the terminations [mmmm]  12x 3 12x 3 12x 3 12x 3 12x 3 12x 3
Heat treatment and incidents 100h, 2@ 24 h, 340C; Interrupted dueto  Interrupted dueto  Ok; none Interrupted due Ok; none
24 h, 450°C; 200 h, 650C oven failure at oven failure at to oven failure
340°C 340°C at 340°C

2 Termination.

LZE-681 (S00T) ££ usisaq puv Suriaaurduy uoisny / v 12 yo1qy[] v

16T



Fig. 3.6. Two pancakes in the reaction moulds in front of the furnace.

The radial plates (RP) and covers are made of 316LN
stainless steel by forging and machining. Thanks
to intermediate heat treatments at 980the flat-
ness of the finally machined radial plates was within
~0.2 mm distinctly better than originally expected by
industry.

Fig. 3.7. Insulation of the turns including the installation of the co-

A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327

3.3.5. Soldering and clamping of the inner joints

It turned out that after heat treatment and removal
of the fixture all terminations deformed into a banana-
like shape, the copper sole being on the convex side.
This posed some problems in the assembly of the
terminations into the inter-pancake joints, but has
been solved by precise machining of the two adja-
cent copper soles before connecting them. Because
the necessity of such a machining was expected, some
extra copper thickness was provided. The resulting
joints were in agreement with the expectations (see
Section?).

The procedure to soft-solder the inner terminations
to form the inter-pancake joint caused a 2 mm ther-
mal expansion, which was taken up by the not yet
impregnated turn insulation. After soldering, the joints
were fitted with rigid clamps as shown schematically
in Fig. 3.5

3.3.6. Laser welding of the covers

To give the DP modules the right stiffngéise cov-
ers had to be welded with a penetration of 2.5 mm.
Nd-YAG laser welding (2 kW/(0.6 m min), automatic
tracking) was chosen to keep the heat input at a
minimum (Fig. 3.8. Optimum flatness of the DP
modules of less than 2mm was achieved by sev-
eral turnovers of the plate during the operation. With
an eddy current test method developed by ENEA it
was possible to check the weld quality and penetra-
tion.

wound stainless steel tape voltage taps and transfer into the groovesFig. 3.8. Laser welding of the covers onto the conductor grooves of

of the radial plate.

the radial plate with automatic tracker system.
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3.3.7. Module ground insulation and impregnation

The modules were wrapped by 1.3 mm glass/Kapton
insulation followed by an impregnation with DGEBA
epoxy resin at about 7% followed by a curing cycle at
about 125C. The resin could penetrate through holes
in the covers into the turn insulation. Some of the good
flatness of the radial plates was lost due to a too low
stiffness of the impregnation mould.

3.3.8. Final tests on the DP modules

Before shipment, all DP modules passed insulation
resistance tests (500V DC conductor to radial plate),
dielectric test (3 kV DC and Ageak-to-peaiconductor to
radial plate and 1.5 kV DC radial plate to ground), con-
tinuity and mutual insulating test on all voltage taps, gas
flow test and a leak test at 30 bar helium internal pres-

Fig. 3.9. Stacking of the DP modules with glass felt inter layer to
equalize tolerances and to adjust the height of the winding pack.

sure inavacuum vessel to alevel of L0~ °mbarl/s.  the winding pack was decreased by about 2mm. The
The test results are compiled Table 3.6 impregnated winding pack can be seeifrig. 3.10
3.4. Winding pack manufacture 3.4.2. Outer joint manufacturing

The gap between adjacent terminations had to be
3.4.1. DP stacking and winding pack impregnation bridged by copper shims to secure a good contact.

A special stacking device was developed to align Unlike the inner jointsit was not possible to con-
and stack the DP’s to form the winding pack, as shown nect the terminations of two adjacent double pancakes
in Fig. 3.9 Glass felt was introduced between the DP by soldering because of the 2 mm thermal expansion
modules in order to get good impregnation and bonding during heating. This would have caused unacceptably
betweenthe DP’s and to adjust the height of the winding high stresses in the jacket.
pack. During impregnation with epoxy resin a further These two technical constraints led the supplier to a
setting of the glass felt took placaamely between  solution using copper pins as shims (9—10 mm diame-
the higher compressed lower DP’s. The total height of ter) that were introduced into holes drilled between two

Table 3.6
Data of final tests of the DP modules at Ansaldo works
Flow test Pressure DP1[NmPh]  DP2[Nmf/h] DP3[Nnf/h] DP4[NnP/h]  DP5[NnP/h]
drop [bar]
N2 mass flow through pancake 2 11.5 9.7 10.0 9.4 115
DPX.1 (X=1-5)
4 21.0 18.3 18.7 17.5 21.0
N2 mass flow through pancake 2 11.5 9.0 10.2 9.5 11.0
DPX.2 (X=1-5)
4 21.0 16.5 18.9 17.0 20.0
High voltage tests
3kV DC between turns and 13 9.2 8.35 7.6 7.75
RP, 1 min [@2]
3kVpeak-peatAC between 91 99 102 101 92
turns and RP, 1 min [mA]
1.5kV DC between RP and 9.7 9.5 3 10 10.9

ground, 1 min [@&2]
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Fig. 3.10. The impregnated winding pack. The Helium outlet tubes
protrude and the outer joint area is still left free.

adjacent terminations and protruding into both copper
soles. These pins were electron beam welded in such
a way that the bulk temperature of the terminations

did not reach more than 6C. This method has been
validated with a full-size joint sample as described in
Section?.

3.4.3. Ground insulation and impregnation

After having provided the outer joints with welded
clamps of aluminium alloy they were wrapped by
the required sliding layer (Tedlar tape) and a com-
bined glass—Kapton insulation. Then 8 mm of com-
bined glass—Kapton insulation was built up on the
whole surface in order to form the ground insulation,
whichwas then impregnated with DGEBA epoxy resin.

After impregnation and before assembly with the
coil case dielectric tests (10 kV DC and péak-to-peak
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Fig. 3.11. The winding pack in the stainless steel case. After filling
the gap between the two with silica sand the cover was placed on top
and subsequently welded.

The welding chamfers on top of the U-shape and
on the cover plate were copy milled. A fit within a few
tenth of mm was achieved.

3.4.5. Winding pack/case assembly

For the winding pack/case assembboth were
in reversed position (i.e., bottom up). After having
brought up the glass felt layers on the bottom of the
winding pack the case was put on. A special tool fixed
the assembly and allowed a turn over without slipping
out of place.

After having the gap filled with silica sand and plac-
ing glass felt on topthe case cover was positioned on
top (Fig. 3.1). The first three passes of the root were
TIG welded and inspected using dye penetrant. The

and flow/pressure/leak tests were performed successtemaining 70-90 mm deep seam was MAG welded.

fully.

3.4.4. Stainless steel case

Ultrasonic testing on all welding seams was performed
by the French Institut de Soudure. All located defects
larger than those agreed had to be repaired, particularly

The case of the TFMC was made of 70-90 mm thick in highly stressed areas of the case.
316LN stainless steel sheet. The thickness was defined  After cover welding the case openings were sealed

after FE calculations for the worst load case.
The pieces were MAG welded together by qualified

to make it vacuum tight for impregnation with the same
type of epoxy resin and the same curing procedure, as

procedures to a U-shaped structure. All welds were used forthe previousimpregnations (see Se&i8rv).
ultrasonically tested. Defects had to be repaired, which For impregnation, the same mould was used again as a
were unacceptable according standards for highly heating vessel.

loaded austenitic welds.

The tightly toleranced shape was obtained by 3.4.6. Final machining and surface finish

machining and local heating, partially in combination
with the applied force of hydraulic jacks.

The final machining of the interfaces and cooling
channels on the outer circumference was done after
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impregnation of the coil in the case and sand blasting
of the outer surface. After the final machining the cov-
ers were welded on the cooling channels of the outer

surface finish was achieved by degreasing with agreed
solvents.

3.4.7. Headers and bus bars

The inlet and outlet header assemblies have been
built up on assembly frames. After having been pres-
sure and leak tested they were transferred onto the
TFMC.

A number of sensors (strain gauges, rosettes, dis-
placement, temperature, etc.) as described in Section
3.7 were mounted onto the TFMC. The Kapton insu- |
lated high voltage cables have been equipped with the
warm vacuum tight feed throughs by FZK and pro-
vided by industry with the cold end pieces that were
connected with the voltage taps coming from the pan-
cakes and the radial plates.

The bus bars have been manufactured from a CS1
type conductor using NbTi strands and a stainless steel
square jacket. The bus bar terminations are of the same
type as the EU FSJS[40,38]

Two types of bus bars were manufactured: Bus bars
type 1 were mounted on the TFMC connected to the
coil terminations (seEig. 3.19. After assembly in the

&3

Fig. 3.12. The TFMC in the inter-coil structure (ICS) at TOSKA
facility of FZK Karlsruhe. Above of the bore of the coil are the

- . coil headers arranged. The Kapton insulated high voltage cables are
TOSKA facility they were connected to the termina-  guided to the 10 feed throughs (in front of the picture) to be mounted

tions of bus bars type 2 forming part of the TOSKA later onin the TOSKA connection box. Coming from the coil termi-
current lead system (so-called cryostat extension). The nals are the S-shaped type 1 bus bars, which are pained with black
busbars were insulated by multi-layer wrapping with conductive paint.

glass-Mica tapes wetted with ambient temperature cur-

ing epoxy resin. and envelop, pressure drop on all hydraulic circuits,

check of all voltage taps and sensors, dable 3.7
gives an overview on the tests performed and the

3.4.8. Intermediate and final tests at suppliers
results.

works

Intermediate tests (dielectric, pressure/flow/leak,
geometrical, etc.) were performed on DP modules,
winding pack in different stages and subassemblies.

A final 30 bar helium internal pressure and leak test
of the TFMC with all headers and instrumentation was
carried out in a vacuum tank built by modifying the
impregnation mould. The total leak rate had to be:
<10~ mbarl/s. After this the four main He inlet and
outlet tubes were welded on and tested separately.

3.5. The inter-coil structure (ICS)

The ICS is a large welded and machined structure.
It was needed to support the TFMC and connect it to
the LCT coil. During joint operation of the two coils
attracting forces of up to 82.6 MN were acting. There-
fore, the ICS had to be designed very carefully and
the design had to be validated by complex FE calcu-

Other final tests at the supplier's works comprise:
resistance, inductance and dielectric (10kV DC and
ACpeak-to-peak tests, dimensional check of interfaces

lations (see Sectio8). For the manufacture only high
strength 316LN austenitic steel was used. The cooling
channels on the surface are TIG welded. All weld-
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Table 3.7

TFMC Data measured at Alstom Works

Properties Test condition Result

Insulation resistance coil to ground 500V DC 128G

Joints/radial plates to ground 10kV DC 1 min FA (>10 GQ)

Impedance 3.55kvhs AC 1 min 149 mA (24 k)

Turn insulation test up to 100 V/turn Impulse up to 9800V Ok

Inductance measurement on TFMC at 100 Hz 4.6 Q-factor: 0.07
at 1kHz 153wH; Q-factor: 0.25

Global resistance of coil at T@ 0.03522 1=98.4AlU=3.471V

Instrumentation and quench detection wires All ok except: temperature sensor; TI832 and strain

gauge rosette GRI830

ing was qualified and tested to recognised standards.occurred. No permanent distortion of either component
Subassemblies were leak tested in a special vacuumwas recorded.
tank (<1x 10-°mbarl/s). The surface cooling chan-
nels were checked using locally mounted vacuum cups. 3.7. Instrumentation of the TF model coil
During welding and machining the ICS deformed
by up to 30 mm. Partially it was possible to correct The TFMC and its structure were equipped with
this. The remaining discrepancies were overcome by numerous sensors for protection, control and diagnos-
finding a modified best fit of the TFMC in the ICS and tics: voltage taps, temperature, pressure, flow rate and
corresponding correction machining. magnetic field sensors as well as strain gauges and
The overall leak rate of the ICS at 1 bar pressure displacement transducers. The sensors were checked,
difference was <k 102 mbarl/s. Also the ICS was  characterised and/or calibrated prior to their installa-
equipped with mechanical and temperature sensors agion. Each sensor was given a number for identification

listed in SectiorB.7. and relation to the calibration data. An overview on the
TFMC instrumentation is given if42,43] Fig. 3.13
3.6. Final assembly at FZK/ITP Karlsruhe shows the electrical and cooling flow scheme of the

TFMC with the schematic position of the related sen-
The final assembly of the test rig and its installa- sors.
tion into the TOSKA facility was a joint action of the
AGAN consortium and FZK/ITP. After cool down the  3.7.1. Voltage taps
final acceptance test ofthe TFMC was successfully per- A series of voltage taps were installed to monitor
formed[41]. A quality inspection assembly plan agreed the superconducting state of the coil and to measure the
by all parties determined the sequence of operations resistance of the internal jointBi). 3.19. The voltage
and controlsFig. 3.12shows the TFMC in the ICS. taps are made of stainless steel tapes that were con-
Before delivery ofthe TFMCto FZK boththe TFMC  nected to the superconductor at the terminations of the
and ICS were measured using a Leica Tracker Systempancakes and routed parallel to the conductor embed-
by ENEA (Frascati). In addition to the main interface ded inthe turninsulation. The signals are transmitted to
dimensions of the two components the positions of the control room via specifically developed high volt-
the bus bar interfaces in TOSKA and the TFMC were age (HV) cables that are running from the inner joints
checked. By remote analysis of the data from the dif- of the individual double pancakes to the vacuum ves-
ferent locations it was possible to assess the varioussel wall of the TOSKA facility. The HV cables were
components and interfaces and resolve detected probfabricated to the same design as used for the POLO
lems. coil experiment9,10], but were insulated by coated
The Leica Tracker System was also used after both and baked Kapton tapes as insulation material instead
test campaigns to establish whether any distortion had of Teflon. Therefore, the HV cables could be directly
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| m =216 g/s dp = 0.3 bar He-supply T=4.5K p=3.5bar
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Fig. 3.13. TFMC flow and instrumentation scheme for winding and bus bars.
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Fig. 3.14. \oltage tap instrumentation scheme for the first double pancake DP1 as example. EDI: short (A), respectively, long voltage taps

(including 600 mm of conductor on each side) for joint resistance measurement; EDS: voltage taps for measurement of pancake, respectively,
double pancake voltage; EK: compensated voltage taps for diagnostic; Ja: outer pancake joint; Ji: inner pancake joint; P: pancake; QCW:
compensated voltage for quench detection; R: ohmic resistor (for simplification the radial plate RP is directly connected across a resistor to the
inner joint. In reality the resistor is outside the vacuum vessel at room temperature; RP: radial plate.
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bonded to the ground insulation of the coil so that the 3.7.5. Magnetic field sensors

insulation was electrically tight in case of a vacuum In the geometrical center of TFMC, a pair of Hall
breakdown and passing through the Paschen minimumprobes and pick-up coils were installed to measure the
pressure. magnetic field of the coil.

3.7.6. Heaters at the inlet pipes of the DP’s 1.1
and 1.2
In order to make it possible to heat the helium flow-

3.7.2. Temperature sensors

Three types of temperature sensors were used to
monitor the temperature of the coolant of the coil, . " - h
the case and the ICS. Due to the high magnetic field INd into the two pancakes adjacent to the LCT coil the
the cheaper TVO sensors could not be used in certain COrresponding inlet pipes were equipped with resistive
positions. For measuring the helium temperature, 13 Neaters with a maximum power of 1000 W.
CERNOX sensors (11 for the winding and 2 for the
ICS) were placed directly in the helium flow inside
the cooling pipes at the inlet and outlet points of the . .
flow scheme. However, 31 TVO sensors were installed __1 D€ Specific manufacturing technology for the ITER
for monitoring and controlling the cool down pro- TF coil design was successfully developed by the con-

cess. They were positioned on the surface of the coil Struction of the ITER TFMC. The main effort was
case, the surface of the ICS and on cooling pipes. put in the fabrication of the radial plates and the spe-

Additional 4 Pt100 sensors were used to monitor the Cific manufacturing technologies related to heat treat-
hot spots of the coil case and the ICS during cool Mentand the brittleness of the n conductor. The
milling of the groves as well as radial plate flathess

3.8. Summary

down. . )
within the small tolerances was a challenging task,
) ) which was solved. The “wind-react-insulate—transfer”
3.7.3. Strain gauges, rosettes and displacement method was the solution for handling the sensitive
transducers conductor without causing any degradation. Toler-

The Lorentz forces deformed the overall and €ross- gnce problems between the reacted conductor spiral
sectional shape of the coil case and the ICS. Thirty- 5.4 the groove of the radial plate were solved. Al

four individual strain gauges and 11 rosettes Were jsints had to be fabricated with the reacted conduc-
installed to measure the surface strains at the mMaiNior This was no problem with the applied joint tech-

symmetry planes of TFMC, at the highly stressed 555y Soldering and EB welding techniques were
wedges of the ICS and at the _contact areas of TFMC, |,gaq joining the special prepared conductor end of
ICS and LCT. Twenty-four displacement transduc- he nancakes with each other. The insulation system

ers monitored the elongation of the joint area con- \ a5 hased on fibreglass—Kapton tapes wrapping with
necting adjacent double pancakes of the winding and 5 three step vacuum impregnation including the fix-
the overall distortion of the shape of TFMC and the ;.o of the winding pack in the thick-walled stain-

change of mutual position (details are presented in |oss steel coil case. The assembling of the TFMC

Sectiong). with the inter-coil structure, which was manufac-
tured by another company, was performed at the
3.7.4. Flow rate and pressure drop sensors TOSKA site. The coil was equipped with an electri-

The helium flow rate was measured by Venturi tube cal, thermal-hydraulic, and mechanical instrumenta-
flowmeters Pancake DP1.1 and pancake DP1.2 weretion, which was integrated in the manufacturing steps
provided with individual Venturi flowmeters and pairs of the TFMC.
of capillaries for pressure drop measurements, because The whole manufacturing process was accompanied
these were the pancakes foreseen for the heat slug injecby quality assurance procedures guaranteeing the qual-
tion to investigate the operation limits of the TFMC. ity of the product in respect of its electrical, thermal-
There were another six Venturi flowmeters installed at hydraulics and mechanical properties.
the inlet points of the remaining double pancakes and  The manufacturing of the TFMC was a coordinated
bus bars. task under the leadership of EFDA between the indus-
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trial consortium AGAN and the European supercon-
ducting magnet laboratories.

4. TOSKA facility

The TOSKA facility was constructed in the early K | ans, B Auxiliary

structure
A

1980s for the testing of large superconducting magnets
for the magnetic confinement of nuclear fusion. The
first test was the acceptance test of the LCT coil (1984)
before shipmentto the international test facility of “The
Large Coil Task” at the Oak Ridge National Labora-
tory, USA[44,2]. After the conclusion of the test of the
poloidal field model coil POLO (1994p], the cryo-

control equipmentincluding data acquisition as well as ,;
the lifting capacity of the crane system were extended |
and modernised in the frame of a task agreement with %
ITER Director for the test of the ITER TFMC. The ;
extension was performed in two steps including the
intermediate test operation of the LCT coil with super-
fluid forced-flow helium 1l cooling (1996—-199745]

and the acceptance test of the W 7-X DEMO caoll in
the background field of the LCT coil (199946,47]

The TFMC was tested in 2000 as a single coil (Phase o ) ) _
1) [20] and in 2002 in the background field of the LCT Fig. 4.1. Firstinstallation of the TFMC without the LCT coil for test
coil (Phase 2J52]. Phase 1.

4.1. Installation of the test configuration in the nected to the data acquisition system (DAS) and/or pro-
TOSKA facility grammable logic controller (PLC) system and tested

as explained below. After the final leak testing the
4.1.1. Installation entire He piping and the whole test configuration

InPhase 1,the LCT coilwas replaced by aframe, the was covered with multi layer insulation (reduction of
so-called auxiliary structure. The complete assembled thermal radiation losses as low as possible) before
test rig with a total weight of 61t was lifted into the closing the lid of the LN shield and the vacuum
vacuum vessel with only one crangid. 4.1). After vessel.
the exact positioning of the test rig and the instal- After completion of Phase 1, the test arrangement
lation of the two cryostat extensions containing the was disconnected from the facility and extracted from
80 kA current leads and superconducting bus bars type the vacuum vessel.

2 (BB2), the electrical joints of the bus bars BB1 Fortest Phase 2, the auxiliary structure was removed
and BB2 (sedrigs. 4.22 and 4.93were assembled. and the LCT coil assembled beside the TFMC. Now
For the He and LM cooling system, the piping was the test arrangement had a weight of 108t and both
already prepared in advance, as far as possible, butcranes (50 +80t) with an added special lifting beam
it had to be extended and connected to the TFMC for the distribution of the load were required for the
coil, inter coil and auxiliary structure and the cryostat installation Fig. 4.2. This beam was equipped with
extensions. the appropriate lifting tools to adjust the test rig in an

Also the high and low voltage instrumentation absolutely vertical position (over a height of 4.6 m the

wiring and the capillaries had to be installed, con- maximum acceptable tilting was only 5mm). This was
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4.1.2. Accompanying test strategy during
installation

The installation of large test arrangements requires
a well-defined series of acceptance and accompanying
tests. Acceptance tests are needed for unique transfer
of responsibility and the reference state of the inter-
faces. Accompanying tests assure the quality of the
installation work during the single steps and monitor
the properties during test operation. During installa-
tion the accompanying tests are arranged in such a
sequence thatin case of faults a repair with areasonable
effort is possible. For the TFMC installation, these are
mainly leak and pressure tests, instrumentation tests
and tests of the dielectric insulation. In case of accep-
tance tests, geometrical and flow measurements are
added.

For the leak tests, the coolant circuit is pressurised to
the maximum operation pressure. Abag made of a plas-
tic foil or a temporary local vacuum chamber is then
placed around weld seams or flange seals after com-
pletion of piping work. The volume of the bag must
be small to obtain a high sensitivity in case of mea-
surement of the leak according to the concentration
increase method. The leak test by the local vacuum
chamber has the same sensitivity as an overall vacuum
leak test. The methods described above are indispens-
able as an accompanying test and for the localisation of
leaks. The last and most reliable leak test is performed
Fig. 4.2. Second installation of the TFMC with the LCT coil for with the coil in the vacuum vessel at a pressure level
test Phase 2. The total weight including the lifting beam was 115t <103 mbar.

therefore both cranes were used simultaneously. The instrumentation checks assure the continuity of
the wiring, correct polarity and the sufficient insulation
to ground.
necessary for the installation into the vacuum vessel  The dielectric tests assure soundness of dielectric
because of the small clearance between thg $iNeld insulation system. They are extensively treated in Sec-
and the test arrangement. tion 9.
Allthe connections of the He- and Llohtooling sys- The accompanying tests performed during instal-

tem as well as for the current and measuring systemslation are summarised ifiable 4.1 In principle the
were manufactured now for both of the coils. All the sequence of the accompanying tests is the same proce-
tests mentioned below (Sectidril.? were performed  dure for test Phase 1 or 2. The number of several tests
successfully in advance and after the evacuation of the is nearly doubled in case of the two-coil test configura-
vacuum vessel and the start of the cool down. This was tion. The achieved leak rates are presentéiclrie 4.2
the installation of the largest test arrangement up to In test Phase 1, a small leak was discovered after cool
now into this facility. down, and in test Phase 2, at the end of the test cam-
After completion of test Phase 2, the rig was again paign. Both leaks had no impact on the operation.
disconnected from the facility, extracted from the vac- The dielectric insulation system had a fault at the
uum vessel and placed onto the assembly frame in thePaschen minimum. Fortunately, these faults did notrep-
TOSKA experimental area. resent a limitation for the high current test operation.
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Table 4.1

Overview of performed acceptance test and accompanying test during installation

Step Leak test Sensor continuity Dielectric Mechan. Flow test
insulation test dimensions

After assembly TFMC/ICS/Aux. structure at + + + —

After installation in the TOSKA vac. vessel ap + + — +

After evacuation of the TOSKA vac. vessel ¢+ + + — _

Fault localisation work ab + + — _

After cool down, acceptance test ¢+ + + — +

Before warm up ¢ + + — +

After warm up at room temperature C+ + + - +

Fault localisation work ab + + — _

a Bagging and concentration increase.
b Local vacuum chamber.
¢ Vacuum leak test.

4.2. Test procedure TFMC conductor. The assessment of the measured
mechanical data and the upscaling to a current com-
The test procedure is the agreed sequence of testbination (TFMC 80kA, LCT 16 kA) should create
steps to achieve the desired results in an optimised wayno mechanical problem, which was confirmed in the
in time and risk. The test procedure of the single coil experiment. In this case, the achieved load is 100%
is given in[49]. of the peak Lorentz body force-800 kN/m) expected
The test procedure for the TEMC test in the back- on the ITER TF coil conductor in nominal operating
ground field of the LCT coil was determined by the conditions.
following boundary conditions: The fast high voltage discharge test was cancelled
in Phase 1 after the discovery of the insulation fault.
The careful dielectric investigations at the end of Phase
1 and their assessments have shown that a fast high
voltage discharge with reversed polarity and a reduced
voltage 4 kV) can be performed without risk.

The single steps of the summarised test procedure  All tests of the procedure were performed success-
of Phase 2 are presentediiable 4.3 [49] The test pro- fully in the given time frame of about 4.5 months.
cedure is characterised by defined cool down, cooling
and ramping procedures to certain current levels. 4.3. Cryogenic system and operation experience

According to the FEM analysis performed by the
coil manufacturer AGAN, the TFMC current has to A 2 kW He refrigerator was used for cool down of
be limited to 70kA in order to avoid overstressing the test configuration, steady state operation at 4.5K
of the outer joint region. The FEM analysis showed and forthe cooling of the four current leadsd. 4.3 in
that a current combination (TFMC 80KkA, LCT 14kA) both of the tests phaspt3,50] An additional available
had nearly the same attractive forces between the coils500 W refrigerator, which is designed for an opera-
but increased the Lorentz body (volume) force on the tion temperature between 4.5 und 1.8 K, was used for

(1) each coil has to be operated first as a single coil;

(2) forcurrents>12kAthe LCT coil hasto be operated
at 3.5K, which is a more sophisticated operation
mode of the cryogenic system (Secti3.2.9.

Iﬂibelizi.:d overall helium leak tightness in test Phase 1/2 by performing a vacuum leak test
Test phase Helium leak rate [mbar I/s] (pressurezjhadr

Before cool down (300 K) After cool down (4.5K) Before warm up (4.5K) After warm up (300 K)
Phase 1 k1077 (21) 2x 1075 (3.5) 2x 1075 (4) 1x 1077 (21)

Phase 2 5 1077 (8) 7x 1077 (4.8) 3x 1074 (3) 1x 1076 (18)
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Table 4.3
The test procedure for Phase 2 (TFMC + LCT coil)
Position number Procedure
1 Checkouts at RT
2 Cool down
3 Checkouts at operation temperaturet(5 K)
4 Single coil test TFMC analog {@0], no cycling
5 Single coil test LCT coil up to 11.3 kA at 4.5K analf##f], no cycling, no current sharing measurements
6 TFMC +LCT caoil, low current checkoutgy(=3.5kA, I =0.8 kA, F=0.0025x Fp?) at 4.5K
Ramp up—hold-ramp down (ramp rate TFMC: 22 A/s, LCT: 5 Als)
Ramp up—hold—inverter mode discharge (max. power supply voltage) (ramp rate TFMC: 79 A/s, LCT: 18 A/s)
Ramp up—hold-safety discharge (exponential current decay) (ramp rate TFMC: 22 A/s, LCT: 5 A/s)
7 TFMC +LCT coil, ramping up in selected currents steps in fractionfgait 4.5 K
{IT [KA], IL [KA], FIFo [1]}: {10, 2.3, 0.02}, {20, 4.6, 0.082, {30, 6.9, 0.18, {35, 8, 0.25, {49.5,11.3,0.5
For each step: repeat procedure of positibn 6
8 LCT single coil test up to 16 kA at 3.5 K analog[®0], no cycling, no current sharing measurements
9 TFMC at 45K + LCT caoil at 3.5K, ramping up in selected currents steps in fractiorg of
{It [KA], IL [KA], FIFo [1]}: {60.6, 13.9, 0.75, {66.4, 15.2,0.9, {70, 16, 1.0
For each step: repeat procedure of positibn 6
10 TFMC at 45K + LCT coil at 3.5 K, optimisation of the heating procedure without current
11 TFMC at 45 K + LCT coil at 3.5 K, determination of the operation limi#&s) by stepwise increase of the heating
power of inlet helium of two pancakes B§
{IT [KA], IL [KA], FIFo [1]}: {70, 16, 1.0 till trans. into normal conducting state occurs
12 TFMC at 45K+ LCT coil at 3.5 K, TFMC cycling by a total of 28 triangular current pulses at four current levels
with a ramp rate 140 A/s and LCT coil at 16 kA steady state operation
{I7 [KA], I [KA], FIFo [1]}: {35, 16, 0.8, {52, 16, 0.75, {63, 16, 0.99¢, {70, 16, 1.0°¢
13 Repeat Pos. 9 fdi70, 16, 1.0: ramp up—hold—ramp down, check mechanics
14 Repeat Pos. 10+ 11 f¢80, 14, 1.0
15 Repeat Pos. 10+ 11 ¢80, 16, 1.14
16 TFMC fast high voltage dischaiiet =6 kA, Ut =4.8kV,r=26.5ms
17 Standardised 25 kA safety discharge for measurement of electrical losses performed at suitable positions in the test
procedure
18 High voltage (HV) tests: DC, AC, partial discharge, pulse voltage
These tests are performed in the relevant position numbers of the test procedure, e.g., 1, 3, 15-17
19 Daily tests before starting testing: DC HV test, low current safety discharge
20 Final checkout at operation temperature
21 Warm up
22 Checkout at room temperature

2 Rated attractive Lorentz forcé® ~ It x I; It =Itrmc; IL =1 cT; Fo is defined for the reference load case TFMC 70 KA/LCT 16 KA.

b The inverter mode discharge was omitted for 35 kA because the faster achieved- 0 led to undefined power supply operation, which
caused excessive electric losses in the TFMC. The reason is the magnetic coupling between TFMC and LCT coil, which has for same inverter
voltage a smaller ramp rate caused by much higher inductdnee € 1.57 H,Ltemc = 0.027 H).

¢ During cycling at these current levels two quenches of the LCT coil occurred. The reason was a too low temperature margin. After lowering
the inlet temperature to 3.0 K no more quenches occurred.

d The LCT coil is shorted by its safety discharge resistor.

the operation of the LCT coil winding in the temper- 2 kW refrigerator to the test configuration in a separate
ature range between 3 and 3.5K. This was necessarytransfer line, whereas during operation at the tempera-
to operate the NbTi coil up to a current of 16 KA. For ture level of 4.5K, the 2 kW refrigerator liquefied He
the cool down, the He was supplied directly from the into the control dewar (B250), while both coils and
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Fig. 4.3. Flow diagram of the He cooling system of the TFMC test including the LCT coil in TOSKA.

all structures were forced-flow-cooled in a secondary  For collecting the expelled He of the coils after a
cooling loop. The He in this loop was circulated by safety discharge or quench, a cold storage vessel of
means of two piston pumps and one centrifugal pump. 1.8 m? and a maximum pressure of 18 bar (B310 in
The secondary cooling loop was filled and pressurised Fig. 4.3 was installed into the vacuum vessel B300.
from the refrigerator at the inlet side of the pumps and The collected He was later on warmed up to ambient
also the He mass flow rate for the four current leads temperature in a water/He heat exchanger, stored in
was supplied from the refrigerator through the pumps a low pressure gasometer, purified and than stored in
and heat exchangers in the secondary loop, in orderhigh pressure (200 bar) containers.
to achieve the same low inlet temperature to the cur-
rent leads as for the coils. For operating the LCT coil 4.3.1. Cool down and warm up
winding at a temperature level between 3.0 and 3.5K, In both test phases the cool down was performed
the winding was cooled in a separate forced-flow loop, by a computer controlled inlet temperature from room
which was connected to the control dewar B1000 as temperature to about 20 K. Below this temperature the
shown inFig. 4.3 In this dewar the LHe was supplied cool down was manually controlled. The temperature
from the second refrigerator which allows operation in difference limits of 45 K across both coils and of 65K
the temperature range between 1.8 and 4.5 K becauseacross the ICS were never exceeded except at the outer-
of its low pressure heat exchanger path and a set of vac-most corner of the ICS (because of the local low thermal
uum pumps for an operation pressure down to 16 mbar. conduction). The extension of the temperature differ-
In the forced-flow-cooling loop, the He was circulated ence limit by 10 K was accepted by the manufacturer
by a three-cylinder piston or a centrifugal pump. in this area of the ICS.

In standby mode, during nights and weekends, the  For the cool down, 2 weeks were required in Phases
whole configuration was directly cooled by the 2kW 1 and 2. Main temperatures and resistance recorded
refrigerator with a reduced He mass flow rate. during the second one are shown as examtégr.4
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Fig. 4.4. Cool down of the TFMC test configuration for test Phase 2.

The smooth and safe cool down, as shown in this
Fig. 4.4 was limited by the thermal conduction not
by the refrigerator cooling capacity.

All components were cooled in parallel with the
mass flow rate coming directly from the 2 kW refriger-

down was finished the secondary cooling loop was
pressurised to supercritical conditions. By means of the
He piston pumps, the supercritical He was then circu-
lated in the cooling loop of the coils. For the extended
operation with a required mass flow rate up to 280 g/s,

ator. The mass flow rates of the individual components both piston pumps were operated in parallel. The mass

were adjusted manually in order to minimize the tem-

flow rate of the different components was adjusted to

perature differences in the test arrangement. The totalthe values as listed iffable 4.4 Also the heat load
mass flow rate was in the range between 75 and 95 g/s.of the various components was investigated carefully

At the start of the cool down the cooling power was

before current operation and the results are included in

around 7 kW and decreased at the end to 2 kW. The cool Table 4.4as standby values. The measured values were

down was stopped for 6 h at 77 K as showrkig. 4.4
for a calibration of the current distribution measure-
ment.

The vacuum pressure in B300 wascd0~*mbar
at room temperature and reached %.60-6 mbar at
LHe Temperature. During the cool down, and also dur-
ing operation, the leak rate was checked frequently
and no indication of a significant leak was found (see
Table 4.2.

The warm up was also computer-controlled above
20K, like the cool down, and the time needed was 2
weeks in both test phases.

4.3.2. Cryogenic operation
The control dewar B250 was filled with LHe in
parallel at the end of the cool down. When the cool

in good agreement with the calculated ones except of
the heat load of the bus bars types 1 and 2. This heat
load of 36 W for the negative and 40 W for the posi-
tive bus bar required a high He mass flow rate in order
to keep the outlet temperature of the bus bars below
6 K and avoid a quench of the NbTi conductor during
current operation. The reason for this unexpected high
heat load could not be clarified up to now.

An advantage of the conductor and TFMC wind-
ing design is the relatively low pressure drop that was
measured at room temperature as well as at LHe tem-
perature (see SectioB.2.]) [51] and the relatively
uniform mass flow distribution in the TFMC winding
without an active control as shownfing. 4.5 The max-
imum deviation from the average mass flow rate was
around—10% in DP4 and around +10% in DP5. These



Table 4.4

Cooling conditions of the TFMC coil

01ICs

O case
W]

W]

0 bus

0 winding

W]

mICS

m case
[g/s]

lo/s]

m bus bar

lo/s]

m winding

Pinlet
lo/s]

Toutlet Winding

Tinlet Winding
[K]

K]

Icoil [kA]

Coil

Operation

bar [W]

[bar]

Phase 1

45

4

40/36

15
134

8

<1

20
74
140

4.15
4.75

4.88
4.93
4.75

4.74
4.51
4.51

TFMC
TFMC
TFMC

Standby
Rated

30

9

61/55

14
12

13

10/9.7

80

34

8

73/70

131

11

20/20

6.15

80

Extended

Phase 2

42

2

40/36

16
15

20

<1

3.16 35
20

3.17

4.89
4.96

4.82
4.85

TFMC
LCT coil

Standby

18

10
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N
<

80 45/40 4
30

19

10
16

3.67 49 5.8/5.5
50

3.74

4.88
4.67

4.52
4.53

49.5

11.3

TFMC
LCT coil

Rated

12

50

2

48/41

15 130
42

12
17

6/6

50
50

3.65
3.77

5.01
3.78

4.57
3.49

70
16

TFMC

Rated

15

LCT coil

13 55

15

77172

21 147
57

33
50

21/21

138

5.92
5.54

4.82
3.55

4.52
3.03

80
16

Extended TFMC

51

LCT coil
Phase 1, test without LCT coil; Phase 2, test with LCT coil.

The extended operation parameter were used before the heating fejstheeasurement was started.
1, coil current;T, temperature; P, pressure; mass flow rateQ, heat load.

@ Operation at different temperature levels.

deviations are similar to those measured in most of the
tested coils up to now with parallel cooling channels,
e.g., around 15% in case of the LCT coil. The thermal-
hydraulic analysis of the TFMC itself is presented in
Section$.2.1and 6.2.and in[52]. Before finally start-

ing the current operation an extensive check out of the
interlock system of the cryogenic facility as well as for
the link to power supplies and quench detection system
was performed.

4.3.2.1. Operation with one temperature level at4.5 K.

In test Phase 1 (without the LCT cail), all components
were cooled at the same temperature level of 4.5 K with
the 2kW refrigerator whereas the 500 W refrigerator
was connected to the facility for redundancy reasons
only.

The TFMC was energised in steps up to 80 kA and
a safety discharge was initiated at each step. Beside
the electrical and mechanical reasons for the energis-
ing in steps also the reaction of the cryogenic system
after the safety discharge with a high heat load has
to be investigated. Up to a coil current of 30 kA dur-
ing the single coil test (Phase 1) and 25 kA during the
Phase 2 (including the LCT coil) the cooling system
could handle the heat load without valving off the sec-
ondary cooling loop. In case of a safety discharge or a
guench above this value, the pumps were switched off,
the valves to the control dewar closed and the valves
to the cold storage vessel B310 (d9€g. 4.3 opened.
The expelled He from the coils was collected in the
cold storage vessel, warmed up later, and slowly trans-
ferred to the recovery system at room temperature. In
Fig. 4.8 the typical cryogenic behaviour for the oper-
ation as a single coil during ramp up and down as well
as during ramp up followed by a safety discharge is
recorded. Re-cooling after a safety discharge without
and with switching off the cooling system is shown in
Figs. 4.7 and 4.8espectively.

In the testing Phase 2, the windings of TFMC and
LCT coil were cooled in series with cases and ICS in
order to reduce the overall mass flow rate and, as con-
sequence, also the pumping power in B250. A typical
test run at the maximal current of both coils at a tem-
perature level of 4.5K is shown iRig. 4.9including
inlet and outlet temperature and the heat load of both
windings.

