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Contribution to the study of superconducting magnetic systems in the frame of fusion
projects.

Introduction

This report is a presentation of all the 55 publications made by the Magnet Group of the
" Departement de Recherches sur la Fusion Controlee " during the 94-99 period. These
publications have been made mainly in the frame of EURATOM contracts and tasks for
ITER.

Half of the publications are directly related to the design, fabrication and modelling of the TF
model coil of ITER, or to the connections of this model coil (Chapter I and II). The
connections of this coil are probably the most delicate components and our Association has
been directly in charge of the design, the transfer to industry of the technology, and the tests
of these components.

Introducing the dual channel concept for the ITER conductor design, and testing it as early as
January 1993 on a 40 kA grade conductor, at the Sultan test facility, the group has participated
to the loss-characterisation in field transients of such a cable and to the thermohydraulic
behaviour, both aspects being linked. This is presented in Chapters III and IV.

The current capacity of such cables is very dependent on the strand critical properties as a
function of field and temperature, but also on the strand cabling which is very specific in these
twisted cables. For example, the exact local orientation of the field has to be taken into
account, to make a correct evaluation. Moreover the losses due to eddy current have to be
calculated to know the heat load and the temperature of these conductors. These aspects are
treated in Chapters V and VI.

More recently and in relation with the ITER redefinition, the group has been involved in
magnet system design and optimisation for Tokamaks and a code "ESCORT" has been
developed for this purpose. This is presented in Chapter VII.

Overall this collection deals with the majority of dimensioning aspects of large
superconducting magnets and the field of interest is larger than the restricted field of magnets
for fusion by magnetic confinement.
Whenever it is possible, simple expressions and criteria are given which can help for
dimensioning superconducting strands, assembling them to build cables and cooling them by
an adapted forced flow cooling.
This is hence a major reference for the understanding of the behaviour of large modern
superconducting magnets and provides many tools for design and construction.

This activity has been possible thanks to EURATOM contracts and tasks such as :
MWIN1, MWIN2, MJOI, M29,M30,M40, M48, 94-345, 96-432
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I Model coils for ITER

In the framework of ITER EDA, the construction of 7 large models has been decided, two of
them being superconducting model coils. Europe is in charge of the model coil representative
of the ITER toroidal field magnet : the Toroidal Field Model Coil (TFMC). Our Association
was in charge of the conceptual design of this coil and is presently participating in the
monitoring of the construction of this coil which is being built by the AGAN Consortium.
Most of this monitoring activity is taking place at Ansaldo (Genova, Italy) and Alstom
(Belfort, France).

The TFMC design follows closely the ITER coil design and many ITER characteristics are
present in the TFMC such as : an ITER conductor with a thin circular jacket, stainless steel
plates in which this insulated conductor is embedded, relevant conductor joints. The test
configuration allows both large in-plane and out-of-plane loads to arise in the coil, simulating
the TF magnet operation.
This is described in the publications concerning the conceptual design.

The different steps of the manufacture, the manufacturing tolerances, the acceptance tests
have also to be fully representative and these aspects are also presented in details.

Many papers are dedicated to the coil characterisation and analysis and especially to the
mechanics. However the conductor behaviour in different conditions of temperature and
fields, through the operating diagram, is also carefully investigated. All these analyses give
the theoretical basis for the preparation of the tests which should start at the end of 2000.
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Experience gained in the Manufacture of the ITER TFMC

P. Libeyre. G. Be%'ilacqua!. A. Bourquard3. P. Decool.. H. Fillunger'. D. KrischeJ:.
A. Laurenti4. R. Maix1. P. Pesenti4. E. Theisen5. N. Valle4

Association Euratom-CEA. Depanement de Recherches sur la Fusion Controlee.
CEA/Cadarache

F-13108 SAINT PAUL LEZ DURANCE CEDEX (France)

'EFDA-CSU. D-S5r48 GARCHING /Germany)
AGAN consortium (ACCEL2, Alstom' .Ansaldo4 .PREUSSAG Noel!5;

Abstract - Major steps have been completed in the
manufacture of the ITER TFMC. Experience gained in the
construction of joints. "Wind. React and Transfer" process,
radial plate and double pancake manufacture is presented .

INTRODUCTION

The ITER Toroidal Field Mode! Coil (TFMC).
conceptually designed by the European Magnetic Fusion
Laboratories, is manufactured by the European industry
consortium AGAN (ACCEL. Alstom. Ansaldo. PREUSSAG
Noell). who also developed die engineering design, under a
contract with the European Union managed by the NET Team
(now EFDA-CSU Garching) with the support of the European
Laboratories. This coil will be delivered to the FZK
laboratory in Karlsruhe, where it will be tested in the TOSKA
facilitv in 2000.

DESIGN & MANUFACTURE

The conceptual design of the TFMC was issued in
1995 [1] and updated 1998 [2]. The design is based on the
concepts retained for the ITER TT coils [3). The coil is
racetrack shaped. 3792 mm x 2830 mm. 772 mm thick (Fig.
1). Although the coil has a reduced scale with respect to the
ITER coils, the conductor is a full-size Nb3Sn circular cable-
in-conduit conductor. Following a concept developed by CEA
[4], the circular cable is made of 1080 strands twisted into 6
subcables built around a central cooling channel and is
jacketed with a thin (1.6 mm) walled tube. Whereas the ITER
design assumes incoloy 908 for the jacket material the TFMC
conductor was manufactured with 316LN stainless steel
jacket, due to non-availability of incoloy tubes in the required
quality- in useful time [5]. The conductor is wound in
pancakes inserted into grooves machined inside stainless steel
radial plates. The manufacture of the double pancakes relies
on the so called "Wind. React and Transfer" technology : the
conductor wound into a mould is reacted in an oven.
insulated and transferred into the radial plate [6]. The
winding-pack is made of 5 double pancakes insulated and
assembled by inner and outer joints. The inner joints connect
rwo adjacent pancakes of the same double pancake and outer
joints connect adjacent double pancakes. The winding-pack is
ground insulated and inserted inside a 316LN stainless steel
case to resist loads during operation. The manufacture is now-
well advanced and most of the major manufacturing steps
have been completed [7]. The primary aim in constructing
this coil is to assess the manufacturing techniques to be used
for the ITER full-size coils, in particular the techniques
designed or developed at a laboratory level had to be
transferred into an industrial process, which required an R&D
programme before starting each manufacturing step. In most

equatorial cross-section

Fig. 1 TFMC Engineering Design

cases, this R&D could be performed by using small dedicated
mock-ups, but in some cases the correct information could
only be obtained from full-size prototypes. In this framework
the Full-Size Joint Samples (FSJS) were also fabricated to
establish the manufacturing techniques linked to both inner
and outer joints [8], A prototype double pancake using a
dummy conductor, called Dumm> Double Pancake (DDPi
was also built to qualify all the techniques to be used in the
series double pancakes.
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JOINTS

Manufacture of terminations

The TFMC joints are designed using the tvvin-box
concept [9] : each end of conductor length is enclosed inside
a termination box made from a composite stainless
steel copper piate. The stainless steel part is weided to the
conductor jacket, which allows testing of the helium tightness
of each single pancake. Two adjacent terminations are
connected on their copper faces and clamped together to form
a joint (Fig. 2).

Linkage ptale

Steel SJ«i clamp

Superconducting cable

boxes

Fig. 2 The twin-box joint

The manufacturing process for the terminations was
established through the construction of the Stainless Steel -
Full Size Joint Sample (SS-FSJS). by extrapolation from the
manufacture of the Sub Size Joint Samples (SSJS). which
connected subcables. and was qualified on several mock-ups.

The first operations consist in removing the jacket and
the cable wrapping from the conductor end. The subcable
wrapping is removed only on the outer surface of the cable in
the area facing the copper sole. It was demonstrated that this
operation can be performed easily by using small scissors.

Several processes were investieated for removing
chromium from the strands : sand blasting, inverse
electrolysis and mechanical brushing. Sand blasting was
rejected, due to the difficulty to avoid sand remaining trapped
inside the cable. Inverse electrolysis proved very efficient and
easy to apply. but needs a cleaning of the cable afterwards to
remove acid traces. Therefore mechanical brushing with a
stainless steel brush was retained, since it is easy to perform,
although some care is required to avoid damaging the strands.

The compacting of the strands at the cable ends has also
been tested by several methods (this is necessary to avoid tin
release during heat treatment). Spot welding was rejected
because of the impossibility of avoiding a constriction of the
helium flow inside the cable end. Pinching of the strands was
possible but it proved time consuming and difficult to have a
smooth cable end. The selected solution is to perform a nickel
plating of the cable end by chemical deposition, which allows
.i clean cut of the cable end and provides limited restriction to
the helium flow.

In order to achieve low resistance in the joint there must
be a contact pressure between strands and copper sole. This
requires the cable inside the box to be compressed up to a
level high enough to sustain the pressure after heat treatment
and cooling down. In addition, in order to have the most
homogeneous current distribution among strands, il is
necessary to have a high percentage of strands in comae; with
the copper sole. This can only be achieved by increasing the
copper length around the perimeter of the cable seating in the
transversal cross-section and by assuring u homogeneous \oid
fraction among subcables. The first compaction tests
performed on mock-ups showed a complete collapse of the
internal spiral and it was thus decided to replace the internal
>piral by a ihick stainless siccl tube at the termination. After
several tests a tube of 12 mm outer diameter and 6 mm of
inner diameter was selected. This tube is replacing the spiral.

inserted into it at the conductor side, and cut at 25 mm from
the cable end to allow the helium to penetrate easily into the
compressed bundle area of the cable (Fig. 3). The reduction in
diameter of the helium central channel ensures the same
helium flow in the annular area as in the regular conductor,
despite the reduction of the void fraction.

Helium
chamber

Fig. 3 Longitudinal cross-section of joint termination

The next modification required was the shape of the
cover of the termination box. After compaction of a cable
equipped with a thick inner tube, a rather inliomogeneous
distribution of the void fraction was discovered, ranging from
22.1 up 28.6 °o. the target value being 25°o. Furthermore, the
effective contact length between cable and copper sole in the
transversal cross-section was found to be rather low (20.8°o
along copper sole perimeter) with respect to that achieved in
SSJS terminations (42.0%). It was then decided on one hand
to increase the smaller radius of the cover from 10 to 12 nun
and on the other hand to add a heat treatment of the
termination box at 340=C during 24h to anneal copper so as to
ease the printing of the strands into the copper sole.
Unfortunately the softening of copper which resulted from
this last modification led to a deformation of the termination
box during compaction. It was therefore necessary' to modify
the compaction tool so as to embed completely the copper
sole inside a stainless steel plate to avoid side expansion of
copper. The SS-FSJS mock-up, manufactured after these
modifications, showed a much better homogeneity of the void
fraction, ranging from 22.9° o to 26.8°o and an improvement
of the effective contact length which increased up to 28V
with an average number of 18 strands in contact, compared to
16.3 in the previous mock-up.

Joint assembly

Nevertheless, it became evident that all problems were
not resolved, since after removal of the compaction tool after
heat treatment an unexpected longitudinal bending of the
termination was discovered, with convexity on the copper
side. This was explained by the fact that, contrary to what was
expected, the residual stresses after manufacture were not
relaxed by the 65O'"C. 200h long heat treatment, despite a
tight clamping of the termination to a rigid straight bar. This
deformation results mainly from the stresses created by the
welding of the cover to the termination box bed. after cable-
compaction. This bending deformation along the termination
could easily be coped with by machining a flat surface, which
is possible due to an over-thickness of 2 mm of copper.
However this resulted in a possible inclination ol the
termination with respect to the conductor axis. In the case oi
the SS-FSJS. it was decided to insert a tapered copper wedge
ithickness ranging from 5.6 mm down ;o O.Q mini in-between
the two terminations of the joint. In the case of the TFVIC
joints, it was noi possible to use this solution due lo the fixed
overall axial dimension of the joint, hut it was possible to use
die conductor flexibility and the glass-cloth elasticity ;o allow
clamping of the inner terminations l-or the outer
terminations, it was only possible to rely on flexibility ol the
conductor in the joint area, since the double pancake
insulation was already polymerized

- 6 -



Correct operation of the joint relies on good current
transfer between adjacent copper soles. This was achieved tor
the inner joints by soldering the terminations to each other. In
ardor to prevent tin-lead from flowing out during melting, a
40" i) tin. 60° o lead solder was chosen, which has a higher
viscosity than the usual 60 40 tin-lead solder. X-ray analysis
of a dedicated mock-up showed tiiat 94° 0 of the interface area
was soldered.

For the outer joints, it was decided to modify the design
of the joint assembly to remove any misalignment which
could occur during double pancake stacking : the chosen
solution is to connect both terminations by a set of inserted
copper pins. A soldering of the outer joints analogue to the
technique performed at the inner joint would have induced a
longitudinal thermal expansion of the joint of more than
2 nun. leading to unacceptable stresses inside the conductor
insulation and in the conductor jacket. Amongst other
techniques, electron beam welding of the pins to the copper
sole was chosen, due to its low heat input. The process was
qualified through several mock-ups and finally applied to the
Toroidal Field Model Coil - Full Size Joint Sample (TFMC-
FSJS). before being applied to the TFMC outer joints. Glass-
cloth is inserted in-between both terminations and
impregnated with resin so as to fix the position of
terminations with respect to each other. Holes are then drilled
in the interface. 3 mm from each other and the copper pins
inserted into the holes. The remaining pieces of alass-epoxy
are then extracted and replaced by copper inserts, to avoid
resin burning during welding. With this solution, only 37° 0 of.
the copper sole area is welded to the pins, but it was possible
to avoid the longitudinal extension of the joint using a staged
sequence of welding. No more than 5 pins are welded on both
sides in one welding phase, followed by an opening of the
vacuum vessel. A continuous record of temperature showed
that the maximum temperature at the middle of the
termination was limited to 74CC at the end of one phase of the
welding sequence. A dedicated mock-up measured a peak
temperature at the interface with the cable strands of 78OSC.
A transverse cross-section of a welded pin is shown in Fig. 4.
The measurements performed on the SS-FSJS and on the
PFMC-FSJS show that in both cases low resistance was
achieved : 1.34 nO and 2.51 nO at 8 T [10].

t- ig. 4 Transverse cross-section of a copper pin

WIND. REACT AND TRANSFER

The Wind. React and Transfer process was one of the
major items to be qualified with the manufacture of the
IFSIC. It was discovered that straightening, calendering and
winding led to a small reduction in diameter of the conductor
fro in iO.SrO.l mm down to 40.35-0.15 nun The main
difficulty conies from the fact that the final geometry of the
pancake is already fixed b> the machininu of the radial plate
and that liule tolerance is given b> [he conductor insulation
thickness (2.5 mm). Therefore the windim; has to be
performed in such a wa> that the reacted pancake fit-,
correcslv inside the grooves of the radial plate. This was firs;
tested with ;•>. limited length of conductor : three turns were
wound, heat treated and transferred to a radial plate, it was

discovered after heat treatment that the winding had expanded
and die conductor length increased by 12 mm over 25 m
(-0.05°o>. This effect led us to perform a new niachminsi of
the mould grooves so as to wind the conductor on a slightK
lower radius (-0.6 mm). The conductor is left free tir expand
in the groove during heat treatment and fits then easily inside
the radial plate afterwards The transfer process requires care.
since the maximum deformation to be applied to the reacted
conductor is limited to only 0.2 °». A special tool was
developed to unspring the reacted pancake, while lifting i:
from the reaction mould, and to keep it suspended while
wrapping the conductor insulation, made of several layers of
glass-cloth with kapton. which are wrapped around the
conductor (Fig. 5). The reaction mould is then removed, the
insulated pancake lowered into the radial plate, and the covers
installed on top of the conductor and spot welded to the radiai
piate. This process was successfully applied to both pancakes
of the DDP and then to the tens pancakes of the TFMC.

Fig. 5 Installation of insulation on reacted pancake

RADIAL PLATE

Forging ond Machining

The radial plates are manufactured from forged plates of
3i6LN stainless steel, which are then machined so as to
manage the grooves into which the insulated conductor will
fit I Fisi. 6). Owing to the relative!;, small dimensions ot the
TFMC. it was possible to forge one complete racetrack
shaped radial plate out of a 8.6 t single ingot. For full-size
coils, it would be necessary to weld together several pieces to
form one single radial plate. The starting point is a 180 mm
thick forged oval ring. A first machining brings down the
thickness to 130 mm. Subsequently a rough machining is then
performed by milling both sides and the inner and outer
contours so as to brinii the surface ol the plate to -2 mm oi
the final shape. This rouch machining is followed b_v a final
machining to bring the plate to the designed dimensions.
Again an unexpected phenomenon occurred : during rough
machiniim of the radial plate for the DDP. a helleville-efieci
arose, putting the radial plate in the shape of a belleville-
waslier. with a maximum out-of-plane deformation of
3.2S mm. it was then decided to apply a further heat
treatment to the forged plates before starting the rough
machining. This heat treatment uas performed at l '50 -C ami
applied to the already machined, warped DDP radiai plate
being pressed under the load ol'the live TFMC' radial piaie-
siac'kcd on top (which corrected the warp to less than 2 mm <
Ihc finalK achieved planarirs of the whole set of radial plates
is within -(1.2 mm and the tolerance of plate thickness -is -<'. ;

mill. The achieved location of the grooves within M! 4 mm in
length. t0.2 mm in width and their profile within -0 2 mm.
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The covers are machined out of square plates
(2500x2500x22 mm). The manufacturing process profits from
the fact that all covers are segmented from straight and curved
parts having a defined radius of curvature. The curved parts
are obtained by cutting out discs, which were machined on a
lathe. Finally the single covers were cut out. The straight pans
are machined from bars extracted from the central part of the
plates.

The manufacture of the radial plates and their covers
required the machining of 1.2 t of material out of 8.6 t of
forged plates. This means that -86% of the stainless steel was
removed as chips. The total time needed for the groove-
machining. corresponding to a total groove length of - 800 m.
was 600 hours for the 5 radial plates. A new tool was required
every 0.5-1.0 m for rough machining.

cover

Fig. 6 Radial plate cross-section (detail)

Cover if el ding

After insertion of the insulated pancakes into their
respective grooves, the covers are attached with a continuous
weld along both sides. Initially, it was planned to cam out
two passes to produce a 2 mm deep TIG weld with filler
material, but it was found that this process was time
consuming and that it was difficult to keep the deformation
within tolerance. Hence automatic laser welding was
investigated and qualified on the DDP. This process uses a
Nd-YAG laser source of 1.8 kW continuous power,
permitting a single pass weld up to 2.5 nun depth with a travel
speed of" 10 mm s. which is ten times higher than that
achievable with automatic TIG welding. An automatic
tracking system, using a CCD camera and laser diode,
coupled to a position error recovery system, gives excellent
precision in the positioning of the welding seam (±0.2 mm).
The narrow gap welding gap (0.5 mni) also avoids chamfering
the cover. Nevertheless, it was still necessary to optimize the
welding sequence in order to minimize the overall resulting
deformation of" the double pancake. This was achieved by
flipping the radial plate after performing a certain length of
welding seam until completion of the welds. .After 5 turnovers
it is then possible to reach a final planarity of less than 2 mm.
A total length of 6 x 89 x 2 x 2 ~ 2 136 m was successful!)
welded. A complete inspection of the weld seams with an
eddy current system allows measurement of the seam depth : a
welding depth less than 2 mm along more 50 mm in length is

considered as a defect to be repaired. The average repaired
percentage of the cover welds is lower than 2 % for each
double pancake. Taking into account the learning time to
industrially deal with this never done before process, three
weeks per radial plate were necessary to complete welding,
eddy current and dimensional inspection of the welds.

DOUBLE PANCAKE

After cover welding, the double pancake is wrapped
with a 1 mm thick glass-cloth and kapton insulation, enclosed
inside a thin tight impregnation mould, and pressed in
between thick steel plates. Epoxy resin (DGEBA type) is then
injected at 75°C under 2 bars pressure inside the mould, after
CO2 flushing and evacuation, so as to impregnate the
conductor insulation and the double pancake insulation in
one step. Holes drilled in the covers provide the paths for the
resin flow to conductor insulation. Curing during 24 hours at
135°C±5°C is then performed and after cooling down the
mould is removed and geometrical, electrical, tightness and
pressure drop measurements carried out. The whole process
was first tested on a lm beam mock-up before applying to the
DDP. In practice the overall height of the DDP exceeded
locally the specified 11S+0.7 mm and a reinforcement of the
pressing tool was necessary. The measurements performed on
the 5 DPs showed them all fitting within a box height of 121
mm. with a planarity better than 3 mm (1.20 - 2.65 mm). The
insulation was tested up to 3 kV DC for the conductors, and
up to 1.5 kV DC for the radial plates, across the DP insulation
covered with wrapped aluminium foil. The vacuum tightness
measured with 3 MPa of inner pressure of helium aives leak
rates below ] 0"'°W.

CONCLUSION

A great deal of experience has been gained in the
manufacture of the ITER TF Model Coil critical for the
design and manufacture of the ITER TF coils. Achievements
include :
• procedure to insure low resistance for joints
• qualification of the "Wind. React and Transfer" process
• production of radial plates with precise geometry
• final production of double pancakes fulfilling

geometrical, electrical and tightness requirements.
These results were made possible by well established
industrial processes, an extensive R&D program based on the
manufacture of numerous mock-ups, plus the application of
some high technology processes i.EB welding, laser voiding).
The final manufacturing steps in progress should allow
completion of the TFMC manufacture in early 2000.
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Abstract -The conceptual design of the ITER TF model coil
(TFMC) was produced by the European Home Team based on
the ITER TF coil design. The test configuration in the TOSKA
facility of FZK comprises the TFMC coupled with the existing
European LCT coil by an Intercoil Structure (ICS). The
elements of the TFMC are being constructed by European
industry under the supervision of ITER European Home
Team and are currently nearing completion. The primary
objectives of the TFMC program are to gain experience of all
aspects of the coil manufacturing process (including QA
methods) and to establish realistic manufacturing tolerances
for the actual ITER TF coils. At the current state of the
project many of these objectives have already been achieved.
The various technical problems encountered during
engineering design and manufacture have been solved and
have produced very useful information which can be applied
in the ITER procurement documents for the TF coil system.
This paper presents a description of the manufacturing
process and related QA procedures.

I. INTRODUCTION

the manufacturer had to develop an engineering design in
close cooperation with the ITER European Home Team [3].

The main objectives of the ITER TF Model Coil
programme are:

to develop and verify the full scale TF coil
manufacturing techniques;
to establish realistic manufacturing tolerances;
to bench mark methods for the ITER TF coil quality
assurance and acceptance;
to gain information on the coils operating margins and
in-service monitoring techniques.

The TFMC is being manufactured by AGAN. a consortium
of European companies (consisting of Ansaldo Energia.
Alstom. Accel and Noell) and is now nearing completion.
The first three objectives have been reached. The delivery
to FZK is foreseen early next year. It is envisaged that the
testing of the TFMC will start in the 3rd quarter of the year
2000."

The ITER TF Model Coil (TFMC) is based on the design
concept proposed for the TF coils in the ITER EDA Final
Design Report [1.2]. This foresees the use of thin walled
Nb:,Sn cable in a conduit conductor insulated and placed in
the spiral grooves on both sides of a stainless steel radial
plate fixed by stainless steel covers. Five (instead of seven)
such double pancake modules are stacked, insulated and
epoxy resin impregnated together to form a monolithic
winding pack which is enclosed in a rigid stainless steel 316
LN case.

The TFMC has a reduced size with respect to the ITER TF
coils in order to fit into the TOSKA test facility at FZK
Karlsruhe together with the EURATOM LCT coil which
will deliver a background field. Operating conditions will
be mechanically, electrically and hydraulically
representative for ITER. Based on this conceptual design

' E F D A - C S U , D-85748 Garching; 2ITER JCT. Naka. Japan: 3CEA

Cadarache. F-13108 St Paul-Lez-Durance CEDEX: 4ITP.

Forschungszentrum Karlsruhe (FZK.) D-76271 Karlsruhe: 5ENEA I-

00044 Frascati: 6Europa Metalli 1-55052 Fornaci di Barga: AGAN

Consortium: 7Accel. D-51429 Bergisch Gladbach: 8Ansaldo. 1-16152

Genova: 9Alstom. F-90018 Belfort: 10Preussaa Noell. D-97080 Würzbure

II. QUALITY ASSURANCE

The manufacture and testing of the TFMC involves
organisations in several countries and it is therefore vital
that the Quality Assurance Management Programme is
understood throughout the project. The work distribution
within the consortium is summarised as follows:

Accel: Project and quality management. Stress and cool
down analysis.

Ansaldo: Manufacture of the 5 double pancakes and
related R&D.

Alstom: Winding pack stacking and assembly with case.
busbars incl. assembly, instrumentation and
manifolds and related R&D.

Noell: Manufacture of radial plates and the intercoil
structure including related analysis. Assembly
work at FZK.

The bases of the QA programme are:
the Quality Manuals of the single AGAN Partners:
the RDD (Requirement Definition Document) issued
by AGAN:
the contract technical specification.
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Where possible, recognised international standards and
codes are used. i.e. ASME or European Standards (EN) as it
is important that the coil is manufactured to accepted
industrial practice. The management of drawings within
AGAN. EFDA and the relevant Associations is covered by
defining drawings either as interface or design drawings.

Considerable manufacturing development has been carried
out by the Partners and Associations. This has resulted in
the preparation of TFMC specific manufacturing
specifications which will form a major part of the final
documentation package. Manufacturing process QIPPs
(Quality Inspection and Production Plans) have been
established by AGAN and reviewed and accepted by
EFDA. The QIPP contains the relevant drawing and
specification references as well as identifying 'Hold points".
'Notification points" and the requirement for test, process or
non-conformance reports. These points not only identify the
vital manufacturing steps but also "Interface points" where
the acceptance of another Partner is required. The final
documentation will use the QIPPs as the backbone with
supporting specifications, drawings and test reports
referenced to it. This will allow the experience gained to be
transferred to the production of ITER coils.

III. CONDUCTOR

The conductor was entirely manufactured by Europa
Metalli. Through this, the large scale manufacture of Nb3Sn
strands with good reproducibility was demonstrated
successfully, together with the cable manufacturing and the
jacketing processes [4].

The ITER conductor design specifies of a 1.6mm thick
seamless Incoloy tube for the jacket, but due to
unavailability of such a tube within a useful timeframe.
316LN stainless steel was used. The feasibility of creating a
jacket using a lmm thick Incoloy rube having a longitudinal
weld was assessed by manufacturing a dummy pancake.
This proved however, that a jacket thickness of lmm is too
thin to handle such a conductor safely and that a
longitudinal weld is absolutely unacceptable.

Jacketing of up to more than 200m of cable posed few
problems. The jacketing line was set up for a maximum
length of 400m but this could be extended to distinctly
lonaer lengths.

IV. DOUBLE PANCAKE (DP) MANUFACTURE

The manufacture of the DPs has been described in more
detail in [5]. but is summarised in the following text.

A special automatic controlled calandering system was built
and integrated into the winding line consisting of a roll-off
jack, guiding rolls, cleaning bath, sand blasting unit.

calandering device and winding table. During winding the
conductor coming with 40.9mm diameter from the spool
was reduced to about 40.5 after the straightening unit and
further to an oval shape of 40.5/40.3mm in the curved
regions of the racetrack. In future, this deformation could be
reduced by using conductor spools with a higher diameter.

The conductor ends of each pancake were provided with
terminations consisting of an explosion bonded
copper/stainless steel box in which the cable ends were
placed and pressed by a cover with a force of 200 tons. The
cover was fixed by TIG welding and kept in a rigid tool
mounted on the reaction mould during the whole heat
treatment cycle. This type of termination was developed by
CEA and was proven on several subsize and fullsize joint
samples. These showed very low resistances, i.e. below
inTi at zero field [7].

Some reaction heat treatments were interrupted due to oven
failures and were continued after repair. Measurements on
witness strands reacted with the pancakes showed no
degradation of the critical current.

During heat treatment the conductor expanded by about
0.03 %. This was handled by allowing the conductor to
move in the reaction mold.

After heat treatment a dimensional check showed that all
terminations had deformed in a banana-like shape, the
copper sole being on the convex side. This posed some
problems for the assembly of inter-pancake joints, but could
be solved by careful machining of the copper sole. Leak
testing showed that all pancakes and terminations were tight
to a leak rate of 1.10-" W.

During the application of glass-kapton rum insulation and
co-wound voltage taps, a fixture was used to ensure that the
reacted conductor was not strained by more than 0.2%. The
transfer of the pancake into the radial plate took place using
reference marks on conductor and plate to ensure the
terminations were in the correct position. The rums were
held in the grooves by spot welded covers. The second
pancake of a DP module was transferred in the same way
after rotating the plate.

The radial plates and covers were forged and machined
from a special stainless steel 316LN with a flatness better
than ± 0.3mm.

The procedure to soft solder the inner terminations was
qualified on mock-ups and a full size joint sample. X-ray
inspection showed over 90% filling. The 2mm thermal
expansion during soldering was taken up by the soft rum
insulation. After soldering the joints were fitted with rigid
clamps.

In order to give the DP modules the required stiffness and
flatness, the covers were secured by laser welding to keep
the heat input to minimum. Flatness of less than 2mm was
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achieved. The weld penetration was checked with an eddy
current test method developed by ENEA.

The impregnation with DGEBA epoxy resin was carried out
by a vacuum-pressure cycle at elevated temperature
followed by a curing phase. The resin could penetrate into
the turn insulation through hoies in the covers. The method
to ensure good penetration was qualified in a series of trial
impregnations on mock-ups and a 1 m full size beam.
After impregnation the DP modules were cleaned and the
outer terminations machined.

Before shipment to the consortium partner all DP modules
passed the following tests:
insulation resistance between conductor and radial plate:
500 V DC. dielectric test between conductor and radial
plate: 3000 V DC for 1 min. 3000 V AC peak-to-peak for 1
min. dielectric test between radial plate and ground: 1500 V
DC for 1 min. continuity and mutual insulation test on all
voltage taps, gas flow test using N2 gas at ambient
temperature with applied pressure drop from 1 bar to 4 bars.
For the leak test the pancakes were inserted into a vacuum
vessel and the cooling channels internally pressurised with
helium at 30 bars. All circuits including terminations were
found to be leak tight to better than 1.10"" W.

v. WINDING PACK.. COIL CASE AND BUSBARS

A trial assembly of DPs to define the number of layers of
inter-pancake insulation showed a lateral misalignment
between the terminals and inconsistencies in distance
between the copper soles. Both are attributed to insufficient
clamping of the outer terminations during impregnation.
Final stacking and alignment was a compromise between (i)
the maximum height of the whole stack and (ii) a minimum
distance between the facing copper soles.

Fig. 1 Stacking of the DP modules

The winding pack was impregnated by a vacuum and
pressure impregnation method in a self-heating rigid mould
using a DGEBA epoxy resin system.

Fig. 2 Winding pack after impregnation

In order to provide good electrical contact between the DPs.
the joint design chosen by the supplier consists of 35 pins
Electron Beam (EB) welded between copper soles. EB
welding was chosen to avoid high stresses in the joint due
to thermal expansion.

ig. 3 Outer Joints ready for e-beam welding

The EB welding process was qualified according to
recognised standards on a full size joint sample [6]. The
welding of the outer joints was preceded by a pre-
production test piece and a production sample was welded
in parallel. Macrographic examination of these samples
showed sound welds with good penetration.

Additional clamps around the joint area prevent stressing of
the pins or the copper/ stainless steel interface of the joint
box.

The whole coil will be insulated by 8mm combined R-
glass/Kapton wrapping. In order to keep the stresses in the
conductor and insulation at an acceptable level during
operation, a sliding surface consisting of a double layer of
Teflon tape has been introduced between conductor joint
and the insulation to distribute the displacement applied to
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the outer joint area over a longer distance. This concept has
been proven by mock-up tests. This sliding surface will be
covered by glass/Kapton to insulate the joints from each
other.

The insulated coil will be enclosed by a thick case and
cover (60-80mm). Before final impregnation the interface
between coil and upper and lower plate of U shaped case
will be filled by glass felt and the gap between coil and the
walls of the case will be filled by silica sand. R&D tests on
samples of sand-epoxy resin at 77K showed no significant
degradation in the mechanical properties of the composite.

The coil and case require a header system to allow for
cooling via 10 parallel channels in the DPs and 2 parallel
channels in the case. The header is fitted with control
valves, check valves, Venturis to measure the mass flow,
capillaries to measure the pressure drop, gas heater loops
and temperature sensors installed inside helium flow.
The coil will be equipped with hall probes, pick-up coils,
displacement transducers, stain gauges and rosettes.

The busbars to energise the coil are being manufactured
from a NbTi cable, the stability of which has been tested.
To facilitate the assembly into TOSKA. each bus bar has
been manufactured in two pans (bus bar type 1 and bus bar
type 2). The type 1 bus bars will be assembled on the coil at
the suppliers works. The type 2 bus bars will be assembled
by FZK with the current leads in an extension of the
TOSKA vacuum vessel. The joint between type 1 and type
2 bus bars will be assembled at FZK after the coil assembly
has been inserted into the TOSKA vacuum vessel.

VI. INTER-COIL STRUCTURE (ICS)

The ICS links the TFMC to the LCT coil and the gravitatio-
nal support of the TOSKA facility. Because it has to sustain
very high forces acting between the two coils, the design
was validated by careful FE stress analysis and manufacture
is being being carried out to high quality standards.

The ICS is provided with a system of cooling channels
which are pressure and leak tested following standard
industrial practice. It will also be instrumented with a large
number of sensors, particularly for measurement of
mechanical strain and deformation.

VII. ASSEMBLY AND TESTING IN TOSKA

After arrival at FZK the TFMC will be assembled with the
ICS gravitational support and LCT coil, the whole assembly
weighing just below 130 tons.

The TOSKA facility preparation is. to a large extent,
complete and well proven during the W7-X Demo-coil
testing. The remaining adaptations of components and
interfaces for the TFMC testing in the TOSKA facility are
being executed in parallel to the TFMC assembly.

Commissioning tests for the TFMC include: i) warm
acceptance testing before and after installation into
TOSKA: ii) cold acceptance tests after cooldown to 4 K.
After that, the test program [7] will be performed in two
phases (i) on the TFMC alone and (ii) on the TFMC in the
background field of the LCT coil. This will include a
"cycling test' to simulate a number of pulses.

VIII. CONCLUSIONS

The manufacture of a superconducting coil of this size
using a Nb3Sn cable in conduit superconductor is a
significant challenge for industry. Many new techniques
have been developed and technical problems solved which
have also lead to some delay in the project. Nevertheless, at
this point in time it can be said that the first main objectives
of the project has been reached, namely the demonstration
of the feasibility of constructing TF coils according to the
ITER design concept.
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Abstract

The TF coils for ITER (ITER, Final Design Report, December 1997) will use the concept of a circular thin walled
Nb3Sn cable in conduit superconductor completely enclosed in an insulated groove in steel plates to form the coil
pancakes. These are then stacked together to form the winding pack supported by a steel case. The concept is being
demonstrated by the fabrication of a TFMC (E. Salpietro et al., Construction of a Toroidal Field Model Coil
(TFMC) for ITER, MT-15 Fifteenth International Conference on Magnet Technology, Oct 20-24, 1997, Beijing,
China; R. Maix et al., Manufacture of the ITER TF model coil (TMFC), Poster Pl-217) with a bore of 1.4 x 2.5 m,
a peak field of 8.77 T and a total current of 7.8 MAT. The coil will be tested during 1999 in the TOSKA facility at
FZK, Karlsruhe, using the EURATOM LCT coil to provide an external field system. The objectives of the TFMC
are as follows:
1. to develop and verify the full scale TF coil manufacturing techniques, in particular the following features:

z plate manufacturing (forming the grooves);
: fitting the conductor in the groove after heat treatment and insulation (i.e. predictable geometry change);
z closing the groove with a cover plate and plate insulation;
z fitting the winding into the case, gap filling and case closure;

2. to establish realistic manufacturing tolerances;
3. to bench-mark methods for the ITER TF coil acceptance tests, including insulation and impregnation process;
4. to obtain information on the coil's mechanical behaviour, operating margins and in-service monitoring techniques,

particularly for the insulation quality over fatigue cycles.
© 1999 Elsevier Science S.A. All rights reserved.
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1. Design description and analysis

The design of the Toroidal Field Model Coil
(TFMC) follows the design of full size ITER TF
coils [1]. The conductor used is that developed for
ITER and is reacted to form the Nb3Sn com-
pound in a mold at 650°C for about 200 h, then
insulated with a glass/Kapton tape interleaved
and transferred to the radial plates. The shape of
the radial plate is racetrack to simulate the differ-
ent radii of curvature of the ITER TF coils. The
grooves of the radial plate are closed with a cover
laser welded to the plate. After glass-Kapton insu-
lation is applied the double pancakes are vacuum
impregnated. The five double pancakes forming
the winding pack are assembled together, then the
ground insulation is applied and the winding pack
is vacuum impregnated. To be able to connect the
pancakes the conductor ends are provided with
terminations. The terminations of the two pan-
cakes forming a double pancake module are
joined at the inner circumference by soldering and
clamping them together. Therefore the inter-dou-

Table 1
Coil parameters

Orrtrt

Vtaut

Conductor diameter
(mm)

Conductor insulation
thickness (mm)

Ground insulation
thickness (mm)

Number of double
pancake modules

Total number of
turns

Radial plate thickness
(max/min) (mm)

Flatness of radial
plates (achieved)
(mm)

Flatness of DP mod-
ules (achieved)
(mm)

Winding min/max ra-
dius (mm)

Case thickness (mm)
Overall dimensions

(m)
Weight per coil (t)

ITER TF

45.7

2.5

8

7

192

123.4

NA

NA

2705/9600

75-240
18.7x12x1.4

695

TFMC

40.7

2.5

8

5

98

115/12.2

<0.5

<2.0

600/1161

70-80
3.8x2.7
x0.77

40

Fig. 1. TOSKA facility.

ble pancake joints are located at the outer circum-
ference. They are made by electron beam welding
copper pins between the two terminations. The
winding pack is inserted in the coil case and the
space in between is filled with sand, then it is
epoxy impregnated. The coil case will be assem-
bled with the intercoil structure via wedges to
determine, during testing, shear stresses similar to
those experienced by the TF coils during
operation.

The intercoil structure and coil will be assem-
bled to the LCT (Fig. 1) with an angle to deter-
mine, during testing, the radial pressure on the
nose of the coil. The coil parameters are reported
in Table 1 and the coil layout is shown in Fig. 2.

1.1. Conductor

The conductor [2,3] used for the ITER TFMC
will carry 70 kA at 8.77 T. In this condition the
Lorentz force on the conductor reaches 616 kN
m, which is 80% of the force acting in the ITER
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Fig. 2. Layout of the ITER TFMC.

TF coils; during the test phase it will be decided if
the TFMC can be energised to 80 kA in order to
reach 100%. The critical current versus field and
temperature has been plotted (Fig. 3) for a com-
pressive strain on Nb3Sn material of —0.55%
(— 0.65% given by the fully bonded model during
cooling, and +0 .1% given by the operating

I(kA)

\ \ stability limit (with
^ copper strands)

Operating line
TFMC witfiXCT

Fig. 3. Ic(B) curves, operating lines and stability limits of the
TFMC.

strain). The current sharing temperature is 8.7 K
at the operating point which provides theoretical
margin around 4.2 K. above helium temperature
at 4.5 K, in steady state conditions. For the cable,
consisting of superconductor strands and copper
strands, two limits are identified for the frontier of
the poorly cooled stability regime corresponding
to the two stability limit curves in Fig. 3.

The effect of perturbations over long lengths
can be considered in terms of critical energy:
1. For fast perturbations ( * 1 ms), the copper

strands cannot be used as stabilisers and the
critical energy is very small ( 5; 20 kJ/m' of
strand). This low value means that all sources
of frictional heat must be avoided.

2. For longer perturbations ( ^ 100 ms), current
redistribution to copper strands is possible and
the stability is greatly enhanced. In this case
most of the internal energy of the helium
between bath temperature and current sharing
temperature can be used and the critical en-
ergy is large ( % 800 kJ/m3 of strand).

The result of a quench followed by a safety
discharge is an increase of the conductor tempera-
ture (hot spot model) to 107 K. for a discharge in
4 s after a delay of 1 s, and to 161 K after a delay
of 2 s.