According to the test procedure an inverter mode
discharge was foreseen at each step but the heat load
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Fig. 4.5. Measured mass flow distribution in the TFMC winding during operation.

to the cooling system was unexpectedly high after cooling energy after a safety discharge from 25kA
an inverter mode discharge of both coils together. (TFMC)/5.75kA (LCT) as shown irFig. 4.7 The

As shown inFig. 4.1Q the cooling energy reached reason for this could not be clarified during the test
660kJ for re-cooling after an inverter mode dis- but it was decided to avoid in the remaining tests an
charge from only 10 kA (TFMC)/2.3kA (LCT) which  inverter mode discharge of both coils in order to save
is almost 10% of the stored energy and twice the testing time. An explanation of this behaviour was

TFMC
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Fig. 4.6. Heat load during rated current operation in test Phase 1.
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Fig. 4.7. Re-cooling after a safety discharge from 25 kA in the TFMC and 5.75 kA in the LCT coil and continuous running cooling system.
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Fig. 4.8. Re-cooling after a safety discharge from 49.5kA in the TFMC and 11.3KkA in the LCT coil. This was the maximum possible coil
current for operation of both coils at 4.5 K. The cooling system had to be stopped with the initiation of the safety discharge.
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Fig. 4.9. Energising both coils to the maximum current of 49.5kA in the TFMC and 11.3 kA in the LCT coil with a LCT coil winding operation
temperature of 4.5K.

found during the evaluation phase and is included in ing daytime with operators present. The consequence
Sectior4.5.2 was that the cool down from 4.5 to 3.5 K, respectively,
After a high voltage discharge from 6.3 kA, the re- 3K as seen iffrig. 4.12had to be repeated every morn-
cooling energy was 403 kJ, which is 75% of the stored ing. In Fig. 4.13 temperature, coil current and heat
energy Fig. 4.1). In this case the efficiency of the load profile during the test at the rated coil current of
energy extraction is poor because the time constant of 70kA in the TFMC and 16 kA in the LCT is shown.
the discharge circuit¢27 ms) is much lower than the  The cooling conditions are listed alsoTable 4.4 In
time constant of the structure (radial plates and case Fig. 4.14 the re-cooling after a safety discharge from

~100 ms). the same coil current level can be seen including the
energy required for the re-cooling. Only 2—-3% of the
4.3.2.2. Simultaneous operation at two temperature stored energy was transferred to the cryogenic system

levels, 3 and 4.5 K. At the temperature level of 45K,  after all the safety discharges and quenches of both
the LCT coil could be energised up to 11.3kA only, coils together and could be handled without problems.
but according to the test program an operation up to Most of the energy (97-98%) could be extracted and
16 kA was required and for this a cooling temperature transferred to the dump resistor. The cooling require-
of the LCT coil winding down to 3.5K was neces- Mments of the TFMC winding versus the coil current are
sary. Steady state operation up to 16 kA was performed shown inFig. 4.15 In this diagram, it can be clearly
without problems at 3.5 K but two quenches occurred Seen that there is an additional heat load to the resistive
in the LCT coil during cycling current operation of —and standby losses, which is explained in Seatidn3

the TFMC. It was found that the temperature mar- as AC losses in the radial plates caused by the ripple of
gin was too small and as a consequence the operationthe current.

temperature was reduced to 3K for the further test

runs. For an operation at reduced temperature (3K), 4.3.2.3. Handling of Tcs measurement and safety dis-

the 500 W refrigerator was used as mentioned above charge. In preparation of th&cs measurements a fea-
and explained if53]. The operation in this mode is  sible heating scenario had to be investigated with the
not automated and it was therefore only possible dur- following constraints:
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Fig. 4.10. Re-cooling after an inverter mode discharge from 10 kA in the TFMC and 2.3kA in the LCT coil.

The current sharing temperature in the range  During all these tests the required cooling capacity
between 8.5 and 11 K in double pancake one (P1.1 andwas far outside the operation limits of the refrigera-
P1.2) had to be realised in small steps and as stable ador (Fig. 4.17. This heat load could be handled only
possible without or with only minor oscillations. by evaporating the LHe stored in the control dewar

The cooling system of the facility had to be able to B250, warming it up to room temperature and feeding
tolerate the overloading for a certain time withouta shut it into the recovery system. The limiting factors were
down and handle the additional heat load after a safety the pressure in the control dewar (B250) and the refrig-
discharge without He gas losses to the atmosphere.  erator power. The limit on the time duration of the test

In order to achieve this, a so-called multi-step heat- depended on the capacity of the stored LHe and the
ing scenario was proposed, calculated (see Se8)ion capacity of the recovery system.

[54] and tested for the coil current of 80 kA with an After an appropriate heating scenario was found,
expectedri'cs of 8.5K, a coil current of 69.3kA with  the current sharing tests were started in the test Phase
an expectedcs of 9.7K and a coil current of 56.5kA 1 without the LCT coil at 80 kA, followed by tests at
with an expected’cs of 11 K. One example of these 70, 69.3 and 56.5 kA (see Sectibn[54].

numerous calibration runs without current is shown in In the test Phase 2, calibration tests were started
Fig. 4.16 For a reliable repetition of this multi step again, now with two coils with a total mass of 108t.
heating, the heater power supply was computer con- The single coillcs measurements were repeated at 80
trolled. and 69.3 KA.
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Fig. 4.11. Re-cooling of the TFMC coil after a high voltage discharge from 6 kA.

The firstTcsmeasurements with two energised coils from the winding, which could not be handled com-
were performed with a coil current of 70kA in the pletely by the recovery system. A small part of the He
TFMC and 16 KA in the LCT coil with the following  (~5%) was lost through the relief valves for the first
result from the cryogenic point of view. time. At the same time, the refrigerator was switched

Shortly before the expectefics temperature of  off because of too low temperature of one of the tur-
7.9K was reached almost all boundary conditions of bines. Also the re-cooling after this overloading was
the cooling system were exceeded. The pressure in thedifficult and time consuming. This is not surprising
control cryostat and the suction pressure of the com- because the cooling system was operated far outside
pressor were too high and as a consequence the powethe capacity before the quench as showhim 4.17
consumption of the compressor was at the limit. The  In the furtherTcs test runs at 60.6/13.9 kA, repeti-
liquid level of the control dewar was below the upper tion of 80, 70/16 and 80/16 kAH{g. 4.18, the heating
end of the heat exchangers and also the pumps. Thepower was ramped down after the compensated volt-
cold gas return flow to the refrigerator was too high ageinpancake P1.2 reached50pV, in order to avoid
and as consequence the temperature of the turbinesagain such problems with the cooling system and save
of the refrigerator was at the lower limit. After this, a testing time. This ramp down before running into a
guench in pancake P1.2 occurred followed by a safety quench or safety discharge was much easier to handle
discharge of both coils and a very high additional heat for the cooling system and also the recovery time was
load. The consequence was a high He mass flow ratemuch shorter.
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Fig. 4.12. Cool down the LCT coil winding to 3.5K.
4.3.2.4. Standby operation over night and weekends. the refrigerator, and the He pumps were switched off.

As already mentioned above, during nights and week- This He was sub-cooled in the control dewar (B250)
ends all components of the test arrangement were as shown irFig. 4.3and after cooling the test config-
cooled with the Joule—Thomson (JT) mass flow rate of uration, expanded in a JT valve and liquefied into the

Winding temperature Coil current Heat load
—=— Inlet TFMC —&— TFMC —#— TFMC winding
—i— Outlet TFMC —=—LCT —&— LCT winding

—&— Inlet LCT
—0— Outlet LCT

6,5 e 70
1 f‘m)ﬂ x& 140
6,0 60
120
50
3 g 100
o 0z 2
8 B g
g 3 8

30.10.2002

Fig. 4.13. Operation at rated current of 70 kA in the TFMC and 16 kA in the LCT caoil for test Phase 2.
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Fig. 4.14. Re-cooling after a safety discharge from rated currents.

control dewar (B250). With this method, the coils were flow rates were adjusted to rated values after the daily
kept cold, the control dewar (B250) was filled, and the high voltage and interlock tests at low currents, which

running time of the He pumps was reduced by about did not require a high mass flow rate.

60%. An unattended operation during nights and week-  An overview of the complete test Phase 2 is given in

ends was possible and the change from standby modeFig. 4.2Q The cool down started August the 20th and

to the operation mode with the full mass flow rate was the warm up finished December the 19th, 2002 without
done every morning in about 2 Ri@. 4.19. The mass  significant problems. The availability of the TOSKA

facility was larger than 98%.
160

| Heat Il)ad TFMC win(;ing with LCT
140 3 Heatload of the TPMC without LCT :. 4.4. 80kA current leads performance
120 ] . 4.4.1. Design of the 80 kA current leads
. 100 [ For the test of the TFMC in TOSKA, two 80 kA
% 50 I el current leads were designed and manufactured based
§ ] AClosses, 4 on the design principles developed within the last 15
g e A years[55], seeFig. 4.21
0] . // A significant experience was acquired from the con-
3 / Resistive :fﬁgn‘)sff';tzhﬁ s struction and the performance tests of the 30 kA forced-
20 2 flow-cooled current leads used for the POLO model
ol | :Stajndbvloiad , , . coil experiment, the LCT coil 1.8K test, the W 7-X
0 20 40 60 80 conductor tests in the STAR facility, and the W 7-X
Coil current [kA] DEMO coil test. The 80 kA current leads were designed

. - _ _ based on that experience and according to the design
Fig. 4.15. Heat load of the TFMC winding vs. coil current in test L . .
Phases 1 and 2. The difference between the measured losses and thQrInCIpIeS worked out in the course of con;tructlon of
calculated resistive losses are the AC losses caused by the currendOrced-flow-cooled current leads and testing of those
ripple of about 40 W (see Secti@nl.3. devices.
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Fig. 4.16. Calibration test for thEcs measurement and the decreasing He level in the control dewar B250.

The design principles are describeds6] and will
only be briefly reviewed here. The main features are:

e The heat exchanger (sE@. 4.2]) consists of a cen-
tral copper conductor made of phosphorous deox-
idised copper (SF-Cu) to increase the stability, the

Forced-flow-cooling with 4.5K ,
y g mass and also the heat capacity of the current lead

helium.

supercritical

ITER TFMC operation with LCT coil (Phase Il)

I T
2000 4.4 K Test values Cycl testing —J
I 35K Tlest values| 400 Als to 40 kA /
1800 :
- & with LN‘ precooling /
1600 i | ¢
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Liquefaction capacity [g/s]

Fig. 4.17. Cooling capacity of the 2 kW refrigerator operation modes (without and wishpk&dcooling) and cooling requirements for testing
the TFMC.
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Fig. 4.18.Tcs measurement at the maximum current (TFMC 80kA, LCT 16 kA) in both coils with ramping down the heaters afi& 250
resistive voltage was reached in P1.2.
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Fig. 4.19. Changing from standby operation to current operation.
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Fig. 4.20. Overview of the complete test Phase 2 including the LCT caoil.

and circular perforated copper plates made of Elec-  ters of the cooling disks have to be used in the heat
trolytic Tough Pitch copper (ETP-Cu), which are exchanger.

brazed to the central conductor as cooling fins. In e Use of Ni3Sn inserts in the contact area and the
order to compensate the differential shrinking ofthe  low temperature region of the heat exchanger for
central copper conductor and the outer stainless steel adjusting the resistive length of the current lead and
container, several axial bellows are added along the operating the lead at optimum mass flow rate over a
length of the lead. So, two different outer diame-  wide current ranggs7].

NbaSn Inserts

Cold end E-Copper

He inlet

SF-Copper

Insulating
vacuum
He heat

E-Copper head exchanger

Insulator

Hz0 inlet
Outer shell

Hz0O cooled
bus bar

Heat exchanger
shell
Temperature sensor

Burst disc Coolina fi
ol ooling fins
Insulator O:Ringsed!
closure flange
Pipes for o
instr. wires

Fig. 4.21. lllustrative drawing of the helium cooled heat exchanger including the cold end clamp contact to the superconducting bus bar and the
screw connection to the flexible copper bus bars.
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e Use of SE-Cu in the contact area and in the room the screw connection to the flexible copper bus bars.

temperature region to reduce the Joule heating. Due to the vertical installation of the current leads, the
e Use of clamp contact between the cold end of the superconducting bus bar has to be divided in two parts
current lead and the bus bar connection. (bus bars 1 and 2) for assembly reasons having a clamp

o Implementation of the so-called “cold gas return” contact in between. The cooling scheme is illustrated
circuit, which allows to operate the first segment of in Fig. 4.23
the heat exchanger with a higher mass flow rate than
the rest of the heat exchanger. 4.4.2. Overall performance of the current leads
o Integration of a water cooled flexible jumper cable at during TFMC operation
the room temperature end of the currentlead to con-  As the first aim of the TFMC experiment was to
nect the current lead to the water cooled aluminium reach the nominal current of 80 kA, the current leads
bus bars of the TOSKA facility. were not operated in an optimum way. This was due
to the fact that the experimental optimised operation
parameters of the leads were unknown because no sep-
arate test was possible due to time constraints.
During Phase 1 of the TFMC experiment, and espe-

The electrical insulation system of the current lead
is described in detail ifiL0]. In Fig. 4.22 a photograph
of the two 80 kA current leads installed in their cryostat

extensions during assembly in the TOSKA facility IS ja)y at its end, some parameter studies were made to
presentedFig. 4.21shows an illustrative drawing of find the minimum helium mass flow rates and to iden-

the helium-cooled heat exchanger, including the cold i, the reasons for the higher heat load introduced in
end clamp contact to the superconducting bus bar andy,» gg.1/2 system.

4.4.3. Electrical resistances of the clamp contacts

The voltage taps used for quench detection were
used to determine the resistances of the bus bar (+) and
(=) systems. Each of them consisted of one full joint
and two half joints of which one was the clamp con-
tact to the current leadr{(g. 4.23. Each of the clamped
joints was manufactured in a different way: for joint 2,
indium wires were arranged in the longitudinal direc-
tion and pressed flat by tightening of clamping bolts for

Warm gas
mass flow my

A

Current
lead

Cold gas return
— mass flow m¢

Bus bar I/l
mass flow mg

Joint 1

Joint 3 Joint 2

—_—

<«
. . . . ToTFMC
Fig. 4.22. Photograph of the 80 KA current leads installed in their Bus barl Bus bar Il

cryostat extensions during assembly in the TOSKA facility (1, cryo-
stat extension; 2, current lead; 3, flexible copper bus bars; 4, bus bar Fig. 4.23. Cooling scheme of the 80 kA current lead bus bar system
type 1; 5, bus bar type 2). (bus bar I =bus bar 1; bus bar Il =bus bar 2).
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2 weeks (JAERI method); for joint 1, a single indium design calculations, which were done for an RRR of

foil was used and the clamping bolts were tightened in 3 about 5.5.

days (FZK method). Also, the applied contact pressure  In Table 4.5the main operation parameters are sum-

was different: 11 MPa for joint 2 and 25 MPa for joint  marised for 0, 40 and 80 KA.

1 (see Sectio7.1.3. In addition, the copper surfaces

of both the bus bar 2 and the current lead contact areas4.4.5. Search for possible sources of the heat load

were plated with gold whereas the bus bar 1 contact o the bus bar system

areas were plated with silver. The resultant resistances As already mentioned, the thermal load to the bus

were 1.5 92 for the bus bar joints and Xnhfor the bus bar system was so high that it was absolutely neces-
bar current lead contact. It can be concluded that the sary to operate the current leads with a rather large
resistance does not depend on the method of applyinghelium mass flow rate through both the bus bar system
the indium. Moreover it is also not very dependent on and the cold gas return. This applies to both zero and
the clamp pressure in the contact. But a very promis- non-zero current operations. During the optimisation

ing method was the surface plating of the copper by a studies, different parameters were varied and the effect
noble metal (Au, Ag). Obviously, the plating reduces on the heat load was evaluated.

the contact resistance compared to bare copper because Fig. 4.25shows average heat load values with and

copper becomes oxidized. Comparing these resistanceswithout current. Clearly, the dependence on current is
with former values, there is an improvement of about negligible (about 20 W) although the mass flow rate

one order of magnitude. through the heat exchanger is quite different.
From this, it may be concluded that the high heat
4.4.4. Optimisation of the current lead operation load at the 4.5K level that has to be removed by the

For both terminals, a helium mass flow optimisation bus bar and cold gas return circuits is not mainly due
was performed. First, an optimisation was performed at to the heat exchanger.
zero current. The conclusion of these tests was thatthe  To look more carefully for the possible sources,
nominal helium mass flow through the heat exchanger which may contribute to the heat load, some qualitative
of both terminals should be fixed to 0.8g/s. A cold investigations were done. Using the geometrical and
gas return mass flow rate of about 1-1.5 g/s should be material data, the total of the various contributions to
adjusted, too, in order to reduce the heat load to the radiation and conduction losses was estimated at about

superconducting bus bars. 13 W, which is approximately a factor of 10 lower than
For 40 kA, only the (+)-terminal performance was the measured heat load.
studied whereas for 80 kA, both terminals were investi- In addition, heat may be transferred via conduction

gated. A reduction of the helium mass flow rate below from the cold end of the heat exchanger to the bus bar
the optimum one results in a more rapid increase of region. To evaluate this, two temperature sensors were
the temperature at the upper end of the superconductorpositioned below the inlet of the heat exchanger and at
inserts although this increase is not so fast (less thanthe lower end of the copper bar. Looking to the results,
1K in about 10 min). the heat load is below 10 W except the runs where the

The computer code CURLEAD was used to pre- cold gas return circuit is switched off. Moreover, the
dict the performance of the heat exchanger of the heat load is rather independent on the heat exchanger
80 KA current lead58]. Fig. 4.24shows the measured mass flow rate as already discussed earlier. The opinion
and calculated temperature distributions for both the is that this is again a clear hint that the origin of the
(+) and the €)-terminals. The difference in helium high heat load cannot be found in an ineffective heat
mass flow rates required to cool the heat exchangersexchanger but in the cold end region. However, the
of both leads can be explained by different RRR of source is not identified yet. It can only be stated that
the copper: the (+)-terminal would have an RRR of in all coil experiments in TOSKA, a rather high heat
4.7, the ()-terminal an RRR of 5.5. This would lead load has been observed, which has only to be balanced
to different optimum lengths of the heat exchangers, by either a rather high mass flow rate through the heat
which of course could not be realised. It can also be exchanger or a high mass flow rate in the cold end
concluded that the experimental results confirm the region.
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Fig. 4.24. Measured and calculated temperature profiles of (+)-terminal (top}-asdr(minal (bottom) for 0, 40 and 80 kA.

4.4.6. Summary exchanger. The slightly different mass flow rates of
The 80 kA current leads including the water-cooled both terminals can be explained by different RRR of
flexible jumper cables were operated successfully the copper of the heat exchanger.
during both test phases of the TFMC in 2001 and The water-cooled flexible jumper cables were oper-
2002. ated reliably up to 80 kA in steady state with a copper
Various optimisation runs were performed at zero current density of up to 43 A/mfn Maximum outlet
current as well as at 40 and 80KkA, respectively. It temperatures of the cooling water of about@were
could be demonstrated that the current leads were oper-obtained resulting in a total cooling power of up to
ated with the design mass flow rates through the heat 240 kW for both legs.
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Table 4.5

control unit in order to obtain a maximum output
Main operation parameters of the 80 kA current leads

current of 80 kKA.

Current [kA] (2) An 80kA safety discharge switching circuit of
0 40 80 about 100 MJ energy capacity at a voltage level
Trem K] 5.62 1.83 479 of 1kV was mstall_ed.
Teucod[K] 10.64 71 7.03 (3) A new 20KA thyristor AC/DC converter had to
TeusclK] 102 51.3 6.86 be installed and connected with the existing 20 kA
Teuwarm[K] 287 290 299 safety discharge circuit of about 300 MJ energy
mw [9/s] 0.8 2.15 4.5 capacity at a voltage level of 2.5kV for the opera-
me [gfs] 0 578 6.24 tion of the LCT coil.
Apheat exchange[mbar] 75 165 420
Qsum[W] 112 166 168

For the 80 kA supply system the main problem, that
had to be solved, was the nearly simultaneous current
commutation of both power supplies on the short cir-

The steady state heat load of the current lead super-cyjt path also under fault conditions. Besides this, a
conducting bus bar system at the 4.5K level was very syfficient low resistance and inductance of the short
high evenatzero current (110 W per terminal). Detailed ¢jrcuit path had to be achieved in order to have a
investigations showed that the heat exchangers C0U|dvoltage drop across it was remarkably lower than the
not be responsible for this high heat load because nominal voltage of the rectifiers in inverter mode of

Cu, copper conductor; He, helium; SC, superconductor.

changes in the heat exchanger helium mass flow rategperation.

did not change the heat load significantly. Up to now,
there is no final conclusion.

4.5. Power supply system and safety discharge
performance

For the test of the ITER TFMC, the electrical power

The 20 kA thyristor rectifier had some specific prob-
lems in the balance control of the two 10 kA rectifiers.
They were mastered in a way that there was practically
no impact on the progress of the test procedure.

The POLO switching circuit was applied for the fast
high voltage discharge of the TFMC (Sectign

Early testing of the 30 and 50 kA power supplies

supply system has been extended in the following way with the POLO and a copper coil, steamed out the

[59]:

(1) The existing 50 and 30 kA thyristor AC/DC con-
verters were switched in parallel by means of a new

m  (+)-terminal ‘

200F
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o
T

Total heat load [W]
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= 60
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o

Fig. 4.25. Total heat load vs. coil current for (+) aré){terminals.

need of detailed analysis of current sharing during
the safety discharge sequence and the optimisation
of the feedback loop. This has been achieved with
the help of computer models built using SIMULINK
and Power System Blockset (PSB) developed both for
MATLAB ®. Several models of different complexity
have been built for the two power systems to perform
separate circuit analysis and predictions after valida-
tion with experimental datg0].

The first problem of the 80 kA power supply sys-
tem, that had to be solved at the beginning of Phase 1,
was the simultaneous commutation of the power supply
currents into the short circuit path during a safety dis-
charge. For this purpose, a sufficiently low resistance
and inductance of the short circuit path was necessary
in order to have a voltage drop across the short cir-
cuit lower than the voltage of the rectifiers in inverter
mode of operation. This has been achieved connecting
in parallel a second short circuit path (i.e., made of a
make switch S1.2 and circuit breaker S2.2 connected
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Fig. 4.26. TOSKA power supply system functional diagram.

in series as shown iRig. 4.26 thus reducing the total
resistance of the short circuit from 327 to 22%2.

A second problem, which was solved also during
Phase 1, was the shift of current from the 30 kA power
supply to the 50 kA power supply during fast ramp
down. This abnormal behaviour, which was due to
an error in the current sharing controller, would have

in the two circuits, with the inverter mode discharge and
with the safety discharge in the configuration for Phase
2. The high voltage discharge of the TFMC caoil, per-
formed with the POLO switching circuit, is described
in detail in SectiorD.

4.5.1. Circuit analysis and comparison with

been particularly dangerous during the early phase of a measurement

safety discharge at 80 kA when the two power supplies
operate in inverter modé1].

Like the 30 and 50 kA power supplies, the 20 kA
power supply is a thyristor rectifier, made of two 6-
pulse bridge converterg\(and Y) of 10 kA each con-
nected in parallel to yield a 12-pulse converter. Also,
this power supply had a specific problem in the bal-
ance control of the two 10KkA rectifiers, which was
implemented with qu-processor operating at the fixed
sampling rate of 300 Hz. The problem was solved using
an analogue circuit for the current sharing controller
and leaving the dump resistor (12%5Mpermanently
connected in parallel with the LCT coil.

The circuit analysis presented in Sectibb.1deals
with the normal ramp up and ramp down of the currents

The analysis presented hereafter, performed with a
computer model, will be limited to the DC side of the
LCT coil and the TFMC power circuits. A plan view
showing the position of the two coils in the vacuum
vessel is given irFig. 4.27(dimensions are given in
millimeters). The horizontal axes of the two coils are
not parallel to each other but they form an angle of
4.5°. The magnetic coupling between the two coils
is not too high (e.g., only 20% between coil wind-
ings). The absence of ferromagnetic materials in close
proximity and the hypothesis that the two coils do not
move justify the use of a linear time-invariant model
for the two coils. The two power circuits, magneti-
cally coupled through the LCT coil and the TFMC
themselves, are shown irig. 4.28 Denoting with:
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Fig. 4.27. LCT coil and TFEMC arrangement in TOSKA.
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Fig. 4.28. LCT coil and TFMC circuit diagram (1, LCT coil winding circuit; 2, TFMC winding circuit; 3, LCT case; 4, TFMC radial plates; 5,
TFMC case).
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Fig. 4.29. LCT coil and TFMC current ramp upy(and/, LCT coil circuit voltage and curren¥/»> and/> TFMC circuit voltage and current.

Measured voltages not available).

1(t) = [In() () 13(0)14()I5(r)] T, the 5x 1 vector of cur-
rents, representing the currents in the LCT coil and
TFMC windings, the eddy currents in the LCT caoill
case, in the TFMC radial plates and in the TFMC case,
respectively V() = [V1(r)V2(1)]", the vector of the two
forcing voltages of the two winding circuitd, the
inductance matrix anfl the resistance matrix, the cur-
rents in the five circuits can be computed by integrating
the following linear differential equation:

A0

ar + RI(H)V ()

(4.1)

The method used for the calculation of the inductance
matrixL and resistance matri both 5x 5, isreported
in Appendix A The resistances of the LCT coil and
TFMC windings (i.e.R11 =250 andR22 =50u.2)
have been validated experimentally and they are mostly
due to the conventional bus bar system external to the
vacuum vessel (i.e., Al bus bar and flexible cables).
The computer model (developed with SIMULINK)
includes, in addition to the E@4.1), a simplified model
of the thyristor converters with their current transduc-
ers and current feedback modules (8ppendix Afor
more details). The model computes the power losses
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Fig. 4.30. Current ramp down followed by an inverter mode and a safety discharged/1 LCT coil circuit voltage and curreni/» and/;

TFMC circuit voltage and current).

P;(¢) due to Joule effect in the bus bar system and to

In case of AC voltage excitation the instantaneous

the eddy currents in the coil passive structures, induced currentd;(z) in Eq.(4.2) are replaced by their rms val-

by time-varying excitation, as follows:

P()=Ri-I%(t), i=1,...,5 (4.2)

wherer;; is the equivalent resistance ahl) the total

current of thei-th circuit. The energy losses of each
circuit E;(r) are obtained by simple integration of the

power losses:

E@:anwuizLNWS (4.3)

0

ues.
A comparison between model outputs and current
measurements in the LCT coil and TFMC during a
typical current ramp to 16 and 70 kA, respectively, is
shown inFig. 4.29 The discrepancies between model
outputs and measurements are within 0.5%. In the
same figure are shown also the DC voltage signals
computed with the modeFig. 4.30shows instead a
comparison between computed and measured current
during current decay. The ramp down of the current
in the two coils is initiated 2930s after the start of
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#189m 20.11.02 14:40(70kA, 16kA) tance of the conventional bus bar system mentioned
' ’ ' ' 1T meas before, the resistande;; in series with the LCT coil
o000LE=HaT — ”mOde'_ winding in this configuration for the safety discharge
< ; : : : 1 is 125.25 n2. Similarly, summing the resistance of the
: : | : dump resistorRq2 = 6.75 n2), the resistance of the Al
5000 TR R ] bus bar and flexible cables mentioned before (0.6 m
: Py ‘ and the resistance of an additional Cu bus bar sys-
tem that connects the dump resistor itself (227) the
resistanceRr,; of the circuit for the TFMC is equal

15000

~
—

e,
bl

0 1 i 1
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. 19:‘ ] . . : to 7.027 n2. The resulting time constants of the two
windings, respectively, of 12.5s for the LCT coil and
e oo : 4 s for the TFMC coil, have been validated experimen-
< N L N e | tally in several safety discharges.
A
L S N R e . 4.5.2. Power losses in steady state, inverter mode
0 1 i | 5 and safety discharges
3140 3150 3160 _ 3170 3180 3190 3200 This paragraph deals with the evaluation of the

Time(s) power losses due to Joule effect in the bus bar system

Fig. 4.31. LCT coil and TFMC safety discharge &nd/ LCT coil f”md to the ed_dy currepts In th_e C.OII pasglve structures,

and TFMC winding currents). induced by time-varying excitation, which represent
almost 90% of the total losses of the coils.

Apulsewithflattop currentinthe LCT coil of 5.7 kA

the pulse (time1) with the controlled ramp down of  and in TEMC of 25 kA, referred in Sectidhas “stan-

the current in the TFMC coil at the rate of 70A/s, dard safety discharge”, has been taken as a reference.

followed almost |mmed|ate|y by the LCT coil with a The typ|ca| ramp up rate used for this type of pu]se is

ramp down rate of 18 A/s. After 197 s (timg afault 16 A/s for the LCT coil and 70 A/s for the TFMC (see

in the 20kA dump circuit initiated an inverter mode Fig. 4.39.

discharge. This can be seen also in the TFMC cur-  |n addition to the currents in the LCT coil and the

rent whose ramp down rate changes suddenly from 70 TEmMC windings,Fig. 4.32shows the following mea-

to 1000 A/s. The ramp rate for the LCT coil remains syrements: heat load on the LCT coil case; heat load

unchanged. After 20s (timg =3147s) the operator,  on the TFMC windings and heat load on the TFMC

having noticed an increase of current in the LCT coil, case. The associated energies, also shown in the figure,

induced by TFMC current transient, pressed the emer- gre obtained by signal integration. The heat loads of

gency stop thus initiating a safety discharge of the two the two coil cases, with the exception of a small tran-

coils. If the operator had not pressed the emergency sient due to eddy currents induced during the current

stop, the overshootin the current ofthe LCT coil, which  rise remain practically constant. The heat load on the

occurs attimes when the currentinthe TFMC reaches TEMC windings instead increases by 40 W. This heat

zero, would have been only 850 A with no problem for s generated in the TFMC radial plates by the eddy cur-

the coil. The followingFig. 4.31shows a comparison  rents induced by the power supply voltage rigped
between computed winding currents and experimen-

tal data during the typical exponential decay of the

safety discharge. In this condition, the power supplies 1 A 12-pulse thyristor converter can be represented by a DC con-
are disconnected and the coil energy is discharged in thetrolled voltage source of amplitudé; = V4o cosgr) with superim-
dumping resistor®&y; = 125 nt2 for the LCT coil and posed a voltage ripple made of sinusoidal contribution of amplitude
Rg2=6.75nm2 for TEMC. The current transient in this +/2V, and frequency multiple of 50 Hz (where the harmonic number

is obtained by simple int Hi fthe circuit E n=kx p,withp=12andk=1, 2,...). At 25 kA flat top the DC volt-
case IS obtained by simple Integration ot the circuit £q. age level in the TFMC power circuit is 1.25 V which correspond to

(4.1) with initial conditions given by the previous run 49, of V4. An a-angle close to 90is the worse condition from the
and zero forcing voltage. Taking into account the resis- point of view of the voltage ripple. For a 12-pulse thyristor converter,



A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327 231
Table 4.6
Computed energy losses of each circuit for two inverter modes and a standard safety discharge
Run d4/ds (or 71) dl>/dr (or t2) Eq [KJ] E> [kJ] E3 [kJ] E4 [kJ] Es [kJ]
IMD1 —18A/s —1000A/s 1100 260 14.9 66.3 49.3
IMD2 —18A/s —79A/s 980 3320 12.5 12.6 121
SSD 12.5s 4s 31800 10510 156.3 265.5 232.4

IMD1, inverter mode discharge 1 (typical); IMD2, simultaneous current ramp down (never performed); SSD = standard safety discharge.
Ej, energy losses in the LCT coil winding circuit; Fenergy losses in the TFMC winding circuit; Eenergy losses in the LCT case;, Energy

losses in the TFMC radial plates; Fenergy losses in the TFMC case.
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Fig. 4.32. Winding currents, measured heat loads and cooling ener-
gies during current rise and flat top of LCT coil and TFMC.

it is transferred to the conductor by a long heat diffu-
sion proces$3]. The value of the power losses in the
TFMC steel plates computed with the model, using as
voltage inputV> a 600 Hz sinus waves with 5V ampli-
tude, is 47 W (rms) which is in good agreement with
the measured heat load on the TFMC windings (see
Section6.1.3.

Fig. 4.33shows a standard safety discharge per-
formed about 30 min after the start of the pulse, when
the cryogenic system is in steady state. For this specific
case the integrated heat load of the cryogenic system

such as the ones used for the TFMC testg; a0 the amplitude
of the first harmonic, at 600 Hz, is 0.¥g, which correspond to a
peak of 5V.

due to the safety discharge is about 650 kJ, which rep-
resents about 1.5% of the magnetic energy stored in the
coils (i.e., 43.02 MJ).

Table 4.6summarises the energy losses in the five
circuits computed with the model for three different
pulse terminations starting at timg with initial cur-
rents 5.7kA in the LCT coil and 25kA in TFMC:
the first (IMD1) is a typical inverter mode discharge,
performed several times during Phase 2; the second
(IMD2) is a simultaneous current ramp down, never
performed, and the third is a standard safety discharge
(SSD) which was performed several times.

The sum of the energy loss in the LCT coil case, in
TFMC radial plates and in TFMC casg3y(+ E4 + E5)

#185 19 11.02 10 39 (25kA 57kA)
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Fig. 4.33. Winding currents, measured heat loads and cooling ener-

gies during a safety discharge of LCT coil and TFMC.
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Table 4.7

Computed energy losses (grouped) for two inverter mode and a stan-
dard safety discharge

Run  SE,i=1,...,5  Ei+E; E3+Es+Es
(k] [%] (k] %] [kJ] (%]
IMD1 1490  3.46 1360  3.16 1305 0.30
IMD2 4337  10.08 4300 10.00 37.2 0.08
SSD 42964  99.88 42310 9836 654.3 1.52

SE;, total energy losse€; + E», energy losses outside the cryostat;
E3+E4 +Es, energy losses inside the cryostat.

for the safety discharge is 654.3kJ and this is in very
good agreement with the experimental values of the
integrated heat load shown fig. 4.33 Also for the
safety discharge, the biggest contribution to the energy
losses inside the vacuum vessel is generated in the
TFMC radial plates (i.e., 265.5kJ) and it is transferred
to the conductor by the heat diffusion procg68]
described in Sectio6.

The first two columns offable 4.7show the total
energy losses for the three cases—in kJ and in % of the
total energy stored in the coil. At first sight, the inverter
mode discharge (IMD1), where the total energy losses
are at the minimum, appears as the most convenient.
But, if one analyses separately the losses in the external

bus bar system and the losses in the cryostat, the simul-

taneous ramping down strategy (IMD2) appears to be
more convenient for the cryogenic plant (i.e., energy
losses of 0.08% of the total stored magnetic energy in
the coil against 0.30% of IMD1). The safety discharge
is the more severe for the operation of the cryogenic
plant (i.e., total energy losses 1.52%), but has to be
retained as backup protection in case of failure of the
inverter mode discharge.

An additional advantage of simultaneous ramping
down of the currents in magnetically coupled circuits
has to do also with the behaviour of the thyristor con-
verter during switching off of the firing pulses. Usually
this action is performed by the thyristor firing pulses
controller when the current in the circuit is below a
minimum threshold. When the thyristor firing pulses
are turned off, induced currents from magnetically
coupled circuit, although of modest amplitude, might
inhibit the last active pair of thyristor to switch off.
In this case the AC input voltage (i.e., 50V peak at
50 Hz) is applied directly to the load present at the DC
side.

and Design 73 (2005) 189-327
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Fig. 4.34. TFEMC AC/DC converter failure to switch off during an
inverter mode discharge in combined operation of LCT coil and
TFMC.

The fault just described occurred a few times
during the power system set up Phase 2 (see
Fig. 4.39. As mentioned in Sectiod.3.2.] during
an inverter mode discharge (i.elyftlr=—18 A/s and
dl>/dr=—1000 A/s), with initial current flows in the
LCT coil at 2.3kA and in TFMC at 10KkA, the inte-
grated heat load for the TFMC windings, shown in
Fig. 4.1Q reached about 600 kJ which is of the same
order of magnitude as the energy losses of the standard
safety discharge. The computed current in the TFMC
windings with a sinusoidal voltage source of 50V and
50 Hz, as shown ifig. 4.35is 123 A (rms) which pro-
duces, for 2 min, 5.13 kW (rms) of losses in the radial
plates due to the eddy currents. The quench detectors,
based on compensated voltages, and integration over
0.5s period, did not intervene. Unfortunately, due to
the tight time schedule of the tests, it was not possible
to change the control software of the 30 kA and 50 kA
power supplies to allow a simultaneous ramp down dur-
ing an inverter mode discharge and therefore most of
the protective actions had to be implemented with the
safety discharge.
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20015.1‘0.02 14:19 Thyristor controller failure to switch off (2) The process control and handling of the cryo-
a ", genic system including the visualisation of the flow
R [ T bt schemes and the operation of valves and controllers
AT T via displays by the operators.

(3) Calculation of new values in engineering units by
combining of different sensor values in a function
for getting a new parameter for process control and
monitoring (e.g., mass flow, cooling power, prin-
cipal strain, von Mises stresses).

(4) Connection to the local area network (LAN)
and access to the database by World Wide Web
(WWW).

—gst) | v 4
-100f — 12 (rms) ---

All signals collected by the slow scanners (sub-
systems: 1, 3, 5) within a time gap, that is <5s, are
provided with the identical time stamp and archived in
the database.

Fast procedures are collected by a transient sys-
Fig. 4.35. Computed TFMC windings current and radial plate’s tem (SUbSy_Stem 4). They are dIVIded_ in three Frlgg.er
losses during a converter failure to switch off. groups, which can be independently triggered with dif-
ferent scan rates. In this way, the acquisition of different
experimental procedures could be handled success-
fully.

The whole system achieved its full performance in
steps by previous tests (test of LCT coil with super-
fluid forced-flow-cooling up to 11 T, acceptance test of
the W 7-X DEMO caoil).

The main problem arose due to the high require-
ments needed for the compensated voltage signals for
the determination of the resistive take-off voltage in
order to measure the current sharing temperafyee
Fig. 4.37represents the arrangement of the voltage
taps (compensated voltages, pancake voltages, volt-
age drop across the joints). The compensated volt-
age signals were very noisy because of the 12-pulse
thyristorised power supplies. The problem was suc-
cessfully solved by filtering and calibration work of
the signal conditioning lines. The needed signals (com-
pensated voltage, temperature) were assigned to an
available scanner, which was operated outside the exist-
ing data acquisition system. It improved simultane-
ously the time synchronisation. Details are described in
Sectionb.

4.6. Signal conditioning, data acquisition and
protection performance

4.6.1. Signal conditioning and data acquisition

The ITER TFMC has been equipped with sufficient
number of sensors for protection and diagnostic as
described in SectioB.7. All sensors are connected to
the signal conditioning and the data acquisition system
of the TOSKA facility including also the sensors of the
facility (Fig. 4.39 [59,64]

There are two electrical isolation classes: sensors
that are at the high voltage potential of the winding,
and sensors, which are at or near ground potential. The
signal conditioning path for the sensors at high volt-
age potential contains isolation amplifiers for a rated
voltage of 10 kV.

The data acquisition system of TOSKA facility has
been composed by reliable hardware and software com-
ponents available in the first half of the 1990s. All
components are linked by the TOSKA ETHERNET
SEGMENT. The task of the TOSKA data acquisition
system has been as follows:

(1) Acquisition of the sensor data with various scan 4.6.2. Protection
rates, changing them to engineering units, making  The cryogenic and the electrical system are pro-
them directly available for process control includ- tected according to the state-of-the-art. For the quench
ing monitoring and archiving them in a database. protection of the TFMC, a modified quench detection
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Fig. 4.36. The signal conditioning and data acquisition system of the TOSKA facility for the test of the ITER TFMC. All components of the
system communicate across the TOSKA ETHERNET SEGMENT.

system has been used similar to those of the LCT coil “or” gate. The quench detection system of the TFMC
[65]. The bridge circuit for the compensation of the is represented iRig. 4.38 The quench detection level
inductive voltage was replaced by co-wound tapes. For and a delay time were adjustable in steps, respectively.
redundancy, two co-wound tapes were integrated in The actual level used was 100 mV for the TFMC, and
the conductor insulation of each pancake (Secigh 10 mV for the superconducting bus bars. The adjusted
Each co-wound tape of a pancake is connected to its delay time was in both cases 0.5 s. The achieved resid-
own quench detector. The electronic function of each ual inductance was about 4 for the TFMC quench
guench detector and its wiring is continuously moni- detection system and O3 for the bus bars.

tored. In case of a fault in the electronic circuit (e.g., The integrity of the electronic circuit of the quench
break of wire, malfunction of an amplifier) an alarm detector is monitored by a small current running per-
is immediately set. The logical output of both quench manently through the co-wound tapes as mentioned
detectors is linked by an “and” gate. In this way, a fault above. This leads to an additional voltage drop, which
or disturbance in one of the two quench detector does has to be taken into account by the adjustment of the
not lead to the triggering of a safety discharge. This quench detection level.

increases the operation reliability, which is indispens-  The system worked very reliably over the whole
able for the operation of large superconducting magnet TFMC test in both phases. All quenches were detected.
systems. The outputs of all “and” gates are linked by an No safety discharge was triggered by a fault of
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the quench detection system. The logic links of the Mises stresses of the coil case were within 20% in fair
quench detectors and the function monitoring allow agreement with the calculations.

the exchange of a faulty quench detector during cur-
rent operation with no risk for the coil.

4.7. Behaviour of the LCT coil

The LCT coil was systematically prepared by inves-

No instabilities of the LCT coil conductor were

observed during the operation of the most loaded case
(TFMC: 80 kA, LCT: 16 kA).

4.8. Summary

tigations and experimental tests to extend the current ¢ The TOSKA facility was operated very reliably with

operation from 16 kA up to 20 k466]. The goal was
achieved by forced-flow-cooling with supercritical He
Il and by a mechanical reinforcemda,53,67] Care-

ful FEM analysis was performed by means of a global
model of the TFMC test configuration and detailed
model of the LCT coil (SectioB) [68].

The highest in-plane (circumferential) forces on the
LCT coil were achieved in the single coil test. This is
demonstrated ifig. 4.39 where the overall horizontal
deformation for both load cases, LCT single coil and
(LCT coil+ TFMC), are presented. During the testing
with the TFMC the LCT coil experienced the high-
est out-of-plane load, which was an overall attractive
force of 82 MN between the coils. The measured von

an availability of 98% thanks to the experience
gained and improvements performed in the preced-
ing tests (1996/1997: LCT coil at 1.8K; 1999: W
7-X DEMO caoil including the facility).

For short times the cryogenic system can work far
outside its rated capability by the optimised use of
stored LHe.

The two newly developed forced-flow-cooled 80 kA
current leads and their high current density water-
cooled flexible bus bars worked very well at the first
attempt.

The electrical supply system up to 80 kA including:
power supply, safety discharge circuit, normal and
superconducting bus bars, current leads, is unique
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Fig. 4.39. Comparison of the horizontal deformation measured across the aperture of the LCT coil for the single coil test and the test with

adjacent to the TFMC vs. percent of load.
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around the world and meets ITER TF coil current
levels.

e High voltage test equipment and a cryogenic high
voltage laboratory are available for further devel-
opments of the ITER magnet dielectric insulation
system.

Symbols used in equations:

Symbol Explanation

Ei(r) Energy losses of circuiti=1, 2,...,5

1(z) 5 x 1 vector of circuit currents

I;(2) Circuit current of circuit, i=1, 2,..,5

L Inductance matrix (5 5)

Pi() Power losses circuiti=1, 2,...,5

R Resistance matrix (& 5)

Ri1 LCT coil circuit resistance (mainly Al bus bars and
water cooled flexible cables)

R2» LCT coil circuit resistance (mainly Al bus bars and
water cooled flexible cables)

Ra1 Discharge resistor circuit 1 (LCT coil)

Ra2 Discharge resistor circuit 2 (TFMC)

V(t) 2 x 1 vector of circuit voltages

Vi Circuit voltage of circuit, i=1, 2

General acronyms, abbreviations, and initialisms are explained in
Glossary.

5. Current sharing tests and assessment of the
performance/operating limits of the TFMC
conductor

5.1. Introduction and general properties

A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327

last cabling twist pitch length. However, the compari-
son of the cable performance with the original strand
one turns out to be rather complex because of all the
heterogeneities encountered by the strands inside the
cable. One major source of non-uniformity is the mag-
netic field gradient in the cable cross-section due to the
so-called self-field (which can be generally neglected
in the case of the single strand), but other sources
exist such as non-uniformities of temperature (at least
along the cable in the case of a cable-in-conduit), strain
(for NbsSn strands), current distribution among strands
(depending on the joints), and angle between strand
and magnetic field (depending on the cabling pattern)
[69]. In a general way, for Né5n cables, the compari-
son leads to estimate the strain state of the filaments in
the conductof70,71], however it can be easily under-
stood that this final result will depend on the level of
modelling of all the heterogeneities in the cable, and
that the use of refined computer codes becomes rapidly
compulsory.

The measurement of the current sharing temper-
ature in the TFMC still reached a higher level of
complexity. First from an intrinsic point of view,
because of the evolutions of field, temperature, and
strain along the conductor length, and second from
a practical point of view, because only the overall
voltage drop across one full pancake (including the
joints) and the heliuminlet temperature were measured
[72].

The tested pancake was the P1.2 pancake, which
is located close to the LCT coil. This pancake is sub-
mitted to the maximum magnetic field when the LCT

The classical measurement of the current sharing coil current is set at 16 kArig. 5.1gives the distribu-

temperaturdcs on a single strand requires to operate
under a constant and uniform magnetic figldvith a
DC current flowing through the wire. Then the operat-
ing temperaturd'is slowly increased while the voltage
drop V over a given lengthL (preferably equal to a
multiple of the strand twist pitch length) is recorded to
extract an average electric fiet:= V/L. By definition,
the current sharing temperatures(B, 1) is the value
of T for which E= E. = 10nV/m. The accuracy of this
measurement relies on the uniformity®fT and other
determining parameters (such as the strain in$b
strands), over the length

tions along the pancake length (1st inner turn) of the
maximum magnetic field modulu&nax, the magnetic
field on conductor centeBcenter[73], and the applied
longitudinal strain on the conductor (called operating
strainsqp) [74] (see also Sectiod.4), for 80 kA in the
TFMC and OKA in the LCT coil. The same distribu-
tions are plotted irFig. 5.2 for 80 kA in the TFMC
and 16 kA in the LCT coil. The abscissa origins in
Figs. 5.1 and 5.Zorrespond to the beginning of the
inner joint, which is therefore fully included in the
curve. It can be seen that the peak field is not far from
the inner joint (about 1.6 and 2.0 m from the center of

The measurement of the current sharing temperaturethe joint inFigs. 5.1 and 5.2espectively).

on a multistrand twisted cable as a whole should follow
the same rules, except the lendtis a multiple of the

Looking first at Fig. 5.1, one can see a signif-
icant but almost constant transverse field variation
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Fig. 5.1. Maximum and center magnetic field mod#iax andBcentes and operating strain Epsp (=eop) along P1.2 length for 80 kA in TFMC

and OKA in LCT caoil.

(Bmax— Bcenter~ 0.70T) over the first turn. The evo-
lution of Bmax andsqp are not fully correlated although
the peak field corresponds well to the maximuragf

in that case, strain and field look quite non-correlated
due to off-plane stress (see Sect®@), and particu-
larly at peak field, the maximum of field corresponds

Since the cable twist pitch length is 450 mm, one can to a high longitudinal gradient of strain (variation of
see that, at least at peak field, field and strain can be £0.7% onB, and+23% oneqp over 450 mm). These

considered as uniform over such a lengthi8t2% on
B, and+4% onegp). Looking then aFig. 5.2 one can

results show that the operating conditions in the TFMC
were far from the ideal case as concerns conductor cur-

see again an almost constant transverse field variationrent sharing temperature measurements, particularly

(Bmax — Bcenter~ 0.80 T) over the first turn. However,

when the LCT coil was powered.
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Fig. 5.2. Maximum and center magnetic field mod&fax andBcentes and operating strain Epsp (=eop) along P1.2 length for 80 kA in TFMC

and 16 kA in LCT coil.
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The knowledge of the strand electrical properties is
compulsory for comparing conductor performance to
the single strand one. The non-copper critical current
densityJ. of the TFMC strand as function of magnetic
field B, of temperaturel, and of longitudinal strain
g, has been described using the following formulas
derived from the Summers modeb-77}

T\2 2 B \2
JC=C0<1— <TCO> ) B_0'5<1—BC2) (5.1)

T 2 T
Bey=Bepo1— — | (1— 5.2
2 c20< Teo ) ( 3Tc0> (5.2)
Bc2o = Beooml1 — alel*") (5.3)
Teo = Teom(1 — ale/*7)"° (5.4)
Co = Coo( — ale*7)"* (5.5)

with a=900 whene <0 (i.e., compression on NBn
filaments), andz=1250 whene >0 (i.e., tension on
NbzSn filaments).

From the first measurements performed ona TFMC
type strand, the following values of parameters were
derived (using Eq(5.2)instead of Eq(5.2b) [75]:

(5.6a)
(5.6h)

From the measurements performed on the TFMC
strands and witness samples, the valu€gfwas esti-
mated to be for a copper/non-copper ratio of 1.51, and
for the P1.2 pancake conductor (again using (BR)
instead of Eq(5.2b) [76]:

Coo = 1.10 x 10*°Am—2T1/2 (5.7)

The electric fieldEs developed along a strand car-
rying a currentls is calculated using the usual semi-
empiricaln power law:

J n
)

JC(BJ_, T, 8)

where Ec =10pnVIm, Js=1g/Anc, With Apc, the non-
copper area of the strand, aBd is the component
of the magnetic field perpendicular to the stramds
called then index.

Several problems are related with thigs measure-
ments in the TFMC. Starting with the voltage drop, one

(5.8)
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has first to cope with the accuracy of this measurement
which is extracted from the voltage drop along about
80 m of conductor, using a compensating co-wound
strip to balance the inductive voltage. Moreover, this
voltage dropV includes contributions of the two joints

at pancake ends. The magnetic field and strain are not
enough “peaked” to be able to associate this voltage
drop (after joint resistive voltages removal) with a local
electric field at peak magnetic field, i.e., the length

as defined above is not known and may be not a con-
stant. As a consequence, the local electric field at peak
magnetic field cannot be extracted directly from the
measured voltage drop. As concerns the temperature,
the problem does not look simpler because only the
inlet temperaturdli, is measured and there is Joule
heating in the inner joint as well as along conductor
when the electric field is not negligible. Moreover, the
conductor is a dual channel cable-in-conduit, in which
the annular area and the central channel are not isother-
mal, and in addition the heat transfer through the joint
between jointed conductors (P1.1 and P1.2 pancakes)
may be not negligible.

Finally, in order to extract the current sharing tem-
perature fromthe measurements, oneis led to build cou-
pled thermal-hydraulic and electric models, in which
the strands are modelled using the preceding formu-
las. The unknowns in these models are the strand
value and the NiBn straine. These parameters are
adjusted in order to fit with computing curves the exper-
imental curved/(Tin). Then the local (along conductor
length) strand temperature and electric field can be
extracted from the computation, and a local current
sharing temperature can be estimated as the value of
the (local) strand temperature when the (local) electric
field reaches for the firsttime 310v/min the conductor.
Therefore, the current sharing temperature “measure-
ment” is only indirect and relies on model and code
accuracies. All this work will be depicted in the fol-
lowing sections.

In a first approach, assuming that the mechanical
strain applied to the jacket is fully transmitted to the
filaments, the effective strainin NbzSn filaments can
be written as the sum of three differentterms as follows:
€ = &th + €op 1 Eextra (5.9)
whereey, is the so-called thermal strain which can be
simply defined as the value efat zero currentgop
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Fig. 5.3. Multi-step strategy: schematic view of the heating power waveform. The gen¢hicstep is defined by the slopedigidr), and by
the duration (,’f) and heightQ, =01 + ZAQk) of the plateau.

has been defined previously angia is an additional conductors, according to a suitable heating scenario,
contribution (see below) at a given combination of LCT see e.g.Fig. 5.3 During all Phase 1, and the first tests
coiland TFMC currents. From arigorous point of view, of Phase 2, the inlet helium temperature was increased
one should calldop + gextra) the real operating strain. step-wise until a quench of the coil occurred. The heat
At first glance sextra Should be zero, but it will be  load on the facility turned out to be very high, i.e., at
shown in the following that it was not the case. It will the outermost operation limit of the cryogenic plant,
be also shown howt,, can be estimated from the exper- especially for thel' cs measurements at low currents.

imental results. Eventually, after a severe quench that caused a signif-

icant release of helium to the atmosphere, a careful
5.2. Set-up and heating strategies for the monitoring of the voltage across the heated pancakes,
measurement of the current sharing temperature and in particular P1.2 where the quench was expected

first, allowed ramping down the heater power as soon
Essentially all the measurements of the current shar- as a suitable portion of th&-Tj, characteristic was
ing temperature were performed according to the multi- available for analysis (i.e., as soon as voltages of,
step heating stratedywhich had been successfully say, 200-30Q.V were measured, with a bit more of
applied to thelcs tests of other ITER coils (e.g., the thrill the higher the bet was). Once back at zero heater
CSMC[79]). For the TFMC, the strategy was devel- power, the ramp down of the current followed, and this
oped during the Phase 1 tests, based on the M&M codeapproach allowed avoiding the quench in all of iz
[80] analysis presented ii81], and then it was used tests where it was applied during Phase 2, with a sig-
also during Phase 2. nificant reduction of the load on the facility. Of course,
Resistive heaters were available on the conductor ateach combination of currents in the TFMC and in the
inlets (upstream of the joint) of P1.1 and P1.2, and LCT coil, a differentTcs could be foreseen, and corre-
they were controlled to inject hot helium in the two spondingly a different heater scenario (=succession of
steps of different power followed by plateaus of given
_ duration) had to be designed and tested beforehand
; A Si{‘i{'i;ﬁ:ﬁ“;;i";“ 'tz thet;fe'v'c Evisitpfr:r?g;‘id tdt‘gigg without current. The scenario for the last test (80 KA in
guizziﬁicult to anglyse dgufa io |ch|< of rgl)iléimL/(Je-Tm :ignals ;nd to the TF_MC’ 16 kAinthe LCT coil) Cou_ld notbe Che_Cked
the fully transient nature of this stratef§8]. It will not be further experimentally because of lack of time, so that it was
discussed here. fully based, for the first and only time, on the predictive
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Table 5.1

Summary offcs tests performed on the TFMC

Date Itemc [KA] Ict [KA] Comments

August 8, 2001 80 0 Sd8e4]

September 10, 2001 80 0 a

September 11, 2001 80 0 ab

September 12, 2001 69.3 0 a

September 13, 2001 56.6 0 a

September 14, 2001 80 0 a

September 17, 2001 80 0 a

September 27, 2001 56.6 0

September 28, 2001 80 0

October 14, 2002 80 0 Repetition after Phase 1
October 23, 2002 69.3 0

November 6, 2002 70 16 First combined test and nominal peak load conditions
November 8, 2002 60.6 13.9 Two-coil current scan
November 11, 2002 49.1 11.3 Two-coil current scan
November 18, 2002 80 14 Extended operation
November 19, 2002 80 0 Repetition after cycling
November 20, 2002 70 16 Repetition after cycling
November 21, 2002 80 16 Extended operation to peak mechanical load on cable comparable to

ITER TF coils (~800 kN/m)

2 No reliableV-T;, characteristic available.
b Single step heating strategy.

capability of the M&M code, which proved to be reli- test at 70/16 kA, corresponding to the nominal peak
able. In general, it can be said that a careful operation load conditions during Phase 2, was repeated twice in
of the cryogenic facility brought it to operate, during order to assess the effect of cycling on the conduc-
these tests, far above its expected nominal capacity (seetor. The TFMC was also tested extending the operation

Sectiond.3.2.3 Fig. 4.17) [48]. beyond the nominal values, so that the two tests at
80/14 and 80/16 kA could be carried out according to
5.3. Experimental results the extrapolation of the mechanical test results without
overstressing of the coils and structures.
The full set ofTcs tests performed on the TFMC Below some details are given on the major direct
during Phases 1 and 2 is summarisedable 5.1 It outcomes of these tests, namely electrical and thermal-

may be noticed that, although the test of the conduc- hydraulic signals, which are then used to reconstruct
tor critical properties was initially beyond the scope of the voltage—inlet temperatuve-Ti, characteristic most
the TFMC test campaign, s measurements could  useful for the analysis.

be performed. The 80/0kA scenario was tested five

times in the Phase 1 campaign, in order to assess if any5.3.1. Electrical signals

degradation due to quenches had occurred, and two As already mentioned before, the total voltage drop
additional times during Phase 2 to check first the effect across the whole P1.2 pancake (including the joints)
of the warm-up and cool-down, and then the effect of was measured. This measurement, which was used
cycling on the conductor properties. The first tests at for quench detection and diagnostics, turned out to
69.3/0 and 56.6/0 kA, performed during Phase 1, were be rather noisy (for an accurate measurement of cur-
repeated for different reasons: the former (repeated in rent sharing) and to have a large offset. As a matter of
Phase 2) in order to have a reliatMeT;, characteris- fact, the offset was in the order ef16 mV, the joint

tic, while the latter (during Phase 1) in order to reduce voltage drops in the order of 0.1 mV, and the noise
the temperature difference between P1.2 and P1.1, thuswithin £0.3 mV, while the useful range for the signal
reducing the heat exchange in the inlet joint and the was 0-0.25 mV. The major source of low frequency
corresponding uncertainties in the analy§i8]. The noise was suspected to come from the power sup-
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ply current regulation. This situation required a strong 1. Operating pressure~0.5-0.6 MPa,

post-processing of the signal. The offset and the joint

voltage drop were removed by subtracting the value of 2.

the signal at full current, before raising the inlet tem-
perature (i.e., at 4.5K). By using moving averaging
over 50 pts, the noise could be reduced20 .V on

the (standard) transient data acquisition system and to

243

to avoid
thermal-acoustic oscillatiori81,83]

Adequate mass flow rate in the heated pancakes,
such as to reach the target temperature (close to the
expectedics) during the heating scenario with the
available heating power but without overloading the
facility.

+10wV on the so-called “SPARTAN" data acquisition
system. Nevertheless, in spite of this data post pro-
cessing, the accuracy of this measurement, although
good, remains not satisfactory when dealing with start
of voltage increase and fine transient analyses. Partic-
ularly under concern are the accurate level of the offset
(<10pV accuracy is required, which means a few 10
times the offset value), its variation with time, and the
rather long integration time (5s) associated with the
averaging process. One can note that during heating to
reachTcs, the increase of voltage due to the increase
of joint resistance is about 510/, which makes the
constancy of the offset only approximated during the
whole run. Regarding the averaging process, one can
check that the integration time remains low enough not
to perturb the dynamics of the voltage evolution (see -
Sectiorb.3.3, although from a hydraulic point of view,

the travel of helium through the central channel during
5sis quite large (3—7 m range, see Sectibrss2 and
5.4.2. Examples of electric signals can be seenin Sec- -
tion 5.3.3and following.

Before the start of th&cs measurement, a careful
regulation of the control valves allowed to establish
the target pressure drop (more reliable than the mass
flow rate measurement) in the heated pancakes. When
the heaters were switched oRig. 5.4), the temper-
ature at the joint inlet evolved at the same time as
shown inFig. 5.4. The control valves were main-
tained in the same position, so that the pressure drop
(Fig. 5.091) across, and the mass flow rakgg( 5.9)
through the heated pancakes evolved according to a
dynamics driven by the heater and by the parallel paths
of the different double pancaké®5].

Concerning the accuracy of the thermal-hydraulic
signals:

the mass flow rate, derived from the pressure drop
measurement across the Venturis, is computed with
an accuracy oft5% of the full range £20g/s for
P1.1 and P1.2);
the pressure drop on the heated pancakes is known
with an accuracy of=100 Pa;
- the temperature sensors have an accuragy3ohK;

5.3.2. Thermal-hydraulic signals - the absolute pressure is known with an accuracy of

The schematic location ofthe mostrelevantthermal-  +1.2 kPa.
hydraulic sensors, all outside of the coil, is already
given inFig. 3.13(see SectiorB). Temperature mea-  5.3.3. Voltage—inlet temperature (V-T;,)
surements were available at the common inlet manifold characteristics
and at the outlet of each pancake (or couple of pancakes During Phase 1 it was difficult to extractVa-Ti,
on adjacent radial plates) and of each busbar. Pressurecharacteristics from the experimental data, since volt-
sensors were available at the common inlet and outlet age and temperature signals were taken from different
manifolds, while Venturi flowmeters were located at data acquisition systen83]. This analysis is con-
the inlet of each double pancake. On the heated pan-centrated on thé/-Tj, characteristics fofcs mea-
cakes, additional sensors were available and namelysurements of Phase 2. Both temperature and voltage
of the mass flow rate before the heater, of the temper- signals are taken from either the transient DAS or the
ature after the heater but upstream of the inlet joint, so-called SPARTAN datd85], post-processed. The
and of the pressure drop along the conductor. Control resulting characteristic is plotted IFg. 5.6 for the
valves were used to regulate the flows in the heated case at 70/16 kA (November 20, 2002). Note that the
pancakes. voltage has been base-lined to zero. Finally, the evo-

The measurements Bgsrequired a careful control  lution of the inlet temperature and the corresponding
of the thermal-hydraulic parameters of the circuit, in evolution of the resistive voltage are showrtrig. 5.6
order to ensure: for the case at 80/16 kA.
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Fig. 5.4. Tcs measurement at 70/16 kA (November 20, 2002). (a) Evolution of the heating power @iggngeasurement; (b) evolution of the
inlet temperature in P1.1 (dashed) and P1.2 (solid) during the heating.
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Fig. 5.5. Tcs measurement at 70/16 kA (November 20, 2002). (a) Evolution of the pressure drop across P1.1 (dashed) and P1.2 (solid) during
the heating; (b) Evolution of the mass flow rate in P1.1 (dashed) and P1.2 (solid) during the heating.
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018 proersmpr sy g gy greesresreres ) and eexira @s a fitting parameter. M&M computes the

: : : : : 5 strand temperature profig(x, 7) along the conductor,
for a given measured inlet temperature evolution of the
helium Ti, (7). Using the computed profilB(x) of the
average and maximum magnetic field along P1.2, an
average electric fiel¢Es) (x, ) on the conductor cross-
section is computed by M&M, using E¢5.8) and a
value for the second fitting parameter, the exponent or
index “n". The resistive voltaged/(¢) along the con-
ductor is then computed integratini§s) (x, ) along
P1.2, and one attempts to fit the measured, char-
acteristic with the computed one, using the two fitting

EK721 [mV]
o o
5 8 s
w n o

o
Ta

0S5 Es B 85 7 75 B parameterseexira, 1), taken independently one of each
@ TI712 [K] other. From this fit, one deduces:
L P 250 (a) the possible “degradatiomexig Of the conductor
1 : : : : : : performance with respect to the strand;
63 200 (b) the conductor;
- _ E (c) the “measuredlcs, defined here as the valuetyf
N = computed atthe firsttime and location whéBs) (x,
N 100§ 1) =E.. Except for the two fitting parameters, the
H P rest of the input is the same for all simulations. The
50 simulations are performed using the (cyclic) inlet
‘ ; temperatures as well as outlet pressure and pressure
45 0 drop as time-dependent boundary conditions.
7 AN SN A SN S ST N ) It should be also noted here that E§.2)in Section
o) 0 100 200 3‘}?me ?;]0 500 600 700 5.1is only an approximation of the original Summers

formula, which is in facf77]:
Fig. 5.6. (a)V-Ti, characteristics (SPARTAN data) fdics mea-

2
surement at 70/16 kA (November 20, 2002). (b) EvolutiorTpf B Bonl1— (L
(left axis) and V (right axis), SPARTAN data, f@ts measurement €2 c20 Tco
at 80/16 KA.
2
T T
x<1-031— | 1—-277In{ —

Teo Tco

5.4. Evaluation of the current sharing temperature (5.2b)

from the experimental results
This latter formula is used in M&M, however asso-

5.4.1. M&M analysis ciated with the values aB.oom and 7o given in Egs.
The results and analysis of tiiestests of Phase 1  (5.6a)and(5.6b) respectively.
were already presented in RE85]. A collection of the results of the M&M analysis

The strategy for the M&M80] analysis of thel'cs of all Tcs tests of Phase 2, using the actual Sum-
tests has been already established in previous workmers scaling[77] (see Sectiorb.1), is reported in
[78], so that it will only be briefly reviewed here. An  Figs. 5.7-5.141t may be noted that no significant
“average” strand is considered representative of the changeswere observed inthe coil performance in Phase
conductor performance (uniform current distribution 2 with respectto Phase 1, nor after cycling with respect
among strands is assumed in the model). The strainto that before cycling (compafég. 5.9with Fig. 5.8
on the average strand is assumed given by(E®), andFig. 5.13with Fig. 5.12 respectively)87]. The
whereey, = —0.61% is taken as the thermal stréng], corresponding values of the computed current sharing
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Fig. 5.7. M&M best-fit of the characteristic for the 69.3/0 kA. Fig. 5.9. M&M best-fit of the characteristic for the 80/0kA (after
cycling).
temperaturdcsand the conductorvalue are reported O =F T S R ]
in Table 5.2 = L : : : |

For almost all cases, the analysis was performed 200/ i b
simulating at the same time P1.1 and P1.2, in order to
properly reproduce the heat transfer in the inlet joint. In
the case 80/16 kA, during the heating a normal voltage
developed also along P1.1. The M&M simulation for
this case allows also the computation of the voltage . ; : y
drop along P1.1, which has been performed using the ) e s St e T
samen but a slightly smallefeexya (—0.175 instead ‘ I
of —0.18) compared to P1.2 (see Sectmb.1 for a 0T 5% AT s AyeT)
possible explanation). Ifig. 5.15 the experimental '

Voltage [uV]
3

Temperature [K]

Fig. 5.10. M&M best-fit of the characteristic for the 49/11 kKA.

and the computed voltage drop along P1.1 are reported,
showing a very good agreement.

5.4.2. ENSIC analysis

5.4.2.1. ENSIC model. An electrical network DC
model has been developed at CEA to represent the
whole P1.2 pancake. This network model includes a
realistic modelling of the joints, leading to an uneven
currentdistribution among the strandsinside each petal,

o] NN U (RS SRS TN . SRS JOOUTS SR I - but uniform among the pet§I$69]. Because of this
45 5 55 6 65 7 T 8 85 9 985 10

Temperature [K]

Voltage [uV]

3 A deviation of £10% among petals currents can be expected
Fig. 5.8. M&M best-fit of the characteristic for the 80/0 kA (before  from geometrical measurements, which has no significant impact on
cycling). the final result.
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Table 5.2
Summary of M&M and ENSIC results (Phases 1 and 2) for the conductord strand:, respectively, andcs at different combinations
Itemc/Iier

Date Itemc [KA] Iict [KA] M&M + Summers M&M (Summers) ENSIC (Summéts
Eop [%]a Eextra [%0] Tes[K] Ncond Tes [K] Nstrand

28/09/2001 80 0 0.042 -0.14 8.3 7 8188] 10[86]
12/09/2001 69.3 0 - - - - - -
27/09//2001 56.6 0 0.030 —0.0045 10.9 7 - -
14/10/2002 80 0 0.042 -0.11 8.4 7 - -
23/10/2002 69.3 0 0.036 —0.09 9.6 6 - -
6/11/2002 70 16 0.065 —0.16 7.2 7 - -
9/11/2002 60.6 13.9 0.056 -0.14 8.6 6 8.62£ 0.5 6+0.05
11/11/2002 495 11.3 0.046 —-0.10 10.0 5 10.0£0.5 5+0.05
18/11/2002 80 14 0.067 —0.185 6.3 7 - -
19/11/2002 80 0 0.042 —0.14 8.3 7 8.3&0.5 8+0.05
20/11/2002 70 16 0.065 -0.17 7.2 7 7.2&0.5 10+ 0.05
21/11/2002 80 16 0.074 —-0.18 6.0+0.03 8+1 6.10+0.5 10+ 0.05
The values ot at the computedcs location and of the best-fittingsyra from M&M are also reported.

a At the computedcs location.

b Summers with., from Eq.(5.2)instead of(5.2b)
uneven current distribution, the conductor inaexill model, calculating the temperature profile along the
be different (i.e., lower) from the strand inde¥yand conductor length from the inlet temperature, taking into

In fact, the code calculates (indirectly) the conductor account the Joule heating in the joints as well as in
indexn, at variance with M&M in which it is entered  the regular conductor. This model has been recently
as an input. The magnetic field map across the con- upgraded fron{86] since it is now considering heat
ductor, as well as the angular inclination between field exchange in the inner joint (with pancake P1.1), and a
and strand (see E(p.8)) due to the multistage twisting  dual channel thermal-hydraulics (i.e., temperatures are
structure of the cable are taken into accdé®j. This different in central channel and strand region) through
model has been validated using experimental results ona characteristic heat transfer lengtf, between the

full size conductor samplg¢30]. The ENSIC code also  two hydraulic channels. The heat exchange with the
includes a simplified steady state thermal-hydraulic adjacent pancake (along the conductor) can also be
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Fig.5.12. M&M best-fit of the characteristic for the 70/16 kA (before
Fig. 5.11. M&M best-fit of the characteristic for the 60.6/13.9 KA. cycling).
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Fig. 5.13. M&M best-fit of the characteristic for the 70/16 kA (after ~ Fig. 5.15. M&M best-fit of the characteristic of DP1.1 for the
cycling). 80/16 KA.

taken into account but has been neglected in this case. In addition, to cope with the divergence of E§.1)
The heat exchange in the joint has been extrapolatedasB tends towards zero (see Secti®r), an empiri-
from the value measured on the PF-FSJS joint (i.e., cal corrected formula (valid for the ITER strands) was

20% of the enthalpy difference at helium inlef83]. introduced by the ITER Team as follows:
The values ofi, have been extrapolated from direct 1

measurements performed on the PF-FSJS conductory . — =~
[88,89] they range from 0.6 to 1 m, depending on the 1Je1+ Ueo

test. For the sake of consistency with the strand exper-,ere Je1is the value off given by Eq.(5.1)and:
iments, the strand properties are described using the

simplified Summers model (i.e., using E§.2) and T \2 2
Jeo = JcOO<1— () ) (5.12)

(5.11)

not Eq.(5.2b) see Sectioh.l).

To
55 ; : ; 1 with Jeoo=3.355x 10'° A/m?,
' : The high value af ;oo shows that such a correctionis
200 only active at low field, particularly it was found to give
better results when compared to TFMC strand exper-
i: 150 imental values at 4.2K and low field& 8T) [90].
o Note that this correction is also used in the ITER con-
% 100 ductors desigf®1], butthe high level of field (12-13 T)
= makes it negligible because of a lowgi.
56 The minimum length step of the mesh has been setto
400 mm, which is roughly equal to the cable twist pitch.
1k Average values are taken over this length, which means
: : : : that no distinction between main subcables (petals)
_50 ; : i ; inside the cable is made. This is consistent with the
45 5 5.5 6 6.5 7 assumption of equal sharing of current among petals.

TempomEiure K] The tests results analysis will lead to estimasand

Fig. 5.14. M&M best-fit of the characteristic of DP1.2 for the SO to know ¢ - SOP)_: (8thf"8_extra)- The_refore, a_nOther
80/16 KA. way to deal with this strain is to consider thagt is not
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known, which is partly true (see Sectibrb), and so to 0.25
write ¢ in the following form: EK721_up ;' /
% 0.2 1 EK721_down : /
= s - = = Vealc-0.78%_n=10 N
&= ot fop (5.10) 8— 0.15 Veale-0.77%_n=10 7
wheree, = (eth + cextrg) CONtains the unknown part ef o o4
Note that ENSIC results are directly comparable to :%
M&M results as soon as one takes the same value for £ 0.05
&th (—0.61% in M&M). o
There are only three free parameters in the model:
the strand indexsirangin EQ.(5.8), the interstrand resis- -0.05 +

tivity in the conductoipt_¢ong[70], a_ndrs0 i_n Eq.(5.10) ° Eiilet tempefature: Tine ?KS) !
However, from AC losses consideration, test results

analysis on full-size conductor sampl&§], and pre- Fig. 5.16. Comparisons of ENSIC simulations (Vcalc, with values
liminary analysis of TFMC resultf86], the value of of &, andn) with experimental DP1.2 voltage drop EK721 for the
pt_condcould be fixed to 2502m and kept constant for 80/16 kA run (up is for increasingi,, down is for decreasingi,),

all runs. The remaining two free parametess fistrand Tinc is corrected inlet temperature (see text).

are then adjusted to best fit the experimental voltage

drop measured across the P1.2 pancake as function ofage dropV(r) at time ¢, correspond to the value of
the inlet temperature (see Sect®3.3. Note that the Tin at time ¢ — tq), wherergq can be assimilated to the
code is also computing the evolution of the voltage time needed by helium to reach the high electric field
drop across the inner joint, which is included in the region. Although this assumption first looks rough, the
measured voltage. Thus, not kept constant (i.e., equalresults turn to be rather unexpectedly good, i.e., using
to its value at 4.5 K) and corresponding roughly to the a single value ofy per test, a single-value function
measured value. V(Tinc) can be recovered, including all experimental
points within the interesting range of temperature (i.e.,
over about 1K, se€ig. 5.18for example). Note that

5.4.2.2. Data processing. The ENSIC code perform- haf on is th ical of wh Id be found
ing a steady state calculation is not fully adapted to sucha unction is thus typical of what could be foun

simulate a time varying experiment as the TEMIEs in the steady state regime (i.e., elimination of the time

measurement, except during temperature plateaus orva”ablr?)' chlependlng on th? rufn (migs ﬂ%"’ terrr:pira—
when the evolutions of temperature are slow enough. ture), the delay timey is ranging from 1010 20's, whic

As a matter of fact, since only the helium inlet temper- cor'responds'to dista.nces of abouF 4-5m atthe average
ature is measured, one can see thatitfié,) curves helium velocity. Besides thg previous argument,.such
are not single value functions (i.e., differeltcor- an apparent good res_ult using a COF‘S’amer run 1s
respond to the samgy), which is mainly due to a helped by the averaging &f and Tj, S|gnals over 5s,
much faster decrease than increase of inlet temperature bY the decrease of thg mass flovx{]asmcre.ases (see
when no quench occurs (sBa. 5.4 since during the Fig. 5.6, and by the noise of the signal (. 5.16.
ramp-down of the heaters the conductor temperature

cannot follow instantaneously the fast decreasgnf 5.4.2.3. Results. Because of the low frequency noise
so that for the sam&, a higher voltage is seen along remaining after filtering (moving average) in the exper-
the conductor than during the heater ramp-up. There is imental signals, the definition of a best fit computed
however a way to cope partially with this problem and curve turns out to be not so obvious, particularly the
so to improve the relevance of the model, taking advan- voltage signal offset (at the accuracy of onlyil\d)

tage of the peculiar case of the TFMC winding. Indeed, proves to have a big impact on the value of H@ang

the major part of the voltage drop occurs along the first parameter and dfcs. On the other hand, the valuespf
(inner) turn of the P1.2 pancake (d€igs. 5.1 and 52 looks less sensitive to these inaccuraciesksges. 16.

then one can assume that roughly the “useful” inlet ~ Once a given set of parameters has been retained, it
temperaturelinc(f) associated with a measured volt- is easy to extract with the code the distribution of the
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Fig. 5.17. Computed (ENSIC) evolutions of maximufmd) and
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with o =—0.77% and: = 10.

annular region temperature, and of the electric field,
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5.5. Assessment of the operation limits of the
TFMC conductor

5.5.1. Comparison with strand performance

The assessment of the TFMC performance is made
by comparing the behaviour of the coil to that measured
on the isolated single strands. However, this exercise
turns out to be not so easy because the strain state (i.e.,
¢) of the NIzSn filaments cannot be the same in the
conductor and in an isolated strand. When using strand
characteristics as given in Sectibri, the strain in the
isolated strand has been already “removed” and the
exercise thus leads to determinén the TFMC con-
ductor (see above). The problem is then restricted to
correlate this value of with expectations. It is well
known that the differential thermal contraction of the
materials composing the conductor (copper, bronze,
NbsSn, steel) from the heat treatment down to the oper-
ating temperature will lead to residual strains in all

along the conductor length. Then one can define a local these components, this is the originsgf in Eq. (5.9).

temperature of current shariffigs at which the local
electric field is 1QuV/m. The first occurrence of this
level of field is at the peak magnetic field location (see
Figs. 5.1 and 52 Note again that the averaging over
one cable twist pitch length gives a physical meaning
to this definition. The results have been reported in
Table 5.2The error bars take into account uncertainties
in voltage signals (offset, noise), and inlet temperature
measurement (<0.02 K), in relation with the sensitivity
of the calculation.