During a safety discharge with a time constant
of 5 s, the ac losses in the conductor at high field
(9 T) are about 4 x 105 J/m3 of strand. The TF
model coil is not expected to quench as a result of
a.c. losses in the conductor during a safety
discharge.

1.2. Coil analysis

1.2.1. Magnetic field and forces
The magnetic field and the magnetic forces have

been computed independently with two different
computer programmes with quite good agree-
ment. The results are shown in Table 2. The
maximum achievable magnetic induction is 8.77
T, when both coils are energised to full current.

1.3. Mechanical analysis

The mechanical analysis of the TFMC has been
performed in a first step with a simplified model
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Table 2
Operating data

ITER TF TFMC TFMC + LCT

Operating current (LCT) (kA)
Ampere turns (LCT) (MA)
B^ in ITER TF/TFMC (T)
Stored energy TFMC + LCT (MJ)
Max. compressive load on insulation (MPa)
Max. shear stress between DP modules (MPa)
Max. Tresca stress in SS case (MPa)
Max. Lorentz force on conductor (kN/m)

60
11.5
12.8

5000/coil
-130
30
527
780

80
7.8
7.78

79.4
-
-
-
622

70 (16)
6.7 (9.40)
8.77

339
-180
50
470
614

in-oxder-to^undesstand-the-basic behaviour of the
coil under the electromagnetic loads [4].

The final stress analysis has been carried out by
the AGAN consortium with a very detailed mesh,
in particular in the joints area. The TFMC is
modelled by parabolic 27-node solid elements and
the intercoil structure by shell elements (Fig. 4).

1.3.1. Boundary conditions
The wedges are supposed to be embedded in the

main frame and the boundary conditions between
the model coil and the wedges are modelled in the
following way:
1. out-of-plane displacements of TFMC = out-

of-plane displacement of the side wedge;
2. torsion of the TFMC = torsion of side wedge;
3. radial displacement of TFMC along front

wedge blocked.

1.3.2. Material properties
The material properties of the TFMC winding

pack, i.e. the Young's modulus and the Poisson
ratios, are simulated by equivalent orthotropic
material data. For the steel structure the well
known material properties are used.

1.3.3. Loading and deformation
The Lorentz forces are taken into account by

distributing them to equivalent nodal forces of the
winding pack. The deformations of the TFMC
and LCT coil are shown in Fig. 5.

The bending of the wedges induced torsion in
the TFMC and the localised support induced high

compressive stresses on the coil insulation, as
shown in Fig. 6. The shear stress between DP
modules is displayed in Fig. 7. This model was
used to determine the final position and size of the
wedges.

1.4. Eddy current analysis

The eddy currents flowing in the casing and in
the radial plates have been determined by an
analysis [5]. The time constant q of the set of
radial plates and casing are similar (0.2 and 0.25
s, respectively). The total magnetic energy is 79.4
MJ and the magnetic energy per unit shielded
volume DB2/2 uo is 9.3 x 106 J/m3 during a dis-
charge in tE+5 s, the energy deposited in the
casing is 1.4 x 106 J, while it is 1.7 x 106 J in the
set of plates. Accounting to the respective masses
of 15 and 10 t, the energies are 93 J/kg in the
casing and 170 J/kg in the plates. The maximum
temperature in the radial plates reaches 20 K
within 1 s and further to a maximum of 50 K.

1.4.1. Heat transfer through insulation to helium
cooling

The heat generated in the radial plate and the
casing is transferred to the conductor with respec-
tively a ~ 10 and ~ 100 s time constant, which
may have some influence on the quench propaga-
tion velocities. It will be of interest to explore a
range of discharge time constants, to investigate
this possible interference, and acceleration of
quench propagation.
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Fig. 4. Mesh of FE model.

1.5. Joints

The joints are designed according to the results
of the EU R&D on joints [6]. The joints between
pancakes are localised on the inner and outer
radius of the coil, inside the case, in the outer
straight leg of the TF model coil. The inner
connections to the superconducting busbars are
localised on both sides in the outside joint region
of the coil. The inlet and outlet are connected to
the outermost turn of the pancake.

1.6. Inter coil structure layout

The support structure will resist the loads oc-
curring during operation between TFMC and
LCT coil. It is made of 316 LN stainless steel
ribbed mainframe and a set of plates linking the
mainframe to the LCT coil (Fig. 1). These plates
are welded on the mainframe and wedged on the
LCT coil. Wedges located between the TFMC
and the mainframe simulate the mechanical struc-
ture surrounding the TF coils in the ITER
toroidal magnet.

At normal loading (TFMC: 70 kA, LCT: 16
kA) the two coils attract each other with the
resulting loads of about 17 MN in plane and 68
MN out of plane.

The forces in the .v-direction, roughly the in-
plane forces, are reacted by five plates supported
by the inner LCT coil leg. The forces in the
y-direction, roughly the out-of-plane forces, are
transferred between the coils by the four support-
ing pads of the frame of the structure which
contact the four edges of the LCT-coil casing and
by contact areas of the five plates with the inner
and outer leg of the frame.

2. Test of the TFMC

A detailed description of the TOSKA facility is
presented in Ref. [7]. The test of the coil in the
TOSKA facility is specified in detail in the test
program. The test program contains the proce-
dure to measure the properties of the coil: electro-
magnetic, thermohydraulical, mechanical and
dielectric insulation properties. The high voltage
testing is an important part to gain experience for
the ITER full-scale testing and reliable operation.
The performance of the test program requires a
cryogenic and electrical supply system designed
for the operation parameter and the control of
fault conditions without damage for the coil and
facility. The instrumentation for diagnostic and
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Fig. 5. Deformadon of TFMC and LCT.

protection of the TFMC will be more than for the
ITER full-size coils.

2.1. Assembly in TOSKA

The space inside the vacuum vessel is very
limited and an assembly inside the vessel is impos-
sible. The test configuration (ITER TF model
coil, LCT coil, intercoil structure) will be assem-
bled onto the gravitational support frame outside
the TOSKA vacuum vessel and all the cryogenic
and electrical connections are on the top side of
the test rig.

For the installation of the ITER TF model coil
test arrangement, two cranes (50 and 80 t) are
available to lift the complete configuration in the
vacuum vessel.

Fig. 6. Stresses in ground insulation. Maximum compressive
load, 177 MPa.

2.2. Test program

The sequence of tests will be optimised to ob-
tain information on coil properties with the lowest
risk [8]. Suitable test steps are derived from the

Fig. /. Shear stress between DP modules. AMax. 48 MPa,
*Min. 43 MPa.
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experience gained in experiments with large su-
perconducting coils and coils systems.

The nominal operation current of the full size
TF coil is about 60 kA and the achievable cur-
rent in the model coil is 80 kA. From this point
of view some decisions have to be made regard-
ing which tests have to be performed near the
nominal current and which at the maximum
possible current. Tests with higher risks can be
performed at the end of the test program. It has
been considered that every dump needs a recov-
ery time of 24 h of the cryogenic system for
cooling down the magnets.

2.2.1. Test of the model coil alone
This test characterises the TF model coil in its

electromagnetic, thermohydraulic, mechanical
and dielectric insulation properties. It is the first
operation of the TFMC in the superconducting
state and therefore shall give an overview of the
superconducting performance including the
joints' proper operation. It will demonstrate the
validity of all applied fabrication techniques.

2.2.2. Test of the model coil with the LCT coil
This is mainly a mechanical loading of the

coil with out-of-plane and nose forces. Cycling
charging of the coil is foreseen to provide dy-
namic loads on the insulation system. After a
certain number of cycles partial discharge mea-
surements are performed between winding and
shear plates and between the winding (wind-
ing + shear plates) and ground insulation.

2.2.3. Special tests: high voltage discharge
By loading the electrical insulation system un-

der nominal discharge voltage and Lorentz
forces, the transient voltage properties of the
winding will be determined.

2.2.4. Partial discharge measurements
In addition to DC insulation resistance mea-

surements (ground insulation) and capacitive im-
pulse voltage discharges to the model coil
(winding insulation), both at maximum test
voltage, the performance of AC partial dis-

charge (PD) measurements at lower voltage lev-
els will be carried out. In particular, the phase
resolved PD measurement technique, where the
discharge pulses of several hundred voltage peri-
ods are accumulated, is extremely useful to
monitor the electric insulation status at low tem-
perature.

2.2.5. Transient high voltage oscillation inside the
winding

Magnet coils can be excited into internal
voltage oscillations by transient voltages. Tran-
sient high voltages are produced by the switch-
ing processes used for the safety discharge of a
superconducting magnet. The surges caused by
counteracting current switches, which are used if
a magnet is discharged at high current level and
a discharge voltage of 10 kV across the winding,
may electrically stress the magnet's dielectric
components to many times its normal stress due
to internal high voltage oscillations. In order to
ensure that no dielectric failure can occur, it is
important to know the natural frequencies of
oscillation of a magnet during the design stage,
and to determine whether the expected switching
transient voltages can excite the magnet into in-
ternal high voltage oscillations.
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ABSTRACT
The mechanical analysis of the Conceptual Design of the ITER TFMC led to identify some critical areas in
the coil and in the structure. The Engineering Design incorporates a sliding surface in the coil joint area and
profiled wedges in the structure to homogenise the stresses. When the LCT Coil is operated at full current,
the current in the TFMC will be limited to 70 kA, in order to keep maximum stresses within acceptable limits.

1. INTRODUCTION

A proposal to manufacture and test a Toroidal Field Model Coil (TFMC) for the International
Thermonuclear Experimental Reactor (ITER) project was issued by the European Home Team
(EUHT) and approved by the JCT in 1995 [1]. The objectives of this coil have been to establish
the manufacturing techniques to be used for manufacturing the full-size TF coils, to define realistic
manufacturing tolerances and to benchmark acceptance tests for these coils. The conceptual design
of the TFMC relies on the manufacture of a reduced scale racetrack shaped coil using a full-size
conductor and including most features of the projected ITER TF coils. In order to simulate the
behaviour of a TF coil, the TFMC will be tested in adjacent position to the European Large Coil
Task (EU-LCT) Coil [2]. The contract for the manufacture of the TFMC, which was awarded by
the European Commission to the AGAN Consortium (ACCEL, GEC-Alsthom, Ansaldo,
PREUSSAG-Noell) in 1996, included the achievement of the Engineering Design of the coil, the
manufacture of an Intercoil Structure (ICS), and the assembly with the LCT Coil. The testing of the
TFMC will be performed inside the TOSKA facility of FZK in Karlsruhe (Germany) [3].

2. CONCEPTUAL DESIGN

2.1. Conductor

The TFMC conductor is a full size Nb3Sn cable-in-conduit circular jacketed conductor. The cable
is made of 1080 strands twisted into six subcables Built around a central cooling channel,
according to the concept developed by CEA for the NET coils [4]. Cooling is provided by
circulating supercritical helium at 4.2 K and the jacket is an incoloy 908, 1 mm thick tube.

2.2. Coil

The conductor is wound in pancakes inserted into grooves machined inside stainless steel radial
plates. The winding-pack is made of five double pancakes insulated and assembled. Inner joints
connect two adjacent pancakes of the same double pancake and outer joints connect adjacent
pancakes. Both inner and outer joints are embedded inside the ground insulation.
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The winding pack is inserted into a 316LN stainless steel case, so as to withstand the loads arising
in the conductor during operation.

2.3. Testing
The TFMC and the LCT Coil are installed in nearly parallel position (4.5° angle), with an Intercoil
Structure. When the TFMC is operated in single mode, only in-plane forces will arise, but at a
reduced level since at full current (80 kA) the maximum field is 7.7 T. When operated with the
LCT Coil in-plane forces will be increased and out-of-plane forces will arise, featuring the
interaction of the TF magnet with the poloidal field. Localized support in the out-of-plane direction
provides high local stresses, allowing to reach similar level to that occurring inside the TF coils.

2.4. Analysis of the Conceptual Design

2.4.1. TF Model Coil

In the joint area, due to the combination of in-plane tension and out-of-plane bending and torsion,
the outer joints localised close to the LCT Coil are submitted to high imposed strain.
The joint stiffness is much higher than the conductor one, which as a result tends to concentrate the
strain in the weakest part, namely the free length of conductor close to the joint box, which is not
embedded in the radial plate. In order to limit the strain concentration to an acceptable value,
several design modifications were considered, in particular stiffening of the coil case, or extension
of the supporting area to out-of-plane force. Unfortunately the efficiency of these modifications
turned out to be compromised by the requirement of minimi7ing the total weight of the
configuration, which is limited to 120 tons, corresponding to the crane capacity of the TOSKA
facility, and by the restricted space inside the vessel. Therefore it was decided to introduce a
sliding surface around the conductor in the joint area up to 200 mm inside the radial plate so as to
spread the imposed deformation to the conductor on a longer effective length.

2.4.2. Intercoil Structure

In order to enhance the local stresses inside the winding-pack insulation towards more ITER
relevant values, a 5 mm gap has been introduced on the upper outer wedge. As a consequence,
some asymmetry occurs in the load sharing between wedges, the lower outer wedge being locally
highly stressed. An extension and a shift of the wedges towards the outer leg was recommended to
obtain a lower stress level and together with some proposals for the final design stress
concentrations at the ends of the wedges should be avoided.
High stresses arise in the horizontal plates of the ICS and in the ribs of the pads. A reinforcement
of the uppermost and lowermost plates was decided as well as an elongation of the upper and lower
pads across the whole width of the ICS.

2.4.3. LCT coil

Due to its relatively thin case, the LCT Coil tends to be much more flexible than the TFMC, which
induces high shear stress inside its winding-pack. In order to limit the maximum stress below the
design value of 50 MPa it was decided to modify the helium piping of the LCT Coil to provide a
support in the central part of the outer leg of the coil.
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3. ENGINEERING DESIGN

3.1. Main features of the Engineering Design

3.1.1. Conductor

Whereas the full-size ITER-TF conductor is designed with an incoloy 908 jacket, for saving time
and money in the programme, it was decided to use a 1.6 mm thick 316LN stainless steel jacket
for the manufacture of the TFMC conductor.

3.1.2. TF Model Coil

The joint area sliding surface will be achieved by wrapping a Teflon tape directly around the
conductor jacket, beneath the insulation, and along the joint box.
The design of the outer joint is relying on a key system drilled into the joint interface [5]. It was
initially foreseen to achieve the electrical joint by soldering the copper pins to the copper soles of
the joint boxes. In order to limit the expansion of the joint during this manufacture which could
damage the conductor insulation and reduce the conductor performances, electron beam welding
was investigated on mock-ups as an alternative solution. After the successful qualification of the
process this last solution has been retained.
To allow the winding-pack assembly independently from the tolerances of the double pancakes, the
insulation thickness between adjacent double pancakes was increased from 1 to 5 mm, which
increases by 20 mm the winding-pack axial thickness . An additional impregnation of the stacked
double pancakes will be performed, which will fix as well the position of each double pancake as
the position of the outer joints by introduction of a glass-cloth in the joint interface.
The thickness of the case flanges has been decreased from 80 mm to 70 mm to keep the overall
case thickness identical to that of the conceptual design (772 mm).

3.1.3. Inter coil Structure

A major objective of the final design was to reduce the weight without reducing the stiffness
significantly and to avoid intolerable stress peaks following the results of the conceptual design.
The outer wedges, now welded to the frame and reinforced by stiffening ribs, have been profiled
with a slope in order to achieve a smooth contact between the TFMC and the ICS.
The uppermost and lowermost horizontal plate (HP) thicknesses have been increased from 40 mm
to 80 mm. This is allowed by the removal of two half-belts of the LCT Coil.
The thickness of the ICS side plates has been decreased from 120 mm to 80 mm and the side plate
close to the LCT Coil has been extended radially to increase the in-plane inertia of the frame.
Additional contact areas between ICS and LCT Coil have been introduced to reduce out-of-plane
bending of the LCT Coil. An exploded view of the TFMC and ICS is shown in Fig. 1.

Table 1 : Comparison of TFMC Conceptual and Engineering Design
Component Conceptual design Engineering Design
Coil Conductor j acket

joint area
interDP insulation thickness
Case thickness

Structure wedges
HP1 and HP5 thickness
side plates
TFMC weight
ICS weight

1.0 mm thick incoloy 908
bonded
1 mm
80 mm
constant thickness, screwed
40 mm
thickness 120 mm
31.4 t
301

1.6 mm thick 316LN stainless steel
sliding
5 mm
70 mm
profiled, stiffeners added, welded
80 mm
80 mm, extended on LCT side
35 t

25.7 t
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Table 2 : Analysis of TFMC Test Assembly
displacements
(mm)

TFMC winding
ICS
LCT winding
outer joint
elongation

stresses (MPa)

TFMC winding

TFMC case

in-plane
horizontal

[-7.7, -2.6]
[-8.9, +0.4]
[-4.9, +2.4]

tensile

[-188,+271]

Tresca

in-plane
vertical

[-9.4, -3.2 ]
[-2.1,+2.1]
[-2.0, +3.2]
[1.0,2.0]

axial

[-177, +22]

468

out-of-plane

[-0.3, +2.9]
[-6.5, +7.6]
[-3.1,+6.3]

interpancake
shear
48

Figure 1 : TFMC Engineering Design

3.2. Operating conditions

In order to avoid too high a deformation of the outer joint area, it has been decided to limit the
current to 70 kA inside the TFMC when the LCT Coil is operated at full current (16 kA).

3.3. Analysis of the Engineering Design

In order to obtain an assessment of the TFMC Engineering Design, Finite Element analyses have
been performed with global and local models, assuming sliding between winding-pack and case.
Table 2 summarizes the main results of the analysis performed with a global model (extreme values
are given). Relevant shear stress is reached inside the TFMC winding pack. The shear stress inside
the LCT Coil is kept within the 50 MPa limit. Overall stresses inside the ICS are within the
allowable limits. Local plastification will arise in the side wedges, but a calculation showed that the
ICS is durable ti.roughout the whole service life.

4. CONCLUSION

The Engineering Design of the TFMC includes a sliding surface in the coil joint area and profiled
wedges in the structure to homogenise local stresses in the conductor and in the wedges. To ensure
safe operation, the TFMC current will be limited to 70 kA when the LCT Coil is operated at 16 kA.
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The ITER Toroidal Field is created by a system of 20 Toroidal Field coils, each consisting of a winding pack
enclosed in a stainless steel case. The winding pack is pancake wound and uses a circular conductor
embedded in RPs. Each rum is insulated from the enclosing plate and the plates are insulated from each
other. The winding pack is wrapped by a ground insulation, the outer surface of which is matched to the case.
There is no bond between winding pack and case.

As the main objective of the ITER TF Model Coil (TFMC) is to demonstrate the industrial feasibility of the
ITER TF coils. The TFMC design (Fig. 1) follows closely the ITER coil design and the analyses carried out
has shown that the operating conditions of the TFMC will be close or above the one for the ITER TF coil [1].
Other objectives are to establish realistic manufacturing tolerances, bench-mark methods for the ITER TF
coil acceptance tests, to gain information on the coil's mechanical behaviour and operating margins. An
overview on the ITER TF Model Coil program is given in [2].

The contract for the construction of the TFMC was placed with the AGAN Consortium, constituted by
ACCEL (Germany). GEC ALSTHOM (France). ANSALDO (Italy). NOELL (Germany). It is foreseen to
stan testing the TFMC in the TOSKA facility at FZK in autumn 1999.

1. The conductor

The conductor is a multistage cable made of "internal tin" Nb3Sn strands in conduit with a central
cooling rube. The jacket used for the TFMC is SS 316LN seamless tube, while in the ITER
reference design Incoloy 908 is foreseen. All the conductor has been manufactured by Europa
Metalli (Italy). A detailed description is given in [3].

2. The Radial Plates (RP)

The 5 RPs. plus a dummy RP. were manufactured by MECACHROME (France), as sub-supplier
of NOELL (Germany).The RPs. 115 mm thick with deep spiral grooves on both sides to host the
insulated conductor, were machined starting from forged 160 mm thick plates. About 70 % of the
material had to be machined off. This considerable material removal caused significant distortion
of the first plate (used for the dummy DP module) due to unequilibrated internal stresses. Thus the
original milling sequence had to be improved and an intermediate heat treatment above 800 °C
was introduced. As a result a careful step by step machining sequence was set up and was
successfully applied to the 5 production RPs which have been manufactured with a flatness of 0.1
to 0.2 mm much better than expected. About 600 milling working hours were necessary to
complete each RP.

3. Pancake Winding,Terminations and Reaction Heat Treatment

Winding of the conductor pancakes of 10 turns (9 turns for the two side pancakes) has been done
directly into the grooves of a mould used for the reaction heat treatment. On the special winding
line the conductor coming from the transport spool was firstly approximatly straghtened. then
passed through straightening, cleaning and sand-blasting units and finally wound to its oval shape.
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During this operation the conductor diameter was reduced from 40.9 -0 +0.15 mm to about 40.5
mm during the straightening. The bending rolls of the winding machine added a further reduction
of about 0.2 mm in the bent regions of the turns. This result will have to be taken into account for
the ITER TF coil conductor manufacture.

After winding the inner and outer conductor ends were provided with terminations consisting of a
box made from an explosion bonded copper/stainless steel plate in which the cable ends are
pressed and fixed by welding a cover on it. The copper sole is on one side in contact with the
superconductiong strands while the other side ensures a good electrical contact to the neighbouring
pancake. A detailed description of the joint concept and relevant tests is given in the paper [4]

The reaction HT is carried out in a special oven (Fig. 2) in pure Argon atmosphere according the
following schedule: 210 I C / 100 h. 340 I C / 24 h. 450 I C / 24"h. 650 I C / 200 h. the ramp
rates being less than 30 IC/h. Before starting a purging cycle of the oven and the conductor
circuits was performed and during the whole cycle the oxygen, water and hydrocarbon impurities
in the exhaust gas streams were monitored. The quality of the HT is checked by ENEA and FZK
on strand samples reacted with each pancake .

It was found in the 'few turn test" prior to the start of the pancake winding that the conductor
elongates during HT. Consequently the cross section of the mould grooves was extended by 0.8
mm. During placing the pancakes into the mould the turns were pressed against the inner
circumference of the groove by suitable shims which were removed before the HT. During the HT
the pancake has the possibility to expand to its final shape corresponding to the shape of the
groove of the RPs.

.An other important dimensional change was noticed in the termination boxes. They remain
clamped within the pressing tool after cover welding during the HT. When the pressing tool is
released the boxes display a bending similar to a "banana", the copper sole being the convex side.
The phenomenon seems to be due to the shrinkage of the cover weld and to the settling of the
copper during the HT The resulting misalignment was corrected by machining of the copper soles
and elastic bending during joint assembly respecting the 0.2 % strain limit of the superconducting
cable.

4. Insulation and transfer

The pancake is extracted from the winding mould, insulated by 4 layers of glass and Kapton tapes
and positioned in the RP. The insulation also includes the co-wound voltage taps needed for
quench detection. A suitable tool allows the operation without imposing strain > 0.2% to the
reacted strands. Fig. 3 shows a unsprung pancake behind the RP.

The length of the pancake rums must coincide with the mean line of the RP groove. This was an
area of major concern which was solved by the above mentioned modification of the reaction
moulds after the few turn test. The transfer of each turn is tuned against reference marks by
shimming with glas tape. The achieved positioning tolerance of the terminations is ± 2mm.

The big deformation of the TFMC during test with the LCT coil leads to a high strain in the outer
joint area. To spread this strain over a longer conductor length in order to reduce the high stresses
in the conductor jacket a sliding surface between the RP and the conductor has been introduced in
the joint area reaching 200 mm into the grooves of the RP. It consists of a Teflon tape wrapped
around the surface of the jacket beneath the turn insulation. Cryogenic tests on mock-up samples
confirmed the validity of this concept. At small stress levels cracks are created, propagating along
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the surface to which the Teflon tape is wrapped, but are not propagating across the insulating
material.

5. Radial Plate Cover Welding and Double Pancake (DP) Impregnation

After insertion of the pancakes the covers were placed on top and continuously welded to a depth
of 2.5 mm. The total welding length is about 500m per DP module. In order to minimise the
deformation caused by welding it was decided to develop and qualify a laser welding process
according to ASME EX code. This was done at RTM (Italy). The robot driven laser used an
independent camera driven x-y in order to track the gap between the grooves and their covers (Fig.
4). The maximum allowable gap of 0.2 mm necessary for a good laser welding was achieved by the
precision machining and the use of 0.2mm thick 316LN spacers, where necessary. After a
challenging set up the first DP modules have been sucessfully welded. The planarity was kept
within about 1 mm by controlled alternating welding on both sides.

A Eddy Current testing method was developed and installed by ENEA. This allows the weld
quality to be checked up to a depth of 3 mm and the results displayed in colour on a PC.

After laser welding the pancakes are ready to be insulated with 3 layers of glass and Kapton tapes.
In the joint area special filler pieces are integrated. After that the DP module is impregnated with a
DGEBA epoxy resin in a vacuum pressure cycle. On each impregnated module voltage (up to 3 kV
DC and AC), leak and pressure drop tests are performed before shipment to GEC Alsthom for the
further operations.

6. Winding Pack and Outer Joint Manufacture, Coil/Case Assembly and Instrumentation!

The 5 DPs are stacked one above the other with an inter-pancake insulation consisting of a glass
mat which also helps to equalise flatness deviations. After impregnation with epoxy resin the
winding pack forms a single block.

In this stage the inter DP joints are made using a method which allows the compensation of
misalignment of the terminations. This is achieved by drilling holes parallel to the contact surface
of the intermodule joints to enable insertion of cylindrical copper pins which to make contact
benveen the terminals of neighbouring modules. The pins are electron beam welded to both contact
pieces in a controlled way in order not to have unacceptable thermal dilatation during the proces
and to ensure a low resistivity of the joint. A detailed description of the TFMC outer joint is given
in [4].

In the next step the winding pack is insulated with 8 mm combined glass/Kapton insulation and
impregnated in a mould with DGEBA epoxy resin. The coil is then assembled into an AISI 316LN
steel case, the gaps between coil and case filled with fine quartz sand, the cover plate welded to
close the case and finally impregnated again with epoxy resin. This gap filling method has
successfully been tested and could also be further developed to be applied for the ITER coils.

The TFMC will be equipped with a large number of probes. He-manifolds and busbars necessary
to operate and control the coil during testing [5]. To allow the test of the coil in the TOSKA
facility at FZK together with the LCT coil a special Inter-Coil Structure is being built at Noell to
transmit the forces between the two coils without exceeding acceptable stress limits.
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ABSTRACT

The TFMC fabricated by the European Union within the ITER collaboration will be tested in the
extended TOSKA facility at FZK Karlsruhe. The preparation of the testing of the TFMC includes
the completion of the facility components (80 kA current lead. 80 kA dump circuit) as well as the
test programme. The test programme has to cover the exploration of the electromagnetic,
thermohydraulic. mechanical and electrical insulation properties. An overview of preparing
activities in hard- and software is presented.

1. INTRODUCTION

The preparing activities considering the testing of the TFMC take place in two working areas: One
area is the preparation of the TOSKA facility [1]. The other one considers the TFMC test
programme, the TFMC instrumentation and the evaluation software needed for assessing the test
results. The preparation of the TOSKA facility is a task to be performed by FZK Karlsruhe. The
TFMC test programme and its completions is a joint work of the European superconducting
laboratories. The TOSKA facility with its basic components was commissioned by the test of the
Euratom LCT coil at 1.8 K in June/July 1996 [2]. In this test, the Euratom LCT coil was qualified
as background field coil for testing the ITER TFMC. The status of the running work for the
completion of the facility is mainly the construction of a pair of 80 kA current leads and a 80 kA
dump circuit. In the frame of the TFMC test programme, a suitable instrumentation was defined.
Preparing experiments and computer code developments for prediction and assessment of test
results are running. The contribution reflects the present status and results of preparations.

2. THE TOSKA FACILITY

The remaining components requiring development work are the 80 kA current lead and the 80 kA
dump circuit. Data acquisition and cryogenic supply system has to be configured for testing the
TFMC.
The 80 k.4 current lead: Based on the experience gained with the 30 kA current lead the
construction of 80 kA lead was started [3]. The increased current by a factor 2.7 required some
design changes for the cold and warm end of the current lead. The number of superconducting
Nb:,Sn inserts had to be increased from 2 to 3. These inserts are needed for adaptation of the length
of the normal conducting part of the current lead in order to achieve an optimized operation ar
different current levels. A water cooled flexible busbar constructed from copper braids was
successfully tested up to 80 kA in continuous operation. The copper current density was 45
A/mm2. This development solved the space restrictions and alignment problems for joining the
current leads with the Al busbars. The components for two current leads are being under
construction.
The 80 kA dump circuit: The circuit design is based on those used for the POLO and the LCT coil
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[2]. [3]. The circuit was ordered at beginning of 1998. It will be designed and constructed by the
Siemens AG. Erlangen. The commissioning will take place in April 1999.
For investigating transient voltage behaviour of the TFMC winding type, conductors embedded in
radial plates, discharges will be performed by the POLO dump circuit at 25 kA with a
counteracting current switch [3].
The ayogenic supply and control system as well as the data acquisition: These systems are
presently configured for the test of the W 7-X prototype coil and need only marginal adaptations
for the TFMC test after completion of W 7-X prototype coil test programme.

3. THE TEST PROGRAMME OF THE TFMC

The goal of the test of the TFMC in the background field of the LCT coil is the verification of the
overall engineering design of the TFMC for the electromagnetic, thermohydraulic. mechanical and
electrical insulation properties.
The electromagnetic properties: They describe the relation between the magnetic field and current
as well as the operation limits in the three dimensional superconducting space (Ic. B. Tcs). Typical
properties of the superconductor like AC losses and critical currents are measured under operation
conditions. Typical engineering design features like joints and instrumentation for protection can
be tested under operation conditions.
The thermohydraulic properties: These are the basis for the operation of the sc magnet. Well
defined operation parameters are needed for cooldown and warm up. the steady state operation and
the mastering of fault conditions.
Tlie mechanical properties: Large superconducting magnets need embedding of the sc cable in
structural material. The force transmission to and the stresses in the structural material reflects the
function of the engineering design. The measurement of the displacements between and from
certain points has to be performed. The strain measurements on the surfaces of the structure in
high loaded regions lead to the stress levels in the material.
The electrical insulation properties: The radial plates introduce a potential in the winding. Each
radial plate potential has to be connected to its corresponding inner joint in order to give the radial
plates a definite potential. Switching surges excite oscillations in the equivalent network which can
lead to over voltages in the winding [4]. The TFMC is the first coil in radial plate design. The
TFMC shall be investigated considering these properties for the validation of network codes
applied for the ITER full size coils later on.
Additionally, the radial plate winding type allows the investigation of the conductor insulation by
partial discharge (PD) measurements. This method has the potential to observe conductor
insulation over the life time of the magnet. This shall be also investigated for the TFMC.
Instrumentation: The TFMC is equipped with the common instrumentation of sc forced flow
cooled magnets. The electromagnetic and thermohydraulic properties are measured by voltage
taps, temperature sensors, pressure sensors and differential pressure sensors. The mechanical
properties are investigated by displacement transducers and strain gauges. The electrical insulation
properties investigations need a different patching of the radial plate voltage taps for operation and
PD measurement.
The voltage tap location and the thermohydraulic instrumentation for the winding was fixed. The
thennohydraulic and mechanical instrumentation of the TFMC case and intercoil structure (ICS) is
in progress.
Test procedure: The test procedure of the TFMC can mainly be characterized by following
sections: I) Cooldown: II) Testing of TFMC alone; III) Testing of TFMC in the background field
of the LCT coil; IV): Cycling of the TFMC in the background field of the LCT coil; V) Warm up.
Sections II to III contain each one check outs at low currents and ramping up the current in steps.
At each step a slow ramp down, an inverter mode ramp down (Inverter mode operation of the
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power supply means max. negative voltage) and a fast discharge (dump) will be performed. The
injection of heated supercritical helium slugs are integrated in these steps and the operation at
higher temperatures (4 K to 9 K). In addition, pulse voltage tests and PD measurements will be
performed.

4. RUNNING PREPARING ANALYSIS AND EXPERIMENTAL WORK

For prediction and an effective evaluation of the test results the preparation of the calculation tools
and necessary input parameters gained from separate experiments are indispensable.
Electromagnetic properties: The scalability of the critical data in the superconducting space is
indispensable necessity for assessing the TFMC design. The different operation conditions (higher
current, lower field) need an experimental check of existing scaling laws. Validating Summer's
rule for TFMC strands. Ic measurements were performed over the field and temperature range
typical for the TFMC operation [5].
The common homogeneous current distribution over the winding cross-section can no longer be
applied for calculating the field of the TFMC. The arrangement of discrete conductors leads to a
strong field gradient over the conductor in the range of 1.6 T in the high field region. This has to
be taken into account for assessing the operation limits of the TFMC. Field calculations were also
performed in the joint region for assessing the operation of the joints considering their losses. An
estimation of the ramp losses limits the ramp rate to about 700 A/s for being within the available
cryogenic power of the TOSKA facility.
Thermohydraulic properties: The cable-in-conduit-conductor with a central cooling channel
necessitates a new definition of the hydraulic parameters for the application of the codes
SARUMAN and GANDALF which are used for the thermohydraulic analysis of the TFMC during
quenching. Parameter studies w-ere performed investigating the behaviour of normal regions with
different boundary conditions [6]. Considering peak pressure (I 2 MPa) and peak temperature (I
120 K) both codes gave compatible results (operation condition: 80 kA. TFMC excited alone).
Eddy current losses in the stainless steel structure were analyzed by the code CORFOU [7]. The
impact of heat diffusion from the radial plate to the conductor was investigated. The increased
mass flow induced by the heat flux to the conductor leads to a reduced length of the normal zone
compared to quench without eddy current heating. A propagation of a normal zone at 4.5 K
operation temperature in comparison with 9 K operation temperature was calculated. At 9 K the
normal zone was about 10 times larger with a jump after 8 s caused by the eddy current heating
All calculations were performed with constant pressure without hydraulic network. The
calculations have to be continued taking into the account the hydraulic network outside the
winding.
The validation of the suitable friction factor for the two channel hydraulic system is being
performed by an experiment using 5 m full size ITER dummy conductor and finally on actual
TFMC conductor [8].
Mechanical properties: The mechanical analysis were performed in two steps, a finite element
analysis of the conceptual design [9] and of the engineering design [10]. The last one was the basis
for an elaboration of the sensor location.
Dielectric insulation properties: A network model with frequency dependent mutual inductance's
for the TFMC is being prepared. The pulse deformation of PD pulses propagating through the
TFMC winding and joint area was experimentally investigated by a model. The PD diagnostics
should be applicable for this winding type according to results achieved.

5. CONCLUSIONS
The preparation of the TOSKA facility is in progress. TFMC specific components are under
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construction. Typical properties different from the common sc magnet winding design are pointed
out. The present results of the analysis achieved an adequate description of the TFMC behaviour.
The work will be completed in 1998/99.
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Abstract

The TF coils for ITER will use the concept of a circular thin walled Nb3Sn cable in conduit
superconductor completely enclosed in an insulated groove in steel plates to form the coil pancakes. These are
then stacked together to form the winding pack and supported by a steel case.

The concept is being demonstrated by the fabrication of a racetrack shaped model coil (TFMC) which is
designed to operate mecanically, electrically and hydraulically in conditions representative for the ITER TF
coils. For this purpose the TFMC will be assembled in the TOSKA facility at FZK, Karlsruhe, together with
the EURATOM LCT coil which provides an external field. The objectives of the TFMC are as follows:
• to develop and verify the full scale TF coil manufacturing techniques
• to establish realistic manufacturing tolerances
• to bench-mark methods for the ITER TF coil acceptance
• to gain information on the coil's behaviour, operating margins and in-service monitoring techniques.
The TFMC is actually in an advanced state of manufacture. Thus a large part of the first three objectives is
reached. The testing of the TFMC will start in the second half of 1999.

Connected wit the ITER TFMC two other progammes are running in parallel, namely
• a joint development programme which foresees the production and test of three full sizs joint samples
• the fabrication of full size sections of the ITER TF coil case and radial plate

1. DESIGN DESCRIPTION

The design of the ITER Toroidal Field Model Coil (TFMC) [1,2] follows the design of the
full size ITERTF coils [3,4]. The coil parameters are reported in Table 1 and the coil layout is
shown in Fig. 1. The conductor used corresponds to the one developed for ITER. The conductor
is reacted after winding to form the Nb3Sn compound in a mould at 650 °C for about 200 hours,
then insulated with a glass/Kapton tape interleaved and transferred to the radial plates. The shape
of the radial plate is racetrack, having different radii of curvature. The grooves of the radial plate
are closed with a cover laser welded to the plate. After glass-Kapton insulation is applied the
double pancake (DP) modules are vacuum impregnated. The 5 DP's forming the winding pack are
assembled together, then the ground insulation is applied and the winding pack is vacuum
impregnated. To be able to connect the pancakes the conductor ends are provided with
terminations according a technique developed at CEA [5]. The terminations of the two pancakes
forming a DP module are joined at the inner circumference by soldering and clamping them
together. The inter-DP joints are located at the outer circumference. They are made by electron
beam welding copper pins between the two termination^ The winding pack is inserted in the coil
case and the space in between is filled with graded silica grains, then it is epoxy impregnated.

Table 1. Coil Parameters ITERTF TFMC
Conductor diameter fmml
Conductor insulation thickness [mm]
Ground insulation thickness fmml
Number of double pancake modules
Total number of turns
Winding min/max radius [mml
Case thickness [mml
Overall dimensions [ml
Weight per coil ft|

45.7
2.5
8
7
192
2705/9600
75-240
18.7x12x1.4
695

40.7
2.5
8
5
98
600/1161
70 - 80
3.8x2.7x0.77
40
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An inter-coil structure (ICS) allows the assembly of the TFMC and the LCT with an angle to
have in addition to the attracting forces between the coils also a pressure on the nose of the coil
(Fig.2). The TFMC coil case is supported on the ICS by four wedges to simulate, during testing,
mechanical stresses similar to the one experienced by the ITER TF coils during operation. The
TFMC case and the ICS are provided with cooling channels and equiped with a large number of
sensors as co-wound voltage taps, strain gauges, temperature and displacement sensors etc., to be
able to operate the coil safely and to monitor the behaviour of the assembly during testing.

FIG. 1 Layout of the ITER TFMC

I(kA)

FIG. 2 TFMC and LCT in the TOSKA facility

stability limit (wiit

8.77 T 9.7$ T B(T).
5 10 " 1 5

FIG. 3. Ic(B) curves, operating lines and stability limits of the TFMC. The two stability limit
curves correspond to the well-ill cooled stability transition taking the copper strands into account
or not.
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ITERTF
60
11.5
12.8
5000/coil
-130
30
527
780

TFMC
80
7.8
7.78
79.4
-
-
-
622

TFMC+LC
70 (16)
6.7 (9.40)
8.77
339
-180
50
470
614

2. THE CONDUCTOR PERFORMANCE

The conductor [6,7] used for the ITER TFMC consists of 720 "internal tin" Nb3Sn -strands
mixed with 360 pure copper strands in the 1st stage triplett cables. The conductor is a multistage cable
in conduit with a central spiral. The jacket used for the TFMC is a SS 316LN seamless tube, while in the ITER
reference design Incoloy 908 is foreseen.

The conductor shall carry 70 kA at 8.77 T at nominal operation together with the LCT as
shown in Fig. 3. In this condition the Lorentz force on the conductor reaches 616 kNm, which is
80 % of the force acting in the ITER TF coils; during the test phase it will be decided if the
TFMC can be energised up to 80 kA in order to reach 100%.

3. ANALYSIS

The magnetic field and the magnetic forces have been computed independently with two
different computer programmes with quite good agreement. The results are shown in Table 2. By
energising the TFMC with 80 kA the field reaches 7.78T and could reach 9.73 T with the LCT
background field.

Table 2. Operating data
Operatina current (LCT) FkAl
Ampere turns (LCT) [MAI
Bmax in ITER TF I TFMC IT]
Stored energy TFMC + LCT [MJ|
Max. Compressive load on insulation [MPa]
Max. shear stress between DP modules fMPal
Max. Tresca stress in SS case [MPal
Max. Lorentz force on conductor [kN/ml

The mechanical analysis of the TFMC has been performed in a first step with a simplified
model in order to understand the basic behaviour of the coil under the electromagnetic loads [8].
The final stress analysis has been carried out by the AGAN consortium with a more detailed mesh
(Fig. 4), in particular in the joints area. The TFMC is modelled by parabolic 27-node solid
elements and the intercoil structure by shell elements. The compressive loads on the coil
insulation have their maximum of-180 MPa at the location of the four wedges. The analysis
confirms that the mechanical loads on the TFMC are representative for ITER as shown in table
2. In case an extended performance at 80 kA could be reached at the end of the test period the
ITER design loads would even be exceeded.