Since the ENSIC code aims at calculating the cur-
rent distribution among strands, it looks interesting
to check the evolution of this distribution during a
Tcs experiment.Fig. 5.17 gives the evolutions of
the maximum and minimum strand currents, respec-
tively, Imax and Imin (with respect to average value
Imean, as well as the value of the average elec-
tric field Epeak at peak magnetic field, during such
an experiment (80/16 kA run). It can be seen in
this figure that the unbalance remains low but not
quite negligible [maxImean=1.14, Inmin/Imean=0.70)
at current sharing temperaturépgax=10uV/m),
while it becomes negligible atEpeak=50uV/m
(Imax/Imean=1.03, Imin/Imean=0.96). The unbalance
is lower at lower TFMC currentslax/Imean=1.09,
Imin/Imean=0.87, at 1Q.V/m for the 49/11 kA run) due

Up to recently, it was considered that could be esti-
mated using the so-called relaxed fully bonded model
[76,92], reducing by 10% the strain given by the fully
bonded model (all components bonded) which led in
the TFMC case togy, =0.90x (—0.68)% =—0.61%.
This somewhat arbitrary value was recommended for
use in the predictive analysis and has been kept as ref-
erence also here. As already explained, the operating
straineqp is calculated from the coil deformation FE
analysis, assuming that the jacket deformation is fully
transmitted to the N¥sn filaments which is slightly
inconsistent with the thermal model. Then the entire
unknown is reported OBexira It is also obvious that
local strand deformations such as bending stfa&j

and transverse strain due to the electromagnetic forces
are not taken into account iy +eop), although as
already pointed out, formallyextra Should be incorpo-
rated inggp. In view of such effectsgexira has been
plotted inFig. 5.18) as a function of x Bmax, Where

I is the TFMC current and3max is the maximum
field at peak field (see Sectidn5.1.1for Durham
scaling). It can be seen first in this figure that both
ENSIC and M&M gives similar results, then that there
is roughly a linear decrease @4 (i.€., a degradation

of the strand performances) withx Bmax. The lin-

ear extrapolation t@ x Bmax=0 IS gextrao = —0.03%,

to a higher longitudinal resistance at the same electric Which shows that the design value ef, was not

field.

unrealistic.
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Fig. 5.18. Summary of performance assessment of the TFMC in
Phase 2. M&M results computed using the Durham scalii}]
results (squares), M&M results computed using the Summers scal-
ing (triangles), ENSIC results computed using the Summers scaling
(diamonds), all assumirgg, = —0.61%. The error bars for the results
computed using the Summers scaling are also reported (M&M error
bars were assessed for the highkstB and then assumed con-
stant for the other points). (&kxira VS. I X Bmax and (b) ATqs =
(TIFMC — 78tand) vs. [ % Bra (Se€ text for detalils).

A simplified (and conservative) way to estimate the
conductor behaviour is to calculate the current shar-
ing temperature at peak field and at: ey, + qp, this
method is classically used in superconducting mag-
net designg93,76] However, when the field non-
uniformity is high across the cable cross-section and
when the strand: value is low as measured in the
TFMC, this method may be found too conservative (for
adesign) ortoo optimistic (for a performance analysis),
and it is better considering the average magnetic field
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of the fitting parametet (with M&M) or nggrang(with
ENSIC). It can be seen that the values by M&M are in
agreement with the values by ENSIC for low TFMC
currents £61 kA) while ENSIC gives higher values
at higher currents due to the non-uniform current dis-
tribution among strands (see Sectioi.2.3. These
values can be compared withyang~ 12—25 (increas-
ing with current) measured on isolated strarfi@g],
showing that the: of the strands in the conductor is
significantly smaller (by a factor of2) than that of the
isolated strand, which cannot be explained by the non-
uniformity of the current distribution among strands,
and that alsa increases with the TFMC current. Such
a result could be also explained by local and periodic
stress effectf95]. It should be also noted here that the
low conductom index allowed a stable operation of the
coil well aboveTcs, although of course this requires
additional cooling power to remove the corresponding
resistive losses.

5.5.1.1. Critical re-assessment of the EM strand
database. The TFMC conductor uses a strand pro-
duced by Europa Metalli (EM) in Italy.

Until very recently, the characterisation of this
strand was mainly performed without mechanically
applied compressive straji5,96], or within a limited
or a not assessed range of compressive sféqif98]

So far, see, e.§76,78,83,86,99]the Summers scaling
[77] was adopted to extrapolate to the strain conditions
relevant to the TFMC, using recommended values of
the critical parametefg6].

During the last months, an extensive campaign of
characterisation of an isolated EM (TFMC) strand
under applied strain has been performed at the Uni-

across the cable cross-section, which was roughly takenversity of Durham, UK[100], and the data have been

equal toBcenter(seeFigs. 5.1 and 5 in our analysis
(sedq73] onthis subject). The differeneeTcsbetween
the Tcs measured on the TFMC (P1.2), and the strand
Tcs evaluated aBcenter at the location wher@cs is
actually reached is given iRig. 5.1&. It can be seen

preliminarily fitted using a different parameterization
[101] than Summers, as it was not possible to repro-
duce them with sufficient accuracy using that func-
tional form, sedrig. 5.19 Furthermore, the Summers
extrapolation with the recommended parameter values

in this figure again the good agreement between the [76] used so far in the TFMC analysis (“historical” fit

ENSIC and M&M results, as well as a significant degra-
dation of the current sharing temperaturel &SBmax
increases which has to be related with the evolution of
gextraWith I x Bmax @s shown irFig. 5.18).

The other key parameter for the characterisation of
the conductor behaviour is théndex. InTable 5.2are
given both thel'cs measured on the coil and the value

in Fig. 5.19 significantly overestimates the measured

Ic at large compressive strain, while by construction a
very good agreementis obtained with the new proposed
fit, at all temperatures. Note that the Durham data are
consistent with experimental data from other labora-

tories at zero applied strain (including average cable
data), all taken on the so-called ITER baf02].
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Fig.5.19. Strandc at4.2 K from[83] (dashed line) and Durham pro-
posed fit (solid lines) as a function of Durham experimental results on
mechanical applied strain at 12 T and different temperatures. Electric
field criterion at 1QuV/m.

In Fig. 5.2Q results of simulation with M&M, using

the Durham scaling, have been plotted versus experi-

mental curves showing the possibility to get also good
agreement with this scaling. Fig. 5.1&, for the sake
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Fig. 5.20. Comparison between measured and M&M computed
V-Tin characteristics of P1.2 using Durham scaling law. Complete
transient at 80/16 kA; increasing voltage as the heater is ramped-up,
decreasing voltage after heater turn-off.

one should assumg, ~ —0.5%. This value would then
imply a large relaxation of strain (minimum 30%) as
compared to the fully bonded model, which is not yet
understood. Also foFig. 5.1& similar considerations
can be made as fdrig. 5.1&. Note however the dis-

of comparison, the results based on the Durham scalingcrepancy observed between the pointseata=0 and

are given (taken fronj54]). The conductor perfor-
mance looks then closer to expectations from strand
measurements (i.&gxiralS closerto 0) than in the anal-
ysis using the Summers scaling, although>aBmax
dependence Ofexira is still there (slope~1/2 of that
with Summers scaling). However, now the positive val-
ues ofeextramust be related to a too low (compressive)
etn implicitly assumed here. As a matter of fact, if a lin-
ear extrapolation would hold backfx Bmax=0, then

atATcs=0 (i.e., they should be equal) which is related
to the use oBcenteras an approximation of the effective
magnetic field for calculating.Tcs (se€[72]). Finally,
it should be noted that thEcs measured on the coil
and the value of the fitting parameteras calculated
by M&M and reported inTable 5.3 essentially do not
depend on the strand scaling.

Based on the implication of the above differences as
concerns the knowledge of the strain state of theS\b

Table 5.3
Summary of M&M results (Phase 2) for the conducioand T¢cs at different combinationgrpmc/ILct using either Summers or Durham
parameterization
Date Iremc [KA] I cT [KA] M&M (Summers) M&M (Durham)
Tcs[K] n Tcs[K] n
9/11/2002 60.6 13.9 8.6 6 8.5 7
11/11/2002 49.5 11.3 10.0 5 10.0 6
18/11/2002 80 14 6.3 7 - -
19/11/2002 80 0 8.3 7 8.2 7
20/11/2002 70 16 7.2 7 - -
21/11/2002 80 16 6.0 8 6.0 9
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filaments in the TFMC (and similar) conductor and as angle (cog =0.95 typically for an ITER cable) and
concerns the impact on the ITER coil design, itis clear the strands are no longer aligned with the jacket.
that an independent confirmation of the Durham data Due to this wave, even without mechanical loading,
will be desirable since they appear in contradiction with the thermal compression originates a complex sys-
previous experimental resufi@7,98]. tem of bending strain in a CICC, which is very dif-
ferent from the bonded model. This strain can vary
5.5.1.2. The possible role of bending. Recent analy-  across the strand cross-section and along the strand
sis linked to ITER model coils experimental results with a wavelength of typically 5-10 mm. The mag-
has suggested that the rough formula used for ITER netic forces generate an additional source of bending
design were too simple to describe the situation in a strain.
CICC and that bending strain can explain at the same A finite element model has been developed to
time: simulate these phenomef@5], which can indicate
useful tracks for the cable design. However, this
model can only deliver a range of possible perfor-
mances, which is quite wide, without quantitative
dependency, as a complete representative description
of such a complex system is hardly possible. Indeed,
many mechanical and thermal properties are not suffi-
Mitchell has pioneered this reflection and a review ciently explored. The role of the void fraction, which
concerning this analysis can be found[@b]. Bend- is probably important, does not appear explicitly in
ing strain in NBSn has been studied extensively 20 the model. There is even a doubt about the exact
years ago by EkifiL04] at a time when react and wind  value of differential thermal expansion between steel
coils were envisaged. In this study, strands were bent and NkSn, which is a well-identified factor of the
after reaction on mandrels, creating a bending strain, degradation.
which depends on the mandrel radius. In this situation,  The optimum would be to predict the CICC
the strain over the strand cross-section is no longer uni- behaviour from the mechanical behaviour of one
form but classically presents a gradient around a neutral strand. A code is being developed: afirstapplication has
zone. On the external radius the compressive strain isbeen the successful prediction of the residual thermal
decreased while it is increased on the internal radius. strain of the VAC stranflL05]. A tendency now is more
The results of this academic study are still valid and in favour of a systemic approach: by comparing exper-
show that the specific combination of thermal strain imental observation with code prediction of CICC's
and bending strain plays a very important role. Thus, measured critical current at various tensile lof$.
samples with high thermal strain are less sensitive to This approach will be used in a new R&D programme
bending strain. The high thermal compressive strain using the FBI facility to be launched in Europe and can
can be seen even like a protection preventing the strain help to identify the driving parameters of the collective
to go into the tensile region where permanent degrada- behaviour.
tion is expected. In that sense the results obtained on the TFMC were
This sensitivity is also linked to the ability of current  very precious. They brought direct representative infor-
redistribution inside a strand within a twist pitch to mation for ITER and allowed to adjust the conductor
face the strain gradient. The low' ‘value could be an  design in a pragmatic way.
indication of this process. This ability is very dependent
on the strand twist pitch and on the effective matrix 5.5.2. Extrapolation to the ITER TF coils
electrical resistivity. The ITER TF coils will use a conductor similar to
In the analysis presented j85], bending strain is  the one of the TFMC but slightly larger (1350 strands
not originated like in Ekin's experiment by the react instead of 1080 strands). This conductor will operate
and wind method. at a higher maximum magnetic field (11.8 T) than the
The twist of the strands in the cable creates a wave TFMC one (10.0 and 9.68 T at 80/16 kA on pancake
whose amplitude is dependent on the overall cabling P3.1 and P2.1, respectively) and at a lower current

- the larger effective compressive strain in CICC;

- the dependency @f on/ x B even more pronounced
in case of low expansion materials like incoloy or
titanium;

- the low ‘n’ observed in NgSn CICC.
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(68 kA instead of 80 kA). The maximum electromag-
netic force on the cablé x Bmax Will be 802 kN/m
against 800 kN/m (on pancake P3.1), and 774 kN/m
(on tested pancake P1.2).

One cannot make a direct application of the TFMC
results to the ITER TF coils because of the lower level

A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327

degraded compared to the expectatipi&86] How-

ever, considering more realistically an average mag-
netic field over the cable cross-section, one can show
that a remarkable reduction of the temperature margin,
more than 1K at the highest electromechanical load,
has been found, which has to be related to an addi-

ofthe operating field, however one can use the results of tional compressive strain on the pn filaments. Also

the analysis (sdeig. 5.20 because the level &fx Bmax
requires only a short extrapolation (from P1.2). Thus,
the value of &, + extrg) Can be (slightly) extrapolated
to be about-0.81% (Summers scaling) in the ITER
TF coils. In the same way, the conduciovalue can
be taken conservatively to 7 (s&éable 5.3. Also, to be

the n index of the conductor, which can be deduced
from theV-Ti, characteristic, turns out to be more than
a factor of 2 smaller than the strandwhich cannot be
explained by the expected non-uniform current distri-
bution among the strands. Thisndex still increases
with Ic (as in the isolated strand) in spite of the increase

more realistic (but less conservative), it was seen that of the electromagnetic load.

the average electric field along the conductor should
take into account the magnetic field gradient over the
cable cross-sectigi06].

All these considerations have led to modify the
original design of the ITER TF coil conductor with
the conclusion that a higher performance (critical cur-

Recent preliminary data show that the dependence
of the TFMC strand critical current on strain could be
stronger than expected from Summers scaling. Taking
this into account, the analysis of tiies tests with the
M&M code shows that the TFMC performed closer
to strand performance than evaluated with Summers

rent density) strand is needed to keep the size of the (with ¢ =—0.61%). An/ x B dependent “degradation”

conductor identica[107]. These performances look
quite accessible for the present4@im strands and an
R&D program has been launched with industrial com-
panies and laboratories to fabricate and qualify such
strands.

5.6. Summary

The Phase Zcstests ofthe TFMC DP1.2 conductor

is still present, although about half lower than in pre-
vious assessments. However, the extrapolated strain at
zero electromagnetic load is the).50%, which looks
quite low (in absolute value). Therefore, such a result
leads to stress the importance of the bending stresses
and of the NBSn strain state in the CICC conductors,
as well in the TFMC conductor as in subsize jacketed
conductors tested several years §j0. In any case,

the analysis of the TFMC current sharing temperature

were successfully performed at several combinations tests has confirmed the need to redesign the ITER TF

of Itkmc and/ cT, including conditions very close to
the cable peak electro-mechanical load, which will be
encountered in the full-size coil.

The analysis shows that an equivalent compressive Symbols

strain (up to—0.18% at full load), possibly due to take
into account the strand bending, has to be invoked in
order to reconcile the conductor performance with the

one of the isolated single strand, evaluated using the 5

Summers scaling. The level of this additional strain is

obviously dependent on the expected (or design) strain,

which is —0.61% and the scaling law adopted. How-
ever, the (linear) extrapolation of the results at zero
electromagnetic loafix B leads to a thermal strain of

—0.64% which is close to the expected value given
above. Thanks to the design of the TFMC conductor
at maximum peak field, the current sharing temper-
ature of the coil was first found to be only slightly

Anc

conductor.
Symbols used in equations:

Explanation

a Coefficient used to calculate the influence of the
straing on Cop, T¢o andBc2o

Non-copper area in strand én

Magnetic field modulus (T)

Magnetic field component perpendicular to strand

M

Bcenter Magnetic field at conductor center (T)

Bmax Maximum magnetic field in cable cross-section (T)

Bpeak Peak magnetic field on cable in a pancake (T)

c20m Second critical magnetic figtdt 0 K and zero strain

(T

Bcoo Second critical magnetic figldat 0K and straire
(T

Bco Second critical magnetic fitét temperatur&and

straine (T)
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Symbols Explanation

Coo Coefficient for critical current density calculation
at zero strain ((A/ff) x T9-5)

Co Coefficient for critical current density calculation
at straine ((A/m?) x T25)

E Electric field (V/m)

Ec Electric field at critical current or current sharing
temperature (V/m)

Epeak Average (among strands) electric field at peak mag-
netic field (V/m)

Es Electric field along strand (V/m)

1 Current through TFMC coil (A)

Is Strand current (A)

Imax Maximum strand current (A)

Inean Average strand current (A)

Inin Minimum strand current (A)

Je Non-copper critical current density (A&h

Jcoo Non-copper critical current density at zero field and
0K (A/m?3)

Jeo Non-copper critical current density at zero field and
temperature T (A/rf)

Je1 Non-copper critical current density as given by
Summers formula (A/f)

Js Non-copper operating current density (Z)m

n Strandn index (cable index in M&M)

Astrand Strandn index in ENSIC

t Time (s)

Average helium travel time from inlet to peak field
region of P1.2 (s)
T Operating temperature (K)

td

Tcom Critical temperature at zero field and zero strain (K)

Tco Critical temperature at zero field and strai(K)

Tcs Current sharing temperature (K)

Tin Helium inlet temperature (K)

Tinc Corrected helium inlet temperature versus time to
account for helium travel timg (K)

% Voltage drop (V)

e Longitudinal strain in NBSn filaments

Eextra Extra strain in NBSn filaments (depends on elec-
tromagnetic load)

Eextrao Extrapolation of “experimentaliexirato zero elec-
tromagnetic load

€op Operating strain in NgSn filaments as calculated
from coil winding deformation

£o =g — gop: part of the strain in NpSn filaments to be
added taeop

£th Thermal strain in NpSn filaments (i.e., strain at
zero current)

Pt.cond Interstrand resistivity in conductor as used in

ENSIC @m)

General acronyms, abbreviations, and initialisms are explained in
Glossary.
a As extrapolated to O from critical current curve.

255

6. Electrical losses and thermal-hydraulic
properties

6.1. Electrical losses

In the TFMC, loss power arises in steady state
mainly from thermal losseP{herma)), jOint resistance
losses Pjoints), but also ripple lossesPfippie) due to
voltage ripple of the power supply that induces eddy
currents in the radial plates. In transient regimes, such
as magnet cycling current ramps or safety discharges,
electrical losseSHglectrica) are generated. They include
hysteresis losse®f) and coupling lossesP()) in the
conductor, and eddy current loss@sd generated in
the radial plates and in the coil case.

For a given type of transients, the total loss power
(Ptotal) can be written:

Protal = Pthermal+ Pjoints ~+ Pelectrical+ Pripple (6-1)

The various tests performed to measure and discrim-
inate all the categories of losses will be described in the
following sections.

Models taking into account the exact shape of the
field have been developed to calculate electrical losses
in the superconductor as well as those due to eddy cur-
rents in the radial platg408,109]

In the following, all the equations are presented in
the international system units (SI), unless differently
specified.

6.1.1. Estimation of loss components

In this section, the main attention is given to the
three components aPglectricat The equations given
thereafter are valid only for the TFMC alone carrying
a current/ without the LCT coil.

6.1.1.1. Hysteresis losses.

dB(x)

—dx
dr

2
Pn *deﬁSnonCu/ Jnoncux, 1)

37

d
a(zmax)dit’ 6.2)

SeeTable 6.1for « as a function of.

Integration of(6.2) with time leads to a general
equation for hysteresis enerdy,, dissipated during
a current variation in the coil from 0O thpax or from
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Table 6.1 Table 6.2
Characteristics for losses in the condudfiot2,96] Characteristics for losses in the radial plates and in the case
Data forPn andPg estimation Data forP, andP. estimation
Non-copper section in the conductor 148 Mutual inductancé/p
Snoncu[Mm?] One TFMC turn/total radial plates circuiif] 2.88
Strand section in the conduct®irand 371 Total resistance of radial plat&p [1.€2] 27.993
[mm?] )
; Mutual inductanceéMc
C_able tme con‘stan_ht) [ms] 100 One TFEMC turn/total case circuifyH] 2.055
Filament effective diametetef [um] 36 Total resistance of cagg [w<] 19.045
a(l), respectively, for =25, 40, 80 kKA 0.44,0.37,0.27 Number of turns in the TEM@/ 08
Imaxt0 0. (usingTable 6.3:
Py= — ) =0.00284 — (6.6a)
Rp dr dr

6.1.1.2. Coupling losses in the cable. The definition N2M2. /dI\ 2 dr\ 2
of variables in the following equation can be found in  Pc = ——%¢ <> = 0.00213<) (6.6b)
Table 6.1 Re \dr dr

Integrating(6.6a,b)it is possible to derive a general

2
i(nf)Sstrand/ (dB(x)> dx equation for the energids, andE., dissipated in the
1o dr

Pl
two most encountered cases:

dr\ 2 i o
1.021CT4<) 6.3) an exppnentlal discharge of current frdfux to O
with a time constanty

. . 2.84x 107312
A general equation for the coupling loss energy  Ep = SO0 X 2T Tmax

E, dissipated in the two most frequently encountered 21g
cases, is obtained by integrati(®3). 2.13x 107372
y integrati(3) Ec = % (6.7a,b)
d

- an exponential discharge of current frdifux to O

with a time consta
o This equation is valid when is far larger than the

1.0210°412, ., time constant of the radial plates (about 100 ms).
Eq = T (6.4) - alinear increase of current atl(dr), a plateau alkyax
and a linear decrease of current-afdl/dr) (trape-
This equation is valid when is far larger than the zoidal run):
time constant:t of the cable (about 100 ms)
- alinearincrease of current atf(d), a plateau afnax Ep =568x 10—31maxﬂ,
and a linear decrease of current-afdl/dr) (trape- dr
zoidal run): Ec=426x 10*31ma% (6.8a,b)
Eq= 2.041041ma% (6.5)

6.1.2. Calorimetric measurements
6.1.1.3. Eddy current losses in the structure material. The scheme of the cooling circuit of the TFMC is
Eddy currentloss power is dissipated in the radial plates illustrated in Sectior3 (Fig. 3.13. During the coil
(Pp) and in the casingAc). It can be given with some  operation in the ITER relevant cooling conditions, a
approximation by the following simplified equation supercritical helium circulation pump provided helium



A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327 257

Table 6.3

Loss power in the most important coil components

Coil component Name of the virtual channel that stores the Short-form notation used in the text
related loss power (units: W)

TFMC winding pack QMFI700A Wap

Pancake P1.1 QMFI710 W11

Pancake P1.2 QMFI712 W12

Pancake P2.1 QMFI720 Wo1

TFMC case QMFI800 Wease

atabout0.3-0.6 MPaand 4.5 Ktothe coilandthe struc-  For a given transient event (e.g., ramping, safety
ture. The 10 pancakes (designated Pi.1, RE21-5) discharge), it is possible to calculate the correspond-
and the two bus bars are cooled in parallel. ing dissipated energy by integrating the loss power
Taking into account the available sensors (inlet received fromthe virtual loss power channels. Note that
mass-flow, inlet and outlet temperature, pressure), andthe initial and final states have to be thermally similar;
multiplying the enthalpy variation of helium from inlet  otherwise some energy can be hidden in a part of the
to outlet by the mass-flow, it is possible to calculate the coil.
apparent dissipated power in the circuit under consid-  For instance, for a given transient in current, the
eration. methodto be appliedis to start the integration of the loss
These data are stored by the DAS as virtual channels. power in steady thermal state before current increase
Table 6.3hows the nomenclature of the mostimportant and stop it when the thermal situation has come back
virtual channels (and the short-form notation used in to the initial one.
the text) and the related coil component.
Calorimetric calculations are difficult on P1.1 that 6.7.2.2. Correction to be applied to the virtual loss
is instrumented with sensors for measurement of the power W,,,, due to heat exchange of the side pancakes
inlet mass flow, the inlet and outlet temperatures but with the bus bars (BB,).
whose outlet temperature sensor does not reflect the  6.1.2.2.1. General experimental —observations.
pancake outlet temperature because the latter is mea-As illustrated earlier (Sectior6.1.2, the winding
sured beyond the joint with the bus bar where sub- pack virtual loss poweW,,, underestimates the total
stantial heat exchange takes place. As a matter of TFMC loss power because some heat escapes through
fact, this bus bar is cooled by fresh helium (see the P1.1 joint with the BB (and through the P5.2
Section 6.1.2.2 for more details). For that reason, joint with its BB) since the bus bars are cooled by a
most calculations and evaluations have been doneseparate circuit. In addition, some heat exchange with
on pancake P1.2 because it is similarly instrumented the case certainly takes place for the side pancakes
and is not affected by heat exchange at the bus barP1.1 and P5.2. It is not possible to make a direct

joint. measurement of this heat on the bus bar circuit,
but the amount of lost energy can be evaluated as

6.1.2.1. Methodology to be applied to calorimet- follows.

ric measurements. The virtual loss power channels It can be observedHg. 6.]) that, as expected, at

(QMFI) on the DAS do not provide a perfect image of any time, the value of the P1.1 heat load is appreciably
the instantaneous power dissipated in the coil except smaller than that of P1.2. This difference (DQ) changes
in steady state. In transient regimes, a large amount of continuously during the run because the coil temper-
energy is stored in the helium contained in the cable ature (and the heat transferred to the BB and the coil
and in the radial plates. It has also to be taken into case) changes according to the heat generated during
account that the circulation time in a pancake at 8 g/s the various phases of the current evolution. By integrat-
is typically in the range of 500-600 s depending on the ing DQ one obtains the energy lost at each of the two
temperature. extreme joints to be added to the integrabafp.
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Fig. 6.1. Standard safety discharge No. 2 of Phase 2. Time evolution ]
of the current in the two coils (grey lines) and of the loss power of Fig. 6.3. The correcting factdt vs. the TFMC plateau current. The
the pancakes P1.1 and P1.2. straight line is a linear fit to the data.

Section6.1.2.9. In practice K has been taken equal to
1.07 for the calorimetric experiments.

Another way to calculate the correction facty
which is valid if the power is distributed uniformly

This correctionis of the order of some percent (about
7% for runs with a current plateau of 25kA). It can be
expressed as a multiplying fact&rof Wiyp:

W, 2(W12 — W, among the pancakes is:
K — Vp + (W12 — W11) (6.9) gthep [
Wuwp _ 10W12 (6.10)
The evolution ofK during a typical run is shown in 8W1z2+2W11 '

Flg 6.2 1t Changes COﬂtinUOUSly, Starting from 1 before Thetwo expressions mgive numerica”yvery sim-

the ramp-up, reaching 1.07 on the plateau and finishing j|ar results.

at 1 at the end. . 6.1.2.2.2. Particular case of the heat exchange

To compare runs at different currentshad to be  pepween P1.2 and P2.1. The heat exchange at the

evaluated at the plateaus of the runs dUrlng which the joint between two pancakes has been also evaluated

current was kept constant for a IOng time. The results during a heater scenario test for tﬂ’es measure-

are shown irFig. 6.3 The slightincrease dat80kA  ments at zero current, where only P1.1 and P1.2 were

can be attributed to the higher value of the joint resis- heated by resistors at the pancake inlets. As can be seen

tances of pancake P1.2 in Comparison with P1.1 (Seein F|g 6.4 some loss power appears in PZWZ(]_)
because of the heat exchange between P1.2 and P2.1 at

30 4 +1.20
ITFmc 200

257 / 1118 AW1.2+W2.1
/ +1.10 J
/ w Mﬂ'\ %0
L ) 1.05 :

ny
o
1

ITFme [KA]

Corr. Factor K

15 ; ‘ . =
W \ 5 100+
10 . 1100 =
[

5 | Loos 50 Wiy
0 : —\ 0.90 k E;\
1000 2000 3000 4000 0 ,

Time [s] 45000 47000 49000 51000 53000 55000

Time [s]
Fig. 6.2. Evolution of the correcting fact&ras related to the TFMC
current. The spike at about 2700s is due to a sudden and limited Fig. 6.4. Loss power in pancakes P12 () and P2.1¥>.1) during
cryogenic instability. heating scenario test (05/11/2002).
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the outer joint outlet. This heat exchange is similar to

259

be noted that there is more than a factor of 10 difference

the heat exchange between P1.1 and the bus bar (andetween the two values. A more detailed analysis shows

P5.2 and the other bus bar).
Using the data oFig. 6.4 a ratioy can be defined:
W1 35w

= = = 20%
Wio+Wo1  172W

X (6.11)

a large variation between the loss power of the different
pancakes at zero current. It can therefore be concluded
that this loss power is not a perfectimage of the thermal
losses due to lack of precision in the estimation of the
very small temperature increase. This power loss will

which gives an estimation of the power transferred at be subtracted in the following analysis.

the joint. Assuming this value for the heat exchange at

the P1.1-bus bar joint, and that the power is distributed 6.1.2.4. Resistive losses Pjoin;. A detailed description

uniformly among the pancakes, one can evaluate:

Wi1=(1-x)Wi2 (6.12)
and from Eq(6.10)is obtained:
K =104 (6.13)

The heat exchange with the TFMC case is probably p
higher for the side pancakes, which can explain the

higher values oK in Section6.1.2.2.1

6.1.2.3. Thermal losses Py.rmq. EVEN at zero current,
some loss power is visible in the virtual channels of

of the joints behaviour is given in Sectid@nl

It can be considered for this section that the resistive
loss power due to the joints at a given currBiyc in
the coil reads as follows:

Ppancake= Rpancake‘ (ITFMC)2 (6-14)
Ri R
pancake= |nner"12‘ outer (6.15)

Rinner and Royter are the inner and the outer joint
resistances, respectively, for a given pancake such as
P1.2. The total resistance of the cBi¥gmc is the sum
of all joint resistances of the 10 pancakes.

Values of the pancakes joint resistance, estimated

Thi; loss powercan'be QUeto the thermal Ipss POWer by calorimetry, are reported in Sectidh In accor-
(radiative and conductive) imposed on the coil because gance with the heat exchange effect described in Sec-

it is not perfectly insulated from the exterior. It is not
perfectly constant with time and some fluctuation is
visible (seg-ig. 6.9.

A typical value of the thermal loss power is about
15W for steady state winding pack loss powd#f)
and 0.6 W for pancake P1.2 loss pow#f(»). It should

487 lrrmc T
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Fig.6.5. Loss power of pancake P1W2(2) and winding packWp)
duetotheripple of the power supply as a function of time (31/07/2001
experiment).

tion 6.1.2.2 the amplification coefficient 1.07 has been
applied to correct the resistance of P1.1 and P5.2.
The following values are used in the analysis:

Rp11 =119 (6.16)
Rp12 =1.621Q2 (6.17)
Rtevc = 1312 Q2 (6.18)

6.1.3. Losses due to the ripple of the power supply

The power supply used for the tests of the TFMC
is a 12-pulse thyristor converter. Oscillations at 600 Hz
are presentin the supply voltage and this ripple induces
eddy currents in the radial plates, generating heat that
is transferred to the conductor.

This phenomenon was not known beforehand and
was discovered at the beginning of the TFMC experi-
ment.

It was confirmed in an experiment performed at a
very low current (4 kA) and presentedhig. 6.5

As soon as the power supply is connected, the tem-
perature of the plates starts rising. This rise continues
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Fig. 6.6. Loss power of the TFMC winding pack due to the ripple of  Fig. 6.7. Loss power in the winding pacWyp) in steady conditions
the power supply in the low current range. vs. plateau current. (A) Correctétl,, (see text, Sectio6.1.3.].
(B) Calculated contribution due to the ripple of the power supply.

until an equilibrium is reached (at a temperatlife
that is unknown since there are no temperature sensorsdifferent coil currents up to 80 kA and the calculated
placed in the plates) at which the heat produced equals|oss power due to the ripple. It can be seen that the loss
that transferred to the coolant. power due to the ripple is roughly constant (around

Up to 15KA, the heat produced by the joints resis- 40 W) in the range of current between 10 and 80 kA.
tance is negligible (<3 W for all the joints of the coil).
Thus, in this range of current, after a thermal transient 6.1.4. Tra dal pul d eveli

. . . . . . 1.4 ipezoldal pulses and cycting

associated with the circulating time of helium along 6.1.4.1. Trapezoidal pulses. For trapezoidal pulses,

the panca(l;esz thhe riplple Ioss_ poweris Vif]img( 6|‘6 | practical equations for the dissipated energy have been
associated with a plateau in power. The ripple loss given in Sectior6.1.1

power varies slightly as a function of the current in

a way which is not understood and probably linked to - by eddy current losses in the radial plaigs
the power supply thyristors regulation. Thus, the ripple - by hysteretic losses in the conducty;;
power at 1 kA is around 32 W and the ripple power at - by coupling losses in the conductBg.

4 kA is lower around 20 W )
Trapezoidal pulses at 40kA plateau have been

6.1.3.1. Impact of ripple on calorimetric measure- carried out on the TFMC at different current rates
ments at different currents. As described in Section (100-1000 A/s) to discriminate the various categories
6.1.2 the measured loss power of the winding pack ©f losses.

(Wwp) must be corrected by subtractifghermal (ther-
mal losses due to conduction and radiation, Section

: 50
6.1.2.3 and the heat transferred by conduction to the _| lremc <
bus bars. In steady state conditions (current plateau, =. 15 ————— 9T
after ramping up) this cor're.cted Ios; power is the sum % o Pa f\w,; + 30 g
of heat generated by the joints resistance and that due a \ +208
Fo_the ripple of the power supply. The resigtance of the :g 5 1 102
joints has been separately measured and its dependenct \_ =

0 0

on the magnetic field is known (Secti@l) hence the
heat generated at any current can be calculated. By
subtracting this value from the total, the contribution

of the ripple can be evaluate#lig. 6.7shows the cor- Fig. 6.8. Apparent loss power dissipated in pancake P13 2)dur-
rected value oW, measured on the plateau of runs at  ing a trapezoidal shot run at 500 A/s (30/07/2001 experiment).

0 1000 2000 3000 4000 5000
Time [s]
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Fig. 6.9. Loss energy of the TFMC winding pack during trapezoidal
runs performed at different currentramp rates. Squares: experimental
points; line: model.

The apparent loss power is presented-ig. 6.8
Comparison between the model and experimental
results are presented figs. 6.9 and 6.10

According toTable 6.4 it can be seen that the cou-
pling losses are very small in comparison with radial
plate eddy current losses. No information can therefore
be obtained from this experiment about the conduc-
tor time constantt. Radial plate losses and hysteretic
losses are in good agreement with the models.

6.1.4.2. Behaviour of TFMC during cycling. The con-
tinuous triangular cycling of the TFMC at different
current levels and different current ramp rates brought
a confirmation of the fact that the model was quite effi-
cient in describing the loss power mechanism in the
winding pack as well as in the case.

30
25 i
=
= 20
>
o
215 2
(6]
&
g 10 /:
—
5
O T T T T 1
0 200 400 600 800 1000

Current rate [A/s]

Fig. 6.10. Loss energy of pancake P1.2 during trapezoidal runs per-
formed at different current ramp rates. Squares: experimental points;
line: model.
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Fig. 6.11. Loss power in TFMC winding pack/{,p) during cycling
(15/09/2001 experiment); black lin&,yp; grey line: TFMC current.

6.1.4.2.1. Winding pack losses. Fig. 6.11shows
a run during which the TFMC current was cycled at
200 A/s for three different values of the current (time
up to about 13000s) and then at 400 A/s at a current
of 40 kA. The cycles are triangular in shape. The AC
components shown by the measured loss power are in
phase with the current and the amplitudes are propor-
tional to /2. They can be attributed to the Joule losses
at the outer joints, whose dissipation is immediately
visible on the apparent loss power because they are
situated hydraulically at the outlet of the circuit. The
measured loss power is practically independent of the
current value. Its dominant componePy is propor-
tional to (d/dr)?.

At 40 kA plateau and 400 A/s, the respective calcu-
lated contributions oPjsint (average) Pripple, Phi and
Ppare 10.5 (average), 40, 148 and 454 W giving a total
of 653 W, that is typically 10% higher than the mea-
sured loss power. Th®, contribution is dominant and
the coupling losses contribution is negligible.

6.1.4.2.2. Case losses. The measured loss power
in the coil casing R¢) during the TFMC cycling, pre-
sented irFig. 6.12(test of 25th September 2001, with-
out LCT cail), are in good agreement with the equa-
tions. In steady state loss power is eliminated by the He
mass flow circulation in the case channels. In the case
the corresponding thermal flux is linked to a thermal
gradient through the case thickness. The time constant
7 to establish the steady state is associated with the nec-
essary time to heat the edge of the case (temperature
Tedge and establish the relevant temperature gradient
through the case steel thickness.
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Table 6.4
Losses decomposition according to model for a trapezoidal run at 1000 A/s and a plateau of 40 kA
Hysteretic losses [kJ] Coupling losses [kJ] Radial plates losses [kJ] Total [kJ]
TFEMC 29.6 8.2 227.2 265
P1.2 2.96 0.82 22.7 26.5

7 is a function ofP¢, and the steady state has not
been reached as visible at 400 A/sHiy. 6.12 This
time constant is larger than that for the winding pack.

mss i the mass of the cas€yp ssis the case spe-
cific heat. The corresponding equation drivings the
following, but no complete calculation has been done.

Tedge
Pct = mss/
To

At 200 A/s, the measurement gives 65W for the
minimum value that has to be compared to the pre-
diction of 85 W.

Peaks in the loss power signals are again visible like
those for the winding pack (but this time they are not
in phase with the current), which is surprising because
in the casing there is no loss power contribution that is
immediately visible as in the winding pack. Helium in
the winding pack and in the casing is circulating in par-
allel, there therefore can be no link between conductor
losses and casing losses.

Cp,sdTsgdTss (6.19)

6.1.5. Losses at high field ramp rate

The field ramp rate B/dr during the trapezoidal
pulsesis relatively low. As a consequence the amount of
coupling losses (CL) is negligible with respect to the
hysteresis (HL) and eddy current losses in the radial
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Fig. 6.12. Loss power in TFMC caseéW{as9 during cycling
(25/09/2001 experiment); black lin&/case grey line: TEMC cur-
rent.

plates (ECL). For a global validation of the losses
models, described in Sectighl.land in[110], it is
therefore necessary to perform tests at high@idgl
during which the CL are at least comparable to the
HL. This can be achieved by discharging the stored
magnetic energy into the protection resistor with an
exponential current decay of time constantn this
case, the highest value oB#Hlr is generated at the
beginning of the discharge and can be calculated as:
(dB/df)max.= Bplatead. There is a limit for these tests
because of the large amount of heat generated which
becomes unacceptable for the helium pumps cooling
system. At currents higher than this limit (25 kA), the
valves that connect the coil to the pumps cooling sys-
tem were automatically closed before initiating the
discharge and the expelled He was relieved in a cold
storage vessel. The measurement of the losses power,
which is performed calorimetrically, is then impossi-
ble. As a typical value of is 4 s, the maximum value

of dB/dr is about 0.6 T/s.

Unfortunately, the increase obtbl: results also in
bigger ECL (both CL and ECL are proportional to the
square of @/df), which remain at least one order of
magnitude higher than the HL and CL.

From these tests, it is not possible to obtain sepa-
rately the values of HL, CL and ECL. The comparison
with the model can then be done only on the basis
of the total heat generated. However, the next sec-
tion describes how this type of measurement allows
the study of the CL evolution during the test campaign.

6.1.5.1. The 25kA “standard safety discharge”.
Some years ago, pulsed tests of a relatively large coil
[111] demonstrated that the amount of coupling losses
in the CIC conductor was not constant, but was a
decreasing function of the number of the coil charges.
The decrease was rather large (a factor 3) and saturated
after many cycles.

This phenomenon was attributed to the Lorentz
force that compresses the cable at each charge as it was
described if112-114] This continuous little move-
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of the current in the two coils (grey lines) and of the total TFMC

Fig. 6.13. Evolution of the coupling loss time constawf the layer winding pack loss powerup)-

3A of the CSMC during the test campaign. .
6.1.5.2. Calorimetric measurements. Fig. 6.14shows

the evolution of the currents in the coils during a run of
ment increases the inter-strands resistivity and conse-Phase 2 and the related total TFMC loss poWak,.
guently the coupling losses decrease. According to what was discussed in the Sectoh.2

Also the tests of the ITER CS Model Coil (Naka, the following procedure has been applied (details in
Japan) showed very clearly that the coupling losses [117]).
decreased monotonically during the test campaign
[115,116] The different layers of the coil showed,
in the virgin state, quite different values of the cou-
pling loss constant, ranging from about 100 to about
300 ms. After a number of charges of the order of
15-30, all of them tend to saturate to a value close
to 50ms. An example is shown iRig. 6.13 These
results are consistent with measurements of the AC loss
and inter-strand contact resistance on short samples
[113].

In the case of the TFMC, the detection of this phe-
nomenon is much more difficult because, as illustrated
previously, the coupling losses are expected to be only
3—-4% of the total. For this reason, the concept of “stan-
dard safety discharge” was developed. The idea is that
of repeating exactly the same safety discharge from
time to time during the test campaign. As the losses
due to the HL in the conductor and the ECL in the
radial plates remain the same, if a change in the total
energy is detected, it can be attributed to a change in
the conductor coupling losses. Only by using identi-
cal SSD this small change can be detected, as these
runs can be compared relatively to each other, without
involving absolute values of the different parameters,
which would produce unacceptable errors. The com-  What remains is the sum of the loss eneFgy due
parison is affected only by the reproducibility error of to HL, CL and ECL (total AC losses) and can be com-
a few sensorsT, P, mass flow and current). pared to the results of the theoretical calculations.

(a) Subtraction of the constant power due to conduc-
tion and radiation.

(b) Integration ofWy,, from the start of the current
ramp to the end of the run which is normally cho-
sen to be long enough (typically 3600s after the
dump) to guarantee that all the heat has come out
ofthe coil. Actually, it was calculatgd 18] that the
time constant for the transfer of heat between the
radial plates and the conductor through the thick
insulation is about 200s. A value of eneBy;, is
thus obtained.

(c) Correction ofE,p by the multiplying factork,, to
account for the heat exchange to the bus bars.

(d) Subtraction of the heat generated by the joints
(including the half joints between the coil and the
bus bars) that can be calculated since the resistance
of the joints is known.

(e) Subtraction ofthe heatgeneratedintheradial plates

by the ripple of the power supply (see Section

6.1.3. When the dump s initiated (and the noise of

the power supply disappears) all the heat accumu-

lated in the radial plates is transferred to the coolant

with a time constant of 200 s.
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Table 6.5 wherei indicated the-th run, I; is the corresponding

Results of the total AC losses energy measurements and calculationss rrent in the TEMC ana; is the corresponding flux
Run#  Date Np Eror [kJ] density experienced by the TFMC (self-field in Phase

Phase 1 60 August 02, 2001 16.1 245 1, field due to the two coils in Phase 2).

Phase 1 78 September 14,2001 214 236 It can be seen that, for the total loss energy, the

ggase i Ecl) gep:emgef gg' gggi 23-? 222 agreement between calculations and experimental data

ase eptember 26, . . it 0 RO
Bhase 2 172 October 17, 2002 56.1 319 1S good: within 1.7% for Phase 1 and 5-6% for

Phase 2 216 November 19, 2002  94.8 316 Phase 2.

Calculated val 15]: L .
apilggeel valuef15] 232 6.1.5.4. Coupling loss evolution. Examining in detail

Phase 2 335 the experimental points &fig. 6.15(Phase 1), one can
see that the first point is appreciably higher than the
other three, which are very well aligned. This seems
to confirm the usual decrease of the CL during the
testcampaign, followed by saturation (Sectoh.5.J).
Unfortunately, it was not possible for the TFMC cam-
paign to start this type of measurements at valuég,of
lower than 16, where, according to the previous experi-
ences, the difference with respect to the plateau should

6.1.5.3. Results. As mentioned previously, the tests of
the TFMC were performed in two phases.

In Phase 1, the SSD consisted of a safety discharge
of the TFMC alone from 25kA119]. In Phase 2, the
TFMC was still discharged from 25 kA, but simultane-
ously the LCT coil was discharged from 5.77 kA. The .

' . . have been much more evident.
total field as well as the field rate were then appreciably ) . .
. . The two points of Phase 2 are aligned within the
higher than in Phase 1 and larger losses were produced.

. . error bar, despite of the large differenceMp, and this
This gave the opportunity to compare the results and . .
. X ) o confirms that no further evolution has occurred.
the calculations in two different conditions.

- Th nclusions ar r he short sam-
Theresults are reportedTable 6.5and inFig. 6.15 ese conclusions are supported by the short sa
ple measurements that have been performed on a piece
The total measured and calculated energy due to AC :
; . .~ of TFMC conductor, that clearly show the increase
losses is plotted as a function of the number of coil . . .
N : of the inter-strand contact resistance and associated
chargesV,. This is calculated as the summation, over

. : 7~ decrease of the coupling loss from the virgin state
all the coil charges, of the normalized Lorentz force: . . .
towards saturation during the first several tens of cycles

. . B; - I [114].
max fmax 6.1.6. Summary
During the operation of the TFMC at low tempera-
Total AC losses ture the coolant must remove from the coil an appre-
340 7 — ciable amount of heat, which is either conducted to

it or generated in the coil itself by several different
sources. During both Phase 1 and Phase 2 different
tests have been performed to discriminate and measure,

320

e
|

300

3 80 by the calorimetric method, the various contributions
W 260 Phaso ']. Phasell to these losses. The three main components are devel-
540 i oped during transient regimes: those due to eddy cur-
i 5—‘—51 rents generated in the structure (radial plates; coil case)
! and those generated inside the superconducting cable
200 ‘ . . T ‘ itself: coupling and hysteresis losses. Models have been
0 20 40 60 80 100

N, developed to calculate these contributions and a good
agreement was found between measurements and cal-

Fig. 6.15. Total AC loss energd; in the TFMC superconducting  culations for all the different transient regimes during
cable. Experimental (dots) and theoretical data (full lines). Phase 1 (within 1.7% in the case of safety discharges)
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and during Phase 2 (within 6%). The tests of the TFMC 50 |

allowed the characterisation of another source of loss,  ast+— ¢ Pt1mes .
unidentified beforehand, due to the currentripple ofthe =z 401 T B
power supply. Also in this case the measurements are in S 351 o, .
good agreement with calculations (within 15%). These & 301 — -12cue L /L
results confirm that the available models can be confi- g 251 = 1

a7

dently applied to predict the behaviour of the ITER TF 3 20

15
10
5. it

magnets.
6.2. Thermal-hydraulic properties

6.2.1. Pressure drop

Pres

0

0

6.2.1.1. General behaviour. Thermal-hydraulics has
played a major role in the ITER TFMC test and anal- Fig. 6.16. Pressure drop for the TFMC pancakes P1.1 and P1.2 and
ysis[120]. The two test campaigns of Phases 1 and 2 positive and negative side bus bars.

resulted in the fact that a significant amount of ITER-

relevant information, ranging from the current sharing

Mass flow rate [g/s]

Fig. 3.13 shows a schematic cooling circuit of

temperature to AC losses, could be extracted from the TFMC. The hydraulic resistance measurements
the analysis of the TFMC performance. To make this method is presented in more details[kR7]. Mass
possible, notwithstanding the fact that all diagnostics flow rate measurements were performed on the pan-
were located outside the coil, a suitable understand- cakes P1.1 and P1.2 of DP1, the double pancakes DP2,
ing of the thermal-hydraulics in the coil was needed DP3, DP4 and DP5 and in the two superconducting
bus bars ((+) and-{)). Pressure drop measurements
Besides the issues considered in this section, were performed on P1.1 and P1.2. Differential pres-
other items of relevant thermal-hydraulic interest have sure transducer across the pancakes and temperature
already been considered elsewhere (e.g., the issue olsensors at the inlet and outlet of the conductor in the

[83,78,122,123]

heat generation and exchange in the joji&4,80]

cooling path are installed. The major hydraulic parame-

or the effects of the resistive heaters on the helium ters for the different TFMC conductors are summarised

dynamics in the coi[125]). Details about the major
thermal-hydraulic issues (pressure drop and quench in

particular) in the TFMC are given ifb3].

Table 6.6

in Table 6.6
The pressure drop measurements are presented for

the pancakes P1.1 and P1.Fig. 6.16and compared

TFMC DP1, bus bars CS-type (NbTi) and TFMC bus bar joint conductor hydraulic parameters

TFMC DP1 con- Bus bars CS-type TFMC bus bar joint
ductor conductor
Cable cross-section without jacket [FAm 1097.2 1176.3 893.7
Total strands sectior${irandd® [mmz] 579.11 593.62 579.11
Bundle region helium cross-sectia$hép)? [mm?] 355.2 366.34 201.5
Void fraction [%] 36.85 35.36 25.8
Bundle wetted perimeter (the whole strands) @[n)] 3.193 3.149 3.137
Bundle hydraulic diameteD,,)? [mm] 0.445 0.465 0.257
Hole hydraulic diamete§yn)® [mm], inner/outer 12, spiral 10/12 12, spiral 10/12 6, tube 6/12
diameter
Diameter of quench detection wire [mm] No 3.5(1and 2) 35
Helium section in the central hol6rer)® [mm?] 113.1 103.47 18.65
Conductor lengtti. [m] for bus bars type 1 and 2: positive 72.2for P1.1; 82 7.57(1+), 8.07 (), 0.595

side (+), negative side~)

for P1.2

2.627 (2+and 2)

a parameter names for the GANDALF input.
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to calculations performed with models using friction Fig. 6.16also shows the pressure drop measure-
factor correlation defined in Eq6.21) The bundle ments of pancakes P1.1, P1.2 and the superconducting
region friction factor is expressed [128] and pre- bus bars in comparison with calculated values. The
vious experimentfl29] give a very similar expression  hydraulic circuit model of the superconducting bus
(6.22) The central channel friction factor was deter- bars (BB) (seé-ig. 3.13 comprises in series: pancake
minedin[130,131] Eq.(6.23)gives the central channel terminal/BBL1 firstjoint, BB1 conductor, BB1/BB2 sec-
friction factor for the Showa spiral, which is used as ond joint, BB2 conductor, and BB2/currents leads third
the central channel envelope in double pancakes DP1joint. The thermal-hydraulic parameters of pancakes
and DP5; Eq.(6.24) gives the central channel fric- P1.1 and P1.2 and BB conductors are summarised in
tion factor for the Cortaillod spiral, which is used Table 6.6 The smoothtube correlati¢f.25)is used for

in double pancakes DP2, DP3 and DP4. The joints the bus bars where the quench detection wires induce a
regions give no significant contribution to the global drastic helium cross-section reduction: for the negative
pressure drofl31]. These correlationf.22)—(6.24) side, ata mass flow rate of 20 g/s, the pressure drops are
are those presented in the ITER design crit§lz2] measured to be 5370 Pa in BB1 and 1845 Pa in BB2.
(note that the relation for the wetted perimeter in the The mean value of the calculated pressure drop is about
ITER design criteria includes a factor 5/6, instead 4200 Pain each BB joint. In the ITER relevant cooling
of 1 which is the correct valug@1]). For spirals as  conditions at 4.5K, 43.6% of the helium circulates in
envelopes of central channels, an implicit correlation the bundle channel in case of bus bar conductor and
of friction factor is given in[133] as a function of  49.4% in the bus bar joints.

dimensionless combinations of all relevantgeometrical ~ The agreement between the measurements and the
parameters (helix gap, thickness, gap length to thick- calculated valuesHig. 6.16 is good for the bus bars and
ness ratio). This correlation was applied/validated in reasonable for the coil pancakes and confirms that the
[135,136] The main difference between the two pan- developed hydraulic models are suitable. The pressure
cakes P1.1 and P1.2 comes from different conductor drop at extended mass flow conditions, i.e., at 18 g/s,
lengths. The central channel geometry as well as the is underestimated by about 25%. On the other hand,
test conditions has an important effect on the hydraulic for ITER conditions, i.e., at 10g/s, the agreement is
resistance of the conductor and its mass flow rate good.

distribution. As opposed to, e.g., the case of the central solenoid
o2 L insert coils (CSIC) or the central solenoid model coil
A Ppe = fEUTﬁ (6.21) (CSMC) where a relatively large fraction of the con-

ductor is at high field, and therefore subject to a high
electromechanical load, which could deform the cable
0.742 [136,113] the peak field region in the TFMC is only
4fus = feu = <1> 1-2m long, i.e., much shorter than a pancake length

void (~70-80m). It is therefore to be expected that oper-
ation with transport current should not significantly
affect the hydraulic characteristic as it was confirmed,
within error bars, during the tests.

Bundle channel :

x (0.0231+ 19.5/Re% 7959 (6.22)

Showa spiral : fey, sHo = 0.3024Re %0707 (6.23)

6.2.1.2. Furtherinvestigations. More detailed investi-
Cortaillod spiral : fey cor = 0.7391Re™ 1083 gations have showB3] that the use of the relationships
(6.24) given in the ITER design criteria might not be suffi-
cient to describe the friction factors of the ITER type
) _ 0.2 conductors for both the cable space and the central
Smoothtube :feu.st = 0.184Re (6.25) channel. For example, the global friction data may indi-
Note that the friction factor definitions used in EU cate some effect of curvature. Qualitatively, this should
and US differ by a factor of 4! This isimportant if com- be relevant for the hole and irrelevant for the bun-
paring friction factor relations from different sources. dle, but a quantitative assessment is difficult. On the
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other hand, if using the central channel friction factor T T
fu deduced from the spiral tesf$33] (already suc- 100F  sokA J
cessfully applied/validated for the case of the CSMC ]
straight sampld136]) for the analysis of the TFMC
Phases 1 and 2 data, those data can then be fitted
with very good agreement, sg3], over a wide range

of mass flow rates by using the Katheder correlation
[128] for the bundle friction with an ad-hoc multiplier
(~2.4). Such a large multiplier cannot be explained
from first principles (a much smaller multiplier1.35,

was needed for the CSMC straight samla3]). It
could be related to a number of presently not quantified
effects, as seen above: wrappings, conductor curva- Time [s]

ture, etc. In conclusion, it is clear, however, that the

agreement between the present ITER design criteria Fig. 6.17. TFMC current vs. time during coil discharge for different
(the bundle region friction factofs deduced from  Currentplateaus.

the TFMC straight sample daté, from the spiral

data) and the TFMC data can certainly be improved, mal zone length (resistance). The compensated voltage
and that the predictions of the design criteria are not trace shows large fluctuations, at least for the same cur-
conservative (actual pressure gradient underestimatedrent, which means that the quench evolution was not

Current [KA]

by ~25%). reproducible.

Fig. 6.18shows the measured compensated volt-
6.2.2. Thermal-hydraulics of quench and safety age versus time. The top figure shows the evolution
discharge with time including the safety discharge for selected

6.2.2.1. Quenchbehaviour. IntestPhase 1,thequench quenches produced during test Phases 1 and 2 whereas
behaviour of the TFMC was clearer because only one the bottom one shows the voltage traces for the same
coil was installed in the TOSKA vacuum vessel. Com- quenches performed but only at the beginning of the
pared to the expectations the first observation was thatquench before the triggering of the safety discharge
the discharge time constant of the coil at nominal (¢r=0). The maximum voltage occurred always at the
current was not 4 s but about 3s. The reason is that same time after the quench trigger was set. The max-
during the energy dump of the coil, the dump resistor imum temperature at the inlet of P1.2 occurred about
heats up leading to a higher resistance. At lower cur- 5-10s after triggering of the safety discharge. If look-
rents, the effect was smaller because the heating wasing at the data for the 80 kA runs, the maximum volt-
less.Fig. 6.17shows the measured coil current versus ages did not correlate with the maximum inlet temper-
time during the discharge for different current plateau ature of P1.2, which means that the different quench
levels. propagations did not affect the hot spot temperature.
As already presented in Sectidn 10 quenches  Comparing the compensated voltages along P1.2 for
have been produced in P1.2 during test Phase 1 andsingle- and two-coil operations during test Phase 2,
3 quenches during test Phase 2 during Tae mea- the voltage increase for 69.3 and 70/16 kA are similar
surements at different current levels. If looking to the (TFMC dominated) whereas later on, the single- and
compensated voltage signals along the pancake, a larggwo-coil operations grouped together.
spread of its maximum at 80 kA was observed. During  As a consequence of this large spread of the maxi-
the exponential current decay of the safety discharge, mum and also of the different slopes of the voltage with
the compensated voltage is composed of the normaltime, the quench propagation should be also different.
zone resistive voltage and a small inductive voltage The total quench propagation velocity can be estimated
(about 0.2V maximum, caused by small a residual from the slope of the compensated voltage signals as a
inductance), which can be neglected. In a first approx- function of time considering the definition of the resis-
imation, the voltage level is a function of the nor- tive voltage { = I,OEIUXnorm/Acu) and differentiating it
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Fig.6.18. Compensated voltages of selected runs along pancake P1.2

vs. time during quench. Top: total evolution (test Phase 1); bottom:
evolution at the beginning (test Phases 1 and 2).

with respect to time

3/08'u dl Xnorm I

pgluvql _ dV

ACU - E

(6.26)

The first term in(6.26) can be neglected because

|
T~ 25-30K in the first tenths of second, so t%
is negligible (as confirmed by the quasi linear slope of

V(©)).
In Fig. 6.19 the quench propagation velocity is
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Fig. 6.19. Quench propagation velocity vs. time for selected
guenches during test Phase 1 (80, 69.3 and 56.6 kA) plus the 80/0
and 70/16 kA quenches during test Phase 2.

velocities fit a power law of the forn¥ with »=1.27,
i.e., slightly larger that linear.

One 80kA quench, indicated with (*) iRig. 6.20
does not fit the others. This is due to the fact that the
correspondind@cs heater scenario was completely dif-
ferent (linear ramp-up in about 60s and subsequent
plateau instead of multi-step heating) and the initial
guench location and length may be different to those
of all the other initiated quench§k34].

All quenches were the termination of the current
sharing temperaturgcs measurements. The conduc-
tor is filled with heated helium nedfcs. This will
have an impact on the quench propagation compared
to spontaneous quench propagation. Since the maxi-
mum temperature during quench is not much affected
by the maximum voltage, itis concluded that the differ-
ent maximum voltage levels are due to different initial
normal zones (INZ) and different quench lengths.

This argument is confirmed by the fact that it was
not possible to simulate the quench performance of
the TFMC using the code GANDALFL37] success-
fully. At first, a simulation of the quench propagation

plotted versus time for the selected quenches. The char-was difficult without exact modelling of quench ini-
acteristic is unique for all guenches: after a quench ini- tiation because the temperature distribution along the

tiation, there is nearly a constant velocity for 0.2-0.4 s
followed by a non-linear increase. Fig. 6.20top, the

conductor, the mass flow rate and the pressure depend
on history. Taking the measured pressure, temperature

average quench propagation velocity at the beginning and mass flow just before the quench of the conductor

is plotted as a function of the conductor current. All the

as initial conditions for the GANDALF simulations,
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[ ] Fig. 6.21. Resistive voltage propagation of the joint voltage
® Phase2 1 taps (“short joint’=across joint length, “long joint’=across
8o ] joint+ 2 x 600 mm conductor each including current transfer voltage
Z for current distribution in cable) for measurement of the upstream
~ ol ] uench propagation.
ic-’ 60. Single coil q propag
= | . ] Besides the total quench propagation, which was
|_§ 40r 1 mainly derived from the compensated voltage, the
. ] attempt was made to determine also the upstream
20} \ 1 guench propagation by the evaluation of two volt-
. Two coils (7O KA/ 16 kA) age taps, which were applied for measurement of the
04\ N S SN joint resistanceg53]. One pair was directly assem-
0 %0 60 70 80 % bled across the length of the joint while the other
Current [kA] pair included 600 mm conductor on each side. From

Fi ) ) . Lo the time of flight of the resistive voltage the upstream

ig. 6.20. Top: quench propagation velocity vs. curreAtdifferent . -

heating scenario (see text). Bottom: maximum temperature at inlet qUENCh propagation was determinBay( 6.23. Forthe

of pancake P1.2 vs. current. two-coil test TFMC 70 kA/LCT 16 kA, the quenching
high field region is farer away from the joint and a
negative voltage value indicated already an inductive

leads to results that strongly depend on the amount of voltage caused by the starting safety discharge. There-

energy needed to produce an INZ. The maximum tem- fore, the upstream propagation was not evaluated. In

perature was reasonably simulated, but the voltage wasTable 6.7 the quench propagation velocities as well

not. Also, the maximum pressure was much too high, as the measured peak temperature at the pancake P1.2

but this was due to the simple hydraulic model used. inletare given. A quantitative simulation with the Multi

If comparing the quench propagation in the TFMC Mithrandir (M&M) code has not been performed yet,

P1.2 for test Phases 1 and 2 during single-coil opera- so no estimations about the maximum pressures and

tion, no difference was observed. On the other hand, temperatures in the conductor can be given. The num-

a different behaviour was found for the quench of the bers presented ifiable 6.7are measured values at the

TEMC in the two-coil operation (but only one quench inlet of pancake P1.2.

was produced). Especially, the maximum temperature

of the 70/16 kA run was significantly lower than forthe 6.2.2.2. Safety discharge. During a safety discharge

69/0 KA run which scales very well with current (see (specially 25KkA fast discharge with 3.55s time con-

Fig. 6.2Q bottom). This may be explained by the shorter stant) of the magnet, eddy currents and associated heat

high field region in P1.2 in the two-coil compared to generation are induced in the radial plates and the

single-coil operation. case. The power generated in radial plates is transferred
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Table 6.7
Quench characteristics

vg [m/s] V:p [m/s] Tmax [K] Vmax [V]
80/0 kA (all quenches of Phases 1 and 2) ENg 2.7£0.3 63+ 2 1.4-5
69.3/0 kA (all quenches of Phases 1 and 2) 5B 2.0+£0.2 50 1.3-3.3
56.6/0 kA (all guenches) 364.4 1.6+0.1 39 0.6-0.8
70/16 kA 5.0+1 See text 30 1.3

into the conductor helium channels by a diffusion pro-
cess through the conductor steel jacket and insulation,
which is presented in details jh23]. The behaviour of
the case during transient regimes is describddi3a].
6.2.2.2.1. GANDALF Radial Heat Diffusion Model
(GRDM) and Specific Energy Model (SEM). To per-
form the study of heat diffusion, two concentric zones
are modelled with the GANDALF codé@37] coupled
with a 1D Radial Diffusion Model (GRDM). The volu-
metric heat sourcepy in the radial plates is determined
from a transformer modglL39] and the power dissi-
pated in the conductdf09] comprises the hysteretic

losses and the coupling losses. The heat equations

(6.27)for each zone are solved using a finite difference
method with a fully implicit scheme in time (neglecting
the radial dependency aj.

pep(T) (BTE(; t)>
BN A oT 32T
_ < a(rr) + (:)) S M) S+ Pl )

(6.27)

In addition, a more simple approach can be used: the
Specific Energy Model, which considers thatthe energy
deposited in stainless ste&lsis instantaneous and the
maximal temperaturss max(6.28)can be estimated.

TSSmax
Ess=mss /
T

0

cp,s(Ts9) dTss (6.28)

6.2.2.2.2. Conductor and radial plates during a
25 kA safety discharge with 3.55 s time constant. The
total energy deposited due to the eddy currents is
expressed i(6.29)and is equal to 23.9 kJ per pancake
[108].

Pvfd
2

o0
Ep= / Pyoe®™ vy dr = Vo (6.29)
0

Fig. 6.22presents the experimental inlet and outlet
conductor temperatures for the pancake P1.2 of the first
double pancake.

Considering the helium in the conductor being
static, in a first approximation, the radial plates and
helium in the conductor reach a thermal equilibrium
at temperaturds (6.30) after the heat diffusion time
delayr (6.31)induced by the insulatiof118].

T
J,
T;
+),
To

. PHeCv,HeSHe, CICC€ins,CICC
AinsUHe,cicc

with Tg = 4.5K, Pre = 0.53 MPa,ppe = 137.7 kg/nd,
cvHe = 2500J/kgK, eins,cicc = 2mm and Aips =
0.0166 W/m K, which is the insulation thermal conduc-
tivity [140]for fibreglass divided by a fitting-factor of 6
[123]. T; is then equal to 5.4 K and=206 s: these cal-

Ep = ,OSSVpCp,SSdTp

pHe(PHe, THe) Ve ciccdhne( PHe, The)
(6.30)

(6.31)

5,4 1
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Fig. 6.22. The TFMC P1.2 measured conductor inlet and outlet tem-
perature during a 25 kA fast discharge.
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Fig. 6.23. Measured (multi star) and calculated conductor outlet tem- Time [s]

peratures of the TFMC pancake P1.2 during a 25 kA fast discharge.
a—c denote different models: (a) original thermal conductivity of the
conductor insulation}ins; (b) best-fit ofains; (C) best-fit ofains and
improved eddy-current modgl30].

CICC side insulation
\ —— — Plate side insulation
—— Insulation plate side

culations are in good agreement with the experimental __ Case side plates

value (plateau at 5.35 K near 2005s).
A similar result was obtained with the computer
code MAGS where also the thermal conductivity of the

; : : Cable
conductor insulation had to be (drast_lcally) redgced by \\ S8 jacket
a factor of 8 compared to the nominal material data \.* Conductor insulation
[122]. This is shown irFig. 6.23where the measured - Radial plate

and computed outlet temperatures are plotted versus , , , ,
time Fig. 6.24. Top: TFMC radial plates and different insulation temper-

- atures at different radial locations calculated with the GANDALF
This Important phenomenon of heat transfer from Radial Diffusion Model (GRDM) during a 25 kA fast discharge. Bot-

plates to conductor has to be validated and verified for tom: Schematic of the GRDM and locations where the temperatures

the toroidal field coil of ITER and thus argues for cold are calculated.

tests of coils, to guaranty their performances, prior to

their installation141]. energy of the cryogenic system. The latter one is equiv-
With the Specific Energy Model, and taking into alent to the energy dissipated in the winding and in the

account the total energy deposited equal to 238 kJ for structure.Table 6.8summarises the results of the re-

the 10 pancakes, the maximal radial plates temperaturecooling energy of the winding(s) for various quenches

Tss,pis estimated to 10.1 K. analysed, both for single coil and twin coils operation.
In Fig. 6.24 the temperature evolution computed The re-cooling energy of the casing and of the ICS was

with the GANDALF Radial Heat Diffusion Model is

presented at four different radial locations: conductor Taple 6.8

side insulation, radial plate side insulation, insulation Energy efficiency during safety discharge

side plate, and case side plates. The maximum radial current [kA] Stored energy [MJ] Re-cooling energy [MJ]

plate temperature calculated with GRDMis 9.7K and 5.7 (TFMC without LCT)

is in good agreement with the 10.1K value estimated  go (Q) 86.4 4.68 (5.4%)

with SEM: this validates both of the models used. 80 (Q) 86.4 4.72 (5.5%)
Phase 2 (TFMC +LCT)

6.2.2.3. Efficiency of energy transfer. To verify the 70/16 (Q) 337 9.09 (2.7%)

efficiency of the transfer of the stored magnetic energy  49.5/11.6 174.3 3.63(2.1%)

to the external dump resistor in case of a safety dis- __2%/>7 42.78 0.514 (1.2%)

charge, the stored energy was related to the re-cooling Q. safety discharge after quench.
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Fig. 6.25. Efficiency of energy transfer.

not taken into account because their cooling circuits
were connected in series to the windings. The higher
efficiency of the energy extraction in case of the two-
coil operation is due to the fact that the LCT coil has ho
radial plates leading to a higher efficiency. Moreover,
the LCT coil has a much larger stored energy than the
TFMC, so the higher efficiency has a substantial impact
on the total energy efficiency.

Fig. 6.25shows the efficiency of the energy transfer
for the two-coil operation (70/16 kA).

6.2.3. Summary
From the two test campaigns of Phases 1 and
2 ITER-relevant information was extracted from the

corresponding maximum He-temperatdigay after a
guench was rather constant. It could be shown that at
the very beginning of the quench all the quench veloc-
ities (single coil and two-coil operation) fit to a power
law. For single-coil operationmax scaled very well
with the conductor current whereas the only quench
performed during the two-coil operation does not fit.
A quantitative investigation of the quench propagation
was not done by a more advanced code than GAN-
DALF so far and so there is no information available
for both theThax and the maximum pressure inside the
conductor.

During the safety discharge of the TFMC, eddy cur-
rents and associated heat generation are induced in the
radial plates and the coil case. The diffusion process
of the generated heat from the plates to the conductor
helium was described by different models. The exper-
imental data could be well reproduced by modelling
if the thermal conductivity of the conductor insulation
was reduced by a factor of 6—8 compared to the material
data of fibreglass reinforced epoxy.

The efficiency of the transfer of the stored mag-
netic energy to the external discharge resistor in case
of a safety discharge was demonstrated. The dissipated
energy in the TFMC was about 5.5% relative to the
stored magnetic energy but a significant amount of heat
was generated by the eddy currents in the radial plates
and coil case.

List of symbols used in the equations:

analysis of the TFMC performance. The pressure drop Acy
could be modelled using friction factor correlations for ¢<p
both the bundle and the central channel regions with ©°.SS
two types of spirals acting as an envelope for the cen- gfe
tral channel. At extended mass flow rate conditions of p,,
18 g/s for each pancake, the models underestimate the
pressure drop data by about 20% whereas at 10 g/s thePnh
agreement is quite good. On the other side, there is also

a spread in the pressure drop data in the ordetld% Deg
for pancakes having the same spiral.

Because the critical current of the TFMC was much E;
higher than the highest possible operating current, all Ec
guenches were forced by the heating scenario to eval-£n
uate the current sharing temperature. So the quench,
behaviour of the coil was strongly influenced by the
guench initiation, which results in a large spread of the Ess
maximum voltage along the quenched pancake even Ett
at the same conductor current. On the other hand, theZw

€ins,CICC

Copper cross-section

Heat capacity of helium at constant pressure
Heat capacity of stainless steel

Helium heat capacity at constant volume
Hydraulic diameter

Bundle hydraulic diameter (GANDALF input
parameter)

Central hole hydraulic diameter (GANDALF
input parameter)

Effective filament diameter

Difference inthe instantaneous power of pancakes
P1.1and P1.2

Loss energy in the coil case

Loss energy due to coupling losses

Loss energy due to hysteresis losses
Conductor insulation thickness

Loss energy due to eddy currents in the radial
plates

Deposited energy in stainless steel

Total loss energy of the superconducting cable
Loss energy winding pack
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fe
S
feu, fus

hre
HL
Imax
Itemc
1
Jnoncu
K

L

Mup

MWC

mss

N

Np

(n7)
Ppancake
Pue

Phi

Ppy

Pq

Pyo
Pripple
Pp
Pjoint

Pe
QMFI700A

QMFI710
QMFI712
QMFI800

’
Rpancake
Rp

R
Rinner
Router
Rp11
Rp1.2
Rremc
Re
SHe,cicc
Sheb

Sheh
Sstrands

Snoncu

Friction factor of the bundle region

Friction factor of the central channel (hole)
Friction factor, European convention, Friction
factor, US convention

Helium enthalpy

Hysteresis losses

Maximum TFMC current

Current of the TFMC

Coil current

Non-copper current density

Amplification factor

Length of hydraulic channel

Mutual inductance between one TFMC winding
turn and all radial plates

Mutual inductance between one TFMC winding
turn and the coil case

Mass of stainless steel

Number of turns of the TFMC

Number of coil charges

Cable time constant for coupling losses

Loss power of one pancake due to joint resistance
Helium pressure

Hysteresis loss power

Volumetric heat source

Coupling loss power

Initial power

Losses caused by the ripple of the coil current
Loss power of radial plates

Total joint losses of the TFMC

Loss power of coil case

DAS virtual channel; Heat load (loss power) of
the whole TFMC coll

DAS virtual channel; Heat load (loss power) of
the pancake P1.1

DAS virtual channel; Heat load (loss power) of
the pancake P1.2

DAS virtual channel; Heat load (loss power) of
the TFMC case

Radial coordinate

Joint resistance regarding one pancake
Resistance of radial plate

Resistance of coil case

Resistance of inner joint

Resistance of outer joint

Joint resistance regarding pancake P1.1

Joint resistance regarding pancake P1.2

Total joint resistance of the TFMC

Reynolds number

Helium cross-section

Bundle helium cross-section (GANDALF input
parameter)

Central hole helium cross-section (GANDALF
input parameter)

Total strands cross-section (GANDALF input
parameter)

Non-Cu cross-section

Tcs
td

To
The
Tmax
Tedge
Tss
Ub

Unecicc
v

\%

\%
VHe,cicc
Vimax
\Void
Vo
Wia
X

W12
W21
Wcase
Wwp
Xnorm
APHe
o

A

Ains

D,

i

P

PRy
4

T
X

Temperature

Time

Current sharing temperature

Time constant for exponential current decay
Initial temperature

Helium temperature

Maximum temperature during quench
Temperature at the coil case edge
Temperature of stainless steel

Bundle wetted perimeter (GANDALF input
parameter)

Helium perimeter

Helium velocity

Resistive voltage

Volume

Helium volume in cable

Maximum pancake voltage during quench
Void fraction of cable

Volume radial plate

Loss power of the pancake P1.1

Local coordinate

Loss power of the pancake P1.2

Loss power of the pancake P2.1

Loss power of the TFMC case

Loss power of the TFMC winding pack
Normal conducting (resistive) length

Helium pressure drop

Special function

Thermal conductivity of specific material
Thermal conductivity of conductor insulation
Quench propagation velocity

Upstream quench velocity

Helium density

Electrical resistivity of copper

Discharge time constant for exponential current
decay (safety discharge)

Time constant to establish a steady state heat flow
Loss power ratio

General acronyms, abbreviations and initialisms are explained in

Glossary.

7. Properties of special components

7.1. Joints

A scheme of the general TFMC electrical network is
presented ifrig. 7.1 where all the joints are shown and
numbered. The different types of joint to be considered
are listed inTable 7.1 All these joints are overlap joints
(seeFig. 3.5 of the shaking-hand type (conductors on
opposite sides of the joint, s€&. 7.2, except TFMC-
bus bar type 1 positive pole (BB1+) joint (#3) which
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Fig. 7.1. Electrical network (with joints) of TFMC.

is of the praying-hand or hair-pin type (conductors on joint #5 connecting DP1-DP2). Due to their locations,
the same side of the joint). the inner joints are operating under higher magnetic
field compared to the outer joints.

7.1.1. Joints in the winding pack of TFMC

The joints located in the winding pack of TFMC  7.1.1.1. Electrical measurements. The most demand-
(#4-12) are composed of the five inner joints (inter ing joints (i.e., the inner joints operating under high
pancake joints, each of them can be associated with afield) have been equipped with voltage taps to mea-
double pancake, e.g., joint #4 associated to DP1), andsure their resistances (s€&g. 3.19. Two kinds of
the four outer joints (inter double pancake joints, e.g., measurement have been used: a “short length” mea-

Table 7.1

List of joints involved in the TFMC experiments

Type (joint #) Number Conductors Jointing technique
TFMC inner joint (#4, 6, 8, 10, 12) 5 NIBn-NBSn Soldered with PbSn
TFMC outer joint (#5, 7, 9, 11) 4 NISN—-NBSn EB weld of copper pins
TFMC-BBL1 (#3, 13) 2 NBSn—NbTi Soldered with PbSn
BB1-BB2 (#2, 14) 2 NbTi—NbTi Pressed indium wires
BB2—-leads (#1, 15) 2 NbTi—NI$n inserts Pressed indium foil
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Helium pipe
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20000000

Fig. 7.2. Sketch of TFMC inner joint longitudinal cut.

surement with voltage taps located on the helium pipes 7.1.1.2. Calorimetric ~ measurements. The  Joule

of the joint boxes (se€ig. 7.2, and a “long length” power P; dissipated in each pancake is calculated
measurement with taps located 600 mm apart from the through the helium enthalpy variation between outlet
joint, on the conductor jacket. Because of a high resis- and inlet, using measured outlet temperatlggyet,
tance between the cable and the jacket (or the steelinlet temperaturinet, mass flow rate:, and pressure
joint box), the “short length” measurement should lead p (see Eq(7.1)). This calculation is only valid under
to underestimate the joint resistance by picking an elec- steady operation and more details can be found in
tric potential lying in between the cable and the copper Section6 (see alsq145]).

sole potentials, as in a voltage divider. On the other

hand, far enough (>500 mm) from the joint, the elec- £ = m(houtiet— hinlet) (7.1)

tric potential on the steel jacket is equal to the one of the .
cable, and the joint resistance measurement is thereforeVN€"eoutie?: Toutled) aNiniet(p, Tinler) are the helium

enthalpies at outlet and inlet, respectively.
more accurat§l44]. . s :
During the TFMC Phase | experiment, an odd phe- The TFMC hydraulic network is shown Fig. 3.13

nomenon was observed, which remained unexplained where it can be seen that the first two pqncakes (P11
during several weeks, and which was erroneously and P1.2 of DP1) are fully equipped and independent,

attributed in the beginning to a measurement problem. ¥;/h|le the other patncafkest are Co‘;pled either for m?ss
Indeed, a reverse of polarity was observed on all the ow measurement or for temperature measurement.

“short length "voltage drops between normal state and . In order to calculat®; in every pancake, the fO.IIOW' )
superconducting state, which was not observed on the'n9 ru_Ies have been used (except for DP1 obviously):
“long length” voltage drops. A model was developed Tinlet IS assumed equal for all par_1cakes to the value
which explained this real phenomenf®4], coming measured on P1.2, a commBger is assumed to be
from the fact that the “short length” voltage drop is

indeed negative when the longitudinal resistance along < 0.14

. .. . . [ I |ADP2_long length

the cable is much larger than the joint resistance itself. = 0.127—mora_ing length /(/‘
; ini =) | |ADP2_shortlength

Among the 10 inner joint measurements, DIBBg S 017 00ps shortlength /'//‘j

length (#12, long distanced voltage taps) had to be ito.os
rejected because of erratic results. The other measure-?d- 0.061 g é ng

ments appear quite trustable, with a slight increase of & =

resistance with current, and so with field ($ég. 7.3. @, 004t

The joint resistances at 80 kA are givenTiable 7.2 £ 002y

where itcan be seen that, as expected, the “shortlength” = 0"
resistances are generally lower (by about 30%) than the

“long length” resistances. Note also that two outer joint

resistances (#9 anq 11) were measured directly Usingrig. 7.3. Typical voltage drops across TEMC inner joints (symbol
quench detection wiring. height = error bar =2.5.V, including point at 0).