4. MANUFACTURE

All the superconductor for the TFMC has been manufacured sucessfully by Europa Metalli.
The TFMC itself is manufactured by the European consortium AGAN consisting of the
companies Ansaldo (Italy), Alstom (France), Preussag Noell and Accel (both Germany). The
double pancake (DP) module manufacture at Ansaldo is in an advanced state with one of 5
modules being completed and tested and the others near completion. The sequence of operations
is outlined in section 1 and is descibed in detail in [9]. Fig. 5 shows two pancakes just before the
reaction heat treatment. The completed DP modules are being shiped to Alstom where they will
be stacked, insulated, electrically connected by electron beam welding, impregnated and finally
potted into the case made of SS 316LN. After mounting all manifolds and instrumentation and
the assembly with the bus bars the coil will be transported to FZK, Karlsruhe mid of 1999. At that
time the ICS manufacured at Noell will be ready for the assembly of the TFMCACS/LCT test rig.

In order to demonstrate the feasibility of the thick walled ITER TF case some full size
models are in fabrication by forging, casting, welding and machining 316LN full austenitic
material. One will be a forged hollow bent square section of 40 tons with 200 mm thickness.
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FIG. 4 The TFMC/ICS/LCT mesh is
deformed under the magnetic loads

5. TEST OF THE TFMC

FIG. 5 Two pancakes in the moulds and one full size joint
sample in front of the reaction oven at Ansaldo

A detailed description of the TOSKA facility is presented in [10]. The test of the coil in the
TOSKA facility is specified in details in the test program. The test program contains the
procedure to measure the properties of the coil: Electromagnetic, thermohydraulical, mechanical
and dielectric insulation properties. The high voltage testing is an important part to gain
experience for the ITER full-scale testing and reliable operation. The performance of the test
program requires a cryogenic and electrical supply system designed for the operation parameter
and the control of fault conditions without damage for the coil and facility. The test period will
start in the second half of 1999 and last till the year 2000. First the TFMC will be tested alone,
than together with the LCT at nominal current and, if possible, energised up to 80 kA at the end.

CONCLUSIONS

The manufacture of the TFMC is in an advanced state. Most of the technical problems are
solved or already tested in mock-ups. The preparation of the TOSKA test facility and the test
program is going on at FZK, Karlsruhe. The test phase will start in the second half of 1999.
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ABSTRACT

In the frame of the ITER program, a toroidal field model coil is being built in Europe.
Calculations about the thermohydraulic behaviour of this coil are presented in detail using
the codes SARUMAN and GANDALF. The Helium temperature increase along the cooling
circuits, the pressure drop and the mass flow repartition inside the cable during normal
operation will be discussed. One of the most crucial points is the behaviour of the coil
during quench with a safety discharge. The general behaviour of the coil will be studied.
Particular emphasis will be put on the pressure increase in case of a quench which in fact is
in strong relation to the dimensioning of the joints and the external cryogenic circuit. The
calculations and the resulting design choices for these parts are presented and discussed. An
experimental program will be carried out to assess the validity of these choices to be a
necessary contribution to the ITER design.

INTRODUCTION

The magnet system of the International Thermonuclear Experimental Reactor, ITER,
consists of 20 toroidal field (TF) coils, a central solenoid (CS) and six poloidal field (PF)
coils wound of superconductors. Despite different designs for the different coil systems, all
conductors are designed as a cable-in-conduit (CIC) conductor having a central cooling
channel surrounded by an annular region where the superconducting strands are located1.

In case of the ITER TF coils, the conductor is encapsulated by a thin tube made of
stainless steel or Incoloy 908 to form a Helium tight conductor. Then the conductor is put
into grooves which are milled in a thick stainless steel plate (so called shear plate) which
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increases the stiffness of the pancake winding. The whole winding pack is then embedded
in a stainless steel casing.

Within the ITER Engineering Design Activity (EDA) Phase, it was decided to
construct a TF Model Coil (TFMC) in conjunction with European Industry and test it in the
TOSKA facility of the Forschungszentrum Karlsruhe besides the EURATOM L'CT coil
which delivers the background magnetic field to get the attraction forces for the TFMC.
The TFMC is a Racetrack coil consisting of ten single pancakes having the joints at both
the inner and outer sides of the coil. The conductor used for this purpose is a subsize model
of the original TF conductor of type HP-I. In Table 1, the main parameters are summarized.
For comparison, the parameters of the ITER TF conductor are given, too. The cross section
of the TFMC conductor, of the winding pack as well as a perspective view of the TFMC is
shown in Figure I2.

In parallel to the construction phase, calculations about the thermohydraulic behaviour
of the TF Model Coil have been started. These calculations have to cover
• the real Helium mass flow in the conductor, i.e., pressure drop and friction factor,
• the magnetic field pattern of the Model Coil,
• the pancake connections together with the Helium supply lines,
• the heating effect of the shear plates during discharge of the coil.
The knowledge of the quench behaviour of the coil is important for the design of the safety
systems, i.e., the Helium supply system and the quench detection system.
For the evaluation of the friction factor, it was decided to measure the pressure drop
characteristic of a short piece of the conductor which was fabricated in industry using
copper strands. The experiment is being performed at CEA Cadarache.

EVALUATION OF THE FRICTION FACTOR OF THE TF MODEL COIL
CONDUCTOR

In the frame of the ITER program, a quench experiment QUELL was done in the
SULTAN facility at CRPP/Switzerland using a subsize ITER CS conductor3. Although the
experiment had the intention to characterize the quench behaviour of a two-channel
conductor and to compare the measurement data to calculation results obtained with
numerical codes, the friction factor of the conductor used in the experiment has to be
known. Two analytic approaches have been used for the central channel and for the annular

Table 1. Parameters of the ITER TF Model Coil Conductor.
The data of the ITER TF conductor are shown for comparison

Parameter
Type of conductor
Conductor hydraulic length [m]
Operation current [kA]
Maximum field [T]
Copper cross section [mm"]
Non-Copper cross section [mm2]
Jacket cross section [mm2]
Strand perimeter [m]
Helium annular cross section (mm"]
Helium tube cross section [mnr]
Tubular hydraulic diameter [mm]
Annular hydraulic diameter [mm]

ITER-TF MC
HP-I
87.85

80
7.5 (+2.24 LCT)

408.1
148.4
196.5

2.2903
359.87
78.5

10
0.5651

ITER-TF
HP-I
500
60.4

13
500

315.7
299
2.68

492.3
132.7

13
0.6853
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Figure 1. Cross section of the ITER TFMC conductor, of the winding pack and perspective view of the
TFMC

region, i.e., the Blasius relation times a correction factor counting for the roughness of the
spiral used for the central channel, and an empirical relation published by H. Katheder
which connects the void fraction of the CIC conductor directly to the friction factor4. Using
the He mass flow m, density p, cross section A, hydraulic diameter Dh, and friction factor
f, the pressure drop AP along a channel of length L is defined as

AP= ^ \ .
2p DhA

 2

Then, one gets for the central spiral and for the annular region in case of the QUELL
conductor sample5

' annular \voidj

A J spiral

0.72

(0.051

0.046

Re0 2

19^

Re088 i, and

Here, the correction factor of 2.5 counts for the larger roughness of the spiral compared
to a smooth tube. Re denotes the Reynolds number.

But for the ITER-TF Model Coil conductor, one has to find the appropriate correction
factor. For this, an experiment is being done at CEA Cadarache to measure the pressure
drop of a 5 m long test conductor piece as a function of mass flow rate by using nitrogen at
room temperature.

ESTIMATION OF THE MAXIMUM PRESSURE DURING QUENCH USING AN
ANALYTIC APPROACH

Dresner's approach

The most pessimistic assumption is that the whole length of the conductor gets normal
and there is no energy release (adiabatic boundary conditions). With the copper density
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pCu, cable space current density Ja, and copper and Helium fractions fcu resp. fHt, one
gets the following relation6

- T2 I 0 7 2 / rM-08

=0.14 -0.36

cuJ He

Using the TFMC conductor parameters, one gets a maximum pressure of Pmax=9.3 MPa.

Shajii/Freidberg's approach

A more realistic model takes into account a given length of the quench zone Lq.
Considering the universal diagram presented in this approach, the TFMC is situated in the
"long coil - high p" region, if the initial normal zone is 1 m long. One of the important
input parameters is the initial temperature increase rate dT/dt. Using dT/dt=52 K/s (which is
deduced from adiabatic hot spot evaluation taking into account the heat capacities of jacket
and Helium) and a characteristic time of tM=5 s (which is related to the dump time constant
of the coil), one gets a maximum pressure of about 2.2 MPa.

The latter number is much lower than the result obtained by Dresner's formula which
is not surprising because this approach takes into account the quench propagation. So the
results of numerical calculations should be more in the range of this formula than of
Dresner's one. The reason why doing numerical calculations is the possibility to model the
real magnetic field pattern in the Model Coil as well as the Helium supply lines together
with the pancake joints. Last but not least it is possible to take into account the influence of
the eddy current heating of the radial shear plates.

NUMERICAL CALCULATIONS

For the evaluation of the quench propagation of the ITER-TF Model Coil conductor,
the two computer codes, SARUMAN8 and GANDALF9 developed for NET resp. ITER are
used. SARUMAN is a quasi 3-D code which allows modeling of the Helium supply lines
including pumps and reservoirs as well as an electric network to count for mutual coupling
between different pancakes within the coil and/or between different coils including power
supply or switches. The disadvantage of this code is the fixed mesh used which leads to the
necessity of using a large number of nodes to get a representative and numerically stable
result. GANDALF is a 1-D code which uses a very fine mesh at the quench fronts, so-called
moving mesh. This allows the use of a marginal number of nodes and reduces the computer
time considerably. The disadvantage is that in the actual version there is no possibility for
introducing a hydraulic and/or electric network as it is possible in SARUMAN.

A second difference which is of great importance for modeling the ITER type
conductor is that SARUMAN allows only one cooling channel whereas GANDALF offers
the possibility of using two separate channel with same pressure and temperature but
different velocities. The consequence is that one has to define so-called homogenized
hydraulic quantities of the ITER conductor if SARUMAN is used. This means that one has
to compute equivalent hydraulic diameters, friction factors and heat transfer coefficients of
a conductor consisting of one cooling channel but with the thermohydraulic properties of a
two-channel conductor. This method was proposed first by L. Bottura and used for
analysing fault conditions for the ITER CS and P5 coils10. The computation of such
homogenized quantities can be done in two different ways, either by adjusting the hydraulic
diameter of the homogenized channel using the friction factor of the annular region or by
adjusting the friction factor of the homogenized channel using the total hydraulic diameter.
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Calculation of quench propagation without hydraulic network

First the magnetic field in the winding pack of ITER-TF Model Coil was computed
neglecting the background magnetic field of the LCT coil. The magnetic field calculations
were done using the computer code EFFI11. The high magnetic field point of Bmax=7.5 T
was found to be near to the entrance of the inner pancake. Even at this location, the energy
margin is expected to be very large because the maximum field for an operation current of
80 kA is much lower than the corresponding field of the ITER-TF coils at 60 kA. For the
quench analysis, a perturbation of 4.5 J/cm3, 0.5 m in length and 5 ms in time was put on
the conductor. After 1 s of quench propagation, an exponential coil discharge with T=4 S
was initiated. A total quench propagation time of 10 s was considered which is enough to
obtain the essential results. For the moment, no hydraulic network was used and the heating
of the shear plates was neglected, too. The boundary conditions were those of infinite
Helium reservoirs, i.e., constant Helium pressure and temperature. Besides a pressure peak
at the beginning of the quench of about 2 MPa, no dramatic pressure rise is observed. The
maximum conductor temperature is about 135 K and the normal conducting length is very
short, i.e., it is about 5 m after 10 s.

Effect of radial plates heating on the quench propagation

Due to the current decrease initiated after the quench, eddy currents are induced in the
stainless steel radial shear plates and in the coil casing12. Since the insulation wrapped
around the TFMC conductor has a low thermal conductivity, the heat transfer between the
plates and the Helium conductor is strongly delayed. This delay will avoid any global
quench of the coil. The heat flux through the outer surface of the jacket and the resulting
temperature increase of the Helium in the cable space as a function of time is presented in
Figure 2. The calculation of the temperature increase was done neglecting Helium
circulation.

The heat flux through the jacket is used in GANDALF to study the effect of the
eddy current heating of the radial plates during the safety discharge following the quench of
the inner pancake of the ITER TFMC. The result is an overall increase of the temperature
inside the pancake and an increase of the He pressure, as expected. But the surprising result
is a decrease of the normal length compared to the calculation without

Time |sl

Figure 2. Heat flux from radial shear plates to the Helium conductor of the ITER TFMC and resulting Helium
temperature increase as a function of time
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Figure 3. Normal conducting length, Helium pressure and conductor temperature at the quench origin of the
FTER TFMC as a function of time with external heating. For comparison, the results of the calculation without
external heating are shown, too.

external heating of the radial plates. This can be explained by the fact that the heat flux
from the jacket to the Helium and the conductor leads to an increase of the mass flow
resulting in an improved heat removal from the quenched region of the conductor. In
addition, cold Helium flows from the inlet in the conductor which is due to the boundary
condition of an infinite volume both at inlet and outlet. Figure 3 shows the normal
conducting length, the Helium pressure and the conductor temperature as a function of
time. For comparison, the results of the calculations without heating of radial shear plates
are shown.

Calculation of quench propagation with hydraulic network

To calculate the quench propagation of the TFMC, the Helium reservoirs and supply
lines have to be modeled. In addition, the effect of the pancake connections, i.e., the joints,
have to be investigated. Due to fabrication and thermal reasons for the joints, the central
spiral will be replaced by a tube with a larger wall thickness resulting in a smaller cross
section for the Helium flow. In addition, the void fraction of the annular region in the joint
will be reduced to 25 %. The Helium supply lines to the joints have an inner diameter of 8
mm, 13.6 mm and 32 mm respectively. So, the joint as well as the first pipe will act as a
bottleneck for the Helium in case of the quench, and the impact of it on the thermohydraulic
performance of the TFMC has to be checked. For the calculations, the supply lines will be
modeled with the hydraulic diameter being the average inner diameter of the joint and the
three pipes. Figure 4 shows the hydraulic network used in the calculations.
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Figure 4. Model of the hydraulic network used in the calculations

As already mentioned, the introduction of the hydraulic network implies the use of
SARUMAN, i.e., the definition of the homogenized quantities. To study the effect of
homogenization, two calculations were done with GANDALF using both the two-channel
and the one-channel model. The differences are marginal which validates the use of the
one-channel model. Two calculations have been performed using the one-channel model
and SARUMAN, i.e., without and with hydraulic network. The quench was initiated 2.5 m
after the joint in the high field region of the inner pancake. No adjacent pancakes were
modeled. Perturbation power and time were the same as for the GANDALF calculations
done before. The effect of the eddy current heating of the radial shear plates and of the
casing of the TFMC has been neglected. For comparison, one calculation was done using a
new release of GANDALF and the same hydraulic network as for SARUMAN13.

Figure 5 shows the pressure and temperature evolutions over the length of the pancake
as well as the pressure at the joints as a function of time, calculated with GANDALF. In
Table 2, the main results of the calculations are summarized.

Discussions of results

From Table 2 it can be concluded that the effect of the hydraulic network doesn't
change the overall quench behaviour of the FTER TFMC if averaged hydraulic channels are
used, except the pressure head at the end of the coil discharge which rises up to the relief
pressure of 0.6 MPa. All other numbers are in the same range. It is remarkable that the
addition of the hydraulic pipes leads to an increase of the normal length by about 50 %
which could be due to the fact that the boundary condition without pipes assume an infinite
Helium reservoir, i.e., enhanced mass flow of cold Helium from the ends occurs.

Figure 5. Evolution of the pressure and conductor temperature over the pancake length at different times as
calculated with GANDALF
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Table 2. Main results of the calculations of the quench propagation of the inner pancake of
the ITER TF Model Coil using GANDALF and SARUMAN

Parameter

Max. cond. Temp.
Max. He pressure
Max norm. length
Resistive Voltage
Max. Pressure at
joint
Pressure after 10 s

GANDALF
two-channel
132 K
1.92 MPa
4.4 m
1.61 V
n.a.

0.35 MPa

GANDALF
one-channel
135 K
1.75 MPa
4.3 m
1.56 V
n.a.

0.35 MPa

GANDALF
ext. heating
130 K
1.92 MPa
3.8 m
1.51 V
n.a.

0.59 MPa

SARUMAN
no pipes
125 K
1.38 MPa
3.7 m
1.37 V
n.a.

0.35 MPa

SARUMAN
hydr. pipes
134 K
1.87 MPa
5.35 m
1.42 V
0.81 MPa

0.35 MPa

GANDALF
hydr. pipes
125 K
0.88 MPa
6.7 m
1.85 V
0.84 MPa

0.6 MPa

CONCLUSIONS AND FUTURE WORK

The numerical evaluation of the behaviour of the ITER TFMC during quench with a
safety discharge has been started. The effect of the eddy current heating of the radial shear
plates during safety discharge as well as the introduction of an averaged hydraulic network
results in no qualitative changes of the quench behaviour of the coil. Future work will cover
a detailed analysis of the quench evolution using a more sophisticated hydraulic network
which requires some modifications in the code GANDALF. The effect of eddy current
heating with a longer discharge time constant of the coil has to be studied as well.
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Abstract - One Central Solenoid (CS) and one Toroidal
Field (TF) model coil are being designed and manufactured
under the collaboration in the ITER EDA. The main goal of the
model coils is to obtain experience in fabrication and assembly
and to test the coils in ITER relevant operating conditions in
terms of magnetic field, current, temperature and mechanical
stresses. The testing will validate the key aspects of the ITER
magnet design concepts and performance margins for the
conductor. In addition to the model coils, three insert coils,
which will be installed in the bore of the CS model coil, are
being fabricated using CS and TF conductors. Testing of these
insert coils will provide detailed characterization of the DC (Ic,
Tc: and AC performance of the conductors. A detailed test
program is under development, together with instrumentation
design for the coils and facilities. Testing of the model coils will
be carried out in test facilities at JAERI and FZK.

I. INTRODUCTION

The overall objective of the magnet R&D program in the
Engineering Design Activity (EDA) for the International
Thermonuclear Experimental Reactor (ITER) is to develop
magnet technology to a level that will allow the ITER
magnets to be built with confidence. Toward this end, the
Model Coil Projects are being performed under the
collaboration of all ITER Parties: the European Union Home
Team (EUHT), Japanese Home Team (JAHT), Russian
Fe<f-.ration Home Team(RFHT), and the US Home Team
(UiHT), as well as the Joint Central Team (JCT) [1]. The
programs involve fabrication and tests of one Central
Solenoid (CS) and one Toroidal Field (TF) model coil. The
two model coils use full scale ITER conductors, utilize major
features of structural supports and manufacturing methods,
and simulate operational conditions. Because of significant
difference between the full-scale CS and TF coil, two model
co:' are required. Two test facilities are under preparation at
the Japan Atomic Energy Research Institute (JAERI) in
Japan for the CS Model Coil and at Forschungszentrum
Karlsruhe (FZK) in Germany for the TF Model Coil.

Manuscript received October 20, 1997
K. Okuno, e-mail okunok@itergps.naka.jaen.go.jp
phone 81-29-270-7761, fax 81-29-270-7507

II. MODEL Coo. R&D

The CS Model Coil (CSMC) is layer wound with an inner
diameter of 1.6 m, outer diameter of 3.6 m and a winding
height of 2.8 m. The CSMC will produce a 13 T magnetic
field with a 46 kA conductor current. The CSMC consists of
two nested modules (total 18 layers) and is capable of
accepting single layer insert coils for full-scale CS and TF
conductor testing (CS, TF and NbAl Insert) [2] - [4]. The
inner module is being fabricated by the USHT [5] and the
outer module by the JAHT [6]. The requirements for the
testing of the CSMC and Inserts are shown in Table 1.

The TF model coil (TFMC) is racetrack shaped with
dimensions of about 2.7 x 3.1 m [7]. The cross-section of the
case will be about 0.8 x 0.75 m compared to about
1.25 x 1.18 m for the full scale coil. The TFMC will be tested
in conjunction with the EU-LCT coil. The peak field in the
TFMC will be 9.3 T, whereas the ITER TF coil will
experience a'peak field of 12.8 T. This difference in full field
is the main/rationale for also testing the TF conductor as an
Insert in the CS model coil which will generate 13 T.

In addition to the mainstream fabrication activities, there
are full-scale coil component and manufacturing R&D tasks
underway, including the determination of conductor and
joint performance [8].

TABLE 1
REQUIREMENTS FOR CSMC AND INSERTTESTING

Electromagnetic
• •Produce 13 T peak field in DC and Pulse mode consistent with ITER

CS operation, with peak current of 46 kA.
• Demonstrate low AC loss in the conductor
• Demonstrate operation with temperature margin of 2 K
• Withstand high-voltage discharge including 5 s quench detection time
• Demonstrate stable operation of leads and joints
• Determine operation margins of leads and joints
• Demonstrate quench detection capability
Cryogenic
• Cooldown from room temperature to operating temperature in 240

hours with specified constraints
• Warmup from operating temperature to room temperature in 240

hours
• Demonstrate helium leak tightness at cryogenic temperature
Mechanical
• Demonstrate the mechanism of vertical pre loading
• Demonstrate stresses produced by cooldown and warm-up within the

allowables of the material properties
• Demonstrate stresses and displacements produced during operation

within the allowables of material properties
• Demonstrate structural characteristics during extended cyclic testing

365
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Fig. 1 Flow diagram and instrumentation for the CSMC.

III. INSTRUMENTATION

Instrumentation is designed to perform detailed
characterization of the conductor and joints, AC loss
measurements, and to detect the appearance of a normal
zone, as well as to provide for safe coil operation. The
hydraulic schematic and instrumentation for the CSMC is
shown in Fig. 1. There are two main parallel helium circuits
for the Inner and Outer Module and these circuits are
equipped with valves, which allow control of the flow
distribution. The main circuits are then divided into several
parallel circuits for the CSMC layers, each of which has two-
in-hand conductors. The circuits are equipped with choke
tubes to compensate for differences in the lengths of the
layers and balance the flow. Heaters are installed on the inlet
pipes for selected layers of the CSMC to perform current
sharing temperature measurements, as well as for the Insert.

All sensors attached to the CSMC are located either at the
joints (voltage taps), on the pipes (flow meters, temperature

Joint

sensors) or outside the ground insulation (displacement
sensors, strain gauges). This ensures reliable electrical
isolation and structural performance of the coil. Temperature
sensors installed in the helium plumbing will give the
temperature distribution in the coil and are the primary
sensors to measure the AC losses of the coil.

The quench detection scheme for the CSMC is shown in
Fig. 2, and provides effective suppression of large inductive
components from the voltages across the layers. One quench
detector will be installed for every 2 layers of the CSMC in a
bridge configuration with two consecutive conductors.

The TFMC has ten parallel cooling paths in the five
double pancakes. Helium will be introduced at the middle of
each double pancake where a conductor joint is located. E :h
cooling line has a control valve and check valve. The latK is
used to release helium pressure from the conductor in case of
a coil quench. Quench detection for the TFMC will use an
insulated co-wound metal tape around the conductor as a
voltage tap lead to compensate inductive voltage (Fig. 3).

Conductor jacket

Coil Current

Fig. 2 Quench detection scheme using two-in-hand conductors in two
layers. The bridge will be balanced between 1A+2A vs. 2B+2B. Fig. 3 Co-wound tap for quench detection in the TFMC.

-46-
366



IV. TESTING OF CSMC AND INSERTS

The CSMC and one of the Inserts will be assembled
together in the cryostat and cooled to 4 K for testing. Each
testing campaign, including assembly work (replacement of
Insert and cooldowrt/warmup, is estimated to require about
six ninths. Some of the major items in the test program are
described below.

r>C Tests: DC tests (for CSMC and/or Insert) are
designed to show that the fabrication processes from the
strands to the coils allowed the conductor characteristics to
be achieved as planned. The tests will also demonstrate that
the coil structure is sufficient for the operating conditions.
The DC tests include two series of tests:
1) C arging the coil at constant inlet temperature, starting
from a nominal 4.5 K with slow current ramp rate up to the
design current of 46 kA. The charge will be repeated with an
increased inlet temperature.
2) Charging the coil to a certain level of the DC current, up to
46 kA, and then gradually increasing the inlet temperature to
define the current sharing temperature (Tcs).

Heaters installed on the inlet pipes for the CSMC layers
and :nsert (Fig. 1) will be used to increase the inlet
temperature. Tcs measurements will be performed on
selected CSMC layers which have sc strands produced by
different suppliers in the world, as well as on the Inserts.

The CS Insert is capable of accepting reversed charging to
produce a magnetic field opposite to the CSMC so that the
Insert conductor will experience a compressive hoop strain.
Thus Tcs performance of the CS Insert will be examined over
a wide range of strain states. Fig. 4 shows the expected Tcs
perf -mance of the CS conductor [2].

at 13T

lOkA

0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6

Strain (%)

ig. 4 Anticipated conditions in the CSMC assembly and expected
Tcs performance of the CS conductor (CS Insert).

The TF Insert is single layer solenoid supported by a
mandrel from the outer diameter. This winding configuration
simulates the ITER TF coil. The TF Insert will allow the
detailed characterization of the TF conductor under ITER
relevant operating condition, in particular at 13 T magnetic
fiei . while the TFMC will operate at the 8 T level (see
secuon V). Tcs measurements will be performed on the TF
Insert. AC loss performance will be examined using a pair of
Pulsed coils installed in the winding at various current levels
°f the TF insert and background fields from the CSMC.
Methods using magnetization and Super High Frequency

(SHF) techniques are being developed [3]. Pickup coils will
be installed on the conductor for magnetization
measurements. The phase shift of the SHF wave (typically 20
- 40 GHz) will be measured via a wave guide.
AC Tests: The DC test will reach 46 kA at a slow ramp rate
of about 10-15 A/s (limit of the DC power supply). The ITER
CS operating scenario requires about 80 A/s, which
corresponds to the ITER charge rate of 0.027 T/s (from End
of Pulse to Initial Magnetization Phase), and also a field
changing rate of -1.2 T/s for 2 s from 13 T to 11 T (Plasma
Breakdown Phase). The CSMC test facility is capable of
providing pulsed operation using two types of JT-60 pulse
power supplies (F-PS and V-PS). Since these power supplies
have been designed for short term operation (V-PS for 15 s,
and F-PS for 70 s max.), it is not possible to simulate the
complete scenario for the ITER CS in one shot. Fig. 5 shows
the possible operational areas for the maximum field and
charging rate using these power supplies and fast discharge.

Fast Discharge

JT-60
V-PS

0.001 0.01 0.1

dB/dt (T/s)

10

Fig. 5 Conditions for AC tests using DC and pulse power supplies.
Maximum voltage is ±1.5 kV for F-PS and ±4.5 kV for V-PS.

Within these power supply constraints, a set of AC tests
are defined. A typical operation for the coil is shown in
Fig. 6, in which a field change of - 1.2 T/s (discharge) or
- 0.7 T/s (control by power supply) after a flattop at 13 T can
be demonstrated. Other AC tests are designed to study AC
loss performance and ramp rate limitations to find the margin
for pulsed operation, including 1 T/s operation from zero to
13 T which substantially exceeds the ITER requirements.
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Fig. 6 Typical pulsed operation of the CSMC and Insert
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V. TESTING OF TFMC

DC tests of the TFMC are designed to validate a concept
for the winding configuration consisting of several radial
plates enclosed in a coil case. Therefore, major objectives are
tests of electromagnetic, mechanical, and thermohydraulic
features including the effect of the heating from radial plates
and coil case, and electrical isolation properties.

Electromagnetic Features: The TFMC and LCT coil
will be separately and jointly charged up to the maximum
current of the TFMC at 80 kA for TFMC alone, and at 60 kA
with the LCT coil. Tcs measurements will be performed for
the individual pancakes by heating the inlet helium at the
conditions of maximum current in the TFMC and LCT coil.
Fig. 7 shows the load line of the TFMC with and without the
LCT coil. This figure also shows the critical current of the
TFMC conductor at different temperatures based on the
strand performance. The TFMC is expected to obtain 8.9 T at
70 kA with some temperature margin. Because of the
structural limitation, however, this is considered an extended
condition test and will be done if mechanical analysis
indicates the possibility.

100

8 9 10 11
Magnetic Field (T)

12 13 14

Fig. 7 Load line and critical current of the TFMC

Mechanical Features: Deformation of the TFMC, inter-
coil structure and LCT coil, and local strains will be
measured by strain gauges (including rosette type) and
displacement transducers. Measured results will'be compared
to Finite Element Model calculations to validate the models
and boundary conditions. These will show the mechanical
property of the winding pack and the force transmission from
the conductor through the radial plates, coil case and inter-
coil structure to the LCT coil, which also has load
limitations.

Thermohvdraulic Features: Quench performance will
be measured in the TFMC, including the investigation of the
effect of heating in the coil case and radial plates during fast
discharge. Table 3 shows the calculated results of the losses
in the TFMC during discharge. Under the present scheme, the
TFMC will be discharged with the time constant of 4 s. In the
case of an initial current of 80 kA, the plate temperature will
be more than 20 K and the TFMC is estimated to become
fully normal. A series of tests will be performed to validate
the computer code and the models [9].

Insulation Properties: Partial discharge measurements
will periodically be performed at cryogenic temperature to
monitor the integrity of the insulation system. This method
was successfully applied to the POLO coil [10].

TABLE 3
LOSSES AND TEMPERATURE INCREASE (AT) IN THE TFMC AS

PARAMETERS OFTFMC CURRENT AND DISCHARGE TIME CONSTANT (t\
TFMC

Current (kA)
30
30
30
80
80
80

x(s)
0.1
0.2
0.3
5
8
12

Radial
Loss (MJ)

4.48
3.30
2.62
1.75
1.16
0.75

Plates
AT(K)

28
25
23
19
16
13 •

Coil
Loss (MJ)

3.26
2.44
1.94
1.31
0.83
0.56

Case
AT(K)

21
19
17 "
14
11
8

VI. CONCLUSIONS

The CS and TF Model Coils are being designed and
manufactured under the collaboration of all ITER parties and
the JCT. This effort includes the detailed definition of the
requirements on the instrumentation and test program.

DC tests will demonstrate the performance • of ie
conductors and the mechanical performance of the coil
winding and support structure configurations proposed for
the ITER magnet system. The current sharing temperature
measurements, fast discharge tests and AC tests will provide
detailed characterization of the conductors. These results will
validate the ITER magnet design and conductor design
criteria.
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Abstract — The TF coils for ITER will use a
circular thin walled Nb3Sn cable in conduit
superconductor, insulated and completely enclosed
in a groove in steel plates. These are then stacked
together to form the winding pack and supported b y
a steel case. The concept is being demonstrated b y
the fabrication of a TFMC, with a bore of 1.4 x
2.5m, a peak field of 8.9T and a total current of
6.86MAT. The coil will be tested during 1999 in the
TOSKA facility at FZK, Karlsruhe, using the
EURATOM LCT coil to provide an external field
system. Construction of the coil is well underway.
Some 1000m of 60kA conductor has been cabled and
inserted in a thin wall jacket, using 3.5t of Nb3Sn
strand. Winding trials using dummy (copper)
conductor have been performed and the principal o f
the winding procedure has been successfully
demonstrated. The plates themselves have been
forged and the grooves in one are completed.

I. INTRODUCTION

The ITER TF Model Coil (TFMC) uses a full size ITER TF
conductor in a reduced size coil to investigate the
manufacturing issues associated with the winding pack design
and to test the operational reliability under representative stress
conditions.

A cable-in-conduit type Nb3Sn superconducting cable is
enclosed in a thin (2mm) circular jacket [1,2]. The conductor
contains approximately 1000 strands which are cabled around a
central cooling channel. It is enclosed in a spiral groove on
each side of a 'radial plate' to form a double pancake, in an oval
shape with external dimensions 3mx4m. The conductor is
surrounded by insulation in the groove and each double
pancake (DP) has its own insulation. It is wound as a single
pancake, with a joint to the other side of the same plate on the
inside and a joint between DP on the outside, each in the same
straight leg of the oval. The DPs are then stacked together to
form the winding pack. The winding pack is finally sealed
inside a case. The layout is shown in Figure 1.

The objectives of the TFMC are as follows:
a) to develop and verify the full scale TF coil
manufacturing 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 geometry 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 impregnation process
monitoring, welding quality of closure welds for cover plates

Manuscript received Oct 20, 1997.
E. Salpietro e-mail salpiee@ipp.mpg.de ;fax +49-89-3299-4198

and case, and joint electrical quality

WIKOINS PACK

Figure 1: TFMC

d) to gain information on the coil's mechanical behaviour,
operating margins and in-service monitoring techniques,
particularly for the insulation quality over fatigue cycles

The TF conductor will be fully tested under pulsed high field
conditions using an insert coil for the CSMC[3,4,5]. The
TFMC conductor is therefore designed for full current
operation (60kA) but medium field (<1 IT). There is some
capacity for overcurrent (70kA) in the conductor which will
allow representative Lorentz forces to be achieved on the cable.

TABLE I: Critical Tolerance Values

Radial plate flatness alter machining
Rad plate flatness alter cover plate

welding
Position ot conductor centreline betore

transfer to plate

Winding pack centreline

Winding height/width after insulation

IF Coils
Tolerance and overall din
nni

±1 over 120
±2 over 120

+0.5 over 4000 (inside)
and ±2 over 9000

(outside)
±3 over 4000 (inside)

±10 over 9000 (outside)
±8/±0.5 over 900

ihMC
Tolerance am
overall dim mm

±1 over 120
+2 over UU

±0.8 over 4000

±3 over 4000

±10/±5over 62C

D DESIGN AND ANALYSIS

The TFMC shape has been chosen to give manufacturing
conditions that are representative of the full size coil, i.e.
variable radius of curvature around the circumference, as well
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as a stress system with peak values approaching those of the
full size coil. The coil is aligned for testing nearly parallel to
the EURATOM LCT coil [6] so that out of plane forces are
created on the TFMC and the field is increased by about 2T.
The stress system includes in-plane shear so in-plane bending
is a requirement. A centring force [2] on the coil, creating
pressure on the outer surface of the straight leg, is provided by
aligning the LCT coil plane at an angle to that of the TFMC.
Out of plane bending (hence interplate shear) will be generated
by an intercoil structure between LCT and TFMC that
provides isolated support points and therefore allows bending.
However, the centring forces and out of plane bending created
within the LCT coil must also be within the design margins.

A 'racetrack' shape coil can satisfactorily meet all these
conditions while providing two straight legs, one to simulate
the TF coil inner leg and one for positioning the coil joints.
The intercoil structure (ICS) is a frame surrounding the TFMC
and linked to it at four corners by wedges that react the out of
plane force as well as the net centring force. The ICS extends
to the LCT coil and rests on it at 4 pressure points which react
the out of plane forces. To avoid overloading the LCT coil
curved leg or the frame, the centring force on the frame is
transmitted by horizontal tie plates linking the front of the
intercoil structure to the back of the LCT coil.

Extensive structural analysis of the coil has been performed,
since one of the objectives is to generate stresses comparable
to those on the TF coils and near the allowable limits. The
analyses have covered the following areas:

i) Global models of the TFMC, the ICS and the LCT coil,
Fig. 2. These have been used to define the interface LCT-ICS
and ICS-TFMC, the global effects on the winding pack
(interplate shear, case-winding pressure, the behaviour of the
joint region) as well as providing input displacement
conditions for more detailed analysis.

ii) Detailed model of the conductor and joint box in the joint
area. The case tends to bend in-plane as well as torsion due to
the wedge supports to the ICS. In the joint region, the
conductor leaves the radial plate groove to enter the joint
terminal box. The boxes are not keyed to the plate, resulting
in displacement loads applied to the conductor where it exits
the groove. As well as a strong tendency for delamination of
the joint-plate insulation, the conductor-plate insulation tends
also to delaminate until curvature at the coil ends allows
normal pressure to develop.

Design modifications to solve the problem consist of a
sliding layer on conductor and joint box surface and a limit of
70kA to the maximum operating current until stress
predictions can be bench-marked against actual performance.

iii) Detailed model of the radial plates and the cover plate that
closes the conductor groove. The minimum acceptable weld
depth for the TFMC is 2mm (5mm for the TF coils).

iv) Detailed models of the ICS and the wedges that link it to
the TFMC. The wedges must transmit all out of plane and
centring forces between the coils. Local deformation of the
TFMC creates intense local stress concentrations on the
wedges, causing local plasticity until the surface shapes
readjust to redistribute the loads.

The arrangement of tie plates and pressure points on the LCT
coil is also critical to achieve acceptable LCT stresses.

v) TFMC cross-section analysis of the case in the straight
leg. The corner radius on the front of the TFMC needs to be
>30mm to give acceptable local stress in the winding pack.

Figure 2: Global FE model of TFMC and LCT Coil

HI COIL FABRICATION
A Conductor

The Nb3Sn strand production by the company EM is
summarised in a parallel paper [7]. The cable, also from EM,
has a 3x3x5x4x6 configuration, and is intended for low field
operation (< 11T) so that one strand in the first triplet is
replaced by a copper wire. This reduces the strand quantity
while maintaining the Cu required for quench protection [2].

The cable and jacket are manufactured separately and then
assembled using a pull-through, roll down technique at EM.
The jacket for the TFMC is a modified 316LN steel with extra
N and tightly controlled Si, C to avoid embrittlement during
Nb3Sn heat treatment. The jacket is assembled by butt
welding short (about 6-8m) sections of extruded seamless
sections using orbital welding in a single pass, built up along
a 400m long roller bench line. QA is by X-ray examination;
rejection rates of about 3% are achieved in the production.

For butt weld preparation, the jacket ends are cut flat without
belling, so that the weld shrinkage locally reduces the diameter
by 0.4mm. The minimum clearance for insertion of the cable
is 1.3mm. After pull-through of the cable (the force ranges
from 3.0kN/m to 4.5kN/m), the jacket is compacted by rolling
through two pairs of Turk's head rollers (the first pair does the
main compaction and is driven, the second pair gives the final
shape and is freely rotating). As well as 2xl70m+3xl80m
lengths of superconductor for the TFMC itself, some 500m of
dummy (with copper strands) has also been completed and is
being used in winding trials. Production rates on the line can
reach 400m/week with a single welding station.

B. Radial Plate Manufacture

The radial plates for the TFMC were produced by the
company Noell by forging a hollow oval plate in a single
piece. The forging process is illustrated in [8]. The grooves
were produced by machining, which caused considerable
difficulties in achieving the required tolerances, with
intermediate annealing and pressing stages being found
necessary. The machining rate amounted to about 0.02m/min,
with tool consumption reaching 1 tool/lm of groove.
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cable perimeter and the joint length is one twist pitch of the
final cable. Tests on subsize joints suggest that a final
resistance of about l-2nOhms will be achieved.

Trial Winding of Turns for TFMC
Figure 3

C. Coil Winding, Reaction and Insulation

The conductor is wound by the company Ansaldo by
unspooling, sandblasting and bending with a continuously
controlled set of bending rollers to fit a mould, machined with
the conductor groove on one side, Fig. 3. Critical in the
process is achieving the correct conductor length around the
groove, as minor errors in bending radius can be corrected by
the mould shape itself. The reusable mould acts as the heat
treatment clamp for the conductor and is made of steel.

After heat treatment the conductor is unsprung vertically,
Fig. 4, allowing space for layers of glass-polyimide film
insulation to be wrapped, and transferred to the actual DP
groove. There is a gap of 2.8mm each side of the conductor in
fitting, and the insulation can be compressed to 2.0mm to
allow a ±0.8mm tolerance in the position of the conductor.