10 20 30 40 50 60 70 80 90
Coil current [kA]
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Table 7.2

TFMC joint resistances during Phase |

Type Current [KA] Location (joint #) Short length {1 Long length [r£2]
Inner 80 DP1 (#4) 1.19-0.06 1.68+0.06
Inner 80 DP2 (#6) 1.180.06 1.46+0.06
Inner 80 DP3 (#8) 1.19-0.06 1.7G+£0.06
Inner 80 DP4 (#10) 1.130.06 1.65£0.06
Inner 80 DP5 (#12) 1.1%0.06 1.62:0.18
Outer 56.6 DP3-DP4 (#9) - 1.30.07
Outer 56.6 DP4-DP5 (#11) - 1.240.07

aExtrapolated from short length value.

the value relative to each pancake, mass flowis assumedand the slopes are much lower (50-60%). This result
equally shared among pancakes for DP2, DP3 and DP4,has been attributed to the heat exchange in the coil ter-
while for DP5, the same mass flow repartition as mea- minal joints with the bus bars (corresponding to helium

suredin DP1 has been assumed. Pregsisrmeasured

inlet pressure.

inletfor the bus bars) and also possibly to heat exchange
with the casing (see Secti@nl), leading to underesti-

Besides these rules, the final accuracy for the mate the real Joule heating. From the work presented
Joule heating (and so for the pancake resistance) isin Section6.1.2.2(seeFig. 6.3, the correction to be
limited by the temperature difference accuraty’
(=£5mK— AP;j~+0.2W) and the mass flow rate

accuracyAm (=+5%— APj==£5%).

The results are presented in the form @(12)
curves, wherel is the current flowing through the
TFMC conductor. As shown iRig. 7.4 the curves are
roughly linear, the slopes of these curves being the pan-first note that the magneto-resistance effect should be
cake “resistances”. The points closd to0 correspond
in fact to I=4KkA, they show the so-called residual
steady power, which is attributed to eddy currents pro- ting a curve as function of? tends to mitigate the
duced in the radial plates by the power supply voltage apparent effect of a linear increase of resistance lvith
ripple at 600 Hz (see Sectidhl.3. However, the side
pancakes (P1.1 and P5.2) have different behaviours, thefrom 4 to 40 kA (see Sectiof.1.3.

curves are less linear (or the origin points are shifted)

147

applied to the measurememtseach side pancake can
be evaluated to lie within the 1.4-1.7 W range (aver-
age=1.55W).

There is a good linearity of the Joule power versus
I?, which means apparently a constant resistance, in
contradiction with Sectiofi.1.1.1 However, one must

lower on the outer joints (compared to the inner joints)

because the magnetic field is lower. Second, that plot-

Last, thatthe residual steady power may not be constant
A summary is given iMable 7.3 The values of the

pancake resistances were calculated from the slope of
the Pj(1%) curves. The resistance of a given pancake

B p——p /+ contains in fact the resistance of the halfinner joint plus
s | woe P /@/ -4 the resistance of the half outer joint of this pancake (see
T 10 -o- P42 s Fig. 7.1
: ol i I St
a Qe - &~
) S D i 7.1.1.3. Cross checking and extrapolations. As illus-
L 4 e trated inTable 7.3 a pancake resistan®gancakes the
w __/—' — . . ..

ST sum of the resistance of the half inner joiRinqer)

Of plus the resistance of the half outer joiRy(te;) Of

0

1000 2000 3000 4000

Square of coil current [(kA)?]

5000 6000 7000

this pancake. For two pancakes (P3.2 and P4.1), it was
possible to crosscheck the electric measurements and
the calorimetric measurements. In order to improve the

Fig. 7.4. Steady state power dissipated in some TFMC pancakes COMparisons, the Joule heating was calculated in these

(error bars =:0.2 W= 5%).

pancakes using the associated inner and outer joint volt-
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Table 7.3
TFMC pancake (joint) resistances (Phase 1)

Double pancake Pancake (joint numbers) Resistareg [n

DP1 P1.1(1/20f#3+1/2 0f#4)  1.250.25
P12 (1/20f #4+1/20f #5)  1.620.14
DP2 P2.1(1/20f #5+1/2 0f #6)  1.330.13
P2.2 (1/2 of #6+1/2 of #7)  1.2£0.12
DP3 P3.1(1/2 of #7+1/2 of #8)  1.280.12
P3.2 (1/20f #8+1/2 0f #9)  1.350.13
DP4 P4.1(1/2 of #9+1/2 of #10)  1.260.12
P4.2 (1/2 of #10+1/2 of #11) 1.1H0.12
DP5 P5.1(1/2 of #11+1/2 of #12) 1.430.13
P5.2 (1/2 of #12+1/2 of #13)  1.350.3C°

aCorrective coefficient applied due to heat exchange by the helium
cooling of the bus bars in joints #3 and 13 (see Secfidnl.).

Table 7.4
TFMC pancake (joint) resistance

Pancake Calorimetry Voltage Overlapping
[nQ] drops [R2] range [112]

P3.2 1.35+0.13 1.46+0.07 1.39-1.48

P4.1 1.26£0.13 1.39+0.07 1.32-1.39

age drops. Then the power as functiod‘ofvas plotted
and the slope of the linear fit was calculated to be com-
pared with the values given ifable 7.3 [144]

In Table 7.4 the pancake resistance values given by

the calorimetric method are presented and compared to

the values given by the electrical method. The agree-
ment is good, i.e., within the measurement accuracies.
The last column of this table gives the overlapping
range.

The same process can be used to calcutatg,
knowing Rpancakeby calorimetry andRinner by voltage
drops. This allows to estimate the “missing” outer joint
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in factRouted2 is calculated. Since values by the calori-
metric method were used, it is convenient to calculate
here Rinner by the slope of the linear fit of the Joule
power calculated from the voltage drop.

It can be noticed that each outer joint can be cal-
culated using two different pancakes. The results are
presented infable 7.5 The agreement is good, i.e.,
withinthe accuracies. The last column of the table gives
the overlapping range. The final accuracy is poor, how-
ever the low values of the outer joint resistances are
confirmed (sedable 7.5.

7.1.1.4. Comparisons with joint samples. Within the
framework of the TFMC fabrication program, three
full-size joint samples were fabricated and tested by
the EU Home Teanfil46]. The DC resistances of the
joints of these samples were measured under high mag-
netic field (up to 8T), with high transport currents
(up to 80kA)[147,148] Two of these samples used
exactly the same cable as the TFMC but different jack-
ets. One of them (called TFMC-FSJS) used exactly
the same conductor as the TFMC and had a joint simi-
lar to the outer joints of the TFMC (i.e., facing copper
soles connected with EB welding of copper pifi)9].

The other sample (called TF—FSJS), although using an
incoloy-jacketed conductor and incoloy—copper joint
boxes, can be considered as relevant to the TFMC inner
joints (i.e., facing copper soles connected with PbSn
solder)[149].

The resistances of these joints were found to be
given by the following laws, independent of current
when far from critical currenitL49]:
Rjoint = Ro + pB (7.2)
whereB is the local magnetic field modulus (if) on
the joint (i.e., applied field plus self field).

resistances#5 and 7, not directly measured (see Section Note that the field (vecto® was oriented perpen-

7.1.1.9. Obviously the final accuracy is poor because

dicular to the current lines in the copper soleB (3.

Table 7.5

Estimation of missing outer joint resistances

Joint # Pancake Rinned2 [NQ2] Rpancake[N$2] Router [N€2] Overlapping range [f2]
5 P1.2 0.83£0.03 1.62+0.14 1.58+0.34 1.24-1.54

5 P2.1 0.72£0.03 1.33:0.13 1.22+0.32

7 p2.2 0.83£0.03 1.2740.12 0.870.30 0.65-1.17

7 P3.1 0.810.03 1.28:0.12 0.95£0.30
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In addition, measurements performed on sub size joints Table 7.7 .
have given the ratip of the magneto-resistance effect Magnetic field components on TFMC joints at 80 kA (Phase 1)

of a parallel fieldB;, compared to the effect of a per- Location Joint#  Type B [Tl B, [T]
pendicular fieldB by: y =0.58[150]. DP1-BB1+ 3 Terminal/bus bar ~ 1.29 1.37
The values ofR, and 8 for the two samples are  DP1 4 Inner 2.13 4.96
reported irTable 7.6 It can be seen thatis aimostthe ~ DP1-DP2 5 Outer 1.75 2.24
same for the two samples, whif (which is represen- ng_DPS 67 I?)Tﬁér 10'0670 52'6654
tative of the strand—copper contacts) is much higher in pps 8 Inner 011 585

the TFMC—-FSJS, which was attributed to the effect of
the EB welding.

It should be also noted that the tested sample joints while 8 has almost the same value since it depends
were of the praying hand type, while the TFMC joints mainly on the copper sole. It was then tempting to try
are of the shaking hand type. However, in supercon- to fit the experimental voltage drop curvég), playing
ducting state, no difference should be expected in DC only with R, while using Eq.(7.3). This analysis was
operation. only possible on joints having full reliable characteris-

In the TFMC joints the magnetic field has any ori- tics V(I) (see Sectiorr.1.1.]. The results were quite
entation with regard to the currentlines in copper soles, good as well for the inner joints as for the outer joints
the radial field componem, (with respecttothe coil)  (seeFig. 7.5as an exampleL44].
is aB, for the joints, while the axial field component The good fits obtained by playing only willg prove
B, (with respect to the coil) is By for the joints. the validity of the magneto-resistance formula (asso-

Without any data on the effect of any field orienta- ciated with an accurate field calculation). Finally, the
tion, and without any theoretical model available, the qualities of the joints can be compared using aRly
following empirical formula has been used to calculate as the effect of magnetic field (and so of joint location)

the TFMC joint resistances: has been eliminated. The valuesRy are reported in
Table 7.8 compared to the FSJS values.
Rjoint = Ro + B4/ BZ+ VZB§ (7.3) The values of the inner joint resistances measured

in the Phase Il experiment (with current in the LCT
coil) were found quite in agreement with the values
calculated using E(7.2) associated with values ¢f
in Table 7.6 and with values o, in Table 7.8(see

whereR, andg are given inTable 7.6

This simple law has been used because it enables to
recover the correct values with = 0, or withB,, =0, as
well as it gives a monotonous decrease from perpendic- Fig. 7.6as an example). The local magnetic field on

ular f|e!d to pgrallel field. Note that other calculatl_ons, the joints was accurately computed for this purpose.
assuming a linear decrease of the magneto-resistance

effect with field angle, gave similar results on the

- 14
TFMC joints. M=
The values of the magnetic field on the TFMC joints o 01277 — va4.n /
are reported irTable 7.7 for the maximum current of E o1
80KA (no currentin LCT coil). Note that during Phase & 008 /
| (test of TFMC alone), the field is symmetric with 5 = /
respect to coil mid-plane. g 008 /
It was already noted thaR, is characteristic of S o
the strand—copper contacts (quality, surface, number), 0.02 /
Table 7.6 0 - - - - - : : t |
Values of characteristic parameters for EU FSJS joints 0 10 20 3 40 s 60 70 80 90
Sample TEMC jointtype  Ro [n2] B [NQIT] Coil current [KA]
TF-FSJS Inner 0.922 0.119
TEMC—FSJS Outer 1.63 0.111 Fig. 7.5. Experimental (dots with error bars) and theoretical (line)

voltage drops of DP2 inner joint.
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Table 7.8

Values of TFMC and FSJS joint origin resistances

Joint type Location Joint # Ro [n€]
Inner DP1 4 1.31
Inner DP2 6 1.04
Inner DP3 8 1.32
Inner DP4 10 1.25
Outer DP3-DP4 9 1.20
Outer DP4-DP5 11 1.08
TF-FSJS - - 0.92
TFMC-FSJS - - 1.63

7.1.1.5. Comparisons with models. Neglecting the

PbSn solder resistance (two thin layers, about 0.1 mm

thick each, accounting for less than 0.@»)nthe joint
resistanceRjoint can be expressed in a rough and gen-
eral way as follows (at better than 5% compared to a
FE calculation):

Pbeb

Rioint = 2——
joint PoL

Pcu€eu

2
+ Pc.L

(7.4)

where “opep” is the overall barrier resistance (per unit
contact area) between cable and copper sajgethe
copper sole resistivity (RRR =320, (10 mm) the
average copper sole thickness, (=38 mm) the geo-
metrical contact perimeter of cable on copper sole
and L=440mm is the joint overlapping length (see
Fig. 3.5. Note that the barrier resistance includes not
only the contact resistance but also internal barriers in
strands.

2.5
= EDI778

— — DP4-model
G 2
£
o !—r__—.f——?—’_r”A
[&] L
§15
k7]
7]
o
o 1
(]
E
o 0.5
3

0

P1-80/0 P2-80/0 P2-61/14 P2-66/15 P2-70/16 P2-80/16

Fig. 7.6. TFMC DP4 inner joint (#10) resistance in Phase | and
Phase Il experiments (abscissa is Phasérpac[kA] 1 cT[KA)).
Measured values (dot + error bars), and model (line).
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Using Eq.(7.4)for an average inner joint resistance
Ro (at 0T) of 1.20 12 (seeTable 7.8, one gets:

pbeb ~ 9.5 x 102 Qm? (7.5a)

Eq.(7.4)also shows that the contribution of the copper
soles is negligible at 0 T (about 0.06&h

Taking into account the fact that only two-third of
the strands are superconducting, the value mgp”
given in Eq.(7.5a)has to be corrected accordingly for
a better relevance and easier comparisons with other
joints. Then one gets:

pbeb ~ 6.3 x 1072 Qm? (7.5b)

This value is in agreement with experimental results
obtained on subsize joints used for the qualification of
the joint design, taking into account the 25% cable void
fraction in the TFMC joints. Indeed, values gfpep”
ranging from 2 to 3x 10-12Q m? were found at 20%
void, and about & 10~1? 2 m? was found at 30% void
[151].

Note also that the real barrier resistances are lower
than these values because the real contact perimeter is
lower than the geometrical contact perimefgr As a
matter of fact, measurements performed on a full size
jointmock-up have given an effective contact perimeter
at the strand scale of about 28% qf P

Eq. (7.4) also shows that the theoretical magneto-
resistance coming from the copper soles is:
Bin~0.054mM2/T. The magneto-resistance coeffi-
cient 8y, should be also affected by the proportion of
superconducting strands but in a less straightforward
and a much less significant manner tham,éh”,
as observed on full-size joint sampl¢$48]. The
observed magneto-resistance coefficient (accurately
measured on samples and confirmed by the TFMC
results) 8~ 0.12 /T, is about twice the calculated
value. This has been understood as the effect of current
paths through the copper sheath of the strands and thus
is integrated in the Spep” of the model (i.e., a ppep”
value increasing with field).

7.1.1.6. Comparison with ITER specifications. \When

the TFMC was designed, the ITER TF coil design was
considering a single pancake winding with internal and
external joints. Then the internal joints (also helium
inlets) were key components and the maximum joint
resistance was limited by the effect of the Joule heat-
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ing in the joint on the operating temperature of the 7.1.2. TFMC terminals

conductor at peak field. The DC power in the joint was In contrary to the inner and outer conductor termi-
limited so as not to increase the helium temperature nations, the terminals of the coil were fabricated at the
by more than 0.05K, which at the end led to impose elongated ends of the conductor of DP1 and DP5. A
a joint resistanceRte < 2.5 2. From the first results  piece of conductor of about 1 m length is standing out

obtained on subsize joints, a target vaRigget= 2n2 of the radial plate. The end of this conductor is welded
looked quite reachable. to the terminal joint piece.
Atthe time of the TFMC design, the maximum mag- The design of the terminal is identical to the inner

netic field on the ITER TF coil inner joints was about joint, however, the outer contour of the termination box
6.5 T. Taking conservatively the field to be normal to is shaped to a rectangular cross-section. The manufac-
the current lines leads to a magneto-resistance coef-turing procedures for fabricating the terminationis used
ficient of 0.12©2/T (as measured on samples under unchanged as for the manufacture of the inner and outer
B, , seeTable 7.6. Then one gets the following spec- terminations. The conductor isinsulated up to the weld-

ification for theR, value of the ITER TF coil joints: ing seam of the conductor jacket to the stainless steel
Ro < 1.72, with a target at 1.292. It can be seenin  part of the termination box.

Table 7.8that the TFMC joints are quite at the level of DP1 carries the terminal connected to the positive
the ITER target. pole of the power supply, DP5 carries the terminal con-

The present ITER design is considering double- nected to the negative pole of the power supply. The
pancake winding without internal joints and the specifi- “bus bar 1 positive” forms a “praying hands” config-
cations for the joint resistances can be relaxed becauseuration when being joined to the coil terminal. This
of no more impact on the conductor operating condi- is important, because the insulation thickness of both
tions. However, lower joint resistances still offer the the conductor end of DP5 and of the bus bar necessi-
interest to decrease the thermal load of the TF coils tated the introduction of a copper shim piece in order

which operate in DC mode. to bridge the geometrical distance between the copper
soles. Therefore, there are two soldered connections at
7.1.1.7. Summary. Fromthe values given ifable 7.8 this joint. The “bus bar 1 negative” is connected to the

the following can be derived: the values Bf are terminal in the same configuration as all inner joints are
low (1-1.32 range) and lie in the lower half range made (“shaking hands”). Also the soldering technique
between the TF—FSJS and the TFMC-FSJS values, noused was identical to that of the inner joints. The rea-
difference is visible between inner and outer joint resis- son for the difference of “praying hands” and “shaking
tances, the total dispersion among the TFMC joints is hands” configuration lays in the routing of the bus bars
within +11%. arriving from the same side to the winding terminals.
Finally, these results are rather unexpected taking
into account the test results of the two FSJS, and 7.1.3. TFMC bus bar joints
lead to the following comments: neglecting a possi- 7.1.3.1. TFMC bus bar termination. The terminations
ble effect of incoloy, the TF—FSJS sample had a very of the bus bars were fabricated to an identical design
good joint (lower boundary), the industrial fabrication except the one to be connected to the superconductive
of the TFMC joints has led to a rather good uni- shunted copper connection bar at the cold end of the
formity of the joint resistances certainly due to well heat exchanger of the current lead (joints #1 and 15).
defined and repetitive processes, the quality of the outer ~ As the bus bar conductor is made of NbTi strands,
joints (strand—copper interface) has been significantly one could profit from the fact that a heat treatment
improved compared to the TFMC—FSJS joint, to be is not required and therefore a low melting interlayer
attributed to an improvement of the copper pins EB between the strands and the inner surface of the copper
welding. sole was used: the copper sole was indium coated by
The resistances of the TFMC inner joints are lower a melting process at a thickness of a few microns. The
than the specifications for the ITER TF coils and are at NbTi strands were pressed into the indium-coated sur-
the level of the ITER target (as defined at the time of facethusincreasing the contact surface between strands
the TFMC design). and copper sole. Moreover, during the soldering pro-
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tioned on top and pressed down using the clamping

(128 system equivalent to that of the joints between coil ter-
Bus bar type 1 Termination box Copper soles i
_ =T _ i minals and bus bars. A torque of 15 Nm on each of the
8= YNz - o 40 bolts (M8), which was repeatedly applied during
ERRRREELER y / - about 10 working days (two weeks), and an elevated

temperature of about 6@ brought the creeping of the
indium practically to an end.

The thickness of the squeezed indium wires remains
to 0.13+ 0.02 mm. The coverage of the surface by the
indium is 774+ 2%, which was checked after undoing
the joint during the disassembly of the TFMC for the

/

Helium connection pipe i preparation of Phase Il.

7.1.3.3. Bus bar to current lead joints. The current
lead system consists of two components: running from
to bus bar type 2 emerging from the TOSKA cryostat extension to F00M temperature area to cryogenic area, there is

the right, just before being disassembled after end of test Phase |, the
clamps are removed, the copper soles are aligned face to face.

Fig. 7.7. The insulated bus bar type 1 arriving from left connected

— aflexible water cooled bus bar;
— ahelium gas cooled heat exchanger (copper rod with

cess for the fabrication of the joint, this indium layer ~ €00ling fins, shunted by superconductive 3Sh
was re-melted, thereby reducing the contact resistance nserts and a cold gas return flow at the cold end
of the strands to the copper sole. (see Sectiod-4).

The manufacturing procedure regarding the prepa-  The connections between the TFMC bus bars and
ration of the cable end to be pressed into the groove the current lead system were realised by very similar
of the termination box was used Unchanged as for the joints as between bus bars wDe 1 and bus bars type 2:
inner and outer terminations. The shape of the termina- the copper soles of both parts, the termination of bus
tion box was identical to the shape of the termination pgr type 2 and the cold termination of the current lead
box of the coil terminals. were gold plated, an indium foil was placed in between

and the two terminations were pressed together with a
7.1.3.2. Bus bar type 1 to bus bar type 2 joints. Due pressure of about 25 MPa. A special clamping system
to the fact that the test of the TFMC was planned to was used in order to fit to the half circular cross-section
be performed in two phases, these joints needed to beof the cold termination of the current lead.
opened and remade in order to allow the extraction of
the TFMC from the TOSKA vessel between the two 7.1.3.4. Quench detection system of the bus bars. Sim-
test phases (sefeig. 7.7). The connections between ilar to the TFMC double pancakes, the bus bars were
the TEMC bus bars and the current lead system were equipped with voltage taps providing signals for the
realised by very similar joints as between bus bars type quench protection system. The voltage taps were con-
1 and bus bars type 2: the copper soles of both parts, thenected to the ends of the 2 bus bar types Ege7.9:
termination of bus bar type 2 and the cold termination one voltage tap was connected to the copper sole of the
of the current lead were pressed together as describedoint of bus bar type 1 at the winding terminal, the other
in Section4.4.3 A special clamping system was used voltage tap was connected to the helium outlet pipe of
in order to fit with the half circular cross-section of bus bar type 2. The wire coming from the helium inlet
the cold termination of the current lead and the square pipe of bus bar type 1 was placed in the central cooling
cross-section of the bus bar type 2. channel of the bus bars. It passed the joint connecting

Ten indium wires of 1.5 mm diameter were placed bus bar type 1 to bus bar type 2 inside the helium pipe
on the surface of the gold-coated copper sole of bus barwhich connects the exit pipe of bus bar type 1 to the
type 2 termination box which was facing upwards. The inlet pipe of bus bar type 2. The voltage signal there-
silver-coated copper sole of bus bar type 1 was posi- fore includes part of the ohmic resistance of the joint
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ing the cooling channels of the bus bar cables is not
known, because there is an unknown heat transfer in
the soldered joint of the TFMC terminals to the bus bar
terminals.
Ere The voltage drop across the bus bar system was mea-
Curentiond cordond | [ ntor busbar join e sured using the voItage. taps. Using all exp.eriments.of
{squeezed indium wires) constant current operation of the model coil, the resis-
tance of the bus bar system shows a small dependence to
EDI 942/ EDI 962 the transport current. There was no significant change
of the bus bar system detected when the intermediate
joint between type 1 and type 2 bus bars were opened
and remade.

“copper sole—superconducting cable of bus bar type 17, Fig. 7.9shows the results calculated from the mea-

the joint between bus bar type 1 and bus bar type 2 and Surements of EDI942 and EDI962 voltage drops (see

the ohmic resistance of “superconducting cable-copper Fig- 7.8 as function of operating current (above 4 kA)

sole of bus bar type 2”. Summing up these resistances, for both bus bar systems during Phase | and Phase I

it is estimated to be in the order of 1.5 times of a single OPerations (to improve the signal to noise ratio 7 Hz

joint between two bus bars. filters have been installed between phase | and phase
In addition, the joint connecting bus bar type 1 to bus ). ] ] .

bar type 2 being designed with squeezed indium wires _ Expressing these measurements into linear trend

was expected to have a higher resistance compared tdin€s. the results become:

the soldered inner joints. Rpos 1[nQ)]
The helium inlet to the bus bar system was made at Pos

both coil terminals where the outlet helium from the =2.21[n2] — 1.25 x 1074 [nQ/kA] x I[KA]

winding terminals arrives at the other side of the joint.

Due to this fact it is not possible to do any assessment Rpos 2 [ne2]

of the thermal losses of the ohmic resistance of the P03

bus bare joints: the temperature of the helium enter- = 1.82[n2] + 6.88 x 103 [NQ/KA] x I [KA]

Bus bar type 2

Quench detection wire

Fig. 7.8. Layout of the quench detection voltage taps of the bus bars.

Ohmic resistance across the bus bars
(4 kA runs excluded)

(nQ)
25
A [ 1 h [ FE
- T —J 7y =
55 A b 2 =
2.1 z L 7 = —_r yaY
20 fr==—* 3 \ .
18 - F A Fay A
! 5] LI
it O l A a
15 m! | L
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Operating current [kA]
¢ Pos. bus bar (phase |) A Neg. bus bar (phase I)
O Pos. bus bar (phase Il) A Neg. bus bar (phase Il)
= | inear (Pos. bus bar (phase I) == Linear (Neg. bus bar (phase 1)
— = Linear (Pos. bus bar (phase Il) = Linear (Neg. bus bar (phase Il)

Fig. 7.9. Resistance of the bus bar system vs. operating current level.
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Rneg 1[ng2] Current sharing temperature of the NbTi strands
10
_ —3 — = — Tcs[K]
= 1.77[nQ] + 3.75 x 107" [nQ/KA] x I [KA] T g N - Teperating K]
g 8 I o O Operating point
Rneg 2 [nQ] 8 BT~
a ]
= 2.08[nQ] + 2.31 x 10~ 3[NQ/KA] x I [KA] E 6
[
Except for the positive bus bar system in test Phase ~ ° =
1, there is a small dependency of the resistance onthe  *§ 1 > 3 4 5 &

current. Magnetic field [T]
As already mentioned, the resistance across the bus

bar system includes not only one joint. A rough assess- Fig. 7.10. Current sharing temperature of TFMC bus bar conductor.
ment gives that the resistance of a joint is composed . _ )

of three main parts. Parts 1 and 3 are the resistancesd/VeS @ safety margin to the operating point of about
of the current transfer from the filaments to the copper S K (S€€Fig. 7.10. .

sole contributing about 40% of the total resistance. Part 1 he bus bars were not specifically tested, however,
2 is the resistance of the current transfer between the dUring the experiments with heated helium, the tem-
two copper soles contributing to about 20% of the total Perature of the positive bus bar system was elevated,
resistance. Taking this partition of the joint resistance Pecause of the heat exchanging property of the TFMC
into account, the resistance of the inter bus bar joint is (€7Minaljointto the bus. The safety marginwas reduced
about 72% of the total resistance of the bus bar system. 40Wn t0 2K in the most extreme caseg. 7.11shows

The average value therefore is the helium exit temperatures of pogitive and negative
bus bar system during thE:s experiments at 80 kA

Rpos inter = 1.55+ 0.32/— 0.64 [n<] with heated helium entering the inner joint of pancake
P1.1 and exiting at the coil terminal joint to the pos-

Rneg inter = 1.58 4+ 0.36/ — 0.48 [n2]. itive bus bar system. However, the bus bars could be

operated without any problem during both test phases.

7.1.3.5. Summary. Although originally the twin box o

joint technology was developed for conductors based /-2-2- Current distribution in bus bar type I

on Nb;Sn strands, the results of joint resistances of P251ve (BBI+) and BBI— it

NbTi-based conductors are of the same magnitude. /-2-2-1- Experimental set-ups. Two different set-ups

only a few joints of this kind are manufactured by using both Hall probes have been installed on the NbTi

industry, however, the reproducibility was acceptable. Pus bars of the TFMC. The aim of these systems was
to evaluate the current distribution among the strands

7.2. NbTi bus bars
Operating temperature of the bus bar system

X
7.2.1. Bus bar characteristics E at a constant current of 80 kA
The bus bar systems are each divided into two sec- §
tions. Sectionl (bus bar type 1) was soldered to the &
TFMC terminals bringing the ends of the coil conduc- ;-Eg
tor to the entrance point of the current lead system into ‘g
the TOSKA vessel. Sectidh(bus bar type 2) was part £
of the so-called TOSKA cryostat extensions containing 3
the current lead system. A demountable joint connects - == current sharing temperature
bus bar type 1 and 2 to each other as explained in Sec- e temberatire hos: bis bar

tion 7.1.3 [152]
The maximum local induction taking into account  Fig. 7.11. Helium exit temperature of the bus bar system in relation
the self-field of the conductor reached 3.61T. This to the current sharing temperature of the NbTi strands.
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4 . | -~ o . The Hall probes were all fabricated and calibrated
b cv bors oo 1 N s 8 at the Institute of Electrical Engineering of Bratislava
- Ml s/ (Slovak Republic); the chosen type is HHP-NP, with a
3 maximum control current of 150 mA, and a sensitivity
higher than 100 mV/T (active area 0.625 R)m
All the sensors of set-up #1 were individually cali-
brated at 4.2 K, under magnetic field ranging frerh
to +5T. Only 5mA power supplies were available in
Phase I, which limited the signal accuracy.
The Hall probes of set-up #2 were individually cal-
ibrated at room temperature (fror0.4 to +0.4T), at
77K (from —0.4 to +0.47T), and at 4.2K (from-2

Joints between bus bars type 1

j and bus bars type 2 ! to +2T). In order to evaluate the effect of positioning

N inaccuracies, the measuring heads were first tested in

Fig. 7.12. The CEA Hall probe sets are located between the laboratory, mounted on a resistive bus bar in a coaxial
BB1-BB2 joints (at the figure bottom) and the coil terminals. arrangement (i.e., the return current was flowing in an
external concentric cylindrical conductor) to eliminate
the influence ofthe return current. This provided a good

of the cables. Due to fabrication constraints and time indication of the inaccuracy of the Hall probes posi-
schedule, it was not possible to install them on the tioning and alignment in comparison to the nominal
TFMC conductor itself, therefore the bus bars were sensing direction. This latter figure was found to be in
chosen since they use the same joint technology (i.e., the range of 2-3° at worst. The heads were fabricated
twin-box concept) as the coil (see above). and mounted by IEE of Bratislava. The experimental

A first simple set-up (#1) was installed by CEA for set-up included a dedicated data acquisition system
the Phase | experiment (single coil test) in 2001. A based on National Instruments components and soft-
second more sophisticated set-up (#2) was installed onware. The accuracy of the DAS was estimated to be
one bus bar by ENEAto be operational during the Phase better than 0.1% with a sensitivity of about 1.2
Il campaign (test with LCT coil) in 2002.

A simple but powerful set-up was retained for Phase 7.2.2.2. Signal analysis and reconstruction. A Sys-
I, based on the equipment already installed on the ITER tematic offset correction has been applied to every Hall
CS Insert, tested at JAERI (Naka, Jap§lp3,161] probe signal by setting a zero output value when the
Each of the BB1 leg was equipped with a four-quadrant TFMC current is zero (in Phase | experiment), this cor-
head, measuring the tangential field component with rects both for a possible remaining stray field and for
respecttothe cable (sB@. 7.19. FourflatHall probes  amplifier offsets.
are mounted into a rigid frame composed of two bolted For checking the sensors accuracy and linearity, the
half-moon structureld 54]. This frameisthenfixedand  average value of the four sensors mounted on each bar
wedged onto the insulated conductor. The relative posi- was computed and compared to the field value given
tions and orientations of the probes are thus precisely by the Ampere’s law (assuming the current uniformly
determined by the frame, while the relative position of distributed over the cable cross-section). If the current
the frame with respect to the conductor center is only density in the cable cross-section does not vary over a
roughly known due to the insulation thickness. very small geometric scale, then it can be shown, using

During the 2002 test campaign, two additional mea- the harmonic analys[&44], that the two values mustbe
suring heads (set-up #2), each provided with 12 Hall equal. Practically, this equality is helped by the multi-
probes, were installed on the BB1 positive distanced twisted structure of the cable and by the finite relative
by a quarter of the cable pitch. One of the heads was distance between sensors and cable which both miti-
provided with six “tangential” probes and six “radial” gate the effects of small scale inhomogeneities in the
ones, the other head with ten radial and two tangential cable. The agreement between the probe signals and
probeq155]. the corresponding values derived with the Ampere’s
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law actually is good (better thanl.5% for both BB1-

and BB1+ with set-up #1), which gives confidence in

the values given by the probes. On the other hand, the

individual signal given by each probe is highly per-

turbed by the stray field of TFMC and by the field

produced by one bus bar leg on the other one, these

two fields being proportional to the bus bar current. .

The main effects of these perturbations can be checked

qualitatively on the signals (i.e., polarity, order of mag-

nitude), however the exact locations and orientations

of the sensors are not known with enough accuracy to

allow quantitative evaluations. At the end, without the

accurate knowledge of the perturbing effects, only evo-

lution from one situation to another can be measured.

However, there are conditions under which the current Fig. 7.13. The CEA four-quadrant model used for the bus bar cable.

distribution can be assumed uniform, and which can

be used as references. They are the normal state (oithird method)irf144], they will therefore not be treated

resistive) operation, the full quench of bus bars, and here.

the purely inductive regime. Among these three pos-  The four-quadrant model simply corresponds to the

sibilities, only the third one was used in the Phase | division of the cable cross-section into four quadrants

experiment. It should be finally noticed that these ref- instead of six real petals (sé&g. 7.13. This model

erencing methods may be even more powerful than the assumes a uniform current distribution within each

pure calculation of the perturbing fields, because they quadrant. In order to get absolute values, for each leg

cope with the inaccuracy of the location of the sensors the steady state current distributions were compared

with respect to the cable itself (insulation thickness, with the inductive current distribution (best determined

jacket wall thickness). Only the relative locations and at the end of ramp-up at 40 kA, with 300 A/s). The

orientations of the sensors, one with respect to the otherdifferences between steady state distribution and induc-

ones, need then to be accurately known. tive distribution in BB1+ (relative deviation of quadrant
There are two main ways to analyse the Hall probe currents with respect to average val@d/Kaye) are

signals in order to get an idea of the current distribution plotted inFig. 7.14 Similar results are found in BB4

in the cablg144,155,159,161]The calculation of the ~ [155]. Then, assuming the inductive distributions to be

current barycentre location is the easiest analysis to beuniform, the non-uniformity of the steady state distri-

performed with this kind of sensors, it provides useful

information such as barycentre motion, easily under-

standable data, but it does not give a direct information K

of the current unbalance responsible for a deviation

from the geometrical cable centre. The calculation of

the individual petal currents requires more sensors and &

a more complex analysis, it relies on the hypothesis of

a uniform current distribution inside each petal, and

it is also more sensitive to (geometrical, electrical)

inaccuracied.However, interesting estimations can be

made using only four probes with the so-called four-

quadrant model. The two analysis methods used by 2 -0.06 4

CEA can be found ifil55] and in more details (with a o 10 20 30040 50 60 70 80 90
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4 The calculation of the individual petal currents may also be mis- Fig. 7.14. Evolution of BB1+ steady current distribution with total
leading in case of a real cable deformation. current (set-up #1).
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0.05 | Hall probes available in measuring systems (12 for

0.04 T~ "’""V'VJLV UJL 4 each Hall probe head) is very small compared to the
I vy number of current carrying strands (1152) in the con-
5 0402 /Lﬂ“ﬂ sidered cable (a full ITER cable), whose last stage is
= 00 ] ] composed of six groups of s/c strands (the “petals”),
2 o - helicoidally twisted with a pitch of 450 mm. A simpli-
g ggl 4 _:ﬁ; fying assumption of uniform current distribution inside
é_0:02 VR . Ei each petal allows reducing the number of unknowns to

i six. The degrees of freedom are therefore the “equiv-
TR . ‘ A e alent” current amplitudes in each petal. The choice
2000 2500 3000 3500 4000 of over determining the system of equations guaran-
Time (s) tees better smoothness properties also in the case of
ill-conditioning, and higher robustness with respect
to measurement inaccuracies and model uncertainties.
As discussed above, the ill-conditioning of the equa-
tions system makes the solution extremely sensitive
butions remains quite low (better thai$%), although either to inaccuracies in the model parameters and to
a slightly higher scattering should be expected among measurement noigd57-159] To limit the errors in
the real six petals. This is within the range expected the reconstructed currents, instead of considering the
from the TFEMC bus bar joints geometrical analysis total currents in each petal as model unknowns, the
(~+10%)[156]. It can also be seen that the uniformity system was reformulated in terms of “petal current
of the current distribution among the petals does not unbalances” with respectto the resistive (i.e., not super-
necessarily improve as the transport current increases.conductive) current profile, assumed here uniform. The
Note that the accuracy #50.5% ondK/Kaye, ONCe the advantage of such a formulation is that the evenly dis-
inductive distribution is assumed uniform. tributed current contribution can be measured in a situ-
After having removed the inductive current distri- ation, in which the cable is in the normal state, and then
bution from the transient distribution, the evolutions scaled, for each experiment, to the actual total currentin
of the quadrant currents during a plateau current at the cable. Suchanapproach requires of course an exper-
40kA, following a ramp at 300 A/s, were plotted in  iment dedicated to the measurement of the field map
Fig. 7.15 Particularly, one can see that there is a small under controlled conditionl55]. For the evaluation
loop current (about 5% & aye) flowing mainly through of the self-field profile, the model takes into account
two opposite quadrants (corresponding to K2 and K4, a spatial (3D) geometry of the bus-bars and the geo-
seeFig. 7.19, and which is due to unbalanced cur- metrical details of the six petals twisting in the vicinity
rent sharing in the steady state regime as compared toof the Hall probes and position of the cable inside the
the inductive regime (assumed uniform). The time con- conduit[157], An example of current re-construction
stant for current redistribution is about 400-500 s. This at 69 kA TFMC current is shown irFig. 7.16 A
whole transient can be well modelled by considering spread of approximately-25% around the average
a relative resistance unbalance of 5% (in the joints) petal current value can be seen in the re-constructed
between two opposite petdlss5]. The same kind of  currents.
phenomenon exists in BB1+, with a lower loop current A similar result, indicating a spread in the petal cur-
(about 3% ofKaye), different quadrant locations, and  rents up to+30% from the average current per petal,
about the same time constght4]. was found also in the case of another somewhat sim-
Set-up #2 is more sophisticated and leads theoret- plified model introduced by the University of Twente
ically to more accurate results, although it requires a [159], where six petals are assumed to be straight and
more complex analysis and needs more accuracy oninfinitively long pieces and not being twisted. An exam-
the measurements. From the mathematical point of ple of a current reconstruction at 10 kA TFMC current
view, the reconstruction of the current profile falls into is shown inFig. 7.17 where the currents in the six
the class of inverse problems. The actual number of petals are evaluated at the instant just before the cur-

Fig. 7.15. Evolution of current distribution among petals in BB1
during flat top at 40 kA following a ramp at 300 A/s (set-up #1).



A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327 287

4 Reconstructed Current at Head2
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rent ramp down and as a function of the angle between
the Hall probes and the petals array orientafi80].
The+30% unbalance calculated by the Twente model
is based on the resistive (i.e., non-superconducting)
distribution as a reference. The solution is practically
similar to the one presented|[its7], in spite of the fact
that the Twente model is basically simpler. The simi-
larity of the results obtained by the two models points
toward the conclusion that the result of the current
reconstruction is hardly coherent with the accuracy in
the geometrical parameters knowledge. The proposed
model gives an acceptable solution for currents in sub-
bundles or petals of the cable with an accuracy of about
+10% but only if their exact geometry and location is

Fig. 7.16. Current in the petals reconstructed from measurements at known and all experimental errors are minimized. For

Head 2 (set-up #2).
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this reason it is attractive to subdivide the cable into
sub-bundles but as a consequence it is still required to
assume that the current in a defined bundle is homoge-
neously distributed. However, when the geometry and
position of the petals inside the conductor is not well-
known, as for the TFMC, the accuracy decreases to
at about=30%. Unfortunately, this variation is of the
same range as the error of reconstrucfid®®]. There-
fore, it is impossible to distinguish between a uniform
and non-uniform current distribution in absolute sense
for this TFMC test, only relative changes can be quan-
tified more accurately.

In a number of experiments with TFMC powered
alone, after the current shutdown, a persistence of sig-
nals from Hall probes has been observed in spite of the
fact that the total current in the coil had been extin-
guished. This could indicate the presence of some cur-
rents in the petals, although without any net transport
current in the conductor. This could be explained by
postulating “current loops” involving inductive paths
closing on inter-strand (or inter-bundles) contact resis-
tances or at the joints.

The effect was observed in several experiments. The
currents, reconstructed on the basis of the measure-
ments from Head 2 and Head 4, in an experiment
with flat top current of 10kA and current ramp-up
of 70 A/s (no current in the LCT coil) are shown in
Figs. 7.18 and 7.1%After the total transport current
goes to zero, some currents of a couple of hundreds
ampere of maximum amplitude, and whose sumis zero,

Fig. 7.17. An experimental run and current in the petals recon- €main in the six petals both with positive and negative
structed from measurements at Head 2 (set-up #2) using simplified Sign, slowly decaying on the time scales of a few hun-

model.

dreds of seconds.
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Fig. 7.18. Petal “persistent” currents at the end of the pulse (from
Head 2 of set-up #2).

All methods of current reconstruction based on self-
field measurements can give solutions with even larger
uncertainty when local non-uniformities are present
inside the bundles. This is possible for instance if the
probes are located on a short distance from the joints
at the extremities of a cable. The current distribution
within a petal is not necessarily homogeneous when
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Fig. 7.19. Petal “persistent” currents at the end of the pulse (from
Head 4 of set-up #2).
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arrived in the “resistive” regime (current plateau) com-
ing from the mainly inductive regime (current ramp),
as it is then determined by the variation in joint con-
nection resistances between strands. A cable having
the size of a petal has no homogeneous current dis-
tribution by definition, even when all the strands are
connected by very low resistance at the joint. This has
been demonstrated with the analysis of the self-field
measurements on the so-called SeCRETS conductors
in SULTAN [162]. In principle, the TFMC conductor
can be considered as having six of such conductors in
parallel, although the variation in connection resistance
between strands in the joints is likely worse. Moreover,
a certain level of current unbalance can even occur for
the “normal state reference” in non-superconducting
state representing the homogeneous calibration of the
method.

Also the alternative method for calibration by using
the inductive regime, supposing homogeneous petal
currents distribution, may be less advantageous as the
time frame required to charge such a large magnet as
the TFMC, is in the same range or even larger than
the time constants involved in the redistribution of cur-
rents. This means that redistribution of currents already
starts at the beginning of the ramp although the impact
of the redistribution depends on the ramp rate. Obvi-
ously this method can only be used when the initial
strand currents, at the start of the current ramp, are all
set to zerd154].

7.2.2.3. Summary. The Hall probe set-up (#1)
installed on the TFMC bus bars BBland BB1+
during Phase | operation (single coil test) has proved
to be a sensitive tool for estimating current unbalance
among the conductor petals through the four-quadrant
model. A slight evolution (without improving unifor-
mity) of petal currents with steady transport current
has been found. Assuming the inductive current
distribution to be uniform, one could get absolute
values for the steady state current distributions, which
then turn out to deviate only by less than 6% from
the uniform current distribution for both bus bars,
in agreement with expectations from geometrical
measurements (about10% expected). However,
the capability to get absolute values for petal current
deviations relies on an assumed reference for perfectly
uniform current distribution, which cannot be checked
in a different way. The inaccuracy linked to this refer-
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ence may exceed the inaccuracy of the measurementvalues lie within the lower half range between the rele-
itself. vant full-size joint samples tested in the SULTAN facil-
The encouraging results obtained from the mea- ity. The industrial fabrication of the TFMC joints has
surements with set-up #2 during Phase Il campaign led to a rather good uniformity of the joint resistances
indicates that the detection of current unbalances in certainly due to well defined and repetitive processes,
ITER type conductors is possible using measuring the quality of the outer joints (strand—copper interface)
heads composed of Hall probes. On the other hand, thehas been significantly improved compared to the rele-
actual quantitative assessment of the reliability of the vant SULTAN joint sample.
current re-constructions was extremely hard to obtain ~ The resistances of the two dismountable joints
due to the lack of independent and dependable measur-between the NbTi bus bars were found to be also low
ing systems. (i.e., about 1.58) and to be reproducible after dis-
The apparent discrepancy between the quantitative mantling and rebuilding of these joints.
results obtained with the two different set-ups can be = The measurements of the current distribution among
explained by the following arguments: the conductor petals of the NbTi bus bars was per-
formed using Hall probes, first in simple four-quadrant
set-ups (Phase I), then in more sophisticated set-ups
(Phase Il). These tools have proved to be very sensitive
although the interpretation of the results has appeared
rather difficult because of the stray field produced by
the TFMC on the sensors. The results then rely on
the hypotheses about conditions used as references for
uniform distribution (inductive regime, resistive state)
as well as on the uniformity of the current distribu-
tion inside each petal. The discrepancy between the
two set-up analyses (6% of petal current deviation by
the first one against 25% by the second) has not been
yet fully understood although tracks have been identi-
fied.Symbols used in equations:

— set-up #1 results concern Phase | experiment only
while set-up #2 is dealing with Phase II, and the
inter-bus bar joints were dismantled and rebuilt in
between the two phases;

— the four-quadrant model leads to a better apparent
uniformity than six real petals by principle (there is
a kind of averaging in each quadrant);

— the hypothesis of uniform currentdistribution among
the strands of a sub-structure (i.e., a petal or a quad-
rant), which is used in all models, may be not fully
valid and its impact on the final results may be dif-
ferent for the three models;

— the reference of uniformity is not the same for the
three models: resistive state (#2) or inductive dis-
tribution (#1), and maybe none of them is really
uniform at a few percents.

Symbol

Note finally that the expected valuetii0% comes B
from some discrepancies among the final twist pitches B

Explanation

Magnetic field (vector) [T]
Magnetic field component perpendicular to current

of the cables observed during the fabrication of the bus
barjoints, whichled to mismatch in the joints. Although
the overlapping lengths have been calculated in order p,
to minimize the effect on petal current non-uniformity,

it was not possible to avoid a final non-uniformity of Bv
about 10% as computed.

1

1

. Kave
7.3. Summary and conclusions

Kn
The resistances of all the TFMC joints were found
to be as low as expected (i.e., below 1B)rin spite ‘1’,
of the high magnetic field applied on the inner joints. Pnq
The extrapolations to zero magnetic field have pro- 4
duced quite low and homogeneous values (within the Rneg,1
1-1.3 M2 range) for all the inner and outer joints. These

lines (vector) [T]

Magnetic field component parallel to current lines
(vector) [T]

Radial magnetic field component (with respect to
TFMC) [T]

Axial magnetic field component (with respect to
TFMC) [T]

Current through TFMC coil [A]

Average value of quadrant current (CEA four-
quadrant model) [A]

Current in quadrant#(CEA four-quadrant model)
[A]

Inlet helium pressure [Pa]

Joule power dissipated along a pancake [W]
Pancakeg#(1 or 2) of double pancake#1-5)

Helium mass flow rate through a pancake [kg/s]
Negative (pole) bus bar resistance in Phase | (includ-
ing joints) [2]
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8.1. Mechanical instrumentation

Symbol Explanation
Rneg,2 .Ne.g"?‘“:'e) Eg;"e) bus barresistance in Phase ll (includ- the TEMC was instrumented with potentiometric
ing joints . ‘ ) :
Rneg,inter  Negative (pole) inter-bus bar joint resistarszle [ dlsplacement_ sensors (_GDl)- rosette’ strain gauges
Rpos,1 Positive (pole) bus bar resistance in Phase | (including (GRI) and uni-axial strain gauges (GEI), where each
joints) [] strain gauge was temperature and magnetic field com-
Rpos,2 ,PO_S“_“’te)(‘[’S‘;’]'e) bus bar resistance in Phase Il (includ- pnensated by operation in half bridge circuit with one
ing joints - o .
Rpos,inter  Positive (pole) inter-bus bar joint resistariep [ unStramed, nearby gauge. The position of sensors is
Ro Electrical resistance of a joint extrapolated at zero shown inFig. 8.1
magnetic field {2] Six displacement sensors (GDI830-GDI835) mea-
Rinner Electrical resistance of a TFMC inner joirfe] sure the horizontal expansion of the coil aperture,
Rjoint Electrical resistance of a joint (TFMC or FSIS)][ three on each side in symmetrical positions; two
Router Electrical resistance of a TEMC outerjoi®] (5 1820-GDI821) determine the vertical elongation
Rpancake Electrical resistance of a TFMC pancake (including o
the joints) 2] on the coil mid-plane, and four (GDI770-GDI773) the
Tcs Current sharing temperature [K] coil vertical elongation at the joints leg.
Tinlet Helium inlet temperature [K] The digital conversion of the signal has an accuracy
Touttet Helium outlet temperature [K] of 0.04 mm (4Q.m), which should be considered as

General acronyms, abbreviations, and initialisms are explained in the error bar. In some cases, the most noticeable being
Sectiong. GDI773, the signal is affected by noise during the cur-
rentramp up/down phases, butitis reliable under steady
state current.
All strain gauges are located on the main planes
8. Mechanical properties of symmetry on the horizontal and vertical axes of the
racetrack. Ten ‘rosette 45strain gauges are used to
Concerning the mechanical properties the aim was measure the strains on the surface of the coil case at
to test the model coil under ITER relevant stress and the following locations: four on the coil inner bore ring
deformation conditions. The test was performed in two surface on the vertical plane, two at the top (GRI830—
phases. In the first phase the TFMC was tested as aGRI831) and two at the bottom (GRI820-GRI821)
single coil up to 80kA. Under these conditions only in nearly out-of-plane symmetrical positions, at the
‘in-plane’ stresses and deformations take place. In the location where maximum stresses are expected. On the
second phase the TFMC was tested in the backgroundhorizontal plane four gauges are on the TFMC front
field of the EURATOM LCT caoll, in nearly parallel  side (the side thatis not facing the LCT coil), two on the
positions (4.8 angle) with the interposed inter-coil  coils ‘jointleg’ (GRI836—GRI838), and two on the caoill
structure transferring the forces between the two coils. front leg (GRI828—-GRI826). Two gauges are on the
The combined operation of the TFMC and the LCT TFMC LCT coil side (the side that is facing the LCT
coil, with the ultimate attainable limit of 80 and 16 kA, coil and the ICS), one on the coils ‘joint leg’ (GRI835)
respectively, causes ‘out-of-plane’ load and bending in and one on the front leg (GRI825). Each of the three
the TFMC, as well as significant increase in the ‘in- channels (three half bridges a—c) is recorded. The sig-
plane’ stresses. In order to adjust the level of stressesnal at zero currentis assumed to be an offset, equivalent
in the winding pack and casing to the ITER TF coil to zero forces. This allows to reconstruct the principal
level, an initial gap was introduced in wedge L4 (LCT stresses and the stress intensity (Tresca stress).
coil side) transmitting the TFMC load to the ICS. The Fourteen uniaxial gauges are located around the coll
status of bonding between casing and winding pack cross-sections on the main planes of coil symmetry ori-
and, in addition, frictional behaviour between othertest entated along symmetry planes, to provide information
rig components including opening or closing of gaps on the case wall deformation.
between the contact surfaces, determine the relative  Additional instrumentation was installed on the ICS
loading and stresses which canlead to highly non-linear as shown irfFig. 8.2to allow for the observation of the
mechanical behaviour. highly loaded ICS and the coil configuration.
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Fig. 8.1. Mechanical sensors on the TFMC (GDlI, displacement transducer; GElI, strain gauge; GRhifAgauge rosette).

Nine GDI sensors allow to measurement of the gross (shown inFig. 8.2 forming the desired two coil con-
ICS deformation (GDI890-GDI891), the gap closure figuration. The TFMC is modelled as a winding pack
at the side wedges (GDI866—GDI867) during loading, with orthotropic material properties simulating the con-
the relative in- and out-of-plane displacements between ductors in the radial plates with insulation material
TFMC and ICS (GDI849, GDI855, GDI863) and the surrounded by the coil cas&if. 8.4. The contact
relative change of distance between the attracting coils behaviour (force transfer) between the winding pack

under load (GDI1845, GDI865).

and the coil case is simulated by contact elements

The stress level and load distribution of the high- that are also used at all contact surfaces between vari-
est loaded side wedge is observed by one GRI sensorous test components. This contact behaviour, together
(GRI845) and four GEI sensors (GEI845—-GDI848) sit- with assumed friction, results in non-linear mechanical

ting on the supporting ribs.
Sixteen GEI sensors give information of the load

response. The Lorentz forces for the two coils are deter-
mined in a separate electro magnetic FE analysis using

transfer between the ICS and the LCT coil near the the FE grid of the two winding packs. The FE model,

supporting areas.
8.2. The FE model and predictive calculations

The predictions for the whole test rig behaviour were
obtained using the FE model described163,164]
and shown irFig. 8.3 The TFMC is fixed in the ICS
by four side wedges L1-L4 and a front wedge (shown
alsoinFig. 8.2. The ICS is supported on the LCT coil

built with the ANSYS cod¢165]includes 15465 eight-
node brick elements, 11710 four-node shell elements,
2990 four-node surface-to-surface contact elements
and 481 two-node beam and link elements.

The test procedure for the determination of the
mechanical behaviour was a linear ramping up of the
currents in the coils up to maximum load, a subsequent
hold at maximum current and a subsequent ramping
down with the same ramp rate. To assure thermal equi-

side plate by ribs (horizontal plates) pads and hooks librium and thus avoid temperature effects of the strain
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front side LCT coil side

Fig. 8.2. Mechanical sensors on the ICS (GDlI, displacement transducer; GEIl, strain gauge;"GRhiAgauge rosette).

gauges the ramp rate was chosen to be <70 A/s. FEcoefficient of friction was varied in the FE analysis.

calculations were performed to simulate such current A further contribution to the model discrepancy comes

ramp loadings. For comparison, calculated and mea- again from the model mesh since for the prediction of

sured values are plotted against the percentage of thea sensor reading the value of the node nearest to the

load, which is proportional to the square of current sensor position is used without further interpolation.

in the single coil test and the product of the currents

in the two-coil test, respectively. A linear mechani- 8.3. Mechanical data evaluation

cal behaviour should result in a linear rise and fall of

stress, strain and deformation. Non-linear behaviour 8.3.1. Supporting structure

will result in non-linear curves and/or some hysteretic Due to the space limitation in the TOSKA vessel the

behaviour. An example is shown Ifig. 8.5for the ICS could not be designed as stiff as desired. The pre-

out-of-plane sliding of the TFMC in the front wedge dictions showed, e.g., thatin some parts (highly loaded

measured by GDI824. In this example the FE model side wedge L2Fig. 8.3) the stresses at maximum load

prediction can only reproduce the mean behaviour but were at the limit of the allowable. In addition, some

not the strong hysteretic behaviour due to friction. imperfections caused in the ICS in the course of fabri-
The accuracy of the simulation results depends on cation and during test rig assembly required a diligent

the accuracy of the model details and the fineness observation of some sensor readings throughout the test

of the chosen mesh. In addition, the unknown fric- to guarantee the safety of the test rig. Concerning the

tion behaviour at various contact surfaces creates somemodel coil behaviour it was important to check the sup-

uncertainty in the model predictions. Therefore, the porting stiffness of the ICS and the LCT coil, which
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Fig. 8.3. FE model of the coil assembly.

provided support to the coil and therefore had some additional out-of-plane bending. In addition, to allow
influence on the coil loading. for a smoother stress distribution, some wedge shaped
For the test rig integrity, the observation of side supporting sheets have been introduced on all side
wedge L2 Fig. 8.3 was important. Inthe analysislocal wedge supporting surfaces in the design. They allow
plasticity was predicted for the rated load case (70/16) control of the contact behaviour in such a way that the
(70kAinthe TFMC, 16 kAinthe LCT coil). Duringthe  contact first occurs at the inner sides of the wedges and
test the stress level of the side wedge was observed byafter some coil deformation the supporting contact sur-
GRI845 mounted on a stiffener of the high loaded side faces spread over the whole length of the side wedge.
wedge Fig. 8.2 and comparedto the FE predictionsfor Fig. 8.7 shows this behaviour during the coil loading
that load case. Due to the fact that this strésg.(8.9 up to 100%. In that detail the test object behaves as
was only 20% higher than predicted, the safety margin predicted. It seems that the distance between the coll
of the structure determined in the aforementioned plas- and the wedge is about 1 mm less than designed. The
tic analysis allowed performing the originally planned relative change of distance between the two attracting
loading case (80/16) (extended case) and thus allowedcoils is shown irFig. 8.8measured by the two sensors
reaching the stress level of the ITER TF coils. between the LCT coil and the rear side wedges. The
The quality of the supporting stiffness simulation relative displacement at the upper side wedge was
can be seen at the contact behaviour of the rear sidepredicted rather well. At the lower side wedge, the
wedges L2 and L4. As mentioned above, an initial measured displacement is 30% higher than predicted.
gap was introduced at L4 to increase the coil stress by The discrepancy is mainly due to lesser stiffness
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Fig. 8.4. FE model of the TFMC.
observed at loads less than 10%. Unfortunately, all

A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327

some discrepancy between measurement and predic-
tion occurred. In the out-of-plane direction more load
is transferred on the rear side and by the horizon-
tal plates than predicted. In the in-plane direction the
load transfer is more concentrated at the hooks of the
pads than at the hooks of the horizontal plates. As
mentioned above the fabrication of the ICS lead to
strong imperfections caused by welding that could not
be modelled analytically. In addition to the geometry
imperfections, the structure is supposed to be strongly
pre-stressed because it was not possible to anneal it
after welding. In addition, during the assembly of the
components it was difficult to control the contact sur-
faces where sheets had to be adapted to get initial
contact between the ICS and the LCT coil. Therefore,
some imperfections at the contacting surfaces may also
have some influence on the load transfer and stiffness
behaviour.

8.3.2. TFMC
The questions, which the mechanical data evalua-
tion intended to answer, are the following. Does the FE

the displacements between different parts of the test model adequately represent the TFMC behaviour:

rig are relative measurements and it is not possible to

separate the contribution of each component.
Concerning the load transfer between the ICS

and the LCT coil measured by single strain gauges

(a) Operating as single coil?
(b) In combined operation under the effect of the LCT
coil background field?

0.5 ‘ ‘ ‘
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TFMC/LCT: front wedge out-of-plane sliding

Fig. 8.5. Non-linear and hysteretic behaviour during up and down ramps.
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(c) The bestfitin relation to the assumed friction coef-
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Fig. 8.6. Stress on side wedge L2 supporting rib.

The main results are just given jh66]. In the fol-
lowing some more details are presented.

(d) Did the TFMC behaviour change in any respect
afterthe cycled operationtests (TFMC 70KA-LCT  8.3.2.1. Single-coil operation of the TFMC up to

16kA) indicating degradation and/or setting 80kA. Concerning the FE calculations these tests

effects?

Displacements [mm]

allowed checking the TFMC model without interfer-
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Fig. 8.7. Gap closure at side wedges L2 and L4.
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|Test21-11-02 | extended case(80/16) experiment:

o GDIg45
#« GDI865

predictions:

(friction u=0.3)
—o0—GDI845P
—w—GDI865P

Displacements [mm]

Load [%]
TFMC/LCT: relative lateral coil displacement

Fig. 8.8. Relative lateral displacement between TFMC and LCT caoil.

ence ofthe ICS and LCT coil since only the TFMC was zontal displacements. The signals, in the ‘joint leg’ of
loaded. With regard to the instrumentation checks of the coil are not as symmetrical as one might expect,
sensors could be performed owing to symmetric posi- possibly due to the real complexity of this leg, which
tioning in the out-of-plane direction. contains the pancake joints, and local frictional effects.
As the coil shape tends to deform from a racetrack  The results for Tresca stress evaluation at the max-
into a circular shape, the coil inner bore tends to con- imum load gained from the GRI sensors are shown in
tract vertically and expand horizontally. The coil is Fig.8.11Ontheinnerringfig. 8.11 lefthand side) the
subjected to hoop stress and in-plane bending. Max- predictions fit the measured values within 10%. Less
imum stresses are at the top and bottom inner ring on agreement is found for the stress values on the cover
the vertical symmetry plane. plate and bottom plate of the ca$éd. 8.11 right hand
In principle, the displacement sensors GDI demon- side). A closer look at the individual strain gauge sig-
strate linear behaviour, but as showifrig. 8.9for three nals showed that this is an effect of the level of the
selected sensors measuring the main TFMC deforma- signals[163]. Low level signals are highly disturbed
tions some stick—slip and hysteretic effects occur indi- showing rather non-linear behaviour and give relatively
cating some friction behaviour. The following results poor agreement with the predictions whereas high level
were concluded froriig. 8.1Q showing the values for  signals demonstrate fairly linear behaviour and are in
maximum current and all sensors: good agreement with the predictions. For the rosettes
The horizontal displacement signals correlate well on the inner ring, all three strain gauges show nearly
with the predictions and have the expected symme- equal high values but for the other rosettes one strain
try due to the sensors location; GDI830-GDI831- gauge has the major strain and the other only small
GDI834-GDI835 all measure +1.5mm and GDI832— components.
GDI833 both measure +1.6 mm. Predictions overesti-  The GEI sensors were intended to give information
mate by +15%. about the local case wall deformations in the equato-
The vertical displacement measurements are within rial and vertical cross-sections. For examplig, 8.12
+20% of the predictions, although with no such clear shows the deformed case wall in the upper vertical
cut tendency to over or underestimate as for the hori- cross-section and a path plot around the coil case cross-
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indicated displacement
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TFMC deformation during ramping
to 80KA ( up and down )

Fig. 8.9. Main TFMC deformation during ramping to 80 kA (up and down).

section for the strains in the path direction. The devi- 8.3.2.2. Two-coil operation. The TFMC is exposed to
ation of the two sensors (GEI832, GEI833) is quite out-of-plane bending and torsion while atthe sametime
acceptable, forthe other two sensors (GEI830, GEI831) the in-plane forces and bending are increabégl.8.13

it is not. On the sides, where the latter are sitting, a shows the rear part of the deformed coil.

change of sign of the strain occurs near the sensor loca- Fig. 8.14shows the main coil deformations for the
tion. Inthe FE analysis the location of zero value willbe  test ramp and allows a comparison with the single coil
rather sensible to the mesh of the casing and the contacttest shown irFig. 8.9 The out-of-plane bending effects
behaviour. In the actual calculation the mesh may be can be seen in the differences of the displacements
too coarse to describe the detailed case behaviour prop-between each side of the coil.

erly. In addition, the local wall deformation behaviour All sensor values iffrig. 8.15are shown at full load:
may be disturbed by unpredictable pre-stresses due to The horizontal displacements, signals GDI830—-
welding of the case cover. GDI831-GDI834-GDI835, clearly show the effect of
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Displacement, load case : TFMC 80kA-LCT coil OkA
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Fig. 8.10. TFMC displacements in the single coil test at 80 kA.

out-of-plane bending and correlate well with the pre- The stress evaluation for the GRI sensors on the
dictions. Predictions are underestimating by +10% the inner ring during the test operation is shown in
signals on the LCT coil side where the bore opens more Fig. 8.16 The non-linear behaviour during the initial
than on the front side. loading up to 20-30% reflects the coil out-of-plane

The vertical displacement signals GDI820-GDI821 bending until the gap at the upper rear side wedge
(on the vertical symmetry plane) correlate well with (L4, Fig. 8.3 is closed. The further stress increase is
predictions with the same trend as the horizontal dis- nearly linear. The model reflects this behaviour too but
placement predictions. Concerning the jointleg elonga- with some systematic underestimafgy. 8.17shows
tion (GDI770-GDI771-GDI772-GDI773) similar to  all values at the maximum load. On the inner ring all
the single coil test the predictions for GDI770 and three GRI channels tend to produce a signal of sim-
GDI773 correlate rather well with the measurements ilar level. The prediction trends fit the measurements
but for the sensors GDI771 and GDI772 the correla- with a tendency to underestimate up to 30% in some
tion is worse. cases.

Tresca stress, load case: TFMC 80kA-LTC coil OkA

180 T—=
& o measured m predicted
=

inner ring gauges

150
legs gauges

120 1 H

o+ M Bl H B 5

60 1 H

30 H

GR1820 GR1821 GR1830 GR1831"GR1826 GR1825 GR1828 GR1835 GR1836 GR1838

Fig. 8.11. TFMC stresses in the single coil test at 80 kA (The inner ring gauges lie on the inner ring in the vertical mid plane, the leg gauges on
the bottom and cover plate on the horizontal cross-section).
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Fig. 8.12. Strain along the path of the vertical upper coil cross-section (EPTOY, strain in out-of-plain direction; EPTOZ, strain in vertical
direction).

Onthe coillegs—LCT coil side and frontside—again 8.3.3. Comparison of the test results with
one channel signal (in the direction of circumferential predictions using various friction coefficients
stress) is prevalent compared to the other channels. As  Several structural parts of the test rig are connected
in the single coil test the predictions for the dominant by contacting surfaces under friction:
strain gauge of the rosette tend to fit the measure-
ment, whereas the error for the other strain gauges of
the rosette is much larger. But, according to the dis-
placement results, the out-of-plane bending stress is
underestimated by the model by about 10—-20%.
Concerning the detailed case wall behaviour simi-
lar comments as for the single coil test can be given.
Fig. 8.18shows that the strains along the path around  The actual friction behaviour of the structure after
the coil cross-section in the upper part partially fit quite manufacturing was not very well known. The predic-
well and partially (GEI831) not. The wall deformation tions used so far have been calculated with a friction
seems to be simulated rather well. But the exact bend- coefficient = 0.3 at all material pairings.
ing behaviour may be rather sensitive to such effects  In general, increased friction increases the stiffness
as edge stiffness, the contact conditions between theof the structures, especially the coils, but also the whole
winding pack and the case and to unpredictable inter- compound test rig. To evaluate the possible amount of
nal welding stresses due to manufacturing. stiffness variation a parametric study was performed

(a) winding pack and case of both coils with a material
pairing of steelffilled epoxy;

(b) ICS and LCT caoil also with pairing of steel/filled
epoxy;

(c) TEMC and ICS wedges with a pairing of steel/steel
(plasma nitride coated).



300 A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327

A X

-

=

1]
=
Eja‘u

=

q

Fig. 8.13. Deformation of the rear coil half in the two coils test
(displacement magnification factor 50).

using zero friction and high friction{= 1.0) The hope

tact surfaces, the measured values were outside of the
bounds given by the above extreme friction values and
therefore no conclusions concerning friction could be
made.

It should be mentioned that the static friction
(Coulomb) model used in the FE analysis seems not
to be able to simulate the hysteretic behaviour ade-
quately (see, e.gEigs. 8.5 and 88 For simulation of
this effect more work using extended friction models
available in the ANSYS code will be required.

8.3.4. Behaviour of the TFMC after cycling tests

The two-coil operation TFMC 70kA-LCT caill
16 kA has been used as reference as this was performed
before and after the cycling test. The data of the runs
performed on the dates of 30/10/2002, 15/11/2002 and
20/11/2002 were compared to see if any significant
change in the mechanical signals was detectable. The
three runs vary depending on the ramp up rate and
the way the run is terminated, by controlled current
ramp down or by a safety discharge. However, they
do not display any significant change in the results
and the conclusion is that the mechanical behaviour of
the TEMC is unchanged after performing the cycling
test, i.e., no degradation or setting effects could be
observed.

8.4. Evaluation of conductor strains

After having assessed the global coil behaviour by
sensors on the outside coil case surface satisfactorily it
can be also concluded that the internal coil behaviour is
modelled sufficiently accurately. As far as the operation
limits of the NiySn conductor are concerned the con-
ductor strain is an important quantity (see Sectpn
Although the winding pack was modelled as a homoge-
neous material with orthotropic mechanical properties
the strain evaluation gave some useful mean values.
Fig. 8.19shows the strain along the path of the con-
ductor of pancake P1.2 for the load case (80/16). Due
to in-plane bending the strain increases on the inner
side of the curved coil sections and due to out-of-plane

was that these values would give the upper and lower bending increased strain occurs in the outside parts of
bounds for the measured sensor values. In the case ofthe straight legs. For further evaluations (Sectin

the single coil test, where only friction between the some correction in the joint regions have to be intro-
winding pack and the case applies, there is some indi- duced taking into account the effects of the stiff joint

cation[163] that i« =0.3 is a good assumption. But in

box and the neighbouring free conductor pieces not

the two-coil test, where friction occurs at different con- embedded in the radial plate.
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Fig. 8.14. Main TFMC deformations in the two coils test.

exactly that of the TF coil or show very small differ-
ences (e.g., the TFMC conductor diameter is 40.6 mm
Finally the question arises whether the TFMC could instead of 43.7 mm for the present TF conductor, the
reach ITER TF relevant stresses in winding pack and radial plate thickness is 121 mm instead of 118.4 mm).
case. As shown ifrig. 8.20the design of the TFMC is  In the FE model, the differences are reflected in some
quite relevant to that of the TF coil: the conductor size, differences of the orthotropic winding pack material
the insulation system, the radial plate design are either properties. The ITER turn insulation will be applied in

8.5. Comparison to ITER TF coil stresses



302 A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327

Displacements, load case : TFMC 80kA-LCT coil 16kA
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Fig. 8.15. Displacements of the TFMC in the two coils test.

a similar way as done at the TFMC and the materials (same FE code ANSYS, similar elements and grid) also
basically will be the same. Therefore, the bonding will the stresses are comparable. Using the correct detailed
be rather similar. material properties also local stresses can be compared.
In Table 8.1a comparison of FE model predictions The result is that the two coil configuration could
between the TFMC single coil test with 80 kA, the two essentially increase the values of the TFMC alone and
coil test with the TFMC at 80 kA and the LCT coil at  the predictions essentially reach the ITER TF coil stress
16 kA and the ITER TH167] coil is given. The table  level. Inaddition, the predictability of the TFMC results
is a revised and extended version of that given earlier by the ANSYS model presented in the paper shows that
[168] using the latest values of ITER and TFMC pre- the used FEM model give reliable results for the ITER
dictions. Since both FE models are rather comparable TF caoill, too.
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Fig. 8.16. TFMC equivalent stresses on the inner ring for a ramp up and down test.
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Tresca stress, load case: TFMC80KA-LTC coil 16kA
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Fig. 8.17. Tresca stresses on the TFMC in the two coils test.

GE1833

Vertical cut, top

—EPTOY
——EPTOZ
i 1 * GEIY
* GEIZ
.
GE1832 ® edge

case (80/16)

-800

T T T
o 0

" path [m]
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Fig. 8.19. Strain (m/m) along the conductor of pancake P1.2 (load case (80/16), frictiOr8).

8.6. Summary behaviour to predictions made by FE calculations.
The mechanical sensors worked rather well. The high
Due to the mechanical sensors it was possible to stressed inter-coil structure in the critical parts behaved
some extend to compare the test rig and the TFMC as predicted. Therefore, also the extended load case

Table 8.1

Relevance of the TFEMC testing in the chosen arrangement with respect to the ITER TF coil loading

Stress type ITER TF TFMC alone TFEMC +LCT
Max. winding hoop stresses [MPa] 203 104 (51%) 250(123%)
Max. inter-pancake shear stresses [MPa] 24 10(41%) 45 (187%)
Max. radial pressure [MPa] —-172 —30 (17%) —130 (76%)
Max. out-of-plane pressure [MPa] —-130 —155 (119%)

Max. case Tresca stress [MPa] 675 174 (26%) 800(119%)
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Fig. 8.20. Similarity of TFMC (left) and ITER TF coil (right) cross-section.

with 80 kA in the TFMC and 16 KA in the LCT coil 9. Dielectric properties

could have been performed so that the stress level of the

ITER TF coils was essentially reached. Probably due  Discharging of the large magnet system of a future

to some imperfections in the inter-coil structure caused fusion reactor within a given time range is indispens-

by the manufacturing its behaviour in some respects able for the safe operation. In fast discharge mode, the

deviates from the predictions. In a single coil test, the stored energy of the TF magnets (40 GJ) is dissipated

TFMC displacement and stress levels are in relatively in nine resistors interleaved with each pair of TF coils

good agreement with the predictions within deviations which leads to a high voltage stress of several kilo-

of 10 to 20%. The predictions for the detailed case volts across the coil and from coil to groufitc9].

wall behaviour were partly not satisfactory, probably Accordingly, the ITER TF model coil was designed to

due to model deficiencies but also due to unpredictable withstand a test voltage of 10kV to ground and for a

welding stresses. For the two-coil operation, whereas fast discharge with +5/5kV to ground.

a similar agreement is still found for the displace-

ments, the deviations of the predictions for the TFMC 9.1. High voltage insulation concept and test

stresses are higher-25%). This could be explain-  strategy

able due to the more complex system. However, the

evaluation reveals the clear trend that the model is  The design concept of the ITER TFM[70] is

underestimating the coil bending due to out-of-plane based on the embedding of the electrical insulated con-

forces by 10—20%. Improved results may be possible ductor with a circular cross-section in five radial plates

with some higher resolutions in the FE model for the made of stainless sted¥i). 9.1 (Section3.1). Every

TFMC, e.g., modelling the radial plates in the winding radial plate comprises a double pancake and is sur-

pack. rounded with its own insulation. After stacking the
Some amount of uncertainty may be contributed by five radial plates and connecting the conductor of each

friction. On the one hand, the friction coefficients are pancake with the adjacent one, the ground insulation is

not known very well; on the other hand, more analysis fabricated around the stack of the double pancakes. The

using progressed friction models is required. insulated winding pack is inserted in the stainless steel
Finally, the comparison of the test results before and coil case and fixed by quartz sand filled epoxy resin

after cycling showed that in the mechanical behaviour, for force transmission. The terminals of the coil are

detected by the sensors on the TFMC case, no degra-connected to superconducting bus bars (Se&idr)

dation occurred. that lead to the cold ends of the 80 kA current leads
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Fig. 9.1. Insulation design of ITER TFMO#ble 3.).
(Sectionst.4 and 7.2 The heat exchanger of each cur- The rated terminal-to-terminal voltage of 10kV

rent lead is surrounded by a commercially available (9.8 kV+ 2%)forasymmetrical grounding, meansthat
capacitor bushing. The warm ends of the current leads the voltage at the plus terminal is5kV and at the
are connected to the normal conductive bus bars of the minus terminal is +5 kVEig. 9.2. In order to minimise
electrical high current supply system. The potentials the electrical stress of the conductor insulation during
of each inner pancake joint and each radial plate are current operation each inner pancake joint potential is
accessible for high voltage measurements via screenedconnected with the potential of its own radial plate

high voltage instrumentation cables. [171]. During current operation resistors of 1.ZM
Thus, the insulation system of the coil consists of were put in all connections between radial plates and
three different main types: inner pancake joints to limit the currentin case of a fault

in the conductor insulation. For a linear voltage distri-
- conductor insulation between the conductor and the bution, this kind of connection leads to a voltage drop

surrounding radial plates; of 2kV between two adjacent radial plates. For a linear
- radial plate insulation between two neighbouring distribution of the conductor voltage, the voltage drop
radial plates; is 2kV along each of the five double pancakes, too.

- ground insulation between the radial plates and the In this ideal linear case, the maximum potential differ-
grounded coil case. ence between the conductor and the surrounding radial
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Fig. 9.2. Ideal voltage distribution for a symmetrical discharge wihkV. The conductor is embedded in the radial plates, but it is drawn
outside the radial plates for better visibility. The real voltage distribution is only linear for slow voltage changes. The steel case of the coil is
grounded.

plate would be 1kV. For a non-oscillating system, the plates number 1, 3and 5, all radial plate insulations can
maximum voltage between the grounded case and anybe examined simultaneousl¥i). 9.4. Comparison
high potential component is 5kV. with the dielectric properties of the conductor insu-

To verify the soundness of the dielectric properties lation would have been necessary in case of failure (or
over the complete operation time, the coil was tested partial discharge activity) during a measurement with
after each important manufacturing and test step. All this configuration because the voltage was also applied
typical high voltage test series consist of a number of to the conductor insulation of the two grounded radial
different tests. A 9.8kV impulse test with a rise time plates.
of about 1Qus is the most important high voltage test The conductor insulation within all radial plates can
because it produces a high stress with a similar distri- be examined simultaneously by grounding all radial
bution as during afast discharge. Due to a detection of a plates and applying the test voltage to the conductor
defectin the ground insulation at the plus terminal side (Fig. 9.5.
a symmetrical operation of the coil was not possible. The change of the connection between the radial
During impulse testing, the coil was therefore grounded plate and the inner pancake joint is possible at the
at one terminal and the impulse voltage was applied to high voltage instrumentation feedthrough chamber
the other terminal. The ideal voltage distribution for a (Fig. 9.6. For all kinds of connections, a set of con-
0V/10kV impulse can be obtained if 5kV were added nectors were preassembled. One connector was also
for every voltage value given iRig. 9.2 During the prepared for the connection to the detection impedance
high voltage tests, direct connections between radial of the partial discharge measurement system.
plates and their inner pancake joints were used for the  The examinations after impulse testing were per-
examination of the ground insulatioRi@. 9.3. In this formed in a succession that minimises the assembly
case, the DC or AC voltage was applied to only one work. Therefore, the complete test sequence was:
terminal and the other terminal was open (or short cir-
cuited with the other terminal), so that all active parts - ground insulation, DC;
have the full applied potential to the grounded case. - impulse test;

For the examination of the insulation of an individ- - ground insulation, DC;
ual radial plate, the connection of this radial plate to the - ground insulation, AC, partial discharge test;
belonging inner pancake jointwas disconnected and the- ground insulation, Schering bridge measurement;
radial plate was grounded. By grounding radial plates - radial plate insulation, DC;
number 2 and 4 and applying the test voltage to radial - radial plate insulation, AC, partial discharge test;
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10kV DC or
3.54 kV AC

Fig. 9.3. Voltage during DC and AC testing of ground insulation. All electrical active parts (conductor, radial plates) are on the same potential.
The steel case of the coil is grounded.