The conductor is held in the groove by a cover plate,
manufactured in segments that are machined to fit the groove,
and welded into place using laser welding to minimise
distortion. Welding is carried out alternately on each side of the
DP to minimise out of plate distortion. Welding rates of about
lm/min can be achieved, with a total of 360m of weld per DP
(and 2800m per DP for the full size coil). The DP is wrapped
with glass/kapton and enclosed in a mould for vacuum-pressure
impregnation by epoxy resin, to Fill the conductor groove and
build up an outer lmm insulation layer. The cover plate has a
hole every 100mm which allows access for the epoxy. Curing
is performed at 120C for 40hrs.

D. Joint Configuration

The joints are formed by compaction of the cable inside a
box, using a shaped lid to reduce the void fraction from 36% to
about 25%. A compaction force of about 200t is required and
the central open spiral within the cable is first replaced _by a
tube with 3mm thick walls to prevent its collapse, by
untwisting the final cable stage after removal of the outer
wrap. The cable is then retwisted and the substage wrap
removed from the outer surface using scissors. The wrap part
inside the cable is kept to control the joint AC losses. The
outer Cr coating on the strands exposed at the cable surface is
removed with a steel wire brush. The box itself is formed from
steel with a copper sole plate and is manufactured by
machining a copper-steel composite sheet formed by explosive
bonding. The copper sole plate extends over about 40% of the

Figure 4: Conductor Unspringing for Transfer at Ansaldo

On the inside of the coil, within the DP, the joint surfaces
can be matched together before the conductor insulation is
impregnated and sufficient flexibility exists to absorb any
tolerances in the contact surface alignment. On the outside, the
surfaces are fixed at impregnation and the misalignment
between surfaces in different DP can amount to several mms.
This is absorbed by copper bolts fitted into holes machined
between the joint contact surfaces. The surfaces are soldered
after assembly using a local containment to form a solder bath.
The joints are then clamped together with aluminium clamps
that contract relative to the box during cooldown.

E. Winding Pack and Case Assembly

The pre-insulated radial plates are stacked together, separated
by sheets of glass cloth with a nominal thickness of I mm, and
impregnated in a mould. The winding pack is clamped in an
assembly jig that allows its rotation to the vertical for the
outer joints to be completed and soldered. The joints are then
hand wrapped with sheets of glass cloth. The box surface
facing the winding pack is coated with Teflon tape to allow
sliding relative to the plates. The conductor in the joint
regions has an underlying Teflon tape wrap to form the sliding
surface, extending 200mm into the grooves in the radial plates.

The winding pack is wrapped with glass and polyimide tape
to build up a 10mm thick ground insulation, followed by
impregnation with epoxy resin in a mould.

The case is made in the form of a U with a flat lid. The lid
and the back of the joint region around the terminals are closed
by welding after the winding pack is inserted. The tolerance
gap between winding and case, is then filled by material
capable of resisting the compressive stresses applied by the
winding, up to 300MPa. Glass cloths, impregnated glass
grains and glass/epoxy filled bladders are under consideration.

IV ASSOCIATED R&D PROGRAMME

A. Winding Process: The heat treatment and transfer process
has been investigated by the reaction of short lengths of
straight and curved conductor (with blocked ends to give the
correct cable/jacket stress system) and by the heat treatment of
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3 full turns of a pancake using superconducting cable.
The conductor, on release from the mould, remained flat but

showed an expansion of about 0.05%, amounting to an
outward movement of the conductor centreline of about 0.7mm
all around the coil perimeter. This dimension change will be
corrected by winding the conductor about 0.6mm undersize (in
the radial direction) on the final dimensions, so that the mould
groove is wider than the groove of the radial plates and the
conductor, during winding, is pressed on the inner surface.
During heat treatment, the conductor has limited freedom to
expand within the wide groove in the mould.

Impregnation trials with epoxy resin (type DGBA) have
been performed on perspex models of the plates and then on a
straight lm section of a radial plate. Impregnation is performed
using vacuum (2mbar)/ pressure (3 bar) cycles after purging
the chamber with CO2 (which is soluble in epoxy resin). The
epoxy successfully fills the conductor-plate interspace within a
few minutes with no tendency to leave dry spots.

B. Joints:The joint resistance is dominated by the contact
between the strands and the copper sole plate. Compaction
trials on cables with different pressures and shaping of the box
lid have been performed to obtain a uniform void fraction
distribution, good strand contact to the sole plate and a
minimum of strand damage. Sectioning of these samples after
heat treatment allows assessment of contact and damage.

The final joint electrical performance will be tested in a 3m
long combined conductor and joint sample, to be tested in the
SULTAN facility under both steady and pulsed fields.

C. Incolov 908:An Incoloy jacket is the reference for the
full size coils to reduce the critical current degradation of the
Nb3Sn. This imposes four areas where significant differences
in the coil manufacturing may occur compared to the steel.

i) The incoloy undergoes a phase change during the reaction
heat treatment as it hardens, leading to a contraction of 0.11%
[9]. The steel jacket also undergoes a smaller length change
(about 0.05% extension, probably due to the effect of the
cable). As long as this change is reproducible, it can be
accommodated by a dimension difference between the mould
and the radial plate. Trial heat treatment? of dummy incoloy
conductors will demonstrate this.

ii) The mould for the reaction heat treatment must allow for
differential expansion as well as shrinkage, as attempts to
clamp the incoloy jacket may increase sensitivity to oxygen
embrittlement. It should also match approximately the incoloy
thermal expansion. A special 'semi flexible' steel and incoloy
based mould will be required. The dimension change on the
full size coil may approach 10mm, too large to absorb within
a wider groove. The semi-flexible mould will demonstrate the
technique to be used for the full size coil.

iii) The heat treatment must be performed under conditions
of low oxygen [9] and the outside of the conductor must be
shot peened. This will be demonstrated in trials.

iv) The joint box must be formed with incoloy explosively
bonded to copper. A trial manufacturing is underway.

P . Case and Radial Plates .The fabrication routes used for the
TFMC plates and case are not completely representative of
methods that must be used for the full size coils.

In the full size coil, the plates must be fabricated in sections
and welded. The machining time and costs would be
prohibitive if the grooves are cut from solid plates, so
techniques must be found to at least partially form the groove
during plate fabrication. The case sections in the full size coil

case are much thicker (up to about 20cms instead of 8cms) and
weld distortion issues become more severe. The subcomponent
size is limited by forging capabilities and the full size case
requires many more assembly welds than the TFMC.

To resolve these issues, two full size sections of the final
case will be fabricated plus a one tenth scale mock up of the
final case closure process. A 180 degree section of a radial
plate will also be produced.

V CONCLUSIONS

Since many of the objectives of the TFMC are associated
with the manufacturing process, several conclusions for the
full size coil manufacture can be drawn now:

-Tolerances, especially flatness of the radial plates and the
machining accuracy required for the grooves and cover plates,
will be a critical cost issue for the full size coils.

-Lower cost manufacturing routes, probably associated with
less tight tolerances, need to be identified for the radial plates
and cover plates for the full size coils. These require
development work which cannot be completed within the
schedule required for the TFMC itself.

-The reproducibility of the incoloy dimension change will be
a critical issue in fitting the conductor into the groove after
insulation.

The TFMC joints have stress issues that are unique to the
model coil, and the use of a special solution with sliding
surfaces that may not be required in the full size coils is
acceptable. The joint electrical configuration and closure
procedure appears to be satisfactory also for the full size coils.

In the TFMC fabrication, most of the major technical
problems now appear to be resolved. The coil is scheduled to
be delivered to the test facility in Nov 1998 and testing will
start in Mar 1999.
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THE TOROIDAL FIELD MODEL COIL PROGRAMME FOR THE
ITER TOKAMAK

1. ABSTRACT

The ITER Toroidal Field Coil (TFC) system is made of 20 Toroidal Field
coils, each consisting of a winding pack enclosed in a vacuum tight case, about
17 m tall and 12 m wide. The winding pack is pancake wound and uses a circular
conductor embedded in radial plates. Each turn is insulated from the enclosing
plate, and the plates are insulated from each other. These radial plates transfer the
forces acting on each conductor directly to the casings without accumulation of
forces on the turn insulation. The winding pack is wrapped in a ground insulation,
the outer surface of which is matched to the case. There is no bond between
winding pack and case. The in-plane hoop forces of the coil are carried by the
combined structure of plates and case, and the case provides most of the bending
and torsional rigidity. The conductor jacket is thin, and provides only a
containment for the helium. The coil operating conditions are summarised in
Table I.

The Toroidal Field Model Coil (TFMC) is a "Racetrack" shaped coil about
4 m high and 3 m wide, scaled with respect to the full-size ITER TF coils and
including the key technical features and manufacturing approaches foreseen for
the full-size ITER TF coils. In addition to the coil, in some areas extra R&D is
planned to ensure that all the manufacturing problems of the full-size coil are
adequately addressed. The main operating conditions of the coil are summarised
in Table I.

Table I: ITER TF Coil and TFMC Operating Conditions

Coil/TFMC . Coil/TFMC
Maximum Field T 12.5/9.8 Av winding hoop stress MPa 294/63
Conductor Curr kA 60/80 Peak interplate shear MPa 35/30
Coil MAT 11.5/7.8 Average nose pressure MPa 90/25

2. INTRODUCTION

The ITER TF Model Coil consists of 5 double pancakes (D.P.'s). Figure 1
shows the coil cross-section in the straight leg, compared to the full-size coil [1].
Each D.P. consists of a radial plate with machined grooves on both sides, in which
the round conductor is placed. The insulated conductor is pressed and held in
place by covers which are welded at the corners of the groove. The two single
pancakes of a D.P. are connected by a joint at the inner circumference. The 5
D.P.'s are each impregnated with epoxy resin,- and are then assembled and
insulated to ground with a combination of glass fabric and polyimide tapes and
impregnated with epoxy resin. The D.P.'s are then connected by joints at the outer
circumference. The impregnated coil is placed in a welded stainless steel case. The
main parameters of the coil are summarised in Table II.

Table II: Main Parameters of the TFMC

Length of conductor m 860 Weight of winding pack t 16
Weight of Nb3Sn strand t 4 Weight of case t 15
Weight of jacket t 1.3 Stored energy (+LCT) MJ 370
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The TFMC will be tested in the TOSKA Test Facility, coupled by means of a
supporting steel structure to the existing large superconducting coil (LCT)[2] that
provides the background field to generate mechanical loads on the TFMC locally
comparable to the ones predicted for the ITER TF coil (Table I).

The TFMC will interface with the LCT background coil in a parallel
configuration (see Fig. 2), where the TFMC is located at the side of the LCT coil,
with a small angle between the two coils (roughly the same configuration of two
adjacent TF coils in the ITER tokamak). This arrangement allows for testing of the
coil under various conditions simulating the TF coil in-plane and out-of-plane
loading. The TFMC is not aligned concentrically with the LCT coil so that a
resultant in-plane force is generated to simulate better the ITER coil conditions
[1]. The TFMC rests inside a supporting framework and is connected to it through
4 U-shaped wedges at the corners that allow the TFMC to develop both in- and
out-of-plane bending without transmitting extra stresses to the LCT coil, Fig. 2.
The supporting framework extends between the coils to react the forces between
them.

A

V

751

j feiiiii
§§§§§§S§1§

LCT COIL

CASC

Fig. 1: Coil Crossections (mm) Fig. 2: TFMC in Test Configuration

3. OBJECTIVES

The TFMC programme objectives are distributed throughout the
manufacturing programme and the final test in TOSKA is by no means the sole
target of the work. High field testing of the ITER TF coil conductor under both
steady and pulsed conditions will be a part of the high field Central Solenoid
Model Coil test, with a single layer TF conductor insert [3]. This facility gives a
much more convenient configuration for conductor testing, with long lengths (up
to 100 m) at fields up to 13 T. The TFMC programme concentrates on the
manufacturing issues of the TF coils for a wind, react and transfer process:

•techniques for winding the conductor and clamping it during the Nb3Sn reaction
heat treatment so that the 0.5 mm tolerance fit to the grooves can be achieved,
•closure of the plate groove with a welded cap without distorting the plate or
damaging the insulation.
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•application of insulation to the conductor during transfer and epoxy penetration
into the groove during impregnation.
•design of joint region to avoid local stress concentrations.
•flatness achievable on radial plates after completion of plate insulation layer.
•case manufacture (both welding assembly from plates and final tolerances)
•winding pack assembly into case (gap filling and case closure welding)

In several cases, development of cost effective techniques is required as
well as resolution of technical problems. Development of quality assurance (QA)
procedures that will be applicable to the full-size coils is an important
consideration at all steps.

4. MANUFACTURING FEATURES OF THE TF MODEL COIL

The ITER TFMC incorporates the following features and will use the
following critical manufacturing steps.

•The superconducting strands are cabled with a multi-stage arrangement around a
central cooling tube formed from a spiral. A pull-through process followed by
compaction is used to insert the cable into the preassembled oversize jacket. In the
TFMC, copper strands are incorporated into the cabling layout by replacing one
of the superconducting strands in the first stage triplet (in the ITER TF coils, due
to the higher field, a slightly different pattern is used). In the ITER TF coils, the
jacket is Incoloy 908 with a 2 mm wall thickness, since the thermal contraction
matches that of Nb3Sn and does not cause a degradation of the critical current and
temperature [5]. In the TFMC a 316LN stainless steel jacket with a 1.6 mm wall
thickness is being used.

•The conductors are wound on a rigid frame that holds them in the position
suitable for their transfer to the grooves in the radial plates. The joint terminations
are prepared and the conductor is then put through the reaction heat treatment for
the strand. In the TF coils, the use of the Incoloy jacket requires strict control of
oxygen levels both inside and outside the jacket during this process [5]; the frame
and/or the grooves must also allow for possible dimension changes that can arise
from the precipitation hardening of the Incoloy. As the TFMC uses a different
conductor jacket material, problems specific to the Incoloy will be addressed in
separate R&D action. This runs in parallel with the TFMC manufacture and will
lead to the fabrication and electrical tests (at 4 K) of a D.P. made with a dummy
conductor with an Incoloy jacket. The parallel programme will allow
manufacturing trials without impacting the TFMC schedule.

•The radial plates are stainless steel with grooves machined in each side. Although
for the TFMC the plates are made as a single unit and then machined (Fig. 3), a
very large machining centre would be required for the actual coils. The machining
of the grooves in segments of the plates, followed by welding assembly of the
finished plate, will be investigated in a separate R&D action. In this action, a
significant proportion of a full-size radial plate will be made from segments; the
tolerance that can be obtained on the flatness is a critical input to the full-size coil
design.

•The conductors are transferred one turn at a time to the grooves on each side of a
radial plate. The transfer process requires control to avoid strain damage to the
superconducting strands. During the transfer operation, the conductor is wrapped
with insulation. The conductor grooves are closed by welding a stainless steel
cover so that the conductor and turn insulation are totally enclosed in steel which
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then serves as the primary path for loads accumulating across the winding pack
section. A joint is made between the pancakes on each side of the plate. The turn
insulation is sized at a thickness of 2.5 mm incl. 0.5 mm for an allowance for
tolerances on groove and conductor dimensions to assure insertion without
insulation damage. The insulation is to include multiple wraps of an electrical
barrier material such as a polyimide film. A bond of the turn insulation to the
surface of the grooves in the radial plates is not required. The filler material
around the conductor is provided by a vacuum impregnation with epoxy resin
made after the steel cover is applied.

•Each radial plate is enclosed in insulation 1-1.5 mm thick, with an extra layer of
insulation between the plates. A bond of the insulation to the surface of the plate
and between plates is desired, but the integrity of the structure does not require
bonding. The five plates are then stacked together to form the coil, the inter-
pancake joints are completed and the stack is wrapped with ground insulation and
impregnated/cured. Due to different thermal expansion between jacket and case,
the local conductor insulation stresses are substantially different with a steel or
Incoloy jacket. Mechanical testing at 4 K of D.P. sections with Incoloy jacketed
dummy conductor will be used to confirm the satisfactory behaviour of the
Incoloy.

•The winding pack is inserted in a stainless steel coil case. The case is formed from
plate stock with full penetration welds at the corners of the section. The closure
weld in the full-size coil is located at the midplane because this is a region of lower
stresses where partial penetration and/or mechanical property degradation can be
tolerated and the symmetric location provides easier control of geometric
distortion. The TFMC will use the same insertion, closure and filling procedures
but the case itself is substantially lighter (the thickness is about 10 cm whereas that
of the ITER coil reaches 30-40 cm). To obtain the necessary manufacturing
information, two or three full-size sections of the case will be made in a separate
R&D action. Each of these will weigh about 20 t and will represent the most
critical sections of the case (the upper curved region and the outside where the
outer intercoil structure is attached). The space between the coil and the case is to
be filled with glass reinforced resin either in a final impregnation process or with
inflatable bladders, and a slip surface is included in the winding pack-case
interface.

•The coil insulation is subject in the nose region to nuclear radiation, with a
cumulative lifetime dose of 107 Gy. Samples of the coil insulation will be tested in
a fission reactor [4] as confirmation of the results from a preliminary screening.

5. STATUS

Both the detailed manufacturing drawings of the TFMC and the stress
analysis of the test configurations are nearly completed. About one third of the
total of 4 t of Nb3Sn strand is complete «nd the conductor jacketing line is
operational. Two 50 m long dummy lengths of conductor for preproduction trials
have been finished. The forgings for the radial plates (Fig. 3) have been done and
final machining is underway. Table III identifies the main R&D and
manufacturing steps.
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6. TEST PROGRAMME

The TOSKA test programme will contain the following major items:
•Pressure drop will be measured on every cooling circuit of the TF Model Coil for
mass flow rates from 0 to 18 g/s per channel.
•The TF Model Coil and LCT Coil will be separately and jointly charged in steps
toward the maximum current of the TF Model Coil. Changes in outlet temperature,
flow rate, stress levels and displacements of the TF Model Coil will be measured.
•The current sharing temperature of individual pancakes will be measured by
heating the inlet helium at constant current with a slow rate of temperature rise, at
conditions of maximum current in the TFMC and LCT coil.
•Quench performance (rate of helium expulsion and resistance increase) of the TF
Model Coil, with and without a delayed discharge will be measured to examine
pancake to pancake propagation and heat transfer effects from radial plates. The
quench detection system will be characterised [7].
•The TFMC will be ramped down from high to intermediate current values and the
transient electromagnetic behaviour of the winding measured.
•The TFMC will undergo cyclic charging 1000 times, with the LCT coil at a
constant level of current. The DC performance parameters will then be remeasured
with and without the LCT coil.
•The state of the TFMC insulation will be periodically monitored by the partial
discharge diagnostic procedure [6].

7. CONCLUSIONS

The manufacturing techniques of the ITER TF Coils are being defined and
qualified in an extensive R&D programme over the next two years. One of the
programme elements, the TFMC, will be tested under mechanical loading
conditions approaching those of the full-size coil to provide a final confirmation
of the design.
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Table III: Project Milestones

Main Coil
Finalise design and analysis

Demonstrate steel jacket transfer process
to radial plate with dummy

Start radial plate machining

Demonstrate cover plate closure on
grooves

Demonstrate performance of turn
insulation

Complete conductor manufacture
Demonstrate s/c jointf81

Qualify case-winding filling
Complete first double pancake (wind,

react and insulate)
Complete fifth double pancake

Complete case

Complete coil

Parallel R&D

Atmosphere control with Incoloy jacket,
absence of SAGBO [5]

Demonstrate Incoloy jacket transfer
process with dummy

Fabrication of full-scale radial plate

Fabrication of full-scale case sections

Date
8/96
6/97

5/97

2/98

9/96
5/98
6/97

7/97

2/97
2/97

8/97

12/97
3/98
5/98
5/98

Fig. 3: Radial Plate Forging
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The ITER TF Model Coil will be tested in adjacent position to the LCT Coil, which will allow in-plane and out-of-
plane loads to be applied so as to reach relevant stresses on the insulation. Finite element analyses lead to propose some
design modifications to reduce peak stresses in the Intercoil Structure.

1. INTRODUCTION

During the Engineering Design Activities (EDA)
phase of the International Thermonuclear
Experimental Reactor (TIER) project, seven large
projects will be manufactured. Among these, the
Toroidal Field Model Coil (TFMC) is intended to
demonstrate the manufacturing feasibility of the coils
of the Toroidal Field (TF) magnet, to test the reliability
of an integrated system and to serve as a benchmark for
the reception tests of the full size coils. The TFMC
conceptual design [1] has been proposed by the
European Home Team (EUHT) and approved by the
Joint Central Team (JCT) in 1995. A contract has been
awarded in 1996 by the European Commission to an
industrial consortium for the manufacture of this coil,
which will be tested then in the TOSKA facility of
FZK in Karlsruhe (Germany).

2. CONCEPTUAL DESIGN

The coil design includes most features of a coil of
the TF magnet A full-size niobium-tin circular
jacketed conductor is wound into grooves machined
inside stainless steel shear plates to form double
pancakes using the wind, react, insulate and transfer
technique. A set of five double pancakes will be
manufactured, insulated and assembled to build a
winding-pack, which- will be inserted into a thick
stainless steel case, closed afterwards by final welding.
The resulting TFMC is a 3.8mx2.7mx0.8m racetrack
shaped coil to be operated up to 80 ka at 4.2 K. Two
sets of full-size joints are installed in one straight leg,
between pancake conductors, the inner joints Unking
the two innermost turns of the two pancakes inserted
inside the same shear plate and the outer joints Unking
the two outermost turns of adjacent double pancakes.

TFMC

Figure 1. TFMC test configuration

The TFMC is tested in an adjacent nearly parallel
position to the available European Large Coil Task
(LCT) Coil. When both coils are operated, in-plane and
out-of-plane loads arise. An Intercoil Structure (ICS) is
inserted between the two coils to resist the
electromagnetic forces (Fig. 1). In the ITER TF magnet
in-plane loads are transmitted to the Central Solenoid
through the Torsion Cylinder and out-of-plane loads
are transmitted partially to the torsion cylinder and
partially to the Crowns. In a similar way the TFMC
transmits its resulting loads to a set of wedges fixed to
the ICS, the in-plane load being supported by the nose
wedge and the out-of-plane load by four side wedges,
an initial gap being provided on the upper outer one to
allow the stresses inside the coil to be adjusted to the
required level. The aim is to achieve relevant stresses
on the winding-pack insulation.
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3. COIL ANALYSIS

The coil analysis has been performed with finite
element models built with the CASTEM 2000 code.

3.1 Simplified model

A simplified 3D model using beam elements has
been used to evaluate loads and forces along the
TFMC. The ICS support has been modelled by springs
acting in the wedge area. As shown in Table 1,
compared to the single operation of the TFMC, the
operation with the LCT Coil at 16 kA provides an
increase of the tensile load by 69%, an increase of the
in-plane bending moment by 93%, while torsion, out-
of-plane shear force and bending moment appear.

Table 1
TFMC loads and forces

TFMC alone
TFMC 80 kA

LCTOkA

TFMC+LCT
TFMC 80 kA
LCT16kA

Peak field
Resulting load

in-plane
out-of-plane

Maximum forces
tensile
in-plane shear
out-of-plane shear

Maximum moments
torsion
in-plane bending
out-of-plane bending

3.2 Detailed model

7.70 T

0MN
0MN

21.7 MN
6.0 MN
0MN

0MN
3.9 MN.m
OMN.m

9.86 T

20.3 MN
77.3 MN

36.6 MN
11.6 MN
11.2 MN

3.1 MN.m
7.2 MN.m
6.7 MN.m

A 3D detailed model using orthotropic 8-nod° brick
elements has been used to investigate deformation and
stresses inside the TFMC. As previously the interface
with the ICS has been modelled by springs, the
stiffness of which comes from a global model (chapter
4). The coil deformation is an increase of its equatorial
diameter, a reduction of its vertical diameter and, when
LCT is operated, an out-of-plane bending maximum in
the straight outer leg with a torsion of the coil cross-
section (Fig. 2). Deformations are listed in Table 2 ,
stresses in Table 3. The axial pressure inside the
winding-pack is maximum on the LCT side under the
side wedge area. Assuming a perfectly bonded
interface between winding-pack and case instead of a

so.
75 .

..0OE*02

..2SE*02

.50E»O2

.7SE.02

.00E*02

.25E*O2

.5OE.O2

von Mises stresses

Figure 2. TFMC deformation during operation with
LCT Coil: vertical and equatorial cross-sections

perfect sliding increases the maximum interpancake
shear stress from 31 MPa to 68 MPa. The coil design
allows for sliding but friction will put the actual stresses
in between these values.

Table 2
TFMC deformations
deformations TFMC alone TFMC +

LCT

maximum
in-plane horizontal
in-plane vertical
out-of-plane

inner diameter variation
equatorial plane
vertical plane

2.3 mm
0.8 mm
0.1 mm

+2.02 mm
-0.55 mm

9.9 mm
2.3 mm
11.8 mm

+3.04 mm
-0.64 mm

33 Comparison with ITER coils

A comparison has been made with the results of an
analysis of the ITER magnets [2]. Table 3 shows that if
average stresses, smeared on the whole coil cross-
section, are much lower in the TFMC than in the TF
coils, nevertheless peak stresses are comparable. In
particular significant stresses can be achieved in the
TFMC winding-pack insulation. Friction analysis and
detailed local models will be used to have a more
precise picture of the actual stresses and to decide
which final design adjustments have to be made.
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294 MPa 63 MPa 63 MPa

-90 MPa -25 MPa -25 MPa

491 MPa 395 MPa 430 MPa

380 MPa 160 MPa 137 MPa

Table 3
Comparison of stresses in TFMC and in TF coils

Stresses TF coil TFMC TFMC
(TFMC+LCT) (sliding) (bonded)

Maximum stresses
coil

tensile stress
nose pressure

case
tensile stress

winding-pack
tensile stress

Peak stresses
case

von Mises stress 500 MPa 507 MPa 457 MPa
winding-pack

compression -200 MPa -374 MPa -110 MPa
on ground insul.
interpancake 35 MPa 31 MPa 68 MPa
shear stress

4. ICS AND LCT COIL ANALYSIS

The ICS.is intended to control the in-plane and out-
of-plane load transfer between the two attracting coils.
Concerning the stress simulation in the TFMC, it must
allow for a controlled application of desired stress
states in the model coil. Concerning the LCT coil, the
load transfer should be controlled in such a way, that
high local stresses are suppressed. For this reason,
compared to the coils, a relatively stiff ICS would be
required, but the design has to consider several
restrictions coming from the TOSKA test facility:

• the space for the ICS is limited by the given size of
LCT coil, model coil and the cryostat.

• the weight is limited by the load capacity of the
crane.

Therefore, the ICS could not be designed as stiff as
desirable. In addition, some structural details of the
LCT coil (tie-belts and cooling channels on the casing)
force to bypass the load to more or less suitable spots
leading to stress concentrations.
Since all the coupled structural parts are rather flexible,
they cannot be analysed separately without boundary
conditions being investigated by a global model
including all these parts.

4.1 Modelling

A detailed global nonlinear model (solid, shell and
contact elements) was then built, using the ABAQUS
code, aimed to give the adequate stiffness and

Figure 3. Deformation of ICS during operation with
LCT CoH

displacement simulation for the interactions of all
model parts but not to detect the detailed stress
behaviour. The LCT coil analysis has been performed
by a local detailed model with the boundary conditions
being delivered by the global model [3].
To get a better stress resolution, in a last step highly
loaded parts, e.g. the horizontal plates which support
the LCT Coil between the tie-bands and the side
wedges, are analysed in more detail with the boundary
conditions being taken from the global model results.
For the wedges, the stress peak level is strongly
influenced by the contact modelling, the mutual
displacements of the ICS and the TFMC and their
material properties as well.

4.2 Results

Due to the in-plane load, the front leg of the ICS is
displaced by about 8 mm (Fig. 3). This displacement is
coupled to the back leg by the horizontal plates which
serve as tie rods to reduce the front wedge
displacements. The displacements of the wedges are
important for the out-of-plane load transfer between



TFMC and ICS. They are governed by bending and
torsion of the ICS frame legs.
The effect of such displacements on the stresses on the
side wedges is that a rather nonuniform stress
distribution occur with a high stress peak (1730 MPa)
at one edge of the outer lower wedge (this calculation
was performed using linear elastic material properties).
Also in the horizontal plates high stresses are produced
which are mainly due to in-plane load transfer from the
ICS to the rear leg of the LCT coil. In addition high
stresses occur at the ribs of the ICS pads. Some
characteristic displacement values are given in Table 4.

Table 4
Characteristic displacements of the ICS

displacement of ICS
out-of-plane

minimum

maximum

in-plane
minimum
maximum

out-of-plane difference
maximum on contact
zones of side wedges
maximum on ICS
frame

location

outer lower
side wedge

middle
horiz. plate

front wedge
outer lower
side wedge

outer lower
side wedge
mid z-plane
-mid x-plane

value

-7.5 mm

+1.27 mm

-6.23 mm
+1.07 mm

2mm

6mm

5. DESIGN MODIFICATIONS

Using stainless steel instead of incoloy for the
jacket has reduced the stability margin of the conductor
(Fig. 4). The nominal operation is at 60 kA, with an
ultimate goal at 80 kA (Table 5).
Some design modifications are introduced to reduce
the maximum and mean value of the stresses of the
highly loaded side wedge. A more uniform load
distribution can be produced by an extension of the

Table 5
TFMC operating conditions

Coil current
LCT current
Peak field
Temperature
margin (Tcs-Tb)

TFcoil

60 kA

12.5 T
2.0 K

TFMC
Nominal
operation
60 kA
16kA
7.99 T
1.63 K

TFMC
Extended
operation
80 kA
16kA
9.84 T
3.45 K
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Figure 4. TFMC operating diagram

side wedges and by shifting them towards the highly
loaded rear leg of the TFMC. The upper and lower
pads have been elongated over the whole width of the
ICS. This measure stiffens the ICS, eliminates the high
stress peaks at the pads, gives a more uniform load
transfer to the LCT coil and, thus, reduces the LCT coil
deformation, at the same time. Uppermost and
lowermost horizontal plates have to be reinforced in
order to keep the stresses at a tolerable level.

6. CONCLUSION

Most features of the ITER TF magnet are
incorporated in the TFMC design and test
configuration. Same techniques will be tested during
coil manufacture (conductor winding, reaction heat
treatment and transfer; shear plate manufacture;
pancake, winding-pack and coil impregnation;
winding-pack insertion inside case). Relevant stresses
will be applied to insulation during operation with
LCT Coil. Proposed design modifications will optimise
load transfer without overstressing the LCT Coil.
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Abstract—The aims of the TF Model Coil are to test the
manufacturing feasibility of the ITER TF magnet concepts, to
assess the reliability of the fully integrated system by dedicated
testing and to qualify the quality assurance and the testing
methods. The 3.8 m long racetrack shaped TFMC will be tested in
the TOSKA facility at Karlsruhe in a configuration using the
Euratom LCT Coil to provide in-plane and out-of-plane loads,
relevant to the ITER coils.

I. INTRODUCTION

The International Thermonuclear Experimental Reactor
(TTER) project started its Engineering Design Activities
(EDA) phase in 1992, during which will be carried out all
the R&D program up to 1998 [1]. It includes in particular
the building and testing of model coils of the magnets : the
Toroidal Field Model Coil (TFMC) is intended to feature the
main aspects of the Toroidal Field (TF) magnet [2]. The
revision of the magnet design, occurring in 1995 [3] led to
issue a new design of this coil, incorporating pancake
winding in radial plates inside a casing, which is of prime
importance to gain confidence in these new concepts..

n. OBJECTIVES

The first objective of the TFMC is to test the feasibility of
the manufacturing processes involved in the new TF magnet
design. Among those are the insertion of the conductor
inside grooves machined in a disk, the heat treatment and
the introduction of the winding pack inside the case.

The second objective is the test of a fully integrated system
under conditions relevant to that occurring during operation
of the TF magnet. Reliability of the full size coils will be
proved if some confidence is gained on the ability of the
device to resist higher constraints than those reached in the
design. This confidence will be obtained by the knowledge of
the safety margins and of their predictability.

The third objective is to qualify the reception tests for the
TF coils and to establish the QA procedures. The acceptance
test programme for the the full size coils is of course of
major importance. Tests of the insulation at room and-low
temperature can be checked out on the TF Model Coil as
well as the test of the conductor above nominal operating
temperature up to reduced critical current, which would
allow to test a full size coil in single mode.

Manuscript received June 13, 1995.
P. Libeyre, e-mail libeyre@pegase.cad.cea.fr, fax (33) 42-25^19-90
This work was supported in part by the European Union under NET contract
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TABI£ l
TF MODEL Con. CONDUCTOR CHARACTERISTICS

Conductor

Strand type
Strand diameter
Tngyrmirrp operating induction
cable type
subcable configuration
total number of strands
cable space diameter
central tube (o. i xi . d.)
Overall annular area

wraps area + empty comers
actual cable area in annuhis
nominal local void fraction
number of Cu strands
non-twistedjion-Cu cross-saxicc
non-twisted, Cu cross-section
twisted strand area at cos q = 0.93
jacket (o. d. x i. d.)

TF2

HP I
0.81mm
11T
MC2
3 x 3 x 5 x 4
1080
37.5 mm
l l m m x 10 mm
991.4 mm2

35 + 11 mm2

951.4 mm2

37.1%
3 3 %
146.9 mm2

404.1 mm2

598.4 mm2

39.5 mm x 37.5 mm

HI COIL DESIGN

A. Conductor

The conductor used in the TF Model Coil is a full size "TF2"
conductor. As shown in Fig. 1, it is a circular cable-in-
conduit conductor using hft^Sn strands and a thin incoloy
jacket Its main characteristics are summarised in Table 1.
This conductor is very similar to that proposed in the new
design of the TF magnetDue to delivery time schedule it
would not be possible to have the new conductor available

TF2 M*duffl ReW

Fig. 1 TF Model Coil Conductor



soon enough to allow the TF Model Coil to be tested before
the end of the EDA phase. Therefore it has been found more
adequate to use the former TF2 conductor, which should be
delivered in time and the characteristics of which are very
close to those of the new one. In any case the purpose of the
TF Model Coil is not to test the performances of the final TF
conductor. This will be performed at full field and full
current by a TF insert in the bore of the CS Model Coil.

B. Coil Layout

The TF Model Coil is a racetrack shaped coil, the overall
dimensions of which are around 3 . 8 m x 2 . 7 m x O . 8 m
(Fig. 2). The cross-section features a portion of that of a full
size coil (Fig. 3). The conductor is wound in pancakes
inserted inside stainless steel disks, each one containing two
pancakes. These pancakes are connected with each other by
two sets of joints located in a straight leg on the inside and

TABLE 2
TF MODEL Con. MAIN CHAXACTDUSTICS

Fig. 2 TF Model Coil overview

conductor diameter
conductor insulation thickness
pancake insulation thickness
ground Tnqi|at]m thickness
winding type
number of pancakes
number of turns per pancake
total number of turns
pattern
axial distance becween turn centers
radial distance between turns centers
tooth width
mmrmiiTTi disk, thickness
distance first turn centre - side
distance inner radius - 1st turn centre
distance last turn centre - outer radius
coil inner radius (ground insulation)
coil outer radius (ground insulation)
coil thickness (ground insulation)
coil width (ground insulation)
straight length
case thickness
case inner radius
case outer radius
overall dimensions (without joints area)

39.5 mm
2.5 mm
1.0 mm
8.0 mm
pancake

10
9 or 10

98
equidistant conductors

56.5 mm
52.5 mm

8mm
12 mm

128.25 mm
132.25 mm
132.25 mm

700 mm
1255 mm
555 mm
591 mm
1100 mm

80 mm
609 mm
1346 mm

3792 mm x 2692 mm x 773 mm

on the outside of the disks (Fig. 4). The winding pack is
embedded within ground insulation and inserted inside a
stainless steel case as will be the TF coils. The main
characteristics are summarised in Table 2.

IV. TEST CONFIGURATION

The proposed test configuration is shown in Fig. 5. The TF
Model Coil is installed in nearly parallel position to the
Euratom LCT Coil; the angle between the two coils is 4.5°.
When both coils are energized, the TF Model Coil
experiences as well in-plane loads as out-of-plane loads,
which are resisted by a stiff stainless steel structure located

Fig. 3 TF Model Coil cross-section Fig. 4 TF Model Coil joints area



TABLE 3

T F MODEL Con. MAGNETIC CHARACTERISTICS

Fig. 5 Test configuration inside TOSKA facility

between the two coils (Fig. 6). The whole device will be
installed inside the TOSKA facility, located at Karlsruhe,
research center.

The TF Model Coil is inserted within the intercoil
structure and connected to it by the mean of wedges fixed on
its outer perimeter. One of these wedges, located along the
inner leg of the coil is used to transmit the resulting in-plane
load to the structure. The three others are providing support
against the out-of-plane loads arising from the attractive
force between coils. Their position can be adjusted to induce
adequate bending and torsion moments on the TF Model
Coil. The structure is connected to the LCT Coil by a set of
horizontal plates.

Case

TFMC conductor current (kA)
TFMC number of turns
TFMC solenation (MA)
LCT conductor current (kA)
LCT number of turns
LCT solenation (MA)
TFMC radial winding thickness (mm)
TFMC axial winding thickness (mm)
Bmax (T) en TF Model Coil
Horizontal force Fx (MN) on TF MC
Horizontal force Fy (MN) on TF MC
Vertical force Fz (MN) en TF MC
Horizontal moment Cx (MKm) on TF MC
Horizontal moment Cy (MNJH) on TF MC
Vertical moment Cz (MNjn) on TF MC
Vertical force (half coil) (MN) on TF MC
Self inductance of TF Model Coil (mH)
Stored self energy of TF MC (MJ)

1

0
98
0
16

588
9.408
537
573
3.37

24.8
0

2

80
98

7.840
0

588
0

537
573
7.48

24.8
79.4

3

80
98

7.840
16

588
9.408
537
573
9.64
19.6
88.0

0
0
0

3.8
46

24.S
79.4

V. PERFORMANCES

A. Field and Loads

Fig. 6 Tea assembly of the TF Model Coil with the LCT Coil

The field maps and loads have been computed for the case
when the TF Model Coil alone is energized and for the case
when both coils are energized. The results are summarised
in Table 3. The maximum achievable field on the conductor
is 7.48 T when the coil is alone and 9.64 T with the LCT
Coil.

B. Operating Conditions

The TF2 conductor has been designed to operate at 46 kA
under a field of about 9 T. In the TF Model Coil it will carry
80 kA for a similar field : 9.6 T. In these conditions the
inner Laplace force on the cable of the TF Model Coil
(720 kN/m) is relevant to that in ITER (60 kA at 13 T :
780 kN/m). The critical current versus field and temperature
has been plotted (Fig. 7) for a compressive strain on the
Nb3Sn material of - 0.35 % (- 0.45 % given by the fully
bonded model during cooling, and +0.1 % given by the
hoop strain). The current sharing temperature is 7.6 K at the
operating point, which provides a theoretical margin around
3.1 K above helium temperature at 4.5 K, in steady state
conditions. The cable consisting of superconducting strands
and copper strands, two limits are identified for the frontier
of the ill cooled stability regime : one taking into account the
copper strands and the other taking into account only the
superconducting strands. For fast perturbations (~ 1 ms) the
copper strands cannot be used as stabilizers and the critical
energy is very small (= 20kJ/m^ of strand). This low value
means that all sources of frictional heat must be avoided. For
longer perturbations (= 100 ms) current redistribution to
copper strands is possible and the stability is greatly
enhanced. In this case, most of the internal energy of the
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Fig. 7 Operating diagram of the TF Model Coil

helium between bath temperature and current sharing
temperature can be used and for longer perturbations
(" 100 ms) current redistribution to copper strands is
possible and the stability is greatly enhanced. In this case
most of the internal energy of the helium between bath
temperature and current sharing temperature can be used
and the critical energy is large (" 800 kJ/m3 of strand).

The result of a quench followed by a safety discharge is an
increase of the conductor temperature (hot spot model) to
107 K for a discharge in 4 s after a delay of 1 s, and to 161 K
after a delay of 2 s.

C. AC Losses

During a safety discharge with a time constant of 5 s, the
ac losses in the conductor at high field (9.6 T) are about
4.105J/m3 of strand and 7.105J/m of strand for
conductor of intrinsic loss time constants nt of 50 ms and
100 ms respectively (typical reference values).

At 9.6 T and 80 kA, T c s is 7.6 K which provides a
margin of at least 3.1 K, corresponding to 8.4' 105 J/rn of
strand.

The TF model coil is not expected to quench as a result of
ac losses in the conductor during a safety discharge.

The TF model coil can be used after the basic acceptance
test program, as a test bed for ac losses in the conductor in
both parallel and transverse fields.

After the basic test programme will be completed (TFMC
with LCT as a background field), it is envisaged to carry out
additional tests with the TFMC alone. In particular, the
response to parallel field variations can be studied, thanks to
another copper coil wound around the casing in the straight
part

Fig. 8 Beading and torsion moments along TF Model Coil during operation

D. Mechanical Analysis

The mechanical behaviour of the TF Model Coil during
operation can be investigated easily with a simplified finite-
element model built with beam and shell elements. When
both coils are energized the localised supports induce
bending and torsion moments along its perimeter as shown
in Fig. 8. The maximum values could be adjusted by varying
the wedge locations in order to simulate FTER relevant
conditions.

VI. CONCLUSION

The new design of the TF Model Coil allows testing inside
the TOSKA facility under in-plane and out-of-plane loads,
providing thus bending and torsion moments along the coil,
which will feature the situation of a coil inside the ITER TF
magnet. Operation at 80kA will allow investigation of
margins under a 9.6 T magnetic field to be performed.
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The ITER CS Model Coil has been designed to test the different ITER conductors under
relevant operating conditions for current, field and stresses. This will be performed by
introducing inserts in the center of the main coil. Four different insert designs are presented and
compared.

1. INTRODUCTION

The ITER CS Model Coil has been
designed to provide a 13 T field within an
inner bore of 800 mm[l]. This allows the
introduction of inserts within the main coil,
each one being devoted to the test of one type
of conductor (Fig. 1). The CS Model Coil is
intended to test the conductor at nominal
current and up to the critical current at
various temperatures and under ITER
relevant field and stresses. Here are
presented and compared four different insert
designs.

Figure 1. ITER CS Model Coil

2. INSERT DESIGNS
2.1. Insert 1

In this design (Fig. 2) the insert is
composed of:

- a single layer with one conductor in
hand and spacers between turns,

- an antibuckling structure inside the
layer,

- a set of wedges on top and bottom of
the layer.

insert 2

RSSN precompression
R§§3 system

D conductor

• spacer
gj antibuckling
a structure

D inflatable
U bladder

Figure 2. Insert 1 and Insert 2

2.2. Insert 2
In this design (Fig. 2) the insert is

composed of:
- a single layer with two conductor in

hand and no spacers between turns,
- an antibuckling structure inside the

layer,
- * a set of wedges on top and bottom of

the layer.
The two conductors are connected in such

a way that the current flows in opposite
directions in two adjacent turns.



2.3. Insert 3
In this design (Fig. 3) the insert is

composed of:
- two layers with one conductor in hand

and no spacers between turns,
- a set of wedges on top and bottom of

the layer.
There is no antibuckling structure and

the radial pressure is produced by feeding
the insert with reverse current with respect
to the main coil.

Table 1
Insert Designs

insert 3 insert 4

!z R§Sj precompression
i§§ii system

• conductor

fl inflatable
U bladder 1

Figure 3. Insert 3 and Insert 4

2.4. Insert 4
In this design (Fig. 3) the insert is

composed of:
- a single layer with one conductor in

hand and no spacers between turns
- a set of wedges on top and bottom of

the layer.
The antibuckling structure is provided by

the inner legs of the axial compression
system of the CS Model Coil, which are
assembled in such a way as to form a
bucking cylinder. The insert is fed with
reverse current to provide radial
compression. A gap is provided between the
layer and the inner legs in order to reach
relevant compression on the conductor.

The main characteristics of the four
inserts are summarised in Table 1.

Number of layers
Conductors in hand
Spacers
antibuckling
structure
conductor radius

Insert 1
I
1

yes
yes

0.700 m

Insert 2
1
2

no
yes

0.700 m

Insert 3
2
1

no
no

0.646 m

Insert 4
1
1

no
yes

0.700 m

3. LOADS
3.1. Electromagnetic Loads

The aim of the CS Model Coil is to reach
ITER relevant stresses on the insert
conductor. A calculation of the axial load
inside the ITER CS along a discharge [2] has
shown that the maximum load occurs at the
end of flattop and reaches 958 MN which
corresponds to - 90 MPa on the equatorial
plane. The calculations performed with
global models taking into account both PF
and TF magnets [3] show that a radial
pressure from the TF magnet in the range of
- 90 MPa induces a hoop compression on the
innermost conductor of the CS comprised
between - 130 MPa and - 190 MPa. The
target is thus to reach such stresses on the
insert conductor.

Two cases have been considered :
- easel I insert = + 40 kA

Imain coil = 45.84 kA
- case 2 I insert = -40kA

Imain coil = 46.35 kA
In both cases the maximum field on the

insert conductor is 13 T. As summarised in
Table 2, the calculation performed in the
case of a single layer insert shows that the
electromagnetic loads on the insert cannot
achieve alone both axial and hoop relevant
stresses.

Table 2
Electromagnetic loads on the insert

Hoop Direction Axial Direction

(MN) (MPa) ( M N ) (MN)
case 1 5.13
case 2 - 4.94

114
-109

-4.86
+ 4.13

-20
+ 17

3.2. Additional Loads



To achieve ITER relevant stresses
additional loads are necessary. In the axial
direction precompression is applied through
a set of wedges made of a low contraction
material. As shown in Table 3 glass-epoxy or
graphite-epoxy are promising candidates for
this purpose. In the Insert 1 design axial
compression is also provided by the spacers,
assumed to be made of invar.

Table 3
Thermal contraction and Young's modulus of
materials

r
1
L

Stainless Steel
316LN
Incoloy 908
Invar
Glass-epoxy
(density 1.8, X fibers)
Glass-epoxy
(density 2.1, // fibers)
Graphite-epoxy
(//fibers)

exdT"|4K ,
(H£1 J293K

-3060

-1585
-70

-7500

-1500

+ 42

Young's

/ Modulus
(GPa) at 4K

210

184
142

6

40

125

In the hoop direction additional
compression is provided by radial pressure
applied on the outer radius of the insert by
the inflatable bladder located between the
insert and the main coil.

4. DESIGN COMPARISON
4.1. Models

Two ID models taking into account the
stiffness of each material of the CS Model
Coil have been used to calculate the stresses
on the insert : in the axial direction a spring
element model, in the hoop direction a ring
element model. A 2D model has been built to
study the buckling of the insert under the
radial pressure.

4.2. Insert 1
Varying the thickness of the spacers (and

consequently the number of turns) provides
tuning of the axial precompression in the
range [- 40 MPa , - 70 MPa] with glass-epoxy
wedges and [- 60 MPa , -150 MPa] in the
case of graphite-epoxy wedges. It is then
possible in any case to reach ITER relevant

axial stresses during operation (Fig. 4). If the
insert is fed with direct current in the case of
glass-epoxy wedges it is necessary to reduce
down to 12 the number of turns of the insert
layer whereas 26 turns will be suitable in the
case of graphite-epoxy wedges (no spacers
corresponds to 31 turns). If the insert is fed
with reverse current a reduction to 10 or 23
turns is needed to achieve the same stress
level.

number of turns inside insert layer
„ 10 20 30'

-180

I =-40 kA
glass
epoxy
wedges

graphite
epoxy
wedges

Figure 4. Axial compression
during operation

on the insert

To reach hoop compression ranging from
- 130 MPa to -190 MPa requires high
pressure (10 to 12 MPa) inside the inflatable
bladder when the insert is fed with direct
current and much lower pressure when it is
fed with reverse current (2 to 3 MPa) as
shown in Fig. 5.

4.3. Insert 2
In the axial direction no compression

occurs due to the electromagnetic load since
the current in two adjacent conductors flow
in opposite senses. The compression is thus
provided only by the precompression system,
which doesn't allow to reach ITER level :
- 40 MPa with glass-epoxy wedges, - 70 MPa
with graphite-epoxy wedges.



pressure p0 in the inflatable bladder (MPa)

0 2 4 6 8 10 12 14

J m * c o l = 45.84 kA
= +40 kA

_31 turns
A

helium solidification
(4.2 k)

Figure 5. Hoop stress on the insert during
operation

In the hoop direction the global
electromagnetic force is null, which means
that compression is provided only by the
inflatable bladder. The ITER level is reached
for a pressure ranging from 9.5 MPa to
13.8 MPa.

4.4. Insert 3
In the axial direction the compression in

the equatorial plane reaches - 50 MPa with
glass-epoxy wedges and - 80 MPa with
graphite-epoxy wedges in the case when the
insert is fed with direct current, - 29 MPa
with glass-epoxy wedges and - 65 MPa with
graphite-epoxy wedges in the case when the
insert is fed with reverse current. The ITER
level is not reached.

In the hoop direction to reach the ITER
level in the case of direct current needs a
pressure ranging from 35 MPa to 44 MPa,
which is above the solidification limit at
4.2 K (14.2 MPa). In the case of reverse
current the pressure required is in the range
3 to 12 MPa.

4.5. Insert 4
This case is similar to that of Insert 1

with no spacers. The axial compression
reached is - 50 MPa with glass-epoxy wedges
and - 80 MPa with graphite-epoxy wedges,
when the insert is fed with direct current,
- 29 MPa with glass-epoxy wedges and
- 65 MPa with graphite-epoxy wedges when
the insert is fed with reverse current. In any
case it remains below ITER level.

The hoop compression is that calculated
for Insert 1 with 31 turns : with direct
current the pressure required to reach
- 130 MPa would be 17.7 MPa, which is
above the helium solidification limit, with
reverse current a pressure of 1.5 MPa is
convenient.

4.6. Buckling analysis :
For a pressure of 11.9 MPa the safety

factor is 3.3 to reach -130 MPa with a single
layer insert and a glass-epoxy antibuckling
structure.

5. CONCLUSION

Insert 1 design is the only one providing
as well in the axial direction as in the hoop
direction ITER relevant stresses at nominal
field and current. Feeding the insert with
reverse current allows a reduction of the
pressure inside the inflatable bladder. The
use of invar spacers and graphite-epoxy
wedges appears to be the most suitable
option.
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The ITER TF Model Coil is designed to test the manufacturing feasibility of the TF magnet
concepts and the reliability under ITER relevant mechanical loads. It is a 4 m long racetrack
shaped coil which will be tested in the TOSKA facility at Karlsruhe under in-plane and out-of-
plane loads with the use of the EURATOM LCT Coil.

1. INTRODUCTION

The decision to design and test a TF
Model Coil was taken at the Magnet
Technical Meeting held at Naka in June
1993. When a conceptual design was issued
at the end of 1993 by the US and RF parties
[1], it was then agreed that the manufacture
of this coil will be performed by the EU and
RF parties and that it will be tested in
Europe in the TOSKA facility located at KfK
in Karlsruhe. Here is presented the new
design, revised by the EU party in order to
enable improved testing of the coil.

2. COIL DESIGN

The purpose of the TF Model Coil is to
test the manufacturing feasibility of the TF
magnet concepts and the reliability under
ITER relevant mechanical loads. The TF
Model Coil is not intended to test the
performances of the TF conductor, which will
be tested separately in the TF insert of the
CS Model Coil. The test of the TF model Coil
is then primarily a test of its mechanical
behaviour. As the CS Model Coil is mainly
devoted to the exploration of the operating
margins of the conductor, the TF Model Coil
shall be devoted to the exploration of the
mechanical and electrical margins of the
winding pack.

2.1. Conductor
The conductor is a full size TF2 conductor

(Fig. 1) as defined in [1]. Its main

characteristics are summarised in Table 1.

Table 1
TF Model Coil conductor characteristics
Conductor type TF2
Strand type Nb3Sn HPI
Strand diameter 0.81 mm
Maximum operating induction 11 T
Subcable configuration 3 x 3 x 5 x 4
Total number of strands 1080
Cable space diameter 37.5 mm
Central tube (o. d. x i. d.) 13 mm x 10 mm
Overall annular area 971.7 mm2

Wraps area + empty corners 30 + 10 mm2

Actual cable area in annulus 932 mm2

Nominal local void fraction 35.8 %
Number of copper strands 33%
Non-twisted, non-Cu cross-section 148.4 mm2

Non-twisted, Cu cross-section 408.1 mm2

Twisted strand area at cos q = 0.93 598.4 mm2

Jacket (o. d. x i. d.) 39.5 mm x 37.5 mm

Figure 1. TF Model Coil Conductor



2.2. Layout
The main characteristics of the TF Model

Coil are summarised in Table 2. It is a
racetrack shaped 4m long coil with a
rectangular cross-section and 101 turns. The
cross-section (Fig. 2) reproduces most of the
features of that of the full size coil. The con-
ductor is layer wound inside stainless steel
plates, with equally spaced turns, except for
the inner layer, in which there are 3 groups
of joining turns. Each layer is inserted
between an inner and an outer plate which
have flat surfaces on the side opposite to the
conductor. Steel retainers are inserted and
welded on the teeth between turns. A steel
strap is installed around the coil and
keyways are machined in the sides of the
straight legs. Due to the 33% of copper
strands inside the cable the total mass of
superconductor is 3 324 kg. The joints are
located in one curved end of the coil (Fig. 3) :
four interlayer joints are on the front side of
the coil and 5 interlayer joints on the back
side. The joint design is the reference design

Table 2
TF Model Coil Characteristics
Number of layers 10
Number of turns per layer 10 or 11
Total number of turns 101
Distance between turn centers 53.5 mm
Tooth width 9 mm
Distance between layer centers 58.5 mm
Minimum plate thickness 6 mm
Turn insulation thickness 2.5 mm
Layer insulation thickness 2.0 mm
Ground insulation thickness 10 mm
Number of keyways 3 x 2 x 2
Keyway depth 44 mm
Keyway width 179.12 mm
Inner radius 700 mm
Outer radius 1322.50 mm
Coil thickness 622.5 mm
Coil height 697.5 mm
Coil width 2645 mm
Coil length 4045 mm
Total conductor length 966 m
Total mass of the coil 23 476 kg
Self inductance of the coil 31.4 mH

Figure 2. TF Model Coil cross-section

produced by the JCT in April 1994 [2]. Due
to the long length of the joint (800 mm) a
small bending radius is imposed to the con-
ductor in the vicinity of the joint (minimum
322 mm). All the joints are oriented ortho-
gonally to the symmetry plane crossing the
curved ends of the coil. The supporting
system is composed of two holsters, inside
which are inserted the joints, linked with a
saddle applied to the inner radius of the coil.

Figure 3. Joints of the TF Model Coil

3. TESTING CONFIGURATIONS

Several test configurations are possible
for the TF model Coil.



3.1. Single test
In this configuration (Fig. 4) the coil is

tested alone, equipped only with a transverse
structure which prevents it from excessive
deformations due to bending stresses. The
structure is composed of two symmetrical
parts linked by a set of tie-rods. A thick
prismatic plate is connected to two side
plates inside which keyways are machined in
front of the keyways machined in the sides of
the TF Model Coil. In this test no keys are
present and the coil experiences only in-
plane loads.

Figure 4. Single test of the TF Model Coil

3.2. Parallel test
In this configuration (Fig. 5) a back-

ground field is produced by the EURATOM
LCT Coil making an angle of 4.5° with the
TF Model Coil, due to the belts surrounding
this coil. The two coils are connected by an
intercoil structure fitting with the transverse
structure already used in the single test and
intended to resist the forces occurring during
operation. In this test the coil experiences
enhanced in-plane loads and an attraction
force to the LCT Coil. Each coil is fed
separately, which allows independent moni-
toring of the currents to be performed.

3.3. Orthogonal test
In this configuration (Fig. 6) the TF Model

Coil, equipped with its transverse structure,
is inserted orthogonally within the LCT Coil.
Shear keys connects the TF Model Coil with
the transverse structure and an

Figure 5. Parallel test of the TF Model Coil

intercoil structure made of 8 wings connects
the transverse structure to the LCT Coil.
This configuration is devoted to the test of
out-of-plane loads since the LCT field
induces on the TF Model Coil a torque
around the vertical axis.

Figure 6. Orthogonal test of the TF Model Coil

4. PERFORMANCES

4.1. Field and loads
The'magnetic field and the loads on the

TF Model Coil have been computed in the
three different testing configurations
(Table 3). In the orthogonal test it has been
assumed that there was only one key
installed on each side of each straight leg. In



this test the low values of the current
required in the LCT Coil allows fatigue
testing (about one pulse every two minutes).

Table 3
Field and loads on the TF Model Coil
Configuration
TFMC current
LCT current
Maximum induction
Maximum hoop force
In-plane force
Out-of-plane force
Torque/vertical axis
Shear key load

Single
80 kA

0
7.85 T

21.7 MN
0
0
0
0

Parallel
80 kA
16 kA
9.71 T

38.8 MN
22 MN

81.7 MN
6.74 MN.m

0

Orthogonal
80 kA
1.2 kA
7.85 T

21.7 MN
74 kN

0 .
5.3 MN.m

1MN

4.2. Operating conditions
The conductor for the TF Model Coil is

similar to the second grade conductor of the
TF magnet. But, while the TF2 conductor in
ITER is expected to operate at 46 kA around
9 T, the TF2 conductor of the TF Model Coil
will carry 80 kA for a similar field. In these
conditions the inner Laplace force on the
cable of the TF Model Coil (720 kN/m) is
much larger than in ITER (420 kN/m) or
even larger than the force in the high field
conductor (TFl at 13 T: 600 kN/m). The
critical current versus field and temperature
has been plotted (Fig. 7) for a compressive
strain on the NbaSn material of - 0.35 %
(- 0.45 % given by the fully bonded model
during cooling, and + 0.1 % given by the hoop
strain). The current sharing temperature is
8.3 K at the operating point, which provides
a theoretical margin around 3.8 K above
helium temperature at 4.5 K, in steady state
conditions. In a test coil it is also necessary
to characterise the ability of the conductor to
absorb heat inputs of disturbance nature.
The cable consisting of superconducting
strands and copper strands, two limits are
identified for the frontier of the ill cooled
stability regime (curves 3 and 4). The effect
of perturbations over long lengths can be
considered in terms of critical energy :

- for fast perturbations (= 1 ms) the cop-
per strands cannot be used as stabilisers and
the critical energy is very small (= 20 kJ/m3

of strand). This low value means that all
sources of frictionnal heat must be avoided.

- for longer perturbations (== 100 ms)
current redistribution to copper strands is
possible and the stability is greatly
enhanced. In this case most of the internal
energy of the helium between bath tempera-
ture and current sharing temperature can be
used and the critical energy is large
(= 1000 kJ/m3 of strand).

The result of a quench followed by a
safety discharge is an increase of the
conductor temperature (hot spot model) to
107 K for a discharge in 4 s after a delay of
1 s, and to 161 K after a delay of 2 s.

TG) TFMC f © wftfi copper ftrends
constant Uplace force : J ^ "~ Icooled- itaMty irrit:J Z. ^ ^

I© TTm L ® without copper stranos

8 9 10 11 12

magnetic induction (T)

13 14 15

Figure 7. Operating conditions of the TF
Model Coil

5. CONCLUSION

The racetrack design of the TF Model Coil
allows three possible testing configurations
for this 4m long coil, single, parallel or
orthogonal with the use of the LCT Coil.
With an operating current of 80 kA ITER
relevant loads can be achieved.
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The conductors for the ITER magnets are being defined according to the operating
requirements of the machine. To demonstrate the technological feasibility of the main features of
the magnets, two model coils (central solenoid and toroidal field), with bores in the range 2-3 m,
will be manufactured. This is the first significant industrial production of full-size conductor (a
total of about 6.5 km for these coils). One cabling and one jacketing line have been assembled in
Europe. The former can cable up to 1100 m (6 tons) unit lengths; the latter,which can also handle
1000 m conductor lengths, has been assembled in a shorter version (320 m). A description of the
lines is reported, together with the results of the trials performed up to now.

1. INTRODUCTION

In the present ITER EDA design, forced-
flow-cooled conductors of the cable-in-conduit
type have been proposed for the central
solenoid (CS) and toroidal field (TF) coils.
The reference conduit material is Incoloy
908 and the strand material Nb3Sn. The CS
and TF model coils have been introduced in
the development programme to test conductor
and coil performance. Thick-walled round-in-
square conductors have to be manufactured for
the CS model coil (about 5.5 km), while thin-
walled round conductors will be used for the
TF model coil (about 1.1 km). One cabling and
one jacketing line have been assembled in
Europe for this purpose. The first will
manufacture a total of 5 km of cable (of CS and.
TF types) and the latter will jacket the total
amount of conductor for the CS model coil.

2. THE EU CABLING LINE AT EM-LMI

The EU cabling line at EM-LMI has been
designed to handle cabling for the ITER coils

i.e., for a cable length of the order of 1 km and
for a weight exceeding 5 tons. The EU will
carry out all the cabling for the TF model coil
conductor and about 75% (3.8 km) for the CS
model coil.

The present ITER design for the model coil
conductors is a circular cable around a central
tube. Six last-but-one subunits are used.
Wrapping of the last-but-one subcable and
final cable with a thin high-resistivity
metallic foil is required to reduce coupling
losses and provide better protection of the
outer surface of the cable.

In addition to standard cabling equipment
for the initial cabling steps, two separate lines
have been set up for cabling and wrapping the
last-but-one subcable and final cable. The
cabling line for the final cable is schematically
shown in Fig 1.

The main components are a large cabling
machine, a Turk's head, a caterpillar and a
spooling machine. The cabling machine has
been designed to hold 6 last-but-one subcable
spools and can cable unit lengths up to 1100 m
(approx 6 tons in weight). It is equipped with 6



A. della Corte et al.

Final
cable
strander

Turk's
head Wrap Caterpillar

Reel

Spooler

Figure 1. Block diagram of the cabling line

intermediate Turk's heads to allow pre-
shaping of the subcables, if required. Back-
twist can be adjusted up to full detorsion. A
tube or spring positioned in the centre of the
conductor may be introduced from behind the
cabling machine. The two-cylinder motorised
Turk's head is situated next to the cabling
machine to compact and shape the cable ac-
cording to the specifications. The caterpillar of
the main line can generate a maximum pull-
ing force of 500 kg. The cable is collected on a
modular spool (core diam > 2.4 m) on which
up to 1 km of cable is pancake-type wound.

The spool can be directly installed as pay-
off spool on the jacketing line.

A preliminary testing of the main line
components was done using dummy Cu
strands. The line is currently being used for
the production of dummy and superconduting
cables in preparation to cabling for the model
coil conductors. About 150 m of dummy Cu
cable and 45 m of superconducting cable will

be manufactured within August '94 and
delivered to Ansaldo for jacketing test trials.

3. THE EU JACKETING LINE AT
ANSALDO

The line (Fig. 2) is based on three main
sequential operation steps: prefabrication of
the full unit straight length of the oversized
jacket by butt-welding sections of tubing;
pull-through insertion of the cable into the
jacket; compaction of the conductor (jacket
+ cable) by rolling to its final dimension.

The jacketing line has to be at least as long
as the required conductor length, some
hundred meters for the model coil conductors.
The plant can be divided into three parts: the
line and the two end plants. The secondary end
plant consists only of the winch used to pull
the cable. All the other equipment is located in
the main end plant.

Phase 1
Pipes welding

Phase 2
Cable introduction

Pipes
weld 1

T
Tests

joint 1

Inner
cleaning

_L
Pipes

weld n

T
Tests

joint n

Cable
introducing

Phase 3
Conductor compaction

Cable
tension control

Dimension
checks

Conductor
compaction

Calandering
+ winding

Figure 2. Block diagram of the jacketing line

JL
Final

leak test



Conductor fabrication for ITER model coils 887

The line length is presently 320 m, but the
end plants have been designed for a length of 1
km. Thus, a feasibility test for a cable
insertion of over 1000 m, a typical unit
conductor length for ITER magnets, will be
possible without changing the main com-
ponents of the line.

A brief description of the equipment used
for welding, insertion and compaction follows.

3.1 Welding
The welding process has been developed

for an AISI 316 LN steel jacket. This was the
reference jacket material for the ITER CDA
design: in the present ITER EDA design, a
steel jacket is considered only for the outer
poloidal field coils and is a possible candidate
for the TF coils. The reference jacket for the
model coil conductor, the central solenoid and
the high-field layers of the toroidal field coils
in the EDA design is Incoloy 908. The jacket
lengths and the welding specifications will be
delivered by the U.S. ITER Party.

Qualification of the welding process for
Incoloy 908 will be carried out at Ansaldo.

The welding equipment is suitable for
rectangular, round-in-square and circular
jacket sections. The jacket pieces, already
prepared (with the proper chamfer), are
aligned using the internal profile as reference.
An internal tool provides inert gas shielding
and back-pressure. The butt welding of the
jacket is performed with an automatic orbital
machine (400 A, DC).

The welding system is TIG without filler
material for the first pass and with filler for
the successive passes. The variations in wall
thickness are obtained by changing the
welding parameters during the process.

There are three principal axes to perform
the square profile (X, Y and a rotation around
an axis parallel to the jacket axis). Three
additional automatic movements are added for
better regulation: angle between torch and the
welding line, tangential setting of the torch
and a radial movement of the torch to keep the
distance to the piece constant. The torch
movements and the cycle sequence are guided
by a numerical control system.

After any single welding, the external and
internal surfaces are hand machined. A
helium leak test is also performed, taking
advantage of the tools used for the back-
pressure. The internal tooling is then removed

and an optical internal inspection performed
using a TV camera. X-ray inspection of this
welding is carried out, inside a protection box,
using a proper source (300 kV, 6 mA) and
three exposures: vertical, horizontal and at 45
°C (corner to corner).

After the tests, the jacket section is pushed
forward by 4 pinch-roll stations placed along
the 320-m line and a new piece is positioned on
the welding machine. The roll line has
horizontal rolls with rims (one every 20 cm)
and, around the jacket, complete sets of four
rolls (one every 12 m) whose distance can be
adjusted from 15 mm to 60 mm for both the
jacket section dimensions. The roll line is
aligned within ± 2.5 mm over a 24-m length.

3. 2 Insertion
When a jacket length has been completed,

the stainless steel rope of the winch is pushed
into the jacket hole and attached to the
superconducting cable coming from its reel.
The jacket is well fixed and the insertion can
start.

The winch, driven by a hydraulic motor,
can produce a tension force of 30000 N and its
rope is more than 1 km long. It is possible to
control it by the velocity of the rope and/or by
the tension force.

The cable reel is also able to produce
a tension force of 3000 N on a maximum diam
of 5.5 m and is controlled like the winch.
The inner diameter of the cable pay-off spool
is 2.4 m.

The spool has to work in the reverse
direction in case the cable sticks in the jacket
during insertion. Pancake winding on the pay-
off spool has been adopted to avoid damage to
the cable in the case of reverse operation. The
spool can house up to 333 m of cable.

Three standard spools will be fixed
together for the insertion test with 1 km of
cable. Just before insertion in the jacket, a
free roll calibration unit will reduce the cable
to its original dimensions, after which it will
be continuously measured. During insertion, a
feedback-controlled pre-tension of the cable
(2000-3000 N) will be given by the cable reel.

The winch is speed regulated in the range
2-25 m/minute.

All these operations can be performed
manually or automatically with the aid of a
PLC system. All the data are recorded on a PC
and a continuous display of the friction force

- 7 9 -
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(given by the winch tension minus the s.c.
cable pretension) is shown as a function of the
length of cable inserted in the jacket.

Several alarms (software and hard wired)
warn of overtension, etc.

About 50 m of dummy Cu cable length,
delivered by EM-LMI at the end of August,
will be soon used for insertion tests in 316 LN
jacket sections.

4. ROLLING

After the insertion, the conductor is
pushed against the Turk's head using the
pinch rolls, which are then disengaged and the
rolling process can start.

The Turk's head has four rolls pivoted on a
four-lever switch. Using a power-driven
threaded cylinder, the roll can be moved to
compress the tube.

During rolling, the rolls (diam 300 mm)
are driven by 4 DC motors (3.7 kW each) with
a maximum torque of 9000 Nm each. The
lateral force on each roll will be of the order of
30 tons. The velocity can be adjusted to a max
of2.87m/min.

The calibration rolls placed behind the
Turk's head consist of two facing plateaux,
each with four rolls for correcting the profile
and independent manual regulation.

The measurement station comes after the
calibration section and transmits the two
external dimensions of the final conductor to
the data acquisition system .

A pre-calander machine is used to bend
the conductor to reach the last power-driven
calander placed near the last reel.

The last calandering machine is driven by
an orbital-type hydraulic motor and allows
hydraulic adjustment of the bending rolls. The
bending rolls have a 315-mm-diam and a
rolling speed variable from 0 to 5 rpm. A
torque limiting device has been installed and
the bending roll position is constantly
monitored to an accuracy of 0.1 mm.

After calandering, the conductor will
be wound on the final reel, which consists of
a 6-m-high central column with a jack driven
by reduction gear (pitch 12 mm) to change
the spool height, a movable frame driven
on two sides of the column by idle pins that
carry a gear wheel and a motor (10 kW) for
the rotation. The cable spool (4000 mm diam)

is fixed to the gear wheel and can rotate
around a movable frame using the motor.
This tooling weighs 12 tons void and will
increase to 30 tons with 1000 m of conductor
wound on it.

The spool is 4100 mm in diam, and 1235
mm high for 320 m or 3880 mm high for 1 km
of conductor.

A PLC system controls the rolling and
winding operations: the Turk's head is the
master and the calander and the reel the
slaves. All the parameters are recorded.

The spool will be removed and put into a
vacuum chamber to perform the final helium
leak test on the conductor according to the
specifications.

Compaction and calandering tests have
been carried out on a 316 LN jacket length
with a butt-welded joint. After compaction,
the vertical side was slightly larger, by
0.2 mm, than the horizontal side. Calandering
at a 4-m-diam has produced a key-stoning
of 0.4 mm on the vertical side and an inside
curvature of the horizontal side of 0.05 mm.
The measured free-turn diameter ranged
from 4910 mm to 4575 mm. No important
deviations in the joint area were detected.
It has been noted that the corner radius of
the jacket tubes has to be larger than 4 mm
to avoid sharp corners after compaction.

The next jacketing stage will concern
about 500 m of dummy cable and a few 20-m
pieces of superconducting cable, provided by
the EU, US and JA.

The conductor jacketing for the CS model
coil, for a total of 5.5 km, will then be carried
out. The conductor will be used by the US and
JA to wind the CS model coil.

5. CONCLUSIONS

The EU cabling line at EM-LMI has
started manufacturing full-size dummy Cu
cables and short lengths of superconducting
cables

The EU jacketing line at Ansaldo is ready
to jacket cables in AISI 316 LN tubes and has
only to be adapted to use Incoloy jacket
sections.

The experience on the long-cable jacketing
is expected to provide important information
about the maximum length achievable by the
pull-through jacketing process.

- 8 0 -



II Connections development for high current conductors

Our Association has been in charge in Europe of the development of connections for ITER
conductors. The JOSEFA test facility has been built at Cadarache, allowing test of
connections for subsize ITER conductors (scale : 1/8) up to 10 kA, in perpendicular fields up
to 4 teslas and field variations up to 40 T/s. These connections can be tested either in liquid
helium or in forced flow cooling at variable temperature.
The different steps of the research activity, leading to the final selection, are presented. The
solution is the twin-box concept which ensures separate helium flows, possible disassembly,
individual leak testing before heat treatment and possible second helium containment box.
This solution has been validated in JOSEFA and 3 full size samples have been launched in the
industry according to this concept, in the framework of the TFMC fabrication.
The industrial solutions are described in details and the monitoring in the industry (Ansaldo)
is presented.
The results of the tests of the two first samples at Sultan (CRPP, Switzerland) are presented.
These tests have been carried out for the joint as well as for the conductor by positioning
correctly the sample in the Sultan field. Dc tests and ac tests have been carried out. These tests
have demonstrated the good behaviour of the European joint design for the ITER coils.

- 8 1 -
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Test Results and Analysis of Two European
Full-Size Conductor Samples for ITER

D. Ciazynski, J.L. Duchateau (1), T. Schild (2), CEA, A.M. Fuchs (3), EPFL

Abstract— The European Home Team is responsible for the
design, the fabrication and the test of the Toroidal Field Model
Coil (TFMC) of the International Thermonuclear
Experimental Reactor (ITER). Within this task, three full-size
samples had to be fabricated by industry and to be tested in the
SULTAN facility (Villigen, Switzerland). Each sample is
composed of two parallel straight bars of full-size conductor,
connected at bottom through a joint. This paper reports on the
test results and analysis of the first two samples. We present
the results of the critical current measurements performed on
each conductor leg, the results of the measurements of the joint
DC resistance and of the joint quench temperature, the results
of joint loss and conductor loss measured under pulsed
magnetic field. The results are analysed through comparisons
with predictions given by theoretical models. Conclusions are
drawn for the expected performances of the TFMC and of the
ITER coils.

Index terms— fusion, superconductor, cable, tests.

I. INTRODUCTION

straight bars of conductor, connected at bottom (the sample
is tested in the vertical position) by a joint, and having at
top two terminals for connection to the facility transformer.
The test of the joint is allowed by lifting up the sample. The
first sample is called the SS-FSJS, the second one is called
theTFMC-FSJS.

A. Conductors

Both conductors are round twisted multistage cables
embedded in steel jackets. The final conductors are ITER
type cables-in-conduit with central channel, the external
shape of the jacket is square in the SS-FSJS and circular in
the TFMC-FSJS. Except for the jacket material (steel
instead of Incoloy), these conductors are ITER relevant. On
the other hand, the TFMC-FSJS makes use of the real
TFMC conductor. The main features of these conductors are
given in Table I.

B. Joints

Within the frame of the ITER TFMC project, two full-
size conductor samples were fabricated in industry and
tested in the SULTAN facility (Centre de Recherches en
Physique des Plasmas, Villigen). Each sample allowed for
testing two conductor legs and one joint. Mainly DC tests
were performed with transport current up to 100 kA under
magnetic field up to 11 T. In addition pulsed field losses
could be studied thanks to additional pulse coils (field
variations up to 0.5 T). These tests were used not only to
assess the capabilities of the TFMC conductor and joints but
also to bring practical information on the behaviours of the
ITER conductors and joints.

II. SAMPLES PRESENTATION

The lack of space does not allow to give here a detailed
description of the samples, this information can be found in
[1] and [2]. Basically, each sample is composed of two

Manuscript received September 27, 1999.
(1) DRFC/STEP, CEA/CADARACHE, F-13108 St-Paul-lez-Durance,
France, (2) DAPNIA/STCM, CEA/SACLAY, F-91191 Gif-sur-Yvette,
France, (3) EPFL/CRPP, CH-5232 Villigen PSI, Switzerland.

Both sample joints were fabricated according to the twin-
box design proposed by the EU for the ITER coils and
retained for the joints of the TFMC. After a specific
preparation, each cable end is compacted in a joint box
machined in a copper-steel plate bonded by the explosive
method [2]. In the SS-FSJS, the joint is made by soldering
with PbSn the two copper soles of the joint boxes as in the
TFMC inner joints (but with an intermediate copper
wedge) [2]. In the TFMC-FSJS, the joint is made by
welding (with electron beam) copper pins to both copper
soles as performed in the TFMC outer joints [3].

TABLE I
CONDUCTOR CHARACTERISTICS

Strand diameter (mm)
Number of Nb^Sn strands
Superconducting strand type
Copper non-copper ratio
Number of pure copper strands
Cable twist pitch (mm)
Local void fraction (%)
Central spiral (id x od) (mm)
Cable diameter (mm)
Jacket outer dimension (mm)

SS-FSJS
0.81
1152

internal tin
1.51

0
440
36.5

lOx 12
38.7
• 51

TFMC-FSJS
0.81
720

internal tin
1.51
360
440
36.5

10 x 12
37.5

0 40.7
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III. JOINT TEST RESULTS TABLE II
JOINT EXTENDED OPERATIONS

A. DC Tests

Under a given applied magnetic field (Bapp|ied) and at
4.7 K, the sample current (IFSJS)

 w a s ramped step by step up
to a given final value, then the temperature was increased
generally up to the quench of the joint (see Table II). The
voltage appeared to be quite uniform (at ± 5%) along the
sample and the joint DC resistance has been calculated from
the voltage drop measured at mid sample. Calorimetric
measurements have confirmed these electric measurements
but are less accurate. We have plotted in Fig. 1 the joint
resistances as functions of the maximum field Bmax on the
joints, which is consistent with the joint "active part"
location and thus allows to well include points obtained
without external field (Bmax < 2 T). It can be seen in Fig. 1
that the magneto-resistance is purely linear for each sample
which shows no decohesion of strands on the copper soles
as the Lorentz force increases. The resistance laws can be
written as follow (Rj is in nQ, Bmax is in T, IFSJS is in kA) :

Rj (SS-FSJS) = 0.54 + 0.10 Bmax

Rj (TFMC-FSJS) = 1.63 + 0.11 Bn

Bmax = Bappiied + 0.0164 IFSJS

(1)

(2)

(3)

The result obtained on the SS-FSJS is well in line with
those expected for ITER joints from tests on subsize
joints [1], [4]. It can be noticed that the origin resistance (at
Bmax = 0) is about three times higher in the TFMC-FSJS
than in the SS-FSJS, while a factor around 1.7 can be
expected from the difference in the number of
superconducting strands (see Table I) and from the effective
area of the electron beam weld. This result has been
attributed to a degradation of the contact between the
strands and the copper soles during the EB process due to
possible oxidation and/or surface deformation, and/or lost
of compressive stress, but none of these hypotheses has yet
been validated.

1 2 3 4 5 6 7 8 9

Maximum magnetic field : Bmax (T)

Fig. 1. Joint DC resistances at 4.7 K (electric measurements)

Bappliol (T)

5.5
6.7
9.0

4.5
5.5
6.7
7.4

IFSJS (kA)

99
87
68

80
80
70
45

T,im (K) Tcs (K)
SS-FSJS

8.1
7.5

8.3
7.7
6.6

TFMC-FSJS
6.7
5.5

<5.0
6.0

8.8
7.9
7.5
8.0

R«/Rlin

1.02
1.01

1.07
1.06
1.11
1.09

TQ(K)

>9.2
>8.7
8.3

9.5
8.3
8.1
9.4

When the inlet temperature increases the joint resistance
first remains constant (up to T|im) then increases up to the
quench of the joint (at Tq). We have reported in Table II the
value of Tiim, then the ratio Rcs/Riin of the joint resistance to
the value plotted in Fig. 1 at the expected temperature of
current sharing Tcs (calculated from strand properties at Bmax

and for a strain e = -0.75% in the Nb3Sn filaments), and
finally the value of Tq (average temperatures in the joint).

It can be seen in Table II that both joints were able to
operate at their theoretical current sharing temperatures with
only slight increases of the joint resistances, and that the
quench temperatures were still higher. Comparing the two
samples, the TFMC-FSJS appears again degraded which is
in relation with its higher relative resistance and could be
due to a more uneven current distribution among strands.

B. Pulsed Field Tests

For the SS-FSJS, only single trapezoidal pulses were
used, then direct measurements of the magnetisation
relaxation time constant have led to a value : t = 2.5 s, while
the calorimetric method (helium enthalpy increase) has led
to a much lower value : T = 0.44 s. The latter gives a loss
(per unit strand volume) time constant of: nx = 2.2 s.

For the TFMC-FSJS, sinusoidal waves with amplitude
±0.1T were applied during 70s to the joint. Loss power
was measured by calorimetry (helium temperature increase).
We have plotted in Fig. 2 the loss per cycle as function of
the wave frequency, for background fields of 1 T and 6 T.
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TABLE III
VALUES OF TFMC JOINT MODEL PARAMETERS

100

B(T)
1
6

fit from experiment

T(S)
0.36
0.45

V (cm3)
510
135

nx(s)
1.10
0.36

expected values [4]

ntc (s)
1.9
1.9

niE (S)

7.7
2.4

M(s)
9.6
4.3

Assuming a system with a single time constant x, the loss
can be theoretically calculated, including hysteresis loss in
Nb3Sn filaments [5]. We have fitted the experimental results
of Fig. 2 by adjusting x and the associated volume V in our
model (see Fig. 2 and Table III).

Note that nx is defined in the usual way from the loss per
unit strand volume (i.e. for 334 cm3), with n = 2.