- conductor insulation, DC; inner areas of current leads and radial potential breaks)
- conductor insulation, AC, partial discharge test. were controlled during the high voltage tests to ensure
sufficient dielectric strength.

The encapsulation of all electrical active parts with All high voltage tests under ambient conditions
solid insulation and covering of insulated parts with were successfully carried out after fabrication although
conductive paint would make an ITER TFMC with no a mistake during the manufacturing process of the
insulation fault independent of the surrounding condi- ground insulation (remaining Tedlar tapes from vac-
tions in the cryostat vessel (which is important in the uumimpregnation) had been recorded. It was therefore
case of a vacuum breakdown). The pressure values ofassumed that the low voltage discharge (Sed@iénl)
the non-solid insulation within the coil system (some at 80 kA can be performed under cryogenic conditions

2.7 kV 2.7 kV 2.7 kV 2.7 kV 2.7 kV

2.7 kV

Fig. 9.4. Woltage distribution during DC testing of radial plate insulation. Radial plates number 2 and 4 are grounded.
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okv 0k ~ o0kv

Fig. 9.5. Voltage distribution during DC testing of conductor insulation. All radial plates are grounded and the conductor is connected with high
voltage.

with a sufficient safety margin. Hence the decisionwas 9.2. DC tests

taken by the project management to go ahead with the

TFMC testing and to check the insulation level instead The DC tests were performed with 10 kV for ground
of having a delay of 4 months, which would have been insulation and 2.7 kV for radial plate and conductor
required for a repair. insulation with a test time of 1 min.

Fig. 9.6. High voltage instrumentation feedthrough chamber with vacuum tight instrumentation cable sockets during partial discharge measure-
ment on conductor insulation (similar to arrangemerfigt 9.5. The radial plates are grounded with radial plate to ground connectors (1) or

over the preamplifier (5) and detection impedance (4) of the partial discharge measurement system with the radial plate to detection impedance
connector (3). The plugs for the connection to the TOSKA data acquisition during high current operation are disconnected from the sockets of

the feedthrough chamber and not shown.
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The specification of the insulation resistances was and 955V rms (2.7 kV peak-to-peak) on radial plate
>200 M2 for all three insulation types. The tests at and conductor insulation. The test time was 1 min. The
ambient conditions (air at 1 bar around the coil, room withstand tests were only performed if the preceding
temperature) were passed successfully with values DC-test was performed without a breakdown. During
above 20 & for ground insulation, values above 3G the AC tests the current was measured on the high volt-
for radial plate insulation and values above 2 ®r age side. A constant reactive current during the test
conductor insulation. But after completion of installa- time was a criterion for the quality of the insulation.
tion in the TOSKA facility and performing the high  Current limiting resistors are used for the protection of
voltage tests at a reduced pressure around the coil, thethe coil during the AC tests.
ground insulation showed pressure dependent break- AC withstand tests in air at atmospheric pressure
down behaviour. The minima were found at about were successfully performed without a breakdown. But
0.9kV at pressures between 0.6 and 0.8 mbar air. After during one of the AC tests under operating conditions
evacuation of the cryostat and cool down of the coil all some breakdowns were found at 3.5kV rms (before
DC withstand tests were successfully performed with- second warm up) although the coil could withstand
out a breakdown. The measurement of the insulation a 10kV DC test. This behaviour is caused by a well
resistance of the coil was not possible under cryogenic known effect called “sliding discharge”, which can
conditions because the water-cooling circuit cannot be lower the breakdown voltage for AC and impulse tests
interrupted and the insulation resistance of the water compared with DC voltage depending on the capaci-
within the hoses is only in the range of som&M tive arrangement around the breakdown area. Although

After the first warm up of the coil a detailed inspec- the breakdown occurred only during the last test under
tion of the insulation fault was performed. The best cryogenic conditions, it cannot be clearly stated that
method was found to be an observation of the coil degradation occurred because the statistical number
in the pressure range between 0.06 and 500 mbar byof tests is not sufficient and the breakdown behaviour
CCD cameras. Intensive light effects were detected in shows often a wide scattering.
the feedthrough areas of the helium inlet and outlet
tubes, in the cut outs of the coil case side plate and 9.3.2. Partial discharge measurement
at the clamps of the bend at the lower end of plus Partial discharges do not bridge the electrodes com-
bus bar type I. Visual inspection of the helium tubes pletely. At least under good vacuum corona discharges
identified the position of the manufacturing mistake can be excluded so for the ITER TFMC only surface
as one fault location, where some Tedlar tapes were and internal discharge appear under cryogenic condi-
not removed at intermediate ends of the pipe insulation tions. Partial discharge activity starts if a certain incep-
before completing the insulation up to the axial insula- tion voltage is reached in internal voids within the insu-
tion breaks. A breakdown path between parts on high lating material and at delaminations to the electrodes.
voltage potential and the grounded case (or conductive The partial discharge activity stops after decreasing
paint) is therefore likely. For a possible degradation at under a certain voltage level, called extinction voltage.
the plus bus bar type | no explanation has been found Because partial discharge measurement can be per-
until now. formed at rated voltage it is a non-destructive test

No evident insulation degradation was found within method. Although the shape of the voltage pulse
both test phases. At the end of Phase Il the coil with- during a fast discharge has no sinus waveform an
stood all specified voltage values under ambient condi- AC voltage was used for the partial discharge mea-
tions. An increasing of the test time to 15 min delivers surement for practical reasons. The peak-to-peak

values above 40 G for ground insulation. value of the AC waveform was chosen to be the
same as during high voltage discharge with sym-

9.3. AC tests metrical grounding and with ideal voltage distribu-
tion, i.e. for ground insulation the rms value was

9.3.1. Withstand tests U=5kV/(2-sqrt(2)) =1.77 kV. For conductor insula-

The AC withstand tests were performed with tionitwas 1kV/(2sqgrt(2)) =0.354 kV. The radial plate
3.54kVrms (10 kV peak-to-peak) on ground insulation insulation is measured atthe same voltage instead of the
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+518 hoses cannot be removed. The measured values of the
0C] dissipation factor are therefore not significant for the
coil at operation conditions. At room temperature the
last measurement was performed after disconnecting
the water hoses and delivered a dissipation factor of
0.011. The balanced Schering bridge delivered also the
capacitance value of 119.04 nF. For comparison a low
voltage LCR meter indicated a capacitance value of
119.8 nF, which is a difference of less than 0.7%.

9.4. Tests for the determination of the transient
behaviour

-518
0 180 [deg] 360

Fast voltage excitations in large electrical devices
may cause local overvoltages, which are considerable
higher than for the ideal voltage distribution. The elec-

) ) ) trical transient behaviour is therefore an essential topic
double voltage as the conductor insulation to avoid to0 ¢ the dielectric properties of the TF model coil. A

high stress of the conductor insulation in the grounded atwork calculatior{172] delivered the basis for the

plate. _ , _ ~ choice of the preferable measurement points within the
External disturbances interfered with the partial dis-  gjactrical system of the coil.

charge detection of the TFMC. Especially during the
cold tests this disturbances were rather high. No par- g 4 1 areasurements in the frequency domain

tial discharge above the noise level was found under | the frequency domain low voltage measurements
the partial discharge measuring voltage. The partial \yere performed to determine the first resonance fre-
discharge equipment was also used during the AC 4y ency ofthe coil. According fd.73] the measurement
tests at higher voltage levels (e.g. ground insulation: cqnfirms the results of the calculation of this frequency
U=3.54kV). Partial discharge activity was detected h4t \vas found to be in the range of 300 kHz. The rise
only for the ground insulation. The last examination ime for a high voltage discharge with ITER TF had
(Fig. 9.7 showed void activity with a maximumappar-  peen expected in the range of 36[175]. Hence no
ent charge of 0.35nC at 3.52KkV, but no accurate local- rgjeyant component of the excitation voltage of the coil
isation of the insulation defect was possible with this ;g expected around the first resonance frequency. A safe
method. operation during the high voltage discharge was there-
fore predicted from this point of view.

Fig. 9.7. Partial discharge activity of the ITER TFMC during 1 min
with 3.52 kV and ambient conditions at the end of test phase II.

9.3.3. Schering bridge measurements

The dissipation factor can be measured by a Scher-9.4.2. Impulse tests
ing bridge. In the presence of increasing losses, e.g. The purpose of the impulse tests is the generation
caused by partial discharge, the dissipation factor is of a voltage distribution similar to the electrical volt-
increasing. age stress under high voltage discharge with a reduced

For the ITER TFMC, the target has only been the amount of energy. The energy of the impulse was
demonstration of the feasibility of a Schering bridge delivered by a capacitor bank of the POLO switch-
measurementat 1.77 kV; no dissipation factor limitwas ing circuit[174]. The impulse was started by firing of
specified. ignitrons. The rise time was adjusted with the damping

AWagner auxiliary branch was used to eliminate the resistor to about 1@s which ensures on one hand a
influence of the stray capacitances within the measure- relevant test for the expected high voltage discharge
ment circuit of the grounded coil. A compressed gas rise time of about 3ps and, on the other hand, is
standard capacitor of 1000.6 pF was applied as com- slow enough to avoid high overvoltages caused by res-
parison capacitor. For cryogenic operation, the water onances. The maximum voltage on the high voltage
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side of the coil was 9.8kV. The other terminal of the and a fast discharge mode with voltagel kV. The
coil was grounded. low voltage safety discharge is sufficient to protect

Under ambient conditions, no breakdown appeared the ITER TFMC for the 80 kA current operation. The
during all impulse tests. Breakdowns occurred under intended high voltage discharge is more representative
cryogenic conditions after increasing the impulse volt- for the dielectric stress during the fast discharge and
age above 4kV at the high voltage plus terminal, some calculated fault cases of ITER TF.
although sufficient dielectric strength of 10kv DC
was proven before all impulse test series. When the 9.5.1. Low voltage discharge (safety discharge)
high voltage connection was on the minus terminal, = The safety discharge up to 80 kA was performed
the coil withstood most of the 9.8 kV tests but there with the 80 kA switching circuit containing a 6.7
was one breakdown at 9.73 kV after cool down in test dump resistor. An arc chute breaker commutates the
Phase II. current from the freewheeling short circuit into the

During high current operation the plus terminal is resistor path. The PTC characteristic of the resis-
connected to the high voltage side and the minus termi- tor and the switching process of the arc chute
nalis grounded over the 80 kA switching circuit. Hence breaker caused higher voltages than the simple rule
itis evident that a reliable high current operation of the U= Rroom temperature< 1. Especially for currents till
coil with discharge voltages above 1kV was not pos- 40kA the overvoltage reached more than 100% of
sible assuming a safety factor of 4 for the design value U = Rroom temperature< I. The highest voltage value of
of an insulation fault. (A safety factor between break- a safety discharge with 80 kA was measured as 960V
down voltage and operation voltage must be higher (Fig. 9.8 which is an overvoltage of 80% but still
than a safety factor between test voltage and operationacceptable under safety aspects (see Se&idrd).
voltage.) The time constant for the discharge of ITER TFMC

(L=28mH) in this mode was 4 &i{g. 4.3).
9.5. Current operation
9.5.2. High voltage discharge

Two different discharge modes over resistors were ~ The POLO switching circuit in the TOSKA facility
possible during the test of the TF model coil: a safety allows high voltage discharges with forced commuta-
discharge up to currents of 80 kA and voltagel kV tion with voltages up to 23kV and currents of 21 kKA.

SC1026.QDA
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Fig. 9.8. Voltage maximum between the plus terminal and vacuum vessel (ground) during a safety discharge with 80 KA.
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Fig. 9.9. Voltage between minus terminal and vacuum vessel (ground) during a high voltage discharge with 6.3 KA.

The specified high voltage discharge with a voltage of vantage compared to the relevance for a fast discharge
+5kV to ground was not practicable due to the insu- without a fault of the ITER TF coil system because in
lation defects detected during the high voltage tests, this case all TF coils have only one terminal on high
especially the impulse tests. A modified fast discharge voltage potential. A 12 discharge resistor was used
was prepared with a voltage of 0¥/4.4 kV. The mod- for the high voltage discharge of ITER TFMC which
ification to a non-symmetrical discharge is not a disad- allows to reach-4.4 kV with a modest coil current to

- UpIus terminal
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Fig. 9.10. Voltage between plus terminal and vacuum vessel (ground) during a high voltage discharge with 6.3 kA. (Trigger time is not the same
as forFig. 9.9.
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minimise possible hazards in case of an unexpected
failure of the insulation.

Five modified fast discharges were performed with
acurrent of 6.3 kA and a minimum voltage-eft.4 kV.
The voltage was measured with a high voltage divider:
three times on the minus terminal, one time on plus
terminal and one time on the radial plate number 5,
which is adjacent to the minus terminal. All these five

potentials were measured to the vacuum vessel ground

(foot point of the high voltage divider).

The voltage between minus terminal and vacuum
vessel groundHig. 9.9 shows an increasing to a maxi-
mum of 2.5 kV caused by the discharging of the capaci-
tor bank for the current commutation in the short circuit
path. The rise time for this impulse increases with
increasing current. A rise time of & was measured
for the maximum current of 6.3 kA. The rise time for
the minimum voltage was 190s independent of the
current value (related to the zero transition). The min-
imum voltage at the radial plate number 5 was about
10% less compared with the ideal voltage distribution.
The internal measurement system of TOSKA showed
no deviation for the pancake voltages from the ideal
voltage values. The voltage between vacuum vessel
ground and plus terminakF{g. 9.1Q showed a short
time impulse with a rise time of only 2y2s and a min-
imum of —570V at the beginning of the discharge
process. This potential difference to vacuum vessel
ground was already known by prior investigations dur-
ing impulse tests. It is caused by capacitive currents
through the grounding resistor of the POLO switching
circuit after the activation of the capacitor bank.

9.6. Summary

Detailed dielectric investigations were performed
on the ITER TFMC and are relevant for the ITER
project. Preparatory calculations have shown that,
for this coil, no transient oscillations are expected
during fast discharge.

High voltage DC, AC and especially impulse tests
have shown that the coil does not fulfil the specifi-
cations of the dielectric strength completely under
rated conditions due to a manufacturing defect but a
safety discharge with 80 kA and voltagye 1 kV was

still possible.

A modified high voltage discharge with a reduced
minimum voltage of-4.4 kV proved the assumption
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of a linear voltage distribution along the conduc-
tor but demonstrated a non-linear distribution of the
radial plates voltages caused by the current limiting
resistors in the connection to the pancake joints.
Two probable fault areas were localised at the end
of test phase I.

For future superconducting fusion magnets, the tran-
sient behaviour has to be taken into account for the
electrical insulation integration.

More extended high voltage testing is indispensable
for the quality assurance of the dielectric insulation sys-
tem. High voltage tests under atmospheric pressure are
not sufficient. AC withstand tests should be performed
with the peak voltage value referenced to the DC value.
DC, AC and impulse tests with the coils embedded in
conductive liquid or Paschen minimum conditions are
also strongly recommended in order to ensure reliable
dielectric strength under operation conditions.

10. Summary and conclusions

The ITER tokamak, with a plasma volume of about
840 n?, presents a major challenge for the design and
construction of large superconducting magnet systems
at field levels of about 12—13 T. Special design prin-
ciples and new technologies have been applied for
mastering the huge Lorentz forces in these types of
magnet systems. The feasibility of these technologies
were demonstrated by the successful completion of the
ITER model coil programs, in which two model coils
namely a central solenoid model coil, CSMC, and a
toroidal field model coil, TFMC, have been designed,
constructed and tested. The description of the TFMC
project and its results has been the subject of this pub-
lication.

The design, construction and testing of the
TFMC required an international collaboration between
research organisations, industry and the international
ITER Team. This well working international collabo-
ration can be considered as an excellent example for
the future construction of ITER.

10.1. Industrial fabrication

A representative length of about 1000m thin

walled, stainless-steel-jacketed #8m cable with
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circular cross-section and central cooling channel
was produced for the TFMC. By application of

a “wind-react—insulate—transfer” technique, 10 pan-
cakes were fabricated with conductors of about 100 m
resting in grooves located in both sides of five radial
plates. The winding pack was built up by stacking
and the application of vacuum impregnation tech-
nigue with epoxy resin. To achieve a high stiffness
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rated cooling power by the use of stored liquid helium
and skilled handling of the cooling system.

All safety discharges without and including TFMC
guenches were handled without problems by the cryo-
genic and electric system up to 370 MJ total stored
magnetic energy at TFMC current levels of 80 KA.

In parallel to the extension of the facility for the
TFMC test, the TOSKA facility was used for other

against bending, the winding pack was enclosed in a projects (forced-flow He Il test of the EURATOM
thick (80—100 mm) stainless steel case where the gapLCT coil and test of the W 7-X DEMO caoil). Thus,
between the winding pack and the case was vacuumthe continuous improvement of facility components

impregnated with quartz sand filled epoxy resin for

resulted finally in a facility availability of 98% for the

force transmission. All components such as conductor TFMC test.

joints, electrical insulation system, and instrumenta-

tion were developed separately and tested as needed/0.3. Test results

A detailed quality assurance program accompanied

the fabrication procedure. The design and fabrication
was a well-coordinated collaboration and interaction
between the industry consortium AGAN, EFDA and
the European superconducting research laboratories.
The feasibility of the industrial production of large
superconducting Ngsn coils was successfully demon-
strated by the fabrication of ITER TF model coil.

10.2. Test and test facility

A suitable test rig consisting of the TFMC and the
LCT coil linked by a stainless steel structure for force

The analysis of the TFMC test was preceeded
by code development and experiments. The required
database for this analysis was developed by the Euro-
pean superconducting research laboratories and the
international ITER collaboration.

To reduce both the installation time as well as the
risk of schedule delays and to be able to obtain the
experimental results before the end of the ITER EDA,
the test was performed in two phases, one without
(Phase 1) and one with the LCT coil (Phase 2). He
leaks, which are poorly accessible in the two coil con-
figuration and of which repair requires removal from

transmission was designed and constructed. Torus rel-the vacuum vessel and disassembly, would cause heavy
evant forces were generated and ITER TF coil relevant schedule delays.

stress levels in the ITER TFMC winding pack and
structure were achieved.
The components of the existing TOSKA facility

10.3.1. Operation limits of the magnet
The operation limits of the TFMC were determined

were extended regarding the electrical and cryogenic by the measurement of the current sharing tempera-
supply systems and the data acquisition and control sys-ture Tcs at different current levels without and with
tems were renewed to match the needs of the TFMC the LCT coil. For the complex experimental bound-

tests. One pair of 80kA forced-flow-cooled current
leads was developed in line with the design principles
used for current leads in former projects.

The careful preparation and performance of pre-
tests and tuning of the interfaces led to a smooth
running installation work and test program within the

ary conditions, a suitable stepwise helium gas heating
strategy was elaborated by the computer code M&M,
which was developed for computing thermal-hydraulic
behaviour. Various tests were evaluated by the codes
M&M and ENSIC. The results were reproducible and
consistent. When comparing the measufed with

schedule. No leak appeared during the testinthe TFMC the one extrapolated from single strand data by using

hydraulic system.

The facility fulfilled all requirements of the test pro-
gram over arunning time of 2 years. For the challenging
determination of the operation limits of the TFMC, the

Summer’s law, it turned out that there is a discrep-
ancy, which can be balanced by an additional conductor
strain which probably has its origin in the cable struc-
ture under compressive Lorentz force. When taking

cryogenic system was operated stably far outside its the maximum magnetic field as parameter which is
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according to the ITER design criteria, the current shar- insulation was reduced by a factor 6—8 from its initially
ing temperaturelcs is only slightly reduced. When  assumed value.
using the more realistic averaged field across the con-  Forthe communicating dual cooling channel system
ductor cross-section, this leads to a larger reduction of of the TFMC conductor, friction factors were elabo-
the designed temperature margin of 1 K. The temper- rated for the central cooling channel and the cable bun-
ature margin was mainly assigned to withstand mag- dle region. The central channel friction factor depends
netic field transients stably. But it has been a fact that onthe geometrical parameters of the spiral which forms
the TFMC was stably operated in the resistive region the central channel. For pancakes with one spiral type,
up to 0.5K aboveTcs. These tests were determin- the scattering of the measured pressure drop is within
ing to select stainless steel as jacket material for all +10%. The measured pressure drop for rated mass
the ITER conductors. In addition, higher strand criti- flow is about 20% higher than expected. The conduc-
cal current densities, which can be achieved now with tor showed a good thermal-hydraulic behaviour. The
advanced strands, will give sufficient flexibility and thermal-hydraulic models indicate that the reduction
confidence for reliable operation of the ITER TF mag- of the diameter of the central cooling channel causes a
nets. considerable increase of the friction factor and should
be avoided as much as possible for future designs.

In general it can be concluded that the electrical
losses met the expectations, the thermal conductivity of
the conductor insulation has to be checked and the fric-

10.3.2. Electrical losses and thermal-hydraulic
behaviour
The thermal-hydraulic behaviour of the TFMC is

determined by the substantial quantity of structural
material used in the coil and by the dual cooling channel
design of the ITER TF conductor.

The massive structural material integrated in the

tion factors have to be improved by cross checks with
experimental data. For the thermal-hydraulic analysis
of the quench, the accuracy achieved by the numerical
code GANDALF is only in the range of 30%, thus a

winding pack and the enclosure in a thick-walled stain- more complex code has to be applied describing tem-
less steel case cause eddy current losses during theperature and pressure behaviour.
magnetic field changes required when the magnet is
operated. A calculation model was developed and com- 10.3.3. Properties of special components
pared with the measurements gained during the runsin A compact joining technique was developed for the
the test program. The dominant losses are the eddy TFMC conductor. This technique has been applicable
current losses of the structural material. The common joining conductor ends by soft soldering, electron beam
conductor losses (hysteresis and coupling) are smallwelding and dismountable clamping with indium in
(3—4%) compared to the total loss power. The losses between. The joining techniques were developed and
were determined by calorimetric measurements. They tested in the frame of the conductor short sample test
were in fair agreement with the expectations derived program. It has been demonstrated that joints were reli-
from the model with <5%. ably fabricated under industrial conditions. A total of
As a curiosity it was found that the current ripple of  fifteen joints including the joints of the NbTi bus bars
the thyristorised 12-pulse high current rectifier caused were applied in the TFMC test. All joints achieved a
a continuous background loss power of 40 W. resistance about 1.8nor better determined by elec-
During the safety discharge about 95-99% of the trical resistance measurement or calorimetry and met
stored magnetic energy of the TFMC was dissipated in therefore the ITER specificatic 2 re2.
the external discharge resistors depending on the oper- The NbTi superconducting bus bars connecting the
ation mode (able 6.8. The remaining energy was dis- TFMC terminals and the cold end current lead termi-
sipated mainly in the structural material (radial plates, nals worked very well. Intermediate joints in the bus
coil case) by eddy current loss power. bar system were needed for assembly reasons. There
The heat diffusion from the radial plate to the con- were no major problems to adapt the TFMC joining
ductor was investigated by numerical codes. The exper- technique to the NbTi conductor.
imental and calculated results fitted if the thermal con- ~ The bus bar system served also as test object for the
ductivity of the fibreglass reinforced epoxy conductor determination of the current distribution by applying



A. Ulbricht et al. / Fusion Engineering and Design 73 (2005) 189-327 317

two different sets of Hall probe arrangements (simplest LCT 16 kA) without the risk of damage. The extended
arrangement four tangential Hall probes used in Phaseload case (TFMC 80kA, LCT 16 kA) achieved the
1 upto 10tangential plus six radial probes usedin PhaselLorentz body force of about 800 kN/m, which was
2). equivalentto the ITER TF coil conditions. Thus, it was
The evaluation of the data of Phase 1 with a suit- demonstrated that the used test configuration is capable
able model resulted in a deviation from homogeneous to generate ITER TF coil relevant mechanical stresses
current distribution of less than 6%. in structure and conductor.
In Phase 2, the more sophisticated Hall probe
arrangement was applied. The investigations showed 10.3.5. Dielectric properties
that such arrangements of the Hall probes can analyse The dielectric properties of the TFMC were inves-
the current distribution in the ITER like superconduct- tigated by DC, AC, and pulse voltage at the specified
ing cables. A direct comparison of results of Phases 1 voltage levels. The special configuration of the wind-
and 2 was not possible because the bus bar joints wereing pack required the treatment of an electrical network,
opened in between. Also the reference of homogeneity which can be excited by switching transients causing
for calibration was different. internal oscillations with voltages above the linear dis-
The developed joint technology is applicable for the tribution of the rated voltage across the winding. The
ITER TF coils. Superconducting NbTi bus bars with a measured TFMC resonance frequency of 300 kHz was
cable cross-section comparable to the ITER TF con- in good agreement with that derived from a network

ductor can be used for the ITER current feeders. model.
The systematic investigation by three kinds of volt-
10.3.4. Mechanical properties ages during the different stages of the test program

For design and evaluation purposes a FEM model of helped to find, localise and assess insulation faults,
the test configuration was developed. For high loaded which appeared in the Paschen minimum even though
regions, detailed FEM models were applied taking the the TFMC passed before successfully all tests at the
boundary conditions from the global model. To cover rated voltage of 10kV. Since the fault occurred above
the uncertainty of friction between winding pack and 4KkV the high current operation with a safety discharge
case and also between the different test rig compo- voltage <1kV could be performed without any risk.
nents, different friction coefficients were used in the The problems were identified as a defect in the electri-
model. The results were compared with the measure- cal insulation of the helium supply pipes detected and
ments of global deformation and displacements as well documented during fabrication.
as local equivalent stresses and local strain on struc- The developed and applied testing methods have
ture. The main results were in fair agreement with the been a powerful tool for investigation and quality assur-
expectations from the model. The impact from the fric- ance of the electrical insulation system of supercon-
tion coefficient was not as strong as expected. Some ducting magnets for fusion during fabrication, accep-
local coil case behaviour seems to be unpredictable tance, and operation. The test voltage levels have been
due to welding stresses caused by manufacture with- selected according to the analysis of the electrical
out annealing. A closer look on the model deviations network under possible transient voltages. The worst
shows that the model underestimates the out-of-plane boundary conditions, which can appear, have to be
and overestimates the in-plane coil bending. This could taken into account for testing.
be caused by the orthotropic material data assumed for
the winding pack, which probably does not reflect the 10.4. Final conclusions
true behaviour of the stack of radial plates housing the
conductor. The design principles, manufacturing methods and

Under cyclic loading (15 cycles for currents >75% developed components are applicable under industrial
of rated current) the configuration showed no mechan- conditions for the ITER TF coils.
ical degradation. The test configuration and test facility were fully

The measured results allowed an up-scaling by the capable of achieving ITER TF coil relevant operation
FEM model above the rated load case (TFMC 70kA, conditions.
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The ITER EDA design criteriawere demonstrated to T (LCT)
be suitable for the design of the TFMC and the ITER vin e =I|:|
TF coils. The presently proposed ITER TF coils are

. B To Workspace VA(y) -V2(m)
feasible assuming the use of advanced superconduct-

ing strands with higher critical current density. These
higher critical current density strands are presently
being qualified.

The electrical and thermal-hydraulic properties have
been mastered successfully; some improvement and
clarification are needed in the ITER design criteria. TFMC-PS

The electrical insulation properties have to be mon-
itored carefully during fabrication, acceptance, instal-
lation, and operation. They are one of the most critical

A 4
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items determining the lifetime of the magnet. Fig. A.1. SIMULINK model of the LCT-TFMC power circuit for
phase Il.
Acknowledgements matrix form:
—L7Rx+ L7 (A.1)

The TFMC Project was funded by European Fusion gy —

Technology Program within the frame of the ITER . . L
where the 5¢< 5 inductance matrix, in H, is given by:
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626e—3 2802e—3 1065e—5 2820e—5 2014e—-5
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and the 5« 5 resistance matrir, in 2, is given by:
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Research and Development Program. The authors 0 R. O 0 0
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acknowledge the effort of their colleagues and the
- . . o 0 0 433e—6 O 0
European industry making substantial contributions to
the success of the project by preparing the test facility o 0 0 209e—6 0
and fabrication of the TFMC. o 0 o0 0 191e—6

The method for the calculation of the inductance

matrix L and resistances in the passive structures (i.e.,
Appendix A Ra3, Ra4 andRss)° is reported in62)]. The resistance

of the LCT coil and TFMC windings (i.eR11 and

The linear differential Eq(4.1) written in terms of R27) are mostly due to the conventional bus bar sys-

the circuit currents, is transformed in terms of state tem external to the vacuum vessel (i.e., Al bus bar and
variablesx;, wherex;=1I;, i=1, 2,..., 5 in order to flexible cables). The circuit EqA.1) is represented
be integrated with SIMULINK. Defining with: the in the SIMULINK model by the following state space
2 x 1 input vector, coinciding with the forcing voltage
V with simple algebraic manipulations it is possible
to express this equation in the following state variable 5 Kept constant to the values shown.
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Fig. A.2. SIMULINK model of TFMC power supply (TFMC-PS).

equation:

& _ i
a A (A.2)
y:

Cx + Du

where y is the output, A=—L"1R, B=L71
C=diag(1;1;1;1;1) andD=zeroes(5, 2) and is
a 5x 2 matrix with all elements equal to zero.

The state-space model of the coil system repre-
sents the main building block of the SIMULINK model
shown inFig. A.1. Other important blocks to simulate
the dynamic of the system are the two power sup-
plies models (LCT-PS and TFMC-PS). The dynamic
of the 30/50 kA power supply, based on two 12-pulse
thyristor converters connected in parallel, is simulated
with the SIMULINK model shown inFig. A.2. The
thyristor converters are simulated simply with a first
order transfer function with gaika2 and a time con-
stantTy2 and a voltage limiter£35 V). A first order
transfer function with gairG¢r2 and a time constant
Tct2 Simulates the current transducer. The current con-
trol module is implemented with a conventional PID,
of which only the proportional and integral terms are
used. The current referendges, defined as a series
of time—amplitude pairs, allows the implementation of
the desired current waveform. The 20 kA power supply,
simulated with a similar schema, is also a thyristor con-
verter made of two 6-pulse bridge convertessgnd
Y) of 10 kA each connected in parallel to yield a 12-
pulse converter. The LCT coil power supply feedback
controls the sum of the current in the LCT coil and the
current in the dump resistor which was permanently
connected. This is simulated with an additional block
with gain 1R41, whereRgq1 =125 n12 is the resistance
of the LCT coil dump circuit at room temperature.

An integration method with variable step, called
ode23tb, and a relative tolerance of 18 allows sim-
ulation times, with a 1.7 GHz Pentium, between 2 and
3 orders of magnitude faster than the real time.
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Glossary

AC: alternate current

AGAN: European industry consortium for manufacturing the TFMC
(Ansaldo Superconduttori; Alstom former GEC Alsthom; Accel
Instruments; Babcock Noell Nuclear

ALl JAERI's NbzAl Insert Coil

ANSYS: finite element code

ATI: Atominstitut detOsterreichischen Univergiten, Wien (Atomic
Institute of the Austrian Universities, Vienna)
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B: magnetic flux density

BB1, BB2 superconducting NbTi bus bars type 1 (winding terminal
—joint BB1/BB2), respectively, type 2 (joint BB1/BB2 — cold end
current lead) used for connecting the coil terminals with the cold
end current lead terminal with an intermediate joint BB1/BB2
(for assembly of the test configuration in the TOSKA vacuum
vessel) for the positive (+) and negative)(polarity (see Figs.
4.22,4.23,7.1and 7.7)

BBC: Brown Boveri Corporation now ABB (Asea Brown Boveri)

CCD: charge coupled device

CDA: Conceptual Design Activity (ITER CDA)

CEA: Commissariab I'Energie Atomique (France)

CERNOX ceramic oxynitride resistance temperature sensor
(Lakeshor&M)

CIC: cable-in-conduit

CICC: cable-in-conduit conductor

CL: coupling losses
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FZK (Karlsruhe) Forschungszentrum Karlsruhe (Research Centre
Karlsruhe), Germany

GANDALF: code for calculation of thermal-hydraulic properties in
a one or two channel cooling system

GDI: displacement sensor

GEI: strain gauge

GRDM: GANDALF Radial Diffusion Model

GRI: strain gauge rosette

HL: hysteresis losses

HPZL high performance 1 (ITER specification for p#n strands)

HV: high voltage

ICS: inter-coil structure: structure for force transmission between
the TFMC and the LCT caoill

IEA: International Energy Agency, Paris

|IEE: Institute of Electrical Engineering (Slovak Republic)

IMDL1: inverter mode discharge with adapted ramp rates that the zero
current is achieved at the same time

CRPR Centre Recherche en Physique du Plasma, Technologie de laIMD2: inverter mode discharge with maximum possible ramp rates

Fusion, Villigen PSI, Switzerland
CS:. central solenoid
CSIC: central solenoid insert coil
CSMC. central solenoid model coil
CSU: Close Support Unit
CURLEAD: Computer code for calculations of gas cooled current
leads
DAS: Data acquisition system
DGEBA: diglycidylether bisphenol A (epoxy resin)
DP: double pancake
DPC. Demo Poloidal Field Coil Project, JAERI, Japan
DPn. double pancake Na., n=1-5

DQ: difference in the instantaneous power of pancakes P1.1 and P1.2

EB welding electron beam welding

ECL: eddy current losses

EDA: Engineering Design Activity (ITER EDA)

EDI: voltage tap for voltage drop across the joints

EDS. voltage tap for pancake voltage, respectively, double pancake
voltage

EFDA: European Fusion Development Agreement

EK: voltage tap for compensated voltage of a pancake

ENEA: Ente per le Nuove tecnologie, I'Energia e
I’Ambiente—Frascati Research Center, Frascati, Italy

ENSIC. electrical-thermal-hydraulic code developed by CEA

ETHERNET. the termEthernet refers to the family of local-area
network (LAN) products covered by the IEEE 802.3 standard
that defines what is commonly known as the CSMA/CD protocol

EU: European Union

EURATOM: European Atomic Energy Community

FBI: conductor test facility testing strands and sub-cables under axial
strain up to 100kN (F), 13T (B), and 10kA (I) at FZK/ITP,
Karlsruhe, Germany

FCV: flow control valve

FE: finite elements

FEM: finite element method

FI. flow indicator

FSJS full size joint sample (ITER full scale joint sample tested in
the SULTAN facility)

that the zero current is achieved at the different times

INZ: initial normal zone

ITER: International Thermonuclear Experimental Reactor

ITP: Institut fur Technische Physik, Forschungszentrum Karlsruhe

JA! Japan

JAERI. Japanese Atomic Energy Research Institute, Tokyo, Japan

JET. Joint European Torus

JT-60 Japanese tokamak; JAERI

JWS Joint Work Site (ITER)

L1, L2, L3, L4 side wedges of the inter-coil structure (ICS)

LAN: local area network

LCR metet instrument for the measurement of inductance, capaci-
tance and resistance

LCT: Large Coil Task: international project under the auspices of
the IEA for the development of the technology for large super-
conducting coils for the application in fusion in the 1980s

LCT caoil: coil constructed in the frame of the “Large Coil Task
(LCT)” by the European Community (EURATOM LCT coil)

LN>: liquid nitrogen

M&M : thermal-hydraulic-electrical code developed by Diparti-
mento di Energetica, Politecnico, Torino, Italy

MAG: metal active gas welding process

MAGS: code combining the calculation of thermal-hydraulic and
electromagnetic properties for making predictions in supercon-
ducting magnets under various operation conditions (delayed
safety discharges and other fault conditions)

MATLAB ®: the name MATLAB stands for matrix laboratory. MAT-
LAB is a high-performance language for technical computing

MIT: Massachusetts Institute of Technology, Boston, MA, USA

Nd-YAG: solid state laser: neodymium-yttrium/aluminium garnet

ORNL: Oak Ridge National Laboratory, Oak Rigde, TN, USA

PDI: differential pressure indicator

PI: pressure indicator

PLC: programmable logic controller

POLOQ: project for development the technology of superconducting
poloidal field coils at Research Centre Karlsruhe by construction
and testing of the poloidal field model coil, which was called
POLO coil
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PSB Power System Blockset is a MATLAB toolbox to rapidly and
easily built models that simulate power systems

PTC. positive temperature coefficient

PX.Y: Single pancakeX=1-5,Y=1-2

QA! quality assurance

QD: quench detectors

R&D: research and development

RF. Russian Federation

rms. root mean square

Rosettes array of 3 strain gauges on object versus 3 on reference
bloc

RP: radial PLATE of the ITER TF TFMC

RRR residual resistivity ratio between 273 and 4K

SeCRETS Segregated Copper Ratio Experiment on Transient Sta-
bility performed in the SULTAN facility of CRPP

SE-CU electrolytic touched copper

SEM: Specific Energy Model

SF-Cu Phosphorous deoxidised copper

SIMULINK ®: SIMULINK is a software package, integrated with
MATLAB, for modelling, simulating and analysing dynamic sys-
tems

SIN: Swiss Institute for Nuclear Research, Villigen, Switzerland—
now Paul Scherer Institute (PSI)

SPARTAN. transient data acquisition system implemented on
TOSKA

327

sqgrt square root

SS stainless steel

SSO standard safety discharge at 25 kA

STAR: superconducting test arrangement

SULTAN: SUpralLeiter TestANlage, test facility for testing ITER
full size conductors and joints (CRPP, Villigen, Switzerland)

T10, T15 superconducting tokamaks of the I.V. Kurchatov Institute
of Atomic Energy, Moscow, Russian Federation

TF: toroidal field

TFMC: toroidal field model coil (ITER)

TFTR: Tokamak of the Princeton Laboratory, Princeton, USA

TI: temperature indicator

TIG: tungsten inert gas (welding method)

TORE SUPRA sperconducting tokamak of the CEA Cadarache,
France

TOSKA: Toroidalspulen Testanlage Karlsruhe (Toroidal coils test
facility Karlsruhe)

TRIAM-1M: superconducting tokamak of the Advanced Fusion
Research Center, Kyushu University; Japan

TVO: glass/carbon resistance temperature sensor of Dubna (Russian
Federation) origin

USA/US. United States of America
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