The good fit at 1 T (up to lHz) is rather surprising since
the loss is expected to come from a combination of the
coupling currents in the cables and of the eddy currents in
the copper soles (with respectively associated nxc and nxE as
well as total nx given in Table III). It can be seen in this
table that the measured losses are much lower than expected
and that the decrease at 6 T comes from a decrease of V
instead of x. For coupling loss, higher interstrand resistance
can be invoked associated with current saturation at 6 T. For
eddy current loss, higher copper RRR can be invoked.
However, only transient regimes with strong shielding effect
due to magnetic coupling could explain such results.

IV. CONDUCTOR TEST RESULTS

A. DC Tests

By lowering the sample in the SULTAN field, the critical
current of each conductor leg could be measured. The
voltage drop over one cable twist pitch length centred in the
high field was measured and the same criterion as the one
used for strand critical current (i.e. 0.1 (iV/cm) has been
retained. The results are presented in Fig. 3 and in Fig. 4
(see Ic_exp). Measurements were performed either with
increasing temperature or with increasing current.
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Fig. 3. Critical current of SS-FSJS conductor (both legs)
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Fig. 4. Critical currents of TFMC-FSJS conductor (right leg)

Note that for the SS-FSJS the two legs were very similar
while for the TFMC-FSJS, the left leg was about 6% lower
in critical current.

We have plotted in Figs. 3 and 4 the curves expected
from strand properties (see Ic_th), at the peak field on the
sample (including self field), and for the expected strain in
Nb3Sn (i.e. e = -0.65% in the SS-FSJS, and £ = -0.60% in
the TFMC-FSJS). It can be seen that the critical currents of
the first sample are above the theoretical curves which looks
normal because the peak field is located only on a small
area of the cable. On the other hand, the TFMC conductor
reached hardly the theoretical curves, which has been
explained by a poor uniformity of the current distribution
among strands due to the joint (see sec. III.A).

Only a few quench experiments were performed on the
SS-FSJS, they generally led to quench currents about 10%
in excess of the critical currents. On the TFMC-FSJS, every
test was continued up to quench and the results are reported
in Fig. 5 (see Iq_exp).

It can be seen in Fig. 5 that all the quench points lie
above the theoretical critical currents (idem for the left leg)
and that they are well above the experimental critical
currents (see Fig. 4). This result tends to show that there is
no degradation in term of transport current capability but
rather a premature current transfer due to the proximity of
the joint thus leading to low critical currents.
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Fig. 5. Quench currents of TFMC-FSJS conductor (right leg)
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B. Pulsed Field Tests

On the SS-FSJS single trapezoidal pulses were used, then
magnetisation relaxation time constant have led to a value :
T = 30-80 ms, while the losses calculated from the area of
the magnetisation loop have led to : nx = 51 ms.

For the TFMC-FSJS the same method as for the joint was
used and the results are plotted in Fig. 6. Using again a
simple model, one get there : nx = 5.4 ms (see Fig. 6). It can
be seen in this figure a clear increase of the loss when a
transport current flow through the cable at 6 T, this
phenomenon which appears as an apparent increase of the
hysteresis loss is certainly due to the saturation of current in
several strands. In the model, they have been simply
replaced by an increase of 0.82 J/cycle (left leg) and of
0.55 J/cycle (right leg). Since x is quite low, this saturation
effect must be certainly associated with a strongly uneven
current distribution among strands in the cable.

Some direct measurements of the relaxation time constant
were performed on the TFMC-FSJS legs too, values of
x = 50-100 ms were observed, which again appear quite
high compared to the value obtained with calorimetric
measurements.
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Frequency (Hz)

Fig. 6. TFMC-FSJS conductor : pulsed field losses (left leg)

V. DISCUSSION

Experiments seem to show the influence of the joint on
the conductor critical current measurements. This is not
surprising since the high field region is located very close
(about 17 cm) to the joint which determines current
distribution among strands, and in which main current
transfer occurs. Such results show the difficulty to
extrapolate sample results to a real ITER coil in which peak
field region is located very far from the joints. On the other
hand, considering the quench current appears rather not
reliable and optimistic, indeed the quench is a thermal
instability depending on operating mass flow rate, pressure,
and above all on conductor length under high field (due to
heat accumulation along length).

We have developed a model based on an electrical
network, taking into account a realistic current distribution
among strands, the self field of the sample, and interstrand
resistances [6]. The interest of such a model is to get
intrinsic values of parameters from the SULTAN tests for
further extrapolations. The first simulations performed with
this model have given a value of £ = -0.588% in the SS-
FSJS conductor but have shown that experimental V(I)
curves cannot be fully found with only one constant value of
the interstrand resistance (i.e. it should increase as current
transfers) which can be explained by the cable multistage
structure.

VI. CONCLUSIONS

The tests of the first two European full-size conductor
samples for ITER have confirmed the good behaviour of the
EU joint design for the ITER coils. For the SS-FSJS joint,
very good results well in line with the subsize joints have
been obtained, while the relative degradation observed on
the TFMC-FSJS joint has been attributed to the electron
beam welding of the copper soles. As the former joint is a
model of the TFMC inner (high field) joints and the latter is
a model of the TFMC outer (low field) joints, we can be
confident in the good behaviours of the coil joints.

The SS-FSJS conductor exhibited quite high critical
currents in agreement with basic strand properties, while the
TFMC-FSJS conductor showed again some relative
degradation which has been explained by the effect of the
joint. On the other hand, high quench currents have been
found on this sample. Extrapolation to a real ITER coil is
not straightforward and requires a complex model which is
yet under improvement.

The pulsed field losses measured by calorimetry under
sine waves have been found to be much lower than expected
and than measured previously, as well for the joints as for
the conductor legs. Although the measurements seem to be
correct, further investigation will be needed to cross-check
these values.
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Abstract—The European Home Team is responsible for the
design, the fabrication and the test of the Toroidal Field
Model Coil (TFMC) of the ITER project. Within this task,
three full-size samples have to be fabricated in industry and
tested. Each sample is made of two parallel straight bars of
full-size conductor, connected at bottom through a joint
designed according to the EU proposal for the ITER coils, and
having at top two connections for the test facility. The first
sample uses an ITER type Nb3Sn cable-in-conduit embedded
in a thick steel square jacket, the lower joint being similar to
the inner joints of the TFMC. The second sample uses the
TFMC conductor which is an ITER type NbjSn cable-in-
conduit embedded in a thin steel circular jacket, the lower joint
being similar to the outer joints of the TFMC. Last, the third
sample will use the same cable embedded in a thin incoloy
jacket, fully relevant to the ITER TF coils. This paper reports
on the fabrication by Ansaldo of the first sample,
emphasizing the differences between the original design and
the final design produced after preliminary trials, as well as
pointing out the main technical issues.

I. INTRODUCTION

The European design proposal for the ITER joints has
been based on extensive work carried out on subsize joints
fabrication and tests as well as on theoretical modeling [1],
[2]. The joints of the TFMC have been designed according to
this concept [3]. Within the TFMC program, three full-size
samples have to be fabricated in industry and to be tested in
the SULTAN facility (Villigen, Switzerland) under DC
operation. The first sample must be also tested in the PTF
facility (MIT, USA) under AC operation. The first sample,
the name of which is the SS-FSJS, uses an ITER type Nb3Sn
cable-in-conduit embedded in a thick steel square jacket, the
lower joint being similar to the inner joints of the TFMC.
This sample is now under completion at Ansaldo and should
be tested during fall 1998 in SULTAN.
A detailed presentation of the joint and FSJS concepts can be
found in [1]. The joint design is based on the use of a joint
box machined in a copper-steel plate fabricated by explosive
bonding. The cable is then compacted inside this box after
having removed all resistive barriers from the strands to be in
contact with the copper sole. The box is welded to the
conductor jacket and is closed by a welded cover which is
used to keep compression on the cable. This assembly which
constitutes a half-joint is always kept in place during and after
heat treatment. The connections to the superconducting
cables are made through the copper soles.

copper soles copper soles-

^'/

Lower joint Conductor bars ' Upper joints

Fig. 1. General sketch of a EU full-size joint sample

The sample is composed of two conductor bars connected
at one end by a joint (the two copper faces soldered with
PbSn) called the lower joint, to be tested (in vertical
position), each bar having at the other end a half-joint (called
the upper joint) for connection to the facility bus bars (see
Fig. 1). All joints have been fabricated according to the same
concept for sake of simplification.

II. THE SS-FSJS CONDUCTOR

The main features of the conductor used in the SS-FSJS
are given in table I. The cable was fabricated by Europa
Metalli (Italy) and the jacketing was performed by Ansaldo.

III. PRELIMINARY R&D WORK

A. Modifications of the basic design

Before having performed any development in industry, a
few modifications had to be introduced in the SS-FSJS
design compared to [1]. The first changes concern a slight
increase of the sample length and an updating of the sample
instrumentation following the ITER Joint Coordination
Group meeting held in Boston on November 1995. The
second changes were introduced after a mechanical analysis
performed by CEA has shown that the overall stiffness of the
initial joint was not sufficient to sustain the high exploding

TABLE I
SS-FSJS CONDUCTOR CHARACTERISTICS

Manuscript received September 15, 1998

Number of Nb:,Sn strands
Superconducting strand type
Strand diameter (mm)
Number of pure copper strands
Subcable twist pitches (mm)
Cable twist pitch (mm)
Local void fraction (%)
Central spiral (id x od) (mm)
Cable diameter (mm)
Jacket size (mm x mm)

147

1152
EM. internal tin

0.81
0

25 - 54 - 95
440
36.1

lOx 12
38 7

5 1 x 5 1
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electromagnetic force applied in the SULTAN facility. Indeed
the depth of the weld between the steel cover and the steel-
copper box had to be increased up to 5 mm, and the
thickness of the clamp plate had to be increased up to 3 mm.
This 2-D calculation was performed for a force of 500 kN/m
on each half joint which corresponds to a transport current of
50 kA under a 10 T field, although in reality the current
decreases linearly down to zero along the joint length. It
should be noted that such a constraint is specific to the
SULTAN facility and does not exist in the ITER magnets
because of a different joint orientation.

B. Preliminary R&D

Preliminary trials were performed by Ansaldo on mock-ups
in order to qualify the manufacturing process and to optimize
the final dimensions of few pieces used in the fabrication of
the joints of the SS-FSJS.

/; Jacket removal at cable end: The solution retained by
Ansaldo to remove the jacket at each cable end has been first
to machine the jacket to a round shape 47 mm in diameter,
then to saw the jacket up to the cable wrapping, and finally
to mill longitudinally the round jacket.

2) Wrappings removal: In order to ensure the best
electrical contact between the superconducting strands and the
copper sole, the cable wrapping is fully removed along the
connected length and each subcable wrapping is then cut only
on the external face of the cable to come into contact with the
copper sole. This operation was successfully performed on
termination mock-ups by using small scissors.

3) Cable end cut: In order to eliminate the risk of tin leak
at the cable end during the reaction heat treatment, Ansaldo
has chosen the nickel plating of the cable end over about a
10 mm length. This process was tested successfully on a
superconducting cable end heat treated to 650°C. The strand
pinching operation (as suggested by CEA) was judged time
consuming by Ansaldo, while the welding (as performed by
the US HT) was eliminated because of the risk to choke the
helium flow in the cable annulus area (in relation with the use
of a plain inner helium tube as described in sec. III.B.5). On
the other hand, the nickeling may lead to a degradation of
copper quality during the heat treatment (by formation of
CuNi), but this is not a problem in the SS-FSJS joint box
since the cable dead length is about 25 mm at the cable end,
for another reason (see sec. III.B.5).

4) Chrome removal: The chrome removal from the strands
at the cable periphery, on the area to be in contact with the
copper sole, was decided after the previous R&D tests on
subsize joints by CEA. This operation was initially foreseen
to be performed by sand blasting as it was on the subsize
samples [ 1 ]. However, after some tests performed by Ansaldo,
the risk to have residual sand inside the conductor led to
explore other processes. The metallic brush abrasion process
was finally retained by Ansaldo as more suited to industrial
practice than the electrolytic reversal chrome process as used
by the US Home Team.

5) Compaction tests: Compaction tests were performed to
assess the needed compaction force, the final geometries of the
box and cover as well as the cable cross section deformation
to reach the target local void fraction of 25±1% in the joint
regular cross section. From preliminary' tests performed on
200 mm long mock-ups using dummy superconductor, steel
box and steel cover, the central spiral had to be replaced by a
thick 6 x 1 2 mm plain steel tube in the compacted area to
avoid any buckling during the compaction process.
Moreover, this tube will also ensure the same helium flow in
the annular area of the cable as in the regular conductor,
although the void fraction is much lower in the joint. After
analyses of several cross sections of the first compaction test
performed in a full size joint copper-steel box with a real
cable, the cover design was slightly modified to increase the
effective contact area between strands and copper sole, and a
preliminary heat treatment (300°C during 24 hours) was
introduced to soften the copper sole. After a new test
performed on a compacted cable, it was shown that the
nickeling of the strands at the cable end could lead to a risk of
closing the helium entrance in the annular area of the cable. In
order to avoid this risk, the central tube is cut about 25 mm
shorter than the cable end. A final compaction test was
performed on a TFMC joint mock-up (very similar to the
SS-FSJS joint) to qualify the design modifications and to
verify the needed force of 200 tons for the compaction. Fig. 2
shows a regular cross-section of this mock-up where it can be
seen the good contact between strands and copper sole (at
bottom).

6) SS-FSJS mock-ups: A first mock-up of the SS-FSJS
termination was manufactured according to the final joint
design and using the same tooling as the SS-FSJS. The
results of this trial was unexpected: the side walls of the
copper box opened during the compaction, which was shown
to come from the new softening of the copper sole (see
above). Thus the tooling of the SS-FSJS had to be modified
in order to give a better mechanical holding of the side walls.
Finally, a new SS-FSJS joint mock-up was fabricated in
parallel with the real SS-FSJS manufacture.

Fig. 2. Regular cross-section of the TFMC joint mock-up



The compaction process was first performed successfully on
this mock-up before application to the four joint boxes of the
SS-FSJS. This mock-up will be chopped later to check its
joint cross-section.

IV. FABRICATION OF THE SS-FSJS

A. Preparation of the conductor bars

At each end of the two conductor bars the termination was
prepared according to the operations qualified during the
R&D phase (see sec. II1.B). Fig. 3 shows the conductor end
in the joint box with the helium flows mixing chamber (1 cm
long) at the box end. Each bar with its copper-steel joint
boxes welded at both ends was mounted on its assembly
beam used for the compaction process and kept in place
during the heat treatment.

B. Heal treatment

Before the heat treatment, a leak test was performed on
each leg. A small leak was detected in one leg at the weld
between jacket and joint box. It was not possible to repair
this leak without dismantling all the compaction tool.
Therefore, the heat treatment was performed with this leak,
since it was estimated to have negligible effect on the argon
flow. In order to increase the overall stiffness of the heat
treatment beam, the two legs and their beams were linked
together symmetrically by using steel wedges. Both SS-
FSJS legs were heat treated at once together with the first two
pancakes of the TFMC and with the SS-FSJS mock-up.
During the heat treatment, argon atmosphere (at 1.1 bar) was
ensured in the oven, while argon was flowing (0.4 1/min.)
through each leg of the sample. The temperatures at several
locations in the oven, on the TFMC pancakes and on the SS-
FSJS legs were recorded during the whole thermal cycle. At
the very end of the plateau at 340°C, a failure of the oven
required interrupting the heat treatment and unloading the
oven for repair. After repairing, the oven was loaded again,
and the heat treatment was completed. The O2, H2O and
organics contents were recorded at the argon exhausts, and
inside the vessel atmosphere. The final heat treatment
included a plateau at 450°C for oil outgassing. The total heat
treatment was therefore as follows:

100hat210°C
24 h at 340°C
50 h at 450°C
200 h at 650°C

C. After Heat Treatment

1) Assembly of the two bars: After heat treatment, the two
legs were dismantled from their heat treatment beams. It was
found that all the termination boxes exhibited a bending
("banana" shape) added to an angular deflection between the
termination and the conductor. Such deformations were also
observed on the SS-FSJS mock-up as well as on the TFMC
pancake terminations. The origin of these deformations,
which very likely occurred during the dismantling of the legs
from their heat treatment beams, is not fullv understood.

Fig. 3. Conductor end in a joint box

The angular deflections were certainly created during the
welding of the conductor jacket to the joint box, which
explains the large scattering of these deformations. Indeed, it
was shown later, during the fabrication of the second sample,
that this operation requires great care to avoid applying
asymmetric deformations. The bending of the joint box can
be partly attributed to residual stress in the longitudinal deep
weld between cover and joint box (see sec. III.A), as it was
shown during the fabrication of the TFMC joints where the
bending has been reduced by 50%. A part of this bending
could be also due to the differential thermal contraction
between steel/copper and the Nb^Sn cable during the cool
down from 650°C to 20°C, associated with the difference in
stiffness between steel and copper. This phenomenon was not
observed on subsize joints about 1/7 in section and about 1/3
in length [2]. The average deflection due to bending is about
4 mm at the box end, when it is only 1 mm at mid-length.

The box deformations were too large to be compensated
simply by a machining of their copper soles (2 mm extra
copper thickness was kept on each box), so corrective actions
had to be added to this machining. Since the exact origin of
the deformations has not been fully clarified, it was decided to
apply less extra strain to the superconducting cable,
particularly in the lower joint vicinity, where maximum
magnetic field will be applied. The solution has been to use
counter welds on the conductor for the most deformed upper
joint to recover an acceptable linearity with regard to
conductor direction (see Fig. 4). and to insert in the lower

Fig. 4. Upper joints of the SS-FSJS (before final machining)
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Fig. 5. SS-FSJS lower joint after soldering of the copper wedge

joint a tapered copper wedge (8 mm maximum thickness,
Cue 1 annealed) in between the copper faces (see Fig. 5). The
extra thickness to be removed on the upper joints was also
increased up to the maximum value possible (i.e. limited by
a minimum copper thickness of 2.5 mm, see Fig. 2).

2) Soldering of the lower joint: The lower joint (to be
tested) consists in fact of two joints to the copper wedge. The
soldering operation was performed almost as planned for a
regular joint. After having tinned the four connected faces and
brushed them with Fontargent™ flux, PbSn foils (0.3 mm
thick) were inserted in between the connected faces, then the
whole joint was heated up inside a pressing tool, the faces in
vertical position, just at the liquefying temperature. Extra
solder was removed from the joint with a brush (see Fig. 5).
The quality of this solder was controlled by X-ray
examination which showed effective soldered areas of 96% on
one face and of 97% on the other face, the equivalent overall
soldered area for the whole joint being then better than 90%.

3) Final assembly: Because of the over-thickness of the
lower joint and of the angle made by the lower terminations
(see Fig. 5). the joint boxes had to be machined so as to
assemble the joint clamps. In order to respect the sample
width required in the SULTAN test well while keeping the
maximum strength of the clamps, ti.is machining was
performed following two stairs along the joint boxes (first
stair over 1/2 length, second stair over 1/4 length). At the
end of the joint (over 1/4 length), steel plates will be simply
welded to the box sides. Then the copper soles and one side
of the upper joint boxes were accurately machined to enter the
SULTAN tolerances between the two current leads of the
superconducting transformer

The different clamps along the joint sample were finally
tightened to check the good alignment between lower joint,
conductor bars, and upper joints.

After a last verification of the sample geometry' (to fit into
the SULTAN test well), the instrumentation will be
installed. This system contains not less than 20 voltage taps.
12 temperature sensors. 8 Hall probes, 4 Rogowski coils, 6
magnetization pick-up coils. 2 ohmic heaters.

V. CONCLUSIONS

The first EU full-size joint sample (SS-FSJS) is the first
full-size prototype of joint fabricated in Europe for ITER. It
has been fully built in industry according to a design issued
by CEA directly from subsize joints fabrication and tests.
The key point of this joint is the use of a copper-steel box
(machined into a plate made by explosive bonding) in which
the cable is compacted. The box is then closed by welding a
steel cover and this assembly is kept in place during the
whole fabrication (including heat treatment). Preliminary
R&D work carried out in industry was needed to qualify
fabrication processes as well as to optimize the final
dimensions of a few pieces.

The main technical issue has been the deformation of the
joint box observed after heat treatment, which caused trouble
in assembling the two sample bars as well as in achieving the
SULTAN tolerances. The origin of this bending is not fully-
understood and may be attributed to residual stress in the
deep weld between the joint box and its cover, and/or to
differential thermal contraction between steel-copper and
NbjSn cable. The SS-FSJS has been successfully assembled
by using counter weids on a conductor bar close to one upper
joint, a copper wedge in the lower joint, and an accurate final
machining to recover the required overall dimensions. In the
next sample (TFMC-FSJS). a preliminary deflective counter
angle has been introduced between the joint boxes and the
conductor in order to limit the bad effects of the bending so as
to recover a correct copper sole geometry with a simple
machining of each copper sole after heat treatment.
Nevertheless the problem will need some further investigation
to be fully mastered.

The fabrication of the SS-FSJS should be completed by
the end of September 1998, and this sample should be tested
in SULTAN in October 1998.
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Abstract — The feasibility of the superconducting coils of the
International Thermonuclear Experimental Reactor (ITER)
Toroidal Field (TF) magnet will be demonstrated by the
manufacture and test of the Toroidal Field Model Coil (TFMC).
This model coil uses a Nb3Sn conductor, wound in pancakes, the
electrical connection between which is achieved by overlap joints
using the twin-box concept. The development program relies on
the manufacture of three full-size joint samples to be tested in
the European test facility SULTAN at CRPP in Villingen
(Switzerland). Mock-ups have been built to assess design
options. Implementation in the TFMC has been supported by
detailed finite element analyses of the joint area.

I INTRODUCTION

The International Thermonuclear Experimental Reactor
Toroidal Field Model Coil (ITER TFMC) [1] aims at
demonstating the feasibility of the ITER TF magnet in
building a reduced scale coil using a similar conductor and
manufacturing techniques as those foreseen for the full size
coils. One of the main features of these coils is the winding-
pack made of a circular 60 kA cable-in-conduit conductor,
wound into pancakes inserted inside stainless steel radial
plates. The use of a Nb3Sn superconducting strand for the
conductor and of the wind, react and transfer process requires
a specific development for the joints connecting the pancakes
with each other. In order to qualify the applicability of the
solutions developped during the manufacture of the model
coil [2] to the full size coils, the TFMC will be tested at 4.5 K
in the TOSKA facility at FzK in Karlsruhe (Germany) by
operating the Euratom LCT Coil in adjacent position to the
TFMC [3]. In-plane and out-of-plane loading will be
provided by running the coil at the extended performances
(70 kA at TFMC, 16 kA at LCT), submitting the joints to a
combination of tensile load, bending and torsion, which has
required a detailed finite element analysis.

II THE TFMC JOINTS

A. The twin box concept

The main advantage of the twin box concept (Fig. 1),
developed at CEA/Cadarache in the frame of EU R&D
programme [4] lies in the use of a solid copper-steel box
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transverse cross-section of joint assembly

cable joint box weld

helium explosion conductor
injection bonding jacket
chamber line

longitudinal cross-section of joint box

Fig. 1. The twin-box concept

made by explosive bonding .The sequence of fabrication is :
- removal of the jacket and the cable wrapping along one
cable twist pitch length at the conductor end
- insertion of prepared conductor end inside the box bed
welded onto the conductor jacket
- compaction of the cable by pressing the cover
- final closure of the box by TIG welding the cover to the bed
without removing the pressure
- assembly of the joint by insertion of PbSn solder between
the copper faces of the TWO boxes
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- fixture of the joint position by an external clamping.
No solder being introduced inside the cable, this concept
allows the manufacture of half joints at both ends of each
length to be completed before heat treatment. This enables a
helium tightness control to be performed before and after heat
treating each conductor length.
The manufacturing sequence is made the simplest possible to
be easily performed in industry. The copper-steel box is
manufactured by explosion bonding, which garanties a good
quality of the mechanical link between the materials.
The joint performance depends mainly on the strand/copper
sole contact, which must be insured by residual compression
after heat treatment and cooling down and to a least extent on
the effective soldered proportion of the interface area.

No separate cooling is necessary for the joint : a tube
welded to the joint box end opposite to the conductor
provides helium inlet or outlet. An injection chamber located
at the cable end inside the box allows for distribution of
helium inside the cable area and in the central
channel.

TABLE 1
TFMC JOINTS MANUFACTURE

busbars

.inner leg

outer leg

stainless steel casing

outer,
joint

.inner
joint

stainless steel radial plate V pancake

Fig. 2 The TFMC Joints

Joint type Number of joints Manufacture phase
Inner joints
outer joints
busbar joints

double pancake
winding-pack

coil

B. Inner and Outer Joints

The TFMC is racetrack shaped and all the joints are located in
one straight leg (Fig. 2). The winding-pack is formed by the
assembly of five double pancakes (DP).Each double pancake
is buiit by inserting one conductor length in grooves
machined on each side of a stainless steel radial plate.These
two pancakes, belonging to the same double pancake, are
connected together by an inner joint, linking the two
innermost turns of the pancakes. The insulated double
pancakes are then stacked together to form the winding-
pack.Each double pancake is connected to the adjacent
double pancake by two outer joints linking the outermost
turns of the pancakes. As well inner as outer joints are
embedded inside the ground insulation. Each of the two side
double pancakes have one pancake connected to one of the
busbars, outside the casing inside which the winding-pack is
inserted. The use of a NbTi conductor for the busbars makes
necessary an adaptation of the manufacture for these joints. A
summary of the TFMC joints is given in Table I.

Ill THE DEVELOPMENT PROGRAMME

A. The Full Size Joint Samples (FSJS)

The development program of joints for ITER in Europe
relies on the manufacture and test of 3 FSJS. This programme
is complementary to the manufacture and test of the TFMC.
These samples are manufactured in industry by the companies
involved in the manufacture of the TFMC.

/; The Stainless Steel Full Size Joint Sample (SS-FSJS)
The first sample being manufactured uses a square jacketed
conductor, similar to that used in the manufacture of the
Central Solenoid Model Coil (CSMC), but built with a
316LN stainless steel jacket instead of an incoloy 908 jacket.
The SS-FSJS is constituted by two straight conductor legs,
linked together by a lap joint using the twin box concept.
Each leg is connected at the other end to the busbar by a lap
joint using a similar design. The overall length of the sample
is 3.45 m, including 2 x 0.63 m for the joints. Each leg has its
own cooling circuit and each busbar joint also has its own
cooling circuit, in order to allow testing of the sample at
higher temperature than 4.5 K to be performed. The cable
diameter is 38.7 mm and the outer dimensions of the jacket
are 51 mm x 51 mm. The overall dimensions of the joint box
are 51 mm x 64 mm x 630 mm, using a final copper plate
thickness of 13 mm. Both legs are fixed together by a
clamping system installed around the conductors. The sample
will be tested up to nominal current (60 kA) in vertical
position in an external transverse field up to about 8 T. The
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instrumentation includes voltage taps along both legs,
temperature sensors at helium inlets and outlets, Hall sensors,
pick-up coils, as well as ohmic and inductive heaters. This
sample is manufactured by Ansaldo and should be delivered
to CRPP by December 1997 to be tested in SULTAN in
January 1998.

2) The Toroidal Field Model Coil Full Size Joint Sample
(TFMC-FSJS)
The second sample to be manufactured uses pieces of the
actual TFMC conductor. All the developments achieved
during the SS-FSJS manufacture will be applied and adapted
to the manufacture of this TFMC-FSJS, which will allow to
test as well the TFMC conductor as the joint performances. It
has been decided to follow the general design of the SS-FSJS
and to implement in this sample the specific features of the
TFMC outer joint. In order to allow the winding-pack
assembly to be performed independently from the
manufacturing tolerances of the double pancakes, the outer
joint design incorporates a key system in the joint interface as
well as a specific clamping system (Fig. 3). The foreseen
manufacturing sequence of this joint is the following :
- glass-cloth is inserted in the joint interface, between the two
copper faces of the joint boxes, as well as between adjacent
double pancakes, so as to allow for assembly whithout
imposing deformation of the conductor ends
- the assembly is then impregnated under vacuum, so as to
fix the relative position of the joint boxes and of the double
pancakes
- cylindrical holes are then drilled along the joint interface
and filled with a set of copper pins
- soldering is then performed
- aluminium clamps are inserted and welded around the joint
box assembly : the thermal differential contraction between
aluminium and steel or copper will provide transverse
compression after cooling down. The same instrumentation as
in the first sample will be installed. This sample is
manufactured by Ansaldo and GEC Alsthom. The completion
is scheduled in June 1998 for testing in the SULTAN facility
in July 1998.

3) The Toroidal Field Full Size Joint Sample (TF-FSJS)
The third sample is similar to the TFMC-FSJS, but will use an
incoloy 908 jacketed conductor, to be fully relevant to the
ITER TF magnet, which uses a 60 kA conductor with an
incoloy 908 jacket. The TF-FSJS will use for the joint an
incoloy/copper box, avoiding so incoloy-steel welding for the
connection of the box to the jacket. It will be equipped with
the same instrumentation as the first two samples. The
manufacture by Ansaldo is planned in September 1998, after
completion of the explosive bonding tests of incoloy-copper
by CEA, and the testing by CRPP in October 1998.

B. Preliminary tests

Following the experience gained during the manufacture of
subsize joint samples and their tests in the JOSEFA facility at
CEA/Cadarache [5], complementary tests with several scaled
mock-ups have been performed before starting the
manufacture of the first full size joint sample.

double pancake

Ualuminium clamp

copper pin
copper sole

joint box

Finnrp 0. • TFMH OUTER JOINT
Fg. 3 The TFMC outer joint assembly (GEC Alsthom)

1) box/jacket welding
Pieces of stainless steel, machined as a joint box, have been
TIG welded to dummy conductor jacket. Temperature sensors
installed inside the jacket showed that the temperature
reached on outer strands during the operation was kept below
200°C.X-ray examination of the weld showed that no crack
occurred after 10 cycles immersion in LN2 bath and warming
up to room temperature.

2) conductor end preparation
Reliable procedures have been established for jacket

removal, wrapping removal, chrome coating removal, strand
end closure through several tests on small conductor samples.
Jacket removal starts by orbital machining of a groove
followed by longitudinal machining on both sides of a
diameter and ends by cutting the remaining material so as to
open the jacket in two halves. Cable and subcable wrapping
removal is performed successfully by using small scissors.
Chrome is removed with a hand electrical brush instead of
sand jet or chemical abrasion initially foreseen. Closure of
strand ends is achieved by nickel coating, prefeired to
pinching or TIG welding investigated in a first time.

3) joint compaction
Several compaction tests have been performed on samples to
investigate the achieved void fraction inside the cable. It
turned out necessary to replace the inner spiral by a 3 mm
thick stainless steel tube along the whole joint length to
prevent it from collapsing during compaction. The cross-
section analysis performed on cut out pieces from a mock-up
built by Ansaldo (Fig. 4) with relevant conductor and box
showed a scattering of void fractions among the subcables
(from 23.5 % up to 26.8%). A correlated observation was a
lower number of strands directly in contact to the copper sole
than expected. Thus the cover shape has been modified so as
to homogenize the pressure on the copper sole. In addition, a
preliminary heat treatment (300°C, 27h) of the joint box has
been included in the manufacturing sequence, providing some
annealing of the copper to ease the printing of strands into the
copper sole. Under these conditions, we can expect about
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Fig. 4 Compaction mock-up cross-section (Ansaldo)

52% of the total strands to be in contact with the copper sole
which is slightly above the maximum ratio of operating
current to critical current (48%) in the TFMC, which is the
criterion to meet owing to the proximity of the high field
point to the joint area.

4) joint soldering
Tests carried out as well by Ansaldo as by GEC Alsthom to
qualify the soldering procedure showed that satisfactory
results can be achieved (over 90% surface covered) by
performing the operation with the interface plane in vertical
or inclined position.

C. Mechanical analyses

The analyses of the TFMC test configuration showed that the
outer leg of the coil, where the joints are located, will
experience a rather high elongation when both the TFMC and
the LCT Coil will be operated at full current. A detailed local
model (Fig. 5) of the joint area has been built to investigate
more in detail the stresses occuring then in the joint assembly.
Due to the large difference in cross-section area between the
conductor jacket and the joint box, strain concentration is
likely to arise at the junction of the conductor to the box. In
order to overcome this problem, it has been
decided to introduce a sliding surface around the whole
surface of the joint and conductor in this area and to enlarge

i>!i

Vf

von Mises stresses
inside the conductor jacket

(maximum 1028 MPa)
Fig. 5 Joint area finite element analysis (ACCEL)

the distance between the box and the point where the
conductor leaves the groove inside the radial plate. This will
allow for spreading the deformation imposed by the plate to a
larger conductor length.

IV CONCLUSION

The TFMC joints use the twin box concept. Three Full Size
Joint Samples are built as a complementary programme to the
TFMC manufacture. Several preliminary tests have allowed
to qualify the methods to be applied in the manufacture of the
samples and of the TFMC. Finite element analyses have led
to introduce a sliding surface in the joint area to decrease
strain concentration.
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Joint samples made with subsize conductor (scale = 1/7) have been fabricated according to the design
proposed by EU for the joints of the ITER coils and used in the TF Model Coil of ITER which is now under
fabrication in industry. These samples are cooled by a circulation of supercritical helium as a real joint which has
allowed to perform DC resistance measurements with high current (up to 10 kA) and with increasing temperature
up to the quench of the joint. Pulsed field experiments have led to losses measurements showing the effects of the
field variation rate and the temperature, as well as to study the joint cooling under pulsed field. Results of
stability experiments with the joint submitted to a pulsed magnetic field are exposed and compared to usual
theoretical models. At last, extrapolations to the joints for the ITER coils are presented and discussed.

1. INTRODUCTION

The joints of superconducting cables for ITER
coils are special components for which a low
resistance has to be balanced with low losses under
pulsed magnetic field. Moreover, the joints are
supposed to introduce negligible effects on the
working conditions of the conductor in the high field
region of the coil.

The work on joint design for ITER in Europe
(EU) has been based on an extensive program using
subsize samples (scale = 1/7) and an associated
modelling in order to assess rapidly the technical
solution proposed by EU for the ITER joints [1].
The fabrication in industry and the tests of full-size
samples have been initiated as a final step to qualify
the design of the joints of the Toroidal Field Model
Coil (TFMC) of ITER [2]. The tests results of the
subsize joint samples have also fed the data base
needed for the final design of ITER coils joints [3].

2. SAMPLE CHARACTERISTICS

A first set of four subsize samples was fabricated
and tested in helium bath (at 4.2 K) in order to
determine the optimum values of free parameters
used in the design of the joints [1,3]. From this
preliminary study, a final design has been retained
for'the TFMC joints, the priority being put on a low
value of the DC resistance [2]. This design is of the
lap type and makes use of two independently cooled
connecting boxes, each box being machined in a

copper-steel plate welded by explosion, more
information can be found in [1]. Thus two new
subsize samples have been fabricated according to
the TFMC design, they are cooled by a circulation of
supercritical helium in the same way as real joints.
These samples allow operation with a high DC
current (up to 10 kA) and with a high ratio to the
critical current by increasing the operating
temperature up to the quench of the joint. In
addition, effect of temperature on pulsed magnetic
field losses as well as relevant stability tests under
pulsed field can be carried out.

A cross-section of a joint is presented in Fig. 1,
high RRR (= 320) copper sole has been used and the
cable void fraction in the joint box is 20 ± 1 %.

copper sole

steel box \

steel

cable

wedge

steel cover
steel clamp

Figure 1. Cross-section of a subsize joint sample.
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saturation (of coupling currents) effect. The former
limits the loss energy to about 400 J/cycle, while the
latter tends to decrease again the loss, particularly as
the temperature increases because of the decrease of
the critical current density (see Fig. 2).
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Figure 3. Trapezoidal field losses for sample SBy.

For SBy, the calculation shows that the high
value of nxy comes from the extra contribution
(= 12 s) of coupling currents crossing the joint mid-
plane. As for SBx, the loss energy is limited by
shielding and saturation effects, but in addition, flux
jumps (above 0.2 T/s) have led to a drastic limitation
of the loss energy (see Fig. 3).

3.3. Joint cooling

Pulsed field tests have allowed as well to study
the joint cooling under pulse heating. For both SBx
and SBy and for any tests, we have found an
unexpected high time constant for the recooling of
the joint (5 - 15 s range) compared to the transit time
of helium through the joint (< 1 s). At a given
temperature, this time constant decreases as the mass
flow rate or as the pressure increase. In addition,
experiments on SBy have shown that the helium
outlet temperature follows the same evolution as the
copper sole temperature. Several phenomena can
explain such a result:

1. a low heat transfer coefficient between strands
and helium flow

2. a high enthalpy of the material compared to the
helium (so called « train » effect)

3. the thermal expansion of helium which tends to
stop the helium flow during the pulse.

Points 1 and 3 should be encountered at low
temperature (< 6 K) while point 2 should be more
likely invoked at higher temperature (> 10 K). Only
a full modelling of the thermohydraulics using a
computer code could certainly give a complete
answer.

3.4. Stability tests

Stability tests were carried out on both SBx and
SBy with a DC current through the cable and with
the joint submitted to a field ramp from 0 to 2 T
(ramp rates as in sec. 3.2). Note that, as the field
amplitude is given, the only way to adjust the input
(loss) energy is to adjust the ramp rate (see Figs. 2
and 3), thus the time duration of the pulse is
modified as well. The values of the critical energy
(per unit strand volume) of SBx at 10 kA, as a
function of the initial temperature is presented in
Fig. 4. In this figure only the losses given by the
magnetization loop have been used, the losses
provided by the DC power supply have been
neglected. The results obtained with SBy are roughly
the same, except that flux jumps occured in this case,
but they did not lead systemetically to the quench of
the joint.

There are usually two extreme regimes
considered for calculating the critical energy of a
joint, in the first regime it is assumed that the flow
has been stopped by the pulse, then only the local
enthalpy is available to absorb the loss (see (1)),
while the second regime is a steady state with
constant loss power and constant mass flow rate
(see (2)). In both cases, it is assumed that the joint
quenches as soon as the maximum temperature
reaches the current sharing temperature :

E«=] + Emat

m
(2)

where E ^ and E ^ are respectively the helium and
the materials (joint box) contributions to the joint
enthalpy variation between the initial temperature To

and the current sharing temperature Tcs:

= 7 ^ - j 6 C p d T
1 — v J v

(3)
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For the sake of simplification the samples are of
the « praying hands » type as in the ITER Central
Solenoid, they look very similar to the EU full-size
joint sample [1]. The two samples have been
designed identical except for the magnetic field of
the test facility which is oriented along the
x direction for sample SBx, and along the y direction
for sample SBy (see Fig. 1). Helium inlets are
located on each conductor bar, while helium outlets
are located on each joint box, helium is so flowing
through the cable of each joint box as in a real joint.
Details on the test facility can be found in [4].

3. TEST RESULTS

3.1. DC Measurements

DC resistance of the joint under DC magnetic
field has been measured thanks to voltage taps
located on the joint itself and on the conductor bars,
the joint resistance Rj has been calculated from the
average value of these measurements, the results are
reported in table 1.

Table 1
Joint DC
BfD
0
1
2
3.4

resistances (in nQ) for :
R( (SBx)

1.8
1.9
2.1
-

6 < T < 8 K
Rf (SBy)

1.4
1.6
1.9
2.3

The joint resistances have been found to be
independent from current and temperature up to
about 40% of the theoretical critical current. The
values given in table 1 are in agreement with the best
results obtained on previous samples [1]. The test
performed at 3.4 T has confirmed the low
magnetoresistance effect (< 0.3 nfi/T).

Measurements with increasing helium inlet
temperature at constant current under constant field
have led to the quench temperature Tq of the joint.
The experimental values of Tq are given in table 2,
also given in this table are the values of the
theoretical current sharing temperature Tcs of the
cable, calculated for an expected strain e of -0.75%
in the Nb3Sn filaments (fully bonded model).

It can be seen in table 2 that Tq is not far but
systematically lower (about 1 K) than Tcs. However,
it is difficult to draw premature conclusions from
these slight differences because the accuracy on the

Tq measurements is low (± 0.5 K) and also the
theoretical values of the critical current are not really
validated at such low fields.

Table 2
Quench and current sharing temperatures Tq and Tcs

B
(T)
2
2
3.4
3.4

I
(kA)

6
10
6
10

Tg (SBx)
(K)
12.9
12.5

-
-

Tq (SBy)
(K)
12.4
U.8
11.8
10.3

Tcs
(K)
13.5
12.9
12.3
11.6

3.2. Pulsed field losses

Losses of the joints for trapezoidal shaped
magnetic field variations between 0 T and 2 T were
measured using the magnetization technique. The
results are presented in Figs. 2 and 3 for different
operating temperatures.
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Figure 2. Trapezoidal field losses for sample SBx.

When the field ramp rate is low enough, energy
loss is linear versus field ramp rate, then usually a
losses time constant nx (associated with the losses
per unit strand volume) can be defined, and we get
for SBx : nxx = 2.0 s, and for SBy : nxy = 13.2 s.

These values are roughly in agreement with our
previous results and are also more accurate [1].

For SBx, the calculation shows that about half
the value of ntx comes from pure eddy currents in
the copper soles which has been confirmed by a
measurement at 21 K, above the Nb3Sn critical
temperature. The saturation of the loss energy as
dB/dt increases is due to both shielding effect and
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v is the cable void fraction, 8 and Cp are respectively
the density and the specific heat of helium at
constant pressure, rh is the mass flow rate through a
half-joint, xp is the pulse duration, AH is the variation
of helium enthalpy, Vst is the strand volume in a half-
joint.

The values of E ^ , E^ and EKS have been plotted
in Fig. 4, for consistency with experiment Tq has
been used instead of Tcs in these formulas (see
sec. 3.1).
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Figure 4 : Stability test on SBx at 10 kA, 2 T,
0.5 g/s, 0.42 MPa : exp. (measurements), Ethe (3),
Etss (2), Etot (1).

It can be seen in Fig. 4 that the joint behaviour is
closer to the first regime (1) at 6 K while it is closer
to the second regime (2) at 10 K. This result can be
explained by a high helium thermal expansion at 6 K
and its blocking effect on the steady mass flow. To
go further in this analysis would require a full
thermohydraulic modelling in order to calculate the
local mass flow and the local helium temperature
(see sec. 3.3).

4. APPLICATIONS TO THE ITER JOINTS

From the results obtained on the subsize samples,
and using our theoretical model, the performances of
a full-size joint as designed in [1] can be predicted.
The case of the ITER TF coil inner joint, which is
the most demanding one, has been considered here
(values are given at B = 6.6 T) [3].

A DC resistance Rj = 0.7 r£l < 1 n£2 can be
expected when a low RRR copper sole is used,
which satisfies the ITER requirement [3].

The losses time constants (per unit strand
volume) can be estimated to be : nx* = 4.1 s, of
which 2.2 s come from eddy currents in copper soles,
and : nxy = 84 s, for Rj = 1 nQ. The joints are
oriented so that no component of the poloidal field is
along the y direction (see Fig. 1), however the high
value of nty defines a maximum allowable
misalignment angle (= 13°) and leads likely to the
quenches of several joints during the safety
discharge of the TF coils, which is accepted in ITER.
For normal plasma operation, the field ramp rate is :
dBx/dt = 0.23 T/s, which leads to a steady state loss
power of about 90 W/joint, that is below the
maximum value allowed in ITER [3], moreover this
ramp rate is only kept for about 1 s which leads to a
lower loss power because of shielding effects.

The stability of the joints is not a problem in
ITER coils because of the high current sharing
temperatures [3] and this has been confirmed by our
tests results, however the energy input in a joint is
limited by the possible effects on the conductor
located in the high field region, through the helium
flow [3]. Regarding this point, our experiments have
shown that the behaviour of a joint as well as its
interaction with the conductor cannot be predicted
precisely without a full thermohydraulic modelling.

5. CONCLUSIONS

Two subsize joint samples have been fabricated
according to the design proposed by EU for the
ITER coils and used in the TF Model Coil, these
samples were cooled with a circulation of
supercritical helium in the same way as real joints.
The tests results have confirmed within a wide range
of operating conditions the previous results
measured in helium bath and the extrapolations to a
full-size joint give confidence to fullfil the ITER
design criteria. The tests in 1997 of a full-size joint
sample now under fabrication in industry should
confirm these predictions and qualify the EU joint
design for the TFMC.
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Abstract---\n the scope of the Engineering De-
sign Activity (EDA) for ITER (International Ther-
monuclear Experimental Reactor), a R&D task has
been launched in 1993 for development, manu-
facturing and testing of subsize and full size
joints, to be used in the layer-to-layer and pan-
cake-to-pancake connections of the ITER coils. A
set of design criteria and manufacturing choices is
initially agreed as a common basis for the work
carried out in parallel by the four ITER parties
(Japan, European Union, United States, Russian
Federation). The staged work includes variations
of layout parameters in subsize samples, techno-
logical investigations for manufacturing methods
and performance analysis. As a last stage of the
task, full size joint samples, manufactured from
sections of the ITER conductors, are tested in the
PTF and SULTAN test facilities under ITER
relevant operating • conditions.

I. INTRODUCTION

The physical size is one of the most impressive aspects of
the joints: the conductor weight is up to 16 kg/m and the
current is up to 60 kA. Further, the operation in a nuclear
environment sets challenging requirements in terms of
reliability: after activation of the tokamak, there will be no
manned access or repair of the coil components. A failure of
a joint (a leak, a short circuit or a serious malfunctioning)
may require operation to be interrupted for an extended period.

The operating conditions at the joints of the Toroidal
Field (TF) coils, Central Solenoid (CS) and Poloidal Field
(PF) coils [1] are listed in Table I. For the CS, the outlet
joints of the three conductor grades have different sets of data.
For the TF, the operating conditions are reported for the
joints on the plasma facing side (inner) and opposite (outer).

The mass flow rate in each branch of the joint, m, results
from the boundary condition on pressure drop and from the
hydraulic length and friction factor. The magnetic field, B, at
the joint location is much smaller than the maximum field in

TABLE I

OPERATING CONDITIONS AT THE ITER JOINT LOCATIONS

Locaiion

C'Sl

CS2

CS3

TF- inner

TF outer

PF7

B(T)

5.6

4.9

4.4

6.6

3.5
4.6

|4T / S>
0.41

0.34

0.28

0.05

0.13

0.07

B x (T/s)

0.27

0.30

0.30

0.03

0.03

0.09

"i(g/s)

30.5

26.4

24.0

12.6

12.6

14.5

Top (K)

5.8

5.5

5.2

4.6

5.6

5.7

Tcs (K)

12.75

12.23

11.97

11.4

13.5

12.23

the winding pack: as a consequence, the current sharing
temperature, T c s , is much larger compared to the high field
conductor (the operating strain in the joint is assumed to be

the same as in the conductor). The B in normal operation is
reported for the component parallel and perpendicular to the
axis of the conductor at the joint [1]: the duration of the field
change is ~1 s.

During plasma disruptions, fast field transients occur at
the joint locations. The field shape is approximately an
exponential decay, with time constant of -0.3 s: as the time
constant of the joints is larger than 1 s, the steady state
formulae for AC losses give here a very conservative results.

The amplitude AB and time integral of B~ are used in Table
II to qualify the transients at plasma disruptions.

Location

CS joints

TF joints

TABLE II

FIELD TRANSIENTS AT PLASMA DISRUPTIONS

AB± (T)

0.2

0.35

|~ Bldt (T2/s)
0.07

0.2

AS,, (T) l0

0.6

0.55

B^clt (T2/s)

0.6

0.5

II. DESIGN CRITERIA

As a general rule, the ITER joints are designed not to be
the weak link of the coils, i.e. the conductor design should
not be driven by the joint performance. The joints must be
mechanically robust to withstand the same handling loads as
the conductor and to reliably maintain their performance over
long operation time. They must be easy to prepare and
assemble to reduce the manufacturing risk, with well defined,
effective quality control steps. They must withstand the
operating loads with adequate margin, without affecting the
conductor by extra thermal loads.

The layout of the ITER joints is of the lap type: the two
conductor ends are joined side by side as "praying hands'" or
"shaking hands", see Fig.l, depending on the coil geometry
and on the space constraints. The conductor termination is
designed to be individually leak tested before and after coil
assembly: the joints are cooled in series with the conductor,

conductor termination

cable-in-conduit

Manuscript received Auaust 27. 1996. The Disclaimer contained in
ITER Publication Procedures S AC PP 1 93-10-12 W2 applies to this paper

a ^C-— b

F i g . l A s s e m b l y o f t he lap j o i n t s : (a) p r a y i n g h a n d s , (b) s h a k i n g hands
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reducing the number of independent cooling circuits. No
access to the joint locations is foreseen for disconnection or
repair by remote handling tools: the QA procedure and the
tests before assembly are intended to provide a reliable basis
for the joint performance in operation.

The cable structure is kept intact in the termination,
including the central channel and the cable pitches [2]. To
reduce the joint resistance, the cable wraps and the strand Cr
plating are removed from the cable surface facing the joint.
The cable void fraction is reduced from -36% in the conductor
down to 20-25% in the termination, however the Cr plating
is not removed inside the bundle to limit the coupling losses.
The cable space is not filled with solder to improve the heat
exchange and the stability.

The conductor termination is prepared during the winding
(prior to heat treatment for the Nb3Sn conductors). At least
one face of the termination consists of copper and is used as
contact surface for the joint assembly. The length of the
termination is the same as the cable pitch (400-450 mm) to
allow the 6 subcables (i.e. most of the strands) to come into
contact with the copper section facing the joint. The joint is
assembled (after the conductor heat treatment) by soldering
the copper side of the termination. The joint assembly is
clamped to provide compression at the contact surface.

A. Joint Resistance

As the joint is cooled in series with the conductor, the
ohmic power from the joints placed at the Helium inlet
results in a steady state increase of the conductor operating
temperature, ATR. TO limit the impact of the joint resistance
to the conductor temperature margin, ATR is set < 0.05 K.
The criterion for joint resistance, Rj, follows from

+0.05
(1)

where AH is the Helium enthalpy difference between the inlet
temperature, Tjn (assumed 4.5 K) and r,n+0.05 K. The most
severe condition occurs in the TF coils, where the operating
current is the largest (60 kA) and the mass flow rate is the
smallest (see Table I): the joint resistance is RjF < 1.3nQ.

B. Stability

Conservatively, the power, P, deposited in the joint during
a field transient must be transferred to the Helium without
exceeding the current sharing temperature, Tcs, to avoid the
propagation of the current sharing from the termination into
the conductor, eventually producing a conductor quench. If h
is the heat transfer coefficient (conservatively assumed 600
W/Krn^), p is the strand wetted perimeter (in the compacted
termination about 1/3 of the overall strand perimeter, i.e. p =
1 m) and / = 0.4 m is the joint length, the transient power in
the joint (i.e. two terminations) for stable operation is

= 2h(Tcs-T)pl. (2)

At any joint location, (Tcs-TOp) >6.5 K, resulting in P>3
kW/joint: despite the small wetted perimeter, the stability
margin at the joints is much larger than in the conductor due
to the lower local field. The joint is always in current sharing
mode and the current paths are different compared to the
conductor: the criterion of the limiting current [3] cannot be
applied to the joints in the same way as in the conductor.
However, if we were to take the copper cross sectional area in
the conductor, the "limiting current" in the joint for the
above worst case is larger than the operating current.

C. AC losses

To avoid large current loops across the contact surface,
with large coupling loss and an unbalance of the current
distribution, the joint orientation must be such that no pulsed
field component is perpendicular to the plane defined by the
two terminations and the coupling currents loops are confined
to the individual termination. In the case of the TF coils, this
criterion cannot be fully achieved: the orientation which
avoids joint loops due to the poloidal field changes is prone
to induced joint loops in the case of a fast dump of the TF
coils. However, such an event ends in any case with a quench
due to the eddy currents in the radial plates.

According to the stability criterion, a large peak power
from AC losses can be tolerated at the joints. On the other
hand, large losses at the joints placed at the Helium inlet
cause a hot Helium slug which travels toward the high field
section of the winding. The acceptable temperature increase,
ATAC, at the high field conductor due to the AC losses at the
inlet joints is set at <0.2 K (10% of the design temperature
margin for the conductor). The most severe condition for hoi
Helium slug, which drives the AC losses design criteria for
joints, occurs at the TF coils, where the distance from the
joint to the highest field section is only 15 m.

Setting ATAC = 0.2 K, the initial temperature of the hot
slug at the TF joint is estimated in the range of 0.5 K, for
the conservative case where the hot slug is 0.5 m long, i.e.
the Helium is quasi stagnant in the joint: this converts into a
maximum AC power of -100 W/joint on the time scale of
Is. However, this is the result of an analysis which assume
constant speed of the coolant after the joint. Actually the
flow velocity is reduced or even reversed during the field
transients due to the thermal expansion of the Helium in the
winding, compromising the heat removal from the high field
section: as a consequence, the time delay to reach the high
field zone is increased and the "flattening" of the hot Helium
slug is larger than estimated above.

III. R&D RESULTS

Starting from the design criteria, two layouts of conductor
termination have been developed by the ITER Home Teams,
see Fig.2. In one case [4-5], the structural jacket is replaced
by a round copper (or AI2O3 strengthened copper) sleeve,
segmented by CuNi or Monel barriers to reduce the AC
losses. The cable in the termination is compacted by swaging
or by isostatic pressuring. A Monel or Ni piece, welded to
the conductor jacket, provides the transition between copper
and Incoloy. To assemble the joint, a copper saddle piece,
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CuNi barriers

V
Saddle piece Welded compaction lid TABLE III

RESISTANCE RESULTS @ 2 T, 4.2 K FOR SUBSI2E JOINTS

Copper sleeve

Fig.2 Termination layouts: round (A) and square (B)

also segmented by CuNi barriers, is soldered to the round
terminations, see Fig.3.

Alternatively, such as in [6], the termination is a rectan-
gular box, with one side consisting of a copper plate bonded
to the structural box prior to the assembly of the termination
(e.g. by explosive bonding [6], or vacuum brazing). The
material for the termination box is preferably the same as the
conductor jacket. The cable is compacted into an oval shape
by unidirectional loading against the copper plate.

To remove the Cr plating from the strand surface facing the
copper (sleeve or plate), electrochemical and mechanical
methods have been applied. Using reverse electroplating, a
NaOH wet cloth is applied to the cable surface and an
electrode is attached to the cloth: in this way the soaking of
chemical agent in the compacted cable is minimized.

Mechanical methods (abrading by sandpaper or shooting of
glass beads) allow a more selective removal of the Cr plating.
Some of the abraded material and abrading agent may be
trapped in the cable: however, this seems not to compromise
the contact resistance and a further drift of the particles in the
coolant circuit is not likely. The extraction of the particles
from the cable is improved by vibrations and rotating field.

A

B

Fig.3 Assembled CS joints with round (A) and square (B) termination. The
joinl clamps are not shown

Sample
identity

JA-25

JA-30

EU-B1/B4

EU-B2

EU-B3

EU - SBx/SBy*

Copper
RRR

200

200

320

320

5

320

Cable
void

fraction
25%

30%

20%

30%

20%

20%

Bundle-Cu
resistance
(pQm2)

6.3

14.3

5.4/1.8

8.3

3.2

2.1 /1.9

Joint
resistance

(nH)
5.0

8.3

5.3/2.1

8.0

11.6

2.i / i.y

* measured at 6 K

A. Joint Resistance

A number of Nb3Sn subsize joint specimens have been
manufactured and tested in the scope of the European and
Japanese R&D programmes. Selected resistance results at 2 T
are reported in Table III. The joint length is about one cable
pitch, i.e. 160 mm for the European (square termination, 144
strands) and 300 mm for the Japanese samples (round
termination, 192 strands). The test is carried out in a Helium
bath, except for EU-SB (supercritical Helium).

The current density for the test is in the same range of the
full size conductor: the JA samples have been tested up to 15
kA (-0.2 Ic @5 T) without change of the resistance. The
effect of the magnetic field on the joint resistance is -0.6
nQ/T for the JA samples and -0.2 nft/T for EU-SB. No
significant effect of temperature has been observed on the
resistance of EU-SB, tested up to 11 K, 10 kA (i.e. 0.4 Ic @
2T). The scattering of the results measured for samples with
the same parameters (see EU-B1/B4 and EU-SBx/SBy) is an
evidence that the joint performance is not perfectly
predictable.

The key parameter to scale the subsize results to the full
size joint resistance is the transfer resistance between the
bundle of strands and the copper surface, Rs, which includes
the strand-to-copper contact resistance as well as the
intrastrand resistance. The bulk metal resistance (saddle piece,
copper sleeve or plate, soldered layer) can be subtracted from
the overall joint resistance and R§ can be derived multiplying
by internal copper surface facing the cable. To achieve the
design values of joint resistance, Rs must be < 10"^' Q-m^.
The subsize sample results in Table III show that, at cable
void fraction <25%, satisfactory values of Rs can be obtained
even in absence of diffusion bonding between copper and the
strand bundle. In the US R&D work, diffusion bonding has
been observed on round termination compacted at 20% void
fraction. In the frame of the EU and RF work, it has been
found that a steady compressive load at the bundle-copper
interface during the heat treatment, is necessary to obtain
diffusion bonding: however, this would substantially
complicate the fixture for heat treatment.

The joint resistance can be split into the contributions of
bulk copper, soldered layer and bundle-to-copper transfer
resistance: using the geometric data of the conductor
termination and the Rs values in Table III, the full size joint
resistance at the ITER operating conditions is expected in the
range of 1 nCl.
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TABLE IV
AC LOSSES RESULTS FOR SUBSIZE JOINTS

Sample
identity

Copper
RRR

Cable
void

fraction

Twist

pitch
(mm)

nTter
(s)

Energy losses
AB=I.2T, O.lT/s

(J)

JA-25
JA-30
EU-BI
EU - B2
EU-B3
EU - SBx

200
200

320

320

5

320

B. AC Losses

25%
30%

20%

30%

20%

20

270
270

160

160

160

160

1.6
0.7

2.5

1.74

1.75

2.0

17
7.5

10.8

6.5

7.6

8.7

Pulsed field losses have been measured for the subsize joint
assemblies by magnetization and calorimetric methods, with
transversal field in the plane defined by the terminations. The
pulsed field losses arise mostly from the coupling currents
loss in the compacted cable and from the eddy currents loss in
the bulk copper. Two methods are proposed to compare the
AC performance, see Table IV: in one case the overall joint
losses, including the eddy currents loss, are normalized to the
strand volume in the termination, defining a fictitious time
constant ni t e r . Alternatively, the energy losses for a standard
cycle (AB=1.2 T, dB/dt=0.1 T/s), not normalized to the joint
volume, are quoted in the last column of Table IV.

For EU-SBx, the eddy currents loss contribution has been
also measured at T=21 K, above the superconductor critical
temperature, to remove the coupling loss contribution: about
50% of the pulsed field losses in EU-SBx arises from the
eddy currents in the copper plate.

Larger AC losses are expected in the full size joints: the
eddy currents loss scales with the copper volume and with the
square of the copper width. Additional coupling current loops
will occur between the subcables, due to the local bridging of
the subcable wraps by the copper sleeve or plate.

C. Full Size Joints and Test Facilities

As a part of the R&D activity on joints, four joints are
being prepared from two short sections of ITER conductor.
The samples will be AC and DC tested for conductor and
joint performance in SULTAN [7] and PTF [8] facilities, see
Table V. A sample consists of two paired conductor sections,
with a praying hands joint at the bottom: the overall length
of the sample assembly is 3.6 m and the maximum cross
section is limited by the size of test well (142 x 96 mm2).
The samples fit in both facilities with common interface
requirements for instrumentation, electrical and hydraulic

TABLE v
TEST RANGE OF THE FACILITIES FOR FULL SIZE JOINTS

Test Parameters

DC Magnetic Field

Pulsed Magnetic Field

Maximum pulse rate

Test current (SC transformer)

Operating temperature

Mass flow rate

SULTAN

11 T transverse

0.5 T transverse

lT/s

100 kA

4.5to 10 K

up to 10 g/s

PTF

-

5.2 T transverse
5.0 T parallel

1.5 T/s
20 T/s (discharge)

50 kA

4.5to 10 K

up to 20 g/s

connections. The main object of the test is the measurement
of the joint resistance and stability under pulsed field.

The first full size joint sample, manufactured at MIT with
round termination [5], started testing at PTF in June 96.
Preliminary results indicate a resistance in the range of 6 nQ,
comparable to the subsize performance. The lack of former
experience with subsize samples and the inadequacy of the
compaction tooling initially used (affecting the straightness
of the termination and the matching of the contact surfaces)
are suggested as a reason for the unexpectedly high joint
resistance.

Testing of the full size joint samples is planned to
continue in 1997. Beside the four samples prepared according
to the ITER design criteria, an alternative joint layout
(diffusion bonded butt joint) is being developed in Japan [9]
and samples from steel jacketed conductors are planned in
Europe.

IV CONCLUSION

The design criteria for the ITER joints reflect the need to
guarantee a reliable performance in operation (moderately low
resistance and sufficient stability under pulsed field). To
minimize the manufacturing risk, the cable structure is
maintained in the conductor termination, which is sealed
before heat treatment.

The R&D activity on subsize joint samples has confirmed
the expected range of performance, with resistance of 2-̂ 6 nfi
and coupling loss constant of 1H-2 S. From the subsize
performance we expect to fulfill the design criteria in the full
size joints. The reproducibility of the joint performance and
the QA procedure are the object of the future industrial R&D
work.

The testing of the full size joint samples is starting at the
SULTAN and PTF facilities with the aim of verifying the
DC and AC performance under ITER relevant operating
conditions. The manufacture of the full size samples is also a
necessary step to check at the industrial vendors the tooling
and the assembly procedure for the joints of the ITER Model
Coils [10].
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ABSTRACT

The joints between the superconducting cables of the ITER coils present a major
problem to be solved. A low resistance is required for the cooling whereas small losses in
variable magnetic field are needed for the stability. Different types of joints have already
been suggested1'2. Some preliminary measurements2'3 have already been made on
prototypes of joints cooled in a helium bath at 4.2K and for low currents.

The test facility presented herein allows to test joint prototypes at the l/8th scale
(current up to lOkA). These joints are cooled under the same conditions as those of ITER,
by circulation of supercritical helium. A dipole allows to submit the joint to magnetic fields
up to 4 teslas and to field variation rates up to dB/dt = 42T/s.

INTRODUCTION

Initiated for the European project NET, the study of joints for subsize cables by Europe
continued for the ITER tokamak. The European participation consists in the proposition of
a joint concept for the central solenoid and the toroidal field coils of ITER. The concept
must be validated by tests on joints at the l/8th scale and must lead to the drawing and the
manufacturing of a full-size sample.

The reduced-scale samples are first tested in a helium bath at 4.2K,, to measure their
essential characteristics, such as resistance and losses under variable magnetic fields. Once
the concept is optimized, it will be necessary to test samples cooled by circulation of
supercritical helium. These tests must enable, on the one hand, to measure the resistance
with currents closer to the critical current (by increasing the temperature), on the other
hand, to carry out stability measurements under a variable magnetic field in cooling
conditions identical to those found in a real coil.
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Figure 1. General diagram of the test facility.

GENERAL PRESENTATION

The general diagram of the test facility is shown in Figure 1. The test facility mainly
includes a supercritical helium source linked to a test cryostat through a vacuum isolated
transfer line.

The supercritical helium source is made up of a tank of 206 liters of helium
pressurized by helium at 8OK injected into the higher part. The supercritical helium is
extracted in the lower part; the pressure can be regulated (0.3MPa<P<lMPa), the
temperature (4.5K<T<12K) and the flow rate (Q<5g/s).

The test cryostat is made of two parts :
- A part cooled by boiling liquid helium in which a superconducting dipole submits the
joint to rapid variations of the magnetic field (dB/dtn,^ = 42T/s).
- An insert-cryostat positioned in the dipole bore in which the sample to be tested and the
associated current leads are put. These current leads, sized for lOkA, are also cooled by
supercritical helium. They are made of a copper braid introduced into a stainless steel tube.
The insert-cryostat is kept under vacuum.

SUPERCRITICAL HELIUM SOURCE

The supercritical helium source is essentially made up of (Fig. 1) a vertical helium tank
(volume = 2061iters, diameter=0.290m, height = 3.12m, Pmax= IMPa). This tank is initially
filled with liquid helium. The supercritical helium is obtained by pressurization of the tank
by injecting, in the upper part, helium at 80K.
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Figure 2. Variation of the temperature of supercritical helium depending on the pressure. 1) Measurements at
the bottom of the tank (TT20). Evolutions calculated by assuming an isentropic compression for liquid
helium saturated at: 2) initial P-lOOkPa, 3) P;=98.5kPa, 4) P~97kPa.

A pressure control valve regulates the pressure at the desired value. The supercritical
helium is extracted in the lower part. An electric heater included in the extracting line
allows to adjust the temperature of the helium. An 80K thermal shield is put around the
tank, and is cooled by a thermal siphon connected to a liquid nitrogen tank positioned in the
upper part of the cryostat. This liquid nitrogen tank also contains the small cooling
exchanger of the pressurization helium.

After the source has been filled, the pressurization of liquid helium to obtain
supercritical helium (P>0.227MPa) leads to an increase in temperature. For the initial liquid
helium, the 8OK helium injected in the upper part, acts as a piston. The evolution of the
temperature must therefore follow that of an isentropic compression. In Figure 2, we show
the temperature (TT20 cf. Fig.l) measured at the bottom of the tank according to the
pressure. The variations are as expected.

The maximum helium mass in the tank is of about 25kg. For an average helium flow
rate of 2g/s, this corresponds to an autonomy higher than three hours. During all this time,
the temperature of the supercritical helium remains constant (if P = const.) as shown in
Figure 3. The thermal losses measured in the tank are of about 1W. One half is due to the
supports in the upper part, the other half is due to radiation.

. These losses and their location do not induce convection movement, thus the helium
remains stratified.

TEST CRYOSTAT

It is made up of two parts (Fig.l):
- A cryostat including the dipole cooled in helium bath at 4.2K
- An insert cryostat containing the sample and its current leads cooled by the helium from
the supercritical helium source.
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Figure 3. Variation of temperatures in the supercritical helium source depending on the time for a constant
flow rate of 2g/s, 1) at the bottom of the tank (TT20), 2) at 2/3 of the height (TT27).

Dipole Cryostat and Field Dipole

The magnetic field is produced by a superconducting dipole maintained at 4.2K in a
liquid helium bath. The main characteristics of the dipole are shown in Table 4. The dipole
can be supplied by different sources of current:
- 2kA/15V power supply. It allows to reach 2 teslas and field variation rate of dB/dt=3.2T/s.
It is also possible to make fast exponential discharges on resistance up to (dB/dt)max=42T/s
corresponding to the maximum voltage across the magnet: 200V.
- GO power supply of the poloidal field of the Tore Supra tokamak (maximum current =
4kA, maximum voltage of 1870V). To limit the voltage to acceptable values for the dipole,
it was necessary to connect a copper coils in series4. This power supply allows to increase
or decrease the current in a pre-programmed way. During the tests, with dB/dt=40T/s, we
had to limit the variation of the field to approximately AB=IT so as not to induce a quench
of the dipole.

The current leads of the dipole are optimized for 3kA. They are made of a copper tube
(30x20mm) cooled by meshed washers5. In view of the quality of the copper (RRR-5),
these current leads have a great thermal inertia, enabling them to withstand a current up to
4kA for several minutes without damage.

Table 4. Main characteristics of the dipole
field/current ratio
maxi. field
inductance
aperture
useful length
mass

maxi. voltage
(dB/dt)miI

0.995T/kA
4 T
4.7mH
0 = 74mm
1 = 440mm
~200kg
200V
42T7s
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Test Cryostat

It is an insert cryostat which is positioned in the dipole bore. It is maintained under
vacuum by a cryopump made by sticking coconut charcoal on the wall in contact with the
helium bath (Fig.l). The supercritical helium arrives in the upper part, it supplies the two
current leads and the sample. The sample temperature can be adjusted by a small heater. All
the entry and exit tubes are equipped with insulated electric breaks6. The helium exiting the
sample is used to cool a thermal shield in the upper part of the cryostat

The direction of the circulation in the joint prototype is identical to that of the joints
planned for ITER. To minimize the thermal flux between the current leads and the sample,
the helium supply is achieved through two tubes put at 0.1m beneath the sample/current
lead connection. The exit is made through a box surrounding the joint. So that the two flow
rates supplying the sample be perfectly identical, we positioned pressure drop much higher
than those of the two branches of the sample upstream. They are made up of a tube of 1 mm
in diameter and 50 mm in length. At the exit of the cryostat, the -sample flow rate is
regulated by a FCV valve (cf. Fig 1) placed downstream from an electric heater. This valve
includes a mass flow control valve (Ref. Brooks Instrument - 5864E).

lOkA Current Leads for the Sample

The room available in the test cryostat is very small. It was so necessary to make the
most compact current leads possible. We used the same technology as that developed by
C.Lesmond in Saclay7. In Table 5, the main characteristics of these current leads are
detailed. They consist of a copper braid introduced into a stainless steel tube (external
diameter=44.5mm, thickness=2mm). The braid is obtained by gathering tubular sheaths of
increasing diameter, made directly one on the other. The tubular sheaths consist of wires
which do not overlap one another. The ends of the braid are soldered in OFHC copper end
pieces thanks to a tin soldering (ref. Castollin 1827 - Sn/Pb 60/40). These end pieces are
soldered onto the stainless steel tube (soldering ref. Castollin 1802). The temperature at the
cold end of these current leads is regulated by TCV valves (cf. Fig 1), acting on the flow
rate of the supercritical helium. The consumptions measured and calculated according to the
current and the regulated temperature are shown in Figure 6. The calculations show that for
12K, a hot spot appears for current values higher than 7.5kA. If the temperature of the cold
end drops, the helium flow rate increases and the hot spot moves towards higher currents.
At 10K, the hot spot appears for a current higher than 8.5kA. At 6K there is no hot spot as
the ohmic power always remains lower than the heat absorbable by the helium between 5
and 300K.

Table 5. Main characteristics of the lOkA current leads for the sample
copper Cual
measured RRR 85 < RRR < 100
wire diameter 0.3mm
number of wires 7584
total section of copper 536mm2

diameter of the braid 40.4mm
current density at 1 OkA 18.66A/mm2

length of the cooled braid 1.405m
total length including ends 2.115m
LI/A 2.62.107A/m
cooling supercritical He, 0.3< P < IMPa, T > 4.5K
regulation mode temperature at cold end
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0.7

Helium supply : P = 0.4MPa, T = 5K

10 12

Current - kA

Figure 6. Consumption of the current leads depending on the current and the temperature at the cold end. In
full lines, the calculated consumptions. • • O B measured consumptions for a regulated temperature at the
cold end respectively of: 6K, 8K, 10K and 12K.

The current can then exceed lOkA, without difficulty.

300K

Where: R is the total resistance of the current lead, I is the current, Q is the helium flow
rate and AH^j^ is the available enthalpy in the helium between 5K and 300K.

These current leads present a low thermal inertia. In order to avoid thermal
overheating of the latter, which could lead to their destruction, they have been equipped
with safety devices. If the voltage between the cold end and the warm end exceeds 0.12V,
the current is automatically shut off.

The electrical connection between the current leads and the sample is ensured by bolted
connections on flat copper surfaces of 180x60mm. The surfaces in contact are perfectly
machined and gilded. At cold temperature, to maintain a sufficient contact pressure, all the
bolting is equipped with titanium washers. Their thickness was calculated to compensate
for contraction differences between the room temperature and 5K. For a lOkA current, the
voltage measured at the terminals of the connection remains lower than 30jiV. This
corresponds to a contact resistance lower than 3nQ. The power developed at the connection
is then of 0.3 W, and is evacuated mostly by the current leads.

SAMPLE

The sample is made starting with a cable-in-conduit manufactured by DOUR METAL
and its stainless steel jacket is a square of 13.8mm in side. The manufacturing method of
the sample has already been presented1'2'3. The cable consists of 144 Nb3Sn strands of
0.78mm in diameter, made by VACUUMSCHMELZE according to the bronze route
method. These strands have been chrome plated (thickness=2um).
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Table 7 Main Characteristics of the DOUR METAL cable
total number of strands
strand diameter
non-copper area
copper area in Nb3Sn strands
void fraction in cable space
steel jacket area

144
0.78mm
30.6mm2

38.25mm2

40%
69.4mm2

ONNEX1ON WITH
CURRENT LEAD

JOINT

LOWER CONNEXION

ONNECTION BOX

OPPER SLEEVES

CABLES^
CROSS-SECTION
WITHOUT COVER

Figure 8. View of the overlap joint sample Figure 9. Cross section of the overlap joint

In Table 7, the main characteristics of the cable are shown. The drawing of the joint
sample is shown in Figure 8 and 9. The joint is positioned in the middle of one of the
branches of the sample. The orthogonal position of the high and low connection plates (cf.
Fig.8), allows to test the same joint in two configurations of transverse fields : the field
parallel or perpendicular to the joint plane.

FIRST TESTS OF A JOINT SAMPLE

The first joint test was done on a overlap type joint. A sample of this type had already
been tested in a helium bath at 4.2K2. The supercritical helium tests allowed to confirm the
constancy of the resistance depending on the current and the temperature (Table 10). For a
2T field, we were thus able to measure up to 26% of the critical current (for 1 = 1 OkA and T
=9.5K), whereas the nominal value of this ratio in the ITER joints does not exceed 10% (for
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Table 10. Measurements of the resistance of the overlap joint depending on
T(K) and on the magnetic field B(T). Resistance in nQ..

B(T)
T(K)

• 5.5
7.5
9.5

0

11.8
11.3
12.0

0.5

11.9
11.9
11.9

1

12.0
12.0
12.0

1.5

12.2
12.3
11.7

the temperature

2

12.2
12.1
12.4

I=46.6kA, T = 5.5K and B=4.5T). The losses measurements confirmed the values obtained
in helium bath at 4.2K as well as the existence of flux jumps beyond a certain rate of
variation of the magnetic field (dB/dt)g. These tests showed the decrease of (dB/dt)^ with
the temperature, as predicted by the theory.

Stability measurements done at I = 6kA and 1= lOkA, allowed to obtain the quench of
the joint by a variation of the magnetic field. These measurements showed the influence of
the temperature and of the helium flow rate on the stability of the joint.

CONCLUSION

The test facility of the joints has been in operation for 6 months. It allows to test joint
prototypes under very severe conditions. The cooling by supercritical helium can vary
widely (0.3MPa < Pressure < IMP a, 5K < Temperature < 12K, 0 < Flow rate < 3g/s). The
magnetic field can reach 4T and the field variation rate (dB/dt)max=42T/s.

Different basic characteristics are measurable on the joint such as the resistance and the
losses. ITER relevant stability tests are also possible.

Different joints will be tested under conditions identical to those encountered in a real
coil to lead to an optimized joint concept for the ITER coils.
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Abstract—The general design and the associated performance
analysis of a joint proposed by the European Union for both
ITER Central Solenoid and Toroidal Field coils are presented.
Results of an extensive testing programme performed on subsize
joints (scale 1/8), including DC resistance and pulsed field losses
measurements are given and discussed, as well as their
interaction on the final joint design. Results of feasibility tests
carried out on a full-size piece are also given. This study has
finally led to the design of a full-size joint sample to be
fabricated in industry and tested in specific laboratory test
facilities.

I. INTRODUCTION

The joints of superconducting cables for ITER coils are
special components for which a low resistance needed for
cryogenic saving has to be balanced with low losses under
pulsed magnetic field needed for stability.

Europe (EU), as has each ITER party, has provided a
contribution to the design study of joints for ITER coils
which includes a proposal for an original design of joints for
ITER Toroidal Field (TF) and Central Solenoid (CS) coils,
the fabrication and tests of relevant subsize joints, and the
design and fabrication of a full-size joint sample.

II. EUROPEAN DESIGN PROPOSAL FOR ITER JOINTS

The European proposal for a joint design of ITER coils has
been based on the results of previous theoretical and
experimental works [1], [2]. Moreover, this design has also to
take into account the ITER JCT recommendations.

Fig. 1 shows the general structure of typical ITER high
field 40 kA conductors [3]. The cable is composed of about
one thousand twisted Nb3Sn strands (~ 0.8 mm in diameter),
it is divided into six subcables, each of them being wrapped
with an inconel strip. The cable itself is also wrapped with an
inconel strip. A central tube is used to decrease helium
pressure drop along the cable.

A. Design guidelines

1. Both ITER CS and TF joints are designed according to
the lap-type concept: the overlapping length has to be
equal to the last stage cabling twist pitch (~ 400 mm).

2. If possible a joint concept usable for both CS and TF coils
has to be proposed.

SUPERCOvGUCTING
CABLE

CS high field conductor TF high field conductor

Fig. 1. Cross-section of ITER high field conductors (model coils), from [3].

3. The continuity of the cable internal tube must be ensured
through the joint.

4. The joint design has to be made according to the twin-box
concept which ensures separate helium flows, possible
disassembly, individual leak testing before heat treatment,
and possible second helium containment box.

5. Handling of cable without jacket has to be avoided after
heat treatment to reduce risks.

6. The active contact surface (between joint boxes) must be
flat if possible, so as to ensure a good contact area and an
easy check and correction (if needed) of surface quality.

7. Thick (high RRR) copper jacketing of the cable has to be
avoided over joint length to reduce pulsed field losses.

8. Resistive barriers (wrappings) between subcables have to
be kept to reduce pulsed field losses.

9. A certain amount of helium (> 20%) has to be kept inside
the cable in the joint for stability.

B. Main features and assembly of the EU joint design

The joint assembly is depicted in Fig. 2 (number © refers
to part © in Fig. 2, and so on). Most of the preceding
requirements have been fulfilled by compacting each cable
end inside a box © machined in a pre-bended copper-steel
plate welded by explosion.

1) Before heat treatment: At each cable end ©, the steel
jacket and the cable wrapping are removed over a length (D
of about 500 mm. The wrappings around each subcable are
cut only on their periphery. The chrome plating is
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mechanically removed from strands by jet abrasion using
glass beads. The cable is inserted inside its copper-steel box
® which is welded in place on the conductor jacket end ©.
The compaction process itself is performed by pressing the
box steel cover © (from a local cable void fraction of 36%
down to 20%), this operation needs a special tooling in order
to avoid a deformation of the box, this tooling will remain in
place during the heat treatment. The cover is finally welded
on the box which will not be opened any more. A helium
leak test can be performed before heat treatment.

2) After heat treatment: The tooling is removed and the
copper sole is cleaned and deoxydized, if needed the sole
surface can be machined so as to be flat enough.

3) Joint final assembling: The copper sole of each
connected boxes are tined, then the joint is assembled and a
tin sheet is inserted in between the facing copper soles. The
joint is tightened using a special tooling and heated in order
to realize the soft soldering of the two boxes. The joint is
then kept in compression by setting steel clamps CD tightened
with steel plates welded on the clamps ©. Ti wedges will
help to keep pressure during cool-down (see Fig. 3). The
joint assembling depicted in Fig. 2 concerns obviously a CS
coil joint ("praying-hand" type), for the TF coil joint, the
joint assembly is of the "shaking-hand" type.

C. Expected joint performances

I) Joint intrinsic performances: The major concerns with
the joints are electrical resistance and pulsed field losses
which have an impact on the heating of the joint and its
stability against magnetic field variations.

The resistance between superconducting filaments and box
copper sole plays a major role in the joint DC resistance, it
depends on the internal resistive barrier of the strand, the
effective contact area between strands and copper sole, and
its associated interface resistance. The overall filament-
copper sole resistance can be expressed as a resistance per
unit surface of "apparent" internal contact area: pbeb.

The pulsed field losses are strongly dependent on the field
orientation (see Fig. 3). For each field component, the losses
are the summation of three contributions: the coupling losses
inside subcables, the losses due to coupling currents closing
through the copper soles, and the losses due to pure eddy
currents in copper soles.

For joint performances analysis, two key values are: pbeb

and pt, the transverse resistivity in subcables. From the
results already gained [2], for a void fraction of about 20%,
the following typical values can be expected:

pbeb. = 3.0 10"12 Q.m2, and: p t = 10"9 Q.m (1)

Note that these values give only an order of magnitude but
they have to be measured in relevant configurations. A 2D
(joint cross-section) FE code with imposed electric potential
has been used for both DC and pulsed field calculations.

Fig. 2. Assembling of a ITER CS joint (see text for numbers).

copper soles

Fig. 3. Cross-section of the joint after final assembling.

Table I gives the values of the theoretical joint resistance
R= and the pulsed field losses for the three field components.
The losses per unit volume of cable space are given in the
form of the usual losses time constant nx. The values in this
table have been calculated for the maximum field on ITER
joints (B = 4.5 T). The copper sole RRR of 320 corresponds
to OFHC copper after heat treatment (measured value), while
a much lower RRR can be obtained on dirty copper (Cu-b) if
needed to decrease losses.
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TABLE I

EXPECTED EU JOINT PERFORMANCES

TABLE II

SUBSIZE JOINT SAMPLES CHARACTERISTICS

copper RRR

320

6

Rj (n£2)

0.56

2.6

mx(s)

3.0

0.96

niy (s)a

19.4

19.2

nxz (s)

0.8

<0.2
afor R. = 2.5 n£J.

Note that ITER JCT requirement for joint resistance is
2.5 nfi for the TF coil joint and 5 nQ for the CS coil joint.

For the x direction, the pure eddy currents in copper soles
contribute to about 60% of the total losses, while for low
RRR copper soles, the losses are restricted to coupling losses
in subcables. For the y direction, the main contribution to
losses come from the "local loop" coupling currents crossing
the joint plane [1]. Note that these losses are inversely
proportional to the joint resistance R=. For the z direction, the
main part of the losses comes from pure eddy currents in
copper soles.

2) Application to ITER coils: Without going too much in
details, it can be said that the preceding results lead to a safe
behaviour of the EU joint in both ITER CS and TF coils
during normal plasma operation (dBx/dt = 0.16 T/s and
dB/dt = 0.36 T/s for the CS coil, and dB^dt = 0.04 T/s for
the TF coil) and plasma disruption (ABX = ABZ = 0.3 T for the
CS coil and 0.45 T for the TF coil, within 0.5 s), with a
sufficiently large safety margin. Only the safety discharge of
the whole TF system (producing dB/dt = 0.2 T/s) could lead
to a quench of the joints if helium mass-flow rate could not
be kept at or above its nominal value.

III. FABRICATION AND TESTS OF SUBSIZE JOINTS

A. Subsize joint samples design

1) Cable: The cable used for subsize joints fabrication is
made with 144 twisted Nb3Sn strands, 0.78 mm in diameter,
manufactured according to the bronze route method. The
strands have been chrome plated (2um thick). The last stage
cable twist pitch length is 160 mm. This cable is pressed in a
square stainless steel jacket with a final outer side of
13.8 mm (void fraction « 40%). Regarding the non-copper
area, the scale of this cable is about 1/8 compared to updated
ITER 40 kA conductors.

2) Joints design: The samples have been designed to be as
much as possible relevant to a full-size joint. A first set of 4
basic samples have been fabricated, to be tested in helium
bath. A cross-section is presented in Fig. 4. Note that the
joint is bolted and not welded to leave a possible dismantling
for interface study.

The main parameters to be studied with these joints are
given in Table II. From the basic samples presented in this
table, extensive tests can be performed by playing with the
interface characteristics, also losses measurements with field

sample

Bl

B2

B3

B4

void fraction

20%

30%

20%

20%

copper RRR

320

320

6

320

field direction

X

X

X

y

along the z direction will be carried out on one sample.
After completion of these tests, a design will be retained

and two new subsize joint samples will be fabricated for
cooling with a circulation of supercritical helium allowing
higher temperature measurements and relevant stability tests.

B. Basic samples tests results:

The DC resistance of each sample has been measured with
currents up to 3.5 kA under magnetic field up to 2 T. Voltage
taps are located on the joint itself as well as along the cable.
Pulsed field losses have been measured by using the
magnetization technique with field ramp rates up to 2 T/s.
The theoretical performances of the subsize joints have been
calculated by using (1) as for the ITER joint (only pt has
been doubled for a 30% void fraction).

Table III gives the joint resistance at 2 T and the losses for
field variations between 0 and 2 T. It can be seen that
theoretical model has given good order of magnitude both for
the resistance and the losses. The discrepancy observed
between resistances of B1 and B4 is not yet understood (a
problem with copper RRR in Bl is suspected). The higher
resistance of B2 can be explained by a higher value of pbeb.
due to a 30% void, but not considered in the model. The
losses are lower than expected which can be explained by a
higher value of p t compared to (1).

copper soles

Fig. 4. Cross-section of a basic subsize joint.
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TABLE III

THEORETICAL AND MEASURED SUBSIZE JOINTS PERFORMANCES

sample

Bl

B2

B3
B4

Rj ( n "

3.1

3.1
10.0

3.1

theory

) nt (s)

2.9
1.5

2.2

8.4

measurements

Rj (nfJ)

5.3

8.0
a

2.0

riT(s)

1.5

1.0
a

6.0
aunder measurement.

The increase of losses observed for the y component of
field (sample B4), has been predicted by theory, moreover
flux jumps have been observed in this case above 0.5 T/s.

IV. FEASIBILITY AND MECHANICAL TESTS

Preliminary feasibility tests were carried out on a dummy
full-size joint box machined in a pre-bended copper-steel
plate. This piece was heat treated following a classical cycle
used for Nb3Sn strand, then 13 thermal cycles were applied
from room temperature to 78 K. Dimension measurements
have shown no significant deformation (< 0.1 mm) after heat
treatment as well as after cycling. No helium leak has been
detected at 78 K (at P = 0.1 MPa) and at room temperature
(at P = 2.5 MPa).

Mechanical tests for qualification of copper-steel box will
be carried out during 1995.

V. DESIGN OF THE EU FULL-SIZE JOINT SAMPLE

The EU full-size joint sample will make use of the CS
conductor developped by EU for ITER model coils (see
Fig. 1). This sample will be tested in the SULTAN facility
(CRPP, Villingen) for conductor and joint DC tests, and in
the PTF facility (MIT, Boston) for pulsed field tests. A
general view of this sample is presented in Fig. 5, the total
length is 3.45 m. The two conductor bars are connected at
bottom by the tested joint which will be fabricated according
to the design proposed for the ITER CS coil (see Fig. 2). The
upper joints are used to connect the sample to the test facility
s.c. transformer, they will be fabricated in a way similar to
the lower joint, except the cooling channels will allow to
keep the joint at a low temperature (needed by the
transformer), while operating independently the two bars at
higher temperature.

The sample instrumentation will be used for both
conductor and joint testing and will include the usual voltage
taps and temperature sensors, as well as local pick-up coils
and Hall probes on joint and conductor bars to measure
current distribution. Ohmic heaters will be used on each bar
for temperature control, inductive heater for conductor
stability tests.

upper joints,

conductor bars

' lower (tested) joint

Fig. 5. EU full-size joint sample.

VI. CONCLUSIONS

Thanks to a previous internal study programme on joints,
EU has been able to propose an original joint design usable
in both ITER CS and TF coils.

First results of fabrication and tests of relevant subsize
joints and preliminary feasibility study performed on a full-
size piece have given confidence in the capability of the
proposed design, as well as in the validity of the theoretical
model used for performances analysis. The extensive testing
programme on subsize joints will continue during 1995 while
the EU full-size joint sample should be fabricated by the end
of 1995.
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A task for the fabrication and tests of subsize joints between M^Sn cables has been developed at Cadarache
within the European Programme, as a necessary step for a design of full scale joints for ITER coils. The first
stage (Phase I) of this activity was devoted to basic parametric studies on two main kinds of joint, namely the
so-called soldered scarf joint and the overlap (subdivided or not) joint, leading to an optimization of each
design from which new samples were fabricated and tested within the second stage of the task (Phase II). The
joint samples were made from a cable-in-conduit conductor of reduced size (scale « 1/6), they were tested in
helium bath at 4.2 K. The main experimental results concerning D.C. resistance and pulsed magnetic field
losses are presented. Performance analysis and theoretical modeling results are also exposed. Flux jump
phenomena which were observed experimentally are presented and discussed. Conclusions for the design of a
full-size joint are finally drawn.

1. INTRODUCTION

The joints of superconducting cables for ITER
coils are special components for which a low
resistance needed for cryogenic saving has to be
balanced with low losses under pulsed magnetic
field needed for stability. When associated with a
theoretical modeling, the tests of subsize joints
fabricated according to methods relevant to full-size
joints can lead to an optimization of a given joint
design through a better knowledge of the
performances of this type of joint.

2. SAMPLE FABRICATION

The joint samples for Phase I have been
fabricated from a square twisted steel jacketed cable
provided by ENEA. This cable is composed of 16
pure copper strands and 128 l ^ S n composites
manufactured by Teledyne Wah Chang (MJR type),
0.78 mm in diameter. The strands are chrome
plated. The initial cable void fraction is 40%.

The sample assembly has been already presented
in [1]. Two main kinds of joint have been
investigated, the soldered scarf joint and the overlap
(subdivided or not) joint (see Fig.l) [1,2]. For both
types of joint each cable end is cut with its jacket,

then jacket is removed and chrome plating is
removed chemically from strands over the active
length (see Table I)-

Scarf joint

Overlap-cable joint

Overlap-subdivided joint

Figure 1. Classification of tested joint

For the scarf joints, the two cable ends are
inserted inside a copper tube (cap) until the two
facing scarfs (angle 20°) come into contact. The
copper cap is then compacted with a press to its
final size. The cap can be finally filled with solder.

For the overlap-cable joints, each cable end is
inserted inside a copper tube (cap) then compacted
to its final square shape with rolling mills. The caps
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are not filled with solder to keep helium in good
contact with strands. The two half-joints are finally
soldered with a tin foil, after possible insertion of a
spacer in between. The overlapping length is equal
to the last stage cabling twist pitch length. Two
different values of copper RRR have been used.

For the overlap-subdivided joint, each cable is
opened at one end and the four subcables are
separated and laid flat. Then each subcable is
inserted inside a copper tube and compacted to its
final square shape with a press. The joint is finally
made by soldering independently (using steel
spacers) the corresponding subcables of each cable
with a tin foil. The overlapping length is here equal
to the last but one stage cabling twist pitch length.

Table I : basic samples of Phase I

sample

SI
S2
S3
OC1,2
OC3
OS

type

scarf
scarf
scarf
ov-cab
ov-cab
ov-sub

length
(mm)

60
60

160
160
160
105

thick,
(mm)

2
6
6
1
1
1

void
(%)
23
32
32
29
29
9

copper
RRR
320
320
320
320

6
220

The main cap features of the 6 basic samples are
presented in Table I, from these samples an
extended number (14) of joints have been tested by
filling or not with solder the three scarf joints and
the overlap-cable joints, by soldering a NbTi liner in
parallel on two of the scarf joints, and by changing
the nature of the spacer in one overlap-cable joint
(copper for OC1, CuNi for OC2).

3. TESTS RESULTS

The samples were cooled in helium bath at
4.2 K. The test facility capability is given in [1].

3.1. DC Measurements
The testing process was concerned first with

resistance measurements with a DC current under a
given transverse magnetic field. Voltage across the
joint was measured thanks to different taps located
all along the cable. Some scattering has been
observed among these measurements which is
attributed to an uneven voltage distribution among
strands. Therefore the joint resistance has been
defined as the average measured value.

The measured resistances of the (soldered) scarf
joints are plotted in Fig. 2. These results show that
no significant current is really flowing through the
scarf, the joint resistance is then determined by the
copper cap characteristics and the resistance
between strands and cap. Such a conclusion is also
sustained by the fact that only little difference was
observed between unsoldered and soldered joints.
Note also that the use of a NbTi liner has not led to
a drastic decrease of the joints resistance.

After dismantling the samples and cutting out
the joints, we have observed a polluted zone in the
scarf area which is likely due to a flow of tin at the
cable ends during heat treatment, although this
process was carefully controlled with temperature
sensors.
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Figure 2. Experimental joint resistance versus
magnetic field for the soldered scarf joint samples.

The measured resistances of the overlap joints
are plotted in Fig. 3. The values obtained on OC1
and OC3 samples appear to be quite high compared
to the resistance due to the copper caps (respectively
0.2 and 3.7 nQ at 2 T), which tends to pinpoint a
high resistance between strands and copper caps.
This hypothesis is confirmed by the low resistance
measured on OC3S (OC3 in which copper caps
have been filled with solder).

When a CuNi spacer was used (OC2), the joint
resistance increase is roughly in agreement with the
spacer resistance (13 nQ).

After dismantling the samples and cutting out
the joints, we have observed a sparse and uneven
contact between strands and copper cap, this result
has to be related to the relatively high void fraction
and to the compaction process (rollers).
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Figure 3. Experimental joint resistance versus
magnetic field for the overlap joint samples.

The resistance measured on the subdivided joint
is lower (see OS in Fig. 3) which is attributed both
to the increase of the jointing area (+ 50%) and
mainly to the lower void fraction (see Table I).

3.2. Pulsed field losses measurements
Losses created under pulsed magnetic field were

measured by using the magnetization technique.
The instantaneous time constant 6j of the
magnetization of the joint measured after a slow
field variation has been found generally to increase
with time as observed on a full size cable [3]. This
measurement offers the interest to provide a value
independent of any calibration.

The "standard" losses time constant nx has been
calculated from the losses W measured during one
cycle with slow linear field variations between 0 and
2 T :

W =
2nrAB 2

(1)

where W is the loss density per unit volume of
strand in the joint, AB is the field variation and T r

is the ramp time (Tr » 9j).
It should be noted that for the overlap joints the

measurements were carried out with two different
orientations of the field with respect to the wide side
of the joint (see Fig.l, HT1 ffFR tBJL).

The values of 9j at (B = 1 T) and nx for the
different tests are given in Table H As it can be
seen in this table there is no direct relationship
between 6j and nx because 6j includes a
demagnetization factor effect while nx includes a

volume ratio effect, both effects being different from
test to test. Note that for a single homogeneous
strand, one would find that: nx=20j

Table II. Results of pulsed field tests

sample

SI
S2
S3
OC1
OC1
OC2
OC2
OC3
OC3
OC3S
OC3S
OS
OS-32
OS-16

Bangle
any
any
any
B l
B//
B l
B//
B l
B//
B l
B//
B//
B l
B l

Ms)
0.16-0.30

0.30
0.45 - 1.0
0.60 - 3.0
0.80 - 2.2
0.40 - 1.5
0.85-1.5
0.30 - 1.2
0.50 - 1.0
0.67 - 2.0

1.1-2.0
0.50 - 1.25

1.0-1.5
0.25 - 1.0

nx(s)
1.1
3.7
5.1
3.4
2.4
2.3
2.4
1.1
1.2
4.2
3.0
1.8
5.1
1.1

Note that the sample ends of the subdivided joint
had to be cut for the B l test to avoid closing of eddy
currents through the sample upper and lower joints.
Samples with cable lengths of 32 cm (OS-32) and
16 cm (OS-16) from each side of the joint were then
investigated.

Comparing Table II with Figs. 2 and 3 shows
that the decrease in resistance is generally paid by
an increase in losses for both types of joint.

3.3. Flux jumps phenomena
Flux jumps appearing in a way similar as in a

superconducting twisted composite [4] have been
observed on overlap joints only. For slow linear
field variation such phenomena occured above a
given ramp rate while for very fast field discharge
they occured above a given field amplitude. In other
words, the magnetization of the joint could not
exceed a maximum limiting value ( » 0.8 T).

4. THEORETICAL ANALYSIS

The basis of our theoretical model is to consider
only the strand internal resistive barrier between
M^Sn filaments and copper cap in the same way as
for the inter-strand resistance in a cable [3]. Such a
model offers the advantage of using the same
parameter (% of contact area) for both resistance
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and pulsed field losses calculations. For the scarf
joints, this model has led to results in agreement
with experiments for a realistic contact area
between strands and copper cap (12 %). Thus the
main part of the losses is provided by the pure eddy
currents inside the copper cap itself. For the overlap
joints, the same model has led to prediction of the
joints losses in good agreement with experiment. As
a matter of fact, the coupling losses provided by
each half-joint have been found to be not negligible,
particularly when using a high RRR copper cap. On
the other hand, this model has led to values
generally too low for the resistance, which can be
explained by the uneven contact observed between
strands and copper cap. For the subdivided joint,
considering the large contact area between strands
and cap, the measured resistance is higher than the
predicted value which reveals the effect of a pure
contact resistance (indeed no sintering has been
observed between strands and copper cap).

For the overlap-cable joints, the increase of nx
with B± compared to B// shows that, as predicted
by theory, an extra contribution to the losses is
provided by loops of currents crossing the joint
plane [1]. For the subdivided joint, the fact that a
variation of B l would create large loops of current
closing through the cable itself [1] has been
confirmed by experiments. It should be noted that
most of the extra losses (included in nx, Table II)
due to such currents are dissipated in fact in the
cable and not in the joint itself.

By using the same theory as for a single twisted
composite [4] one can find a flux jump condition
related to the saturation in current of strands by
coupling currents. Such a condition is related to
coupling losses and can be expressed as a limitation
of magnetization in agreement with experiment.

5. PHASE H SAMPLES

For the second phase of our activity we used a
new cable made with 144 M^Sn strands. This
strand was manufactured by Vacuumschmelze
according to the bronze route method. The scarf
joint was improved by creating a short (« 5 mm)
inter-penetrating length of the two cable ends, while
the overlap joint was optimized by performing the
compaction process with a press and the use of low
RRR copper caps. For both joints the void fraction
was reduced to 20%.

The soldered scarf joint resistance has dropped
down to 4.7 nfl at 2 T (13.4 nD without solder)
with a losses time constant nx of 2.7 s (2.3 s
without solder) which can be considered as a real
improvement compared to Phase I samples (see
Fig. 2 and Table I). The overlap joint is now under
testing.

6. CONCLUSIONS

The work performed within the first two phases
of our activity has led us to draw some conclusions
specific of each type of joint and which can be
applied to full size joint design. For the scarf joint,
the problem is to limit the resistive part to a
minimum length as the jointing area is small, the
joint resistance cannot rely simply on the copper cap
which would be paid by a drastic increase of pulsed
field losses. For the overlap joint, the quality of the
electrical contact between strands and copper cap is
of prime importance, particularly when the caps are
not filled with solder, which leads to decrease the
helium area in the cable. The use of low RRR
copper caps can help to decrease pulsed field losses.
For field variation normal to the wide side of the
joint, an extra losses contribution has to be added
which increases as the joint resistance decreases.
Subdividing the overlap joint can lead to a decrease
of the losses but requires resistive spacers between
subcables inside the cable itself to limit large
current loops closing through the cable.

The third phase of this task will be devoted to
fabrication and tests of subsize joints cooled with a
circulation of supercritical helium in the same way
as in a real coil. Stability tests relevant to real coils
will be so carried out.

From our fabrication and testing programme
results and the associated theoretical modeling work
we have been able to propose, in relation with ITER
JCT, a first design of a full-size joint for ITER CS
and TF coils based on the overlap-cable concept.
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Ill Coupling losses in superconducting cables

4 papers have been dedicated to investigations concerning the role of the strand design in the
time constant of a twisted cable.
An extensive study of 36 strands subcables has been carried on Nb3Sn strands as well as on
NbTi strands. In this study the aim was to try to keep everything constant except the strand.
The main conclusion of this study is that the internal resistive barrier present in the strands, is
not sufficient to control losses at a sufficient low value, even if it is demonstrated that this
internal resistive barrier is playing a role. Another conclusion is that all the chrome plated
conductors are within ITER design values except the EM-LMI strand. It is to be pointed out
however that experiments at Twente University, have demonstrated that a decrease of the
time constant can take place during the cycling of the magnet.
Concerning the NbTi strands for PF coils, the internal CuNi layer strand is at the upper limit
of the ITER design values. Other ways have to be explored and in particular the stabrite
coating developed in the frame of LHC.
A review is given presenting analytical formula to calculate coupling losses in
superconducting strands and cables in practical cases. Tentative models are also presented to
describe the behaviour of multistage cables such as those used in fusion applications in
transient fields and calculate the losses.
The conclusion is that the losses are very dependent on the resistivity of the oxyde layer
covering the strand and that this resistivity can vary along the time and the magnet operation.
Experiments are in any case needed to validate the models which cannot be fully predictive.
Typical experimental results are given for full size cables on samples as well as in the
particular case of the ENEA coil.
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Abstract

In the frame of the ITER fusion program, large Cable In Conduit Cables (CICC) made with NbTi superconductors are
foreseen for the poloidal field system. These coils are pulsed and so subjected to fast variations in magnetic field.
Superconductors have then to be designed in order to reduce AC losses to an acceptable level. A solution could be to insert a
copper nickel resistive barrier in the copper stabilizer surrounding the filamentary area of the composite. The purpose of this
barrier is to reduce interstrand coupling currents. In order to predict the effect of this barrier on AC losses, a modeling of a
36 strands CICC has been realized. According to this code, the ability of the resistive barrier to reduce coupling currents is
dependent on its location. For this study, three CICC with three barrier locations, from the inner to the outer diameter of the
copper crown stabilizer, have been produced. AC losses have been measured and compared to our numerical model. © 1998
Elsevier Science B.V. All rights reserved.

Keywords: NbTi; Cable-in-Conduit; Coupling loss: Interstrand resistance; Resistive barrier; CuNi

1. Introduction

Cable In Conduit Conductors (CICC) are super-
conducting cables especially designed for carrying
large currents under varying magnetic field. These
are made of multistage twisted superconducting
strands jacketed in a stainless steel conduit. As con-
ductors experience fast varying magnetic field. AC
losses and in particular coupling losses have to be
reduced as much as possible. It is well know that
coupling losses are driven by the interstrand contact
resistance [1]. Then a way has to be found to set that
resistance to a value that insures low coupling losses.
The usual solution for Nb,Sn CICC is to chrome
plate strands [2-4]. The resistance is given not by
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PH; -SC92 I -4534(98)00470-5

-33-442-254-990: E-mail:

the metal itself but the metal oxidized layer at the
strand surface. This solution seems to work as con-
ductor time constants are generally below the speci-
fied value. Nevertheless, three weak points can be
pointed out. The first one is the cost increase, espe-
cially for niobium titanium strands. The second one
is the large discrepancy found on resistance among
chrome plating providers [5]. And the last one is the
uncertainty existing about the value of the resistance
along operating years. Indeed, due to Lorenz forces,
a friction appears between strands that could damage
the plating.

A new solution is investigated for NbTi CICC
that is to design the strand with a resistive layer
inside the copper crown surrounding filamentary area.
This would have the advantage in particular to re-
duce the cost. To test this method, three NbTi strands
have been manufactured with a 10 p.m copper nickel

1W8 Ekcvier Science B.V. Ali rights reserved.
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Table 1
Sample description

(Cu + CuNi)/NbTi
RRR
Copper sheet thickness
Twist pitch pattern
Void fraction

Units

mm
mm

- #1

1.52
130
22
30 X 86 X 140
33.2%

#2

1.38
137
14
30X80X 160
32.8%

#3

1.23
132
0
29 X 76 X 120
34.8%

layer. The location of the resistive layer is different
for each strand in order to evaluate the effect of the
location on the efficiency of the layer. Three 36
strands CICC have been realized to perform inter-
strand resistance and AC losses measurements. These
results are compared using a cable model developed
on Castem 2000 [6], a finite element code.

This work has been performed in the frame of the
NET contract M29.

2. Samples description

Three NbTi strands have been produced by GEC
Alsthom with three different locations of a CuNi30%
resistive barrier of 10 ^m thickness. Each strand has
a 0.81 mm diameter. The CuNi barrier location is
characterized by the thickness of copper remaining
around the barrier (see Table 1). The barrier location

associated to sample # 1 is adjusted during the billet
assembly (see Fig. 1, strand #1 cross-section). The
barrier location of samples #2 and #3 is adjusted
after the extrusion process by shaving the external
copper shell. This produces only a very small varia-
tion of the interfilaments distance and filament diam-
eter. Residual Resistance Ratio and Non Copper
Ratio have been provided by the manufacturer.

The cable manufacturing and jacketing has been
done by Shapemetal Innovation. The cable is a 3 X 3
X4 multistage CICC with A316LN stainless steel

jacket (see Fig. 2, cable #1 cross-section). The
specified void fraction is 33% (see Table 1). The
final outer diameter of the cable is 8.52 + 0.02 mm.
A scattering can be noticed in the last twist pitch
length (from 120 mm to 160 mm) compared to the
specified value 120 mm. It has to be noticed that a
scattering has also been observed along a cable
length. This remark is very important because cou-
pling losses are proportional to the square of the
t'vist pitch length.

Fig. 1. Strands #1 cross-section. Fig. 2. Cable #1 cross-section.
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3. Measurements

3.1. Losses

For each strand, hysteresis and coupling losses
have been measured by a magnetization method.
Magnetization is measured using two compensated
pick-up coils and a pulsed solenoid providing a ± 3
T trapezoidal field for rates between 0.3 T/s and 6
T/s . The hysteresis reference volume is the non
copper volume (copper nickel is included in copper
volume). The coupling losses reference volume is the
strand. Coupling losses per volume unit, Qc, are
usually characterized by a time constant nr:

Table 3
Interstrand resistance

mB2

(1)

For each cable, hysteresis and coupling losses have
also been measured using the same method as for
strands. A superconducting dipole provides a + 2 T
trapezoidal field for rates between 0.02 and 2 T/s .
Two cable lengths are used for these measurements,
240 and 400 mm. In order to be installed on the
sample holder an epoxy frame has been impregnated
on the conductor jacket. It means that every conduc-
tor has been heat-treated before losses measure-
ments, typically at 120°C during 3 h.

All these measurements are summarized in Table
2 (nrM is the measured time constant). It has to be
noticed that there is a factor ~ 2.5 between the
hysteresis losses on strands and cables because the
applied pulsed field where different. A discrepancy
can be observed between measurements on same
samples (30% for # 1 , 40% for #2, 5% for #3). It
could be explained by the difficulty to measure low
hysteresis losses on samples with high time constant.

Table 2
Losses results

2 H

nTa
«T R

strand
240 mm cable
400 mm cable
strand
240 mm cable
400 mm cable

Units

mJ/cm1

mJ/cm3

mJ/cm'
ms
ms
ms
ms
ms

#1

107
55
60
4.8

38
32
72
10

#2

127
36
59

5.8
46
34
88
17

#3

128

53
7.0

12
11
7

nfi m

SDC =

0 T

4 T

Max
Mean
Min
Max
Mean
Min

#1

35
45
65
41
53
78

#2

21
22
26
23
26
30

#3

295
330
394
295
329
394

It is important to notice that the strand time constant
is not negligible compared to the cable time constant.

3.2. Interstrand resistance

On each 240 mm long cable, interstrand resis-
tances have been measured in every triplet. These
measurements have been performed under DC field
from 0 to 4 T and for a DC current from 50 to 300 A
by step of 50 A. No influence of the transport current
on the resistance has been measured. A 20% increase
of the resistance has been noticed between 0 and 4 T
from samples #1 and #2. The # 3 interstrand resis-
tance appears to be independent of field. Measure-
ments are summarized in Table 3.

5.5. Discussion

The time constant design value of ITER conduc-
tors is 100 ms. It means roughly a value of 50 ms for
our sub-size cables [7]. As 35 and 40 ms were
measured for samples #1 and #2, it appears that an
inner copper nickel barrier could ensure a sufficient
interstrand resistance to reduce coupling losses to the
required level. The strand with an external copper
nickel barrier has a very low time constant, 12 ms,
that is of the same order of magnitude as the strand
time constant, 7 ms. It is important to note that the
time constant should not be reduced too much in
order to ensure the current redistribution capability
in case of current imbalance among strands.

It is well known that coupling losses are driven by
interstrand resistance. In a very rough approxima-
tion, it could be written as (p is the last stage twist
pitch length, r is the interstrand resistance) [1,7]:

nTCt.p2/r (2)

It can be seen in Tables 2 and 3 that our results are
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CuNis Copper

Area

Fig. 3. Strand layout.

not fully in agreement with Eq. (2). Indeed, coupling
losses increase from sample # 1 to #2 in spite of the
resistance increase. Nevertheless, the low time con-
stant of sample # 3 is correlated to a large resistance
compared to the other samples.

4. Coupling losses model

Our purpose is on the one hand to check if our
modeling of the effect of the CuNi barrier is consis-
tent with experimental results, and on the other hand

to cross-check interstrand resistance with coupling
losses through the model.

4.1. Model overview

This numerical model enables to calculate cou-
pling losses in a circular multistage cable for a given
strand layout [7,8]. It assumes a uniformity of all
parameters along the cable direction (field, contact
resistance, etc.). But it takes into account the detailed
layout in the cable cross-section. The main feature is
that an analytical model defines the voltage distribu-
tion inside filamentary area of each strand. The finite
element code has only to solve the problem for a
conductor design. The mesh, and the model, take
into account the cable geometry.

Concerning the strand layout, it is divided in five
parts (see Fig. 3). For each part, the resistivity has to
be given. The resistivity of the copper is given by
RRR. The resistivity of the filamentary area is de-
duced from the strand time constant [9]. The resistiv-
ity of CuNi30% is 3.64 X 1(T7 H m at 4 K [10].
Concerning the cable layout, a contact resistance has
to be found.

4.2. CuNi location modeling

In order to do a sketch of the effect of the CuNi
location inside the external copper stabilizer, a para-

(ms)
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\
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0.4 0.6 0.8
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Fig. 4. Effect of barrier location. In abscissa, zero means that the CuNi barrier is on the filamentary radius and one that it is on the outer
diameter.
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metric study is done, the CuNi barrier distance from
outer strand diameter being the parameter. Results
are presented in Fig. 4. The position of the sample
barrier is indicated on the graph. As soon as it is
external, the time constant decreases significantly. If
we look at interstrand coupling currents, it can be
seen that the external copper shell is a short-circuit.
It means long range coupling currents going from a
strand to an other strand not directly in contact have
only to cross two times the barrier. If the barrier is
external, coupling currents have to cross the barrier
each time they cross a strand. That is why the barrier
is more effective when it is external. This effect has
already been noticed in previous works [8]. In any
case, according to those theoretical calculation, the
CuNi has to be nearly external to reach the required
cable value of 50 ms (see Fig. 4). The maximum
outer copper thickness is around 15 |xm.

Our cables are quite different from those theoreti-
cal calculations because of the discrepancy in twist
pitch and void fraction. Nevertheless, results confirm
that only the external CuNi barrier (sample #3)
ensures the required time constant with a safety
margin.

4.3. Cross-checking between interstrand resistance
and coupling losses

It is well known that copper experiences a surface
oxidation even at room temperature [11]. That oxi-
dized surface contributes to the interstrand resistance
[12-14]. It has even been shown that this oxide has a
quite high resistance compared to other oxides used
to control the contact resistance (Ni, Cr, SnAg, etc.).
Its problem is its instability with temperature. Indeed
after a curing, the contact resistance decreases. Ac-
cording to Shintomi et al. [14] this effect appears
even at low temperature, 100°C, and seems to satu-
rate after 150°C (Collins et al. proposed 200°C [15]).
Then, as our samples were cured at 120°C during 3 h
between resistance and coupling loss measurements,
it could explain why the interstrand resistance has
decreased", for resistance measurement there was an
oxide layer, but for coupling loss measurements, this
layer was partially removed. Then, it could justify
that nrM is between nr0 and nrR. It has to be
pointed out that an impregnation is necessarily per-
formed for manufacturing coils. So the time con-
stants measured are probably relevant to the future
coils coupling losses.

Our model is then qualitatively in good agreement
with measurements. Modeling and experiment con-
clude both that the CuNi barrier should be nearly
external to fit the interstrand resistance at the re-
quired value. The maximum outer copper thickness
is according to our calculation around 15 \\.m.

Two calculations have been performed with our
code. On the one hand, the interstrand contact resis-
tance is supposed negligible. The calculated time
constant is then noted «T0 for a zero contact resis-
tance. On the other hand, the contact resistance is
fitted to our interstrand resistance measurements.
Indeed, thanks to our conductor mesh, the interstrand
resistance can be calculated and compared to the
measured values. The calculated time constant is
then noted nrR. Calculation results are summarized
in Table 2.

The measured time constant, HTM, is between the
two calculated values, nr0 and nrR. It would mean
that the interstrand resistance has changed between
resistance and coupling losses measurements. As nr{)

is in good agreement with mM, it seems that the
contact resistance is negligible in our coupling loss
sample.

5. Conclusion

It has been demonstrated in this study that a CuNi
resistive barrier can ensure sufficiently low coupling
losses in large twisted NbTi cables. To be efficient
this barrier should be nearly external. Only the exter-
nal copper nickel barrier seems to ensure with a
safety margin the ITER design value. This is very
important since a decrease in the design time con-
stant, 50 ms instead of 100 ms, is under discussion.

For ITER application, on the one hand external
CuNi barrier can be achieved in practical NbTi
composites, on the other hand plating solutions using
chromium or nickel are also possible. Both kinds of
industrial solutions will be explored and economi-
cally compared in a next Euratom contract led jointly
by ENEA/Frascati and CEA/Cadarache.
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Abstract

In the ENEA Frascati Laboratory, an ITER relevant coil is being tested in pulsed
regime. One item of the testing program is the search for possible ramp rate limitations.
The range explored (up to 3.2 T/s) covers amply the ITER Central Solenoid operating
regime (0.5-1 T/s). An interesting outcome of these tests is that repeated run sets,
performed in similar conditions, show an increasing value of the ramp rate that
produces a quench. This behaviour is attributed to a continuous decrease of the value
of the AC loss constant nx, due to the increase of the cable transversal resistivity. An
explanation on the basis of a "classical" training was also considered, but for a number
of reasons reported in the paper, it was discarded. Direct measurements of the AC loss
on the whole coil confirm that the original value of ni (140 ms), as measured on a
"virgin" piece of conductor, has gone below 40 ms. The measurements are made
difficult by the presence of a heavy mechanical structure and of a background coil. The
techniques applied and the results are reported in detail.

Keywords: Fusion, Superconductivity, Coil, AC loss

Introduction

In the Frascati ENEA Laboratory, an experimental set-up has been assembled to test
an ITER-relevant, 60 cm bore, superconducting coil in pulsed conditions. Details of
the coil and the project of the experiment have been reported elsewhere [1,2]. The
goals of the program are to obtain all possible information that can be used in the
design of the ITER Central Solenoid (CS), e.g.: ramp-rate-limitations, AC loss, current
distribution in the strands and the validation of the thermo-hydraulic analysis codes that
are being used to design the conductor and the coils of ITER [3,4].
The main similarities with respect to the ITER CS are the Nb3Sn intemal-tin strand that
complies with the FfPl ITER category; the CIC conductor, which is similar to the last-
but-one subcable of the ITER CS coil and was manufactured with the same technique
(cabling, pull-in-tube jacketing, compacting); and the Wind-and-React technique used
for the coil construction.
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The results of the testing campaign on ramp-rate limitations were reported elsewhere
[5] and are summarised here, in chapter 1. Chapter 2 reports the results of the
measurements of the AC loss on the whole coil.

1. Pulsed behaviour of the coil

The coil is charged at a constant rate (R=dl/dt) up to a prefixed maximum current Imax.
The current is then kept constant for a time t* (of the order of few seconds) to allow
for a period free of inductive voltages, during which the possible development of a
normal zone can be detected. The coil is then rapidly discharged. The initial value of R
is low enough not to produce a quench. R is then set to higher values (a typical step is
0.5 kA/s) and the pulse repeated. The first value of R which produces a quench defines
the "quench ramp rate" (dB/dt)Q. Maximum values of the plateau current and R are
respectively 7 kA and 5.7 kA/s, which correspond to about 4 T and 3.2 T/s.
Fig. 1 shows (dB/dt)o. at three values of the plateau magnetic field (2.8, 3.3 and 3.9 T,
corresponding respectively to 5, 6 and 7 kA). It can be seen that, for each value of the
field, there is a range of measured quench ramp rates, maximum values being up to
three times the minima. These variations are not random, but come out as a continuous
increase of (dB/dt)Q each time the coil is energized.
The coupling loss generated at each pulse can be calculated:

E - — \(— y dt (1)

/j 0 v at y

As an increase of the critical energy is not credible,we attribute this behaviour to a
decrease of the constant nx of the conductor. A possible explanation is that at each
pulse the Lorenz force produces a small relative movement of the strands, thus
increasing the cable transversal resistivity. Assuming then that at each plateau current
the energy required to produce the quench is a constant, the relative variation of nx can
be calculated. The result is reported in Fig. 2 as variation of nx as a function of the
pulse number, for all the values of the plateau current. The pulse numbering starts with
90. The previous ones were required to tune up the system. A similar behavior of CIC
conductors was reported earlier in the literature [6] but the variation of the coupling
loss, observed on short samples, saturated after few cycles. Recently, it has been
shown that the mechanical loading of short samples leads to a large increase of the
inter-strand resistance [7],
In principle, motion of strands could also produce a "classical training": if during a
pulse one or more strands modify anelastically their position inside the jacket (this can
produce a quench), at the next pulse a higher current could be required to move it
further. This would produce an increase of the critical current as a function of the
number of pulses. Actually, the data of Fig. 1 (consider those at a fixed value of the
current, e.g. 6 kA), show that it is not the current, but the quench ramp rate that
increases each time the coil is energised. The plateau current, the plateau field and
hence the Lorentz force (which is responsible of the classical training) are constant. On
the contrary, the coupling loss depend quadratically from dB/dt. The data of Fig. 1
show a (dB/dt)2 variation of about a factor 6 (at 6 kA). It seems then reasonable to
attribute most of the conductor improved performance to a reduction of nx . Another
support to this conclusion comes from the measurement of critical current Ic
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performed at FZK [8] on short samples of this conductor. Ic was measured at 14 T and
4.2 K as a function of the tensile strain s. An increase from about 5 kA to 10 kA was
found when s was varied from 0 to 0.6%. By repeating several times the
measurements, it was found that all the values of Ic fall on a single curve. This shows
that the training was negligible, despite of the very large value of the Lorentz force (an
order of magnitude higher than during the coil tests).

2. AC loss measurement

The classical electrical method of measuring the AC loss on the whole coil has been
used [9]. A 100 A/ ±200 V power supply has been used to produce periodic
trapezoidal current pulses. The maximum ramp rate was 2 kA/s (1.1 T/s). The product
V*I has been integrated over one or more cycles. To improve the accuracy, the
inductive component of the voltage has been subtracted by means of an air-core
transformer placed in series to the coil. Fig. 3 shows the coil current and the
compensated voltage of a typical test.
These measurements are largely influenced by the presence of a heavy mechanical
structure and of an outer Nb-Ti coil, in which the eddy currents dissipate an energy
which is much larger than that due to the AC loss in the test coil. The following
procedure has been then adopted: a) keep the outer coil above its Tc (to reduce its loss
just to those due to eddy currents), b) repeat each measurements twice: once with the
test coil just above its Tc (21-23 K) and then at the operating temperature (14-16 K).
The AC loss is calculated as difference between the two values, taking into account the
joule energy dissipated in the normal state.
At these low values of current (100 A) and field (0.056 T), the hysteretic losses are
negligible, so we can attribute the measured losses completely to coupling. In Fig. 4,
the measured values of the AC loss energy are reported, as a function of the product
I*(dl/dt). The data show the typical dependence of coupling loss on the frequency
(ramp-rate): a linear increase followed by a saturation and then by a decrease. The
scattering of the data is rather large and this can be attributed to the fact that, as
illustrated, each value comes out as a difference between two big numbers. From the
linear best fit of the data below 0.1 (kA)2/s shown in the figure and from Eq. (1), one
can calculate a value of 37 ms for the constant nx. This value is about 4 times lower
than the value measured at the Twente University on a virgin piece of conductor (140
ms) [10]. Such a decrease is however in agreement with the results of the tests
reported in the preceding chapter (Fig. 2). If we assume the value of nx=37 ms for the
last high current pulse (N=146), we can calculate a value of about 110 ms at N=90,
which indicates a reasonable decrease of ni during the first 90 pulses.
The measurements of the AC loss were performed, as described, at very low current in
the coil (negligible Lorentz force), while during the ramp rate tests the current was of
several kA. To validate the conclusions of the preceding paragraph, measurements of
AC loss in presence of a transport current of some kA should be done. They are
foreseen in the next future.

3. Conclusions

The coupling loss of an ITER relevant CICC coil has been measured up to 1.1 T/s at
low transport current. A value of nx=37 ms was obtained. This is about 4 times lower
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than the value previously measured on a virgin piece of conductor. In agreement with
this result, an indication of a decrease of nx when the coil is cycled had been already
observed during the preceding high-current ramp-rate testing campaign of the coil.
This phenomenon, observed for the first time on an ITER relevant coil, can have an
impact on the design of the conductors for the reactor.
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B4.3
Coupling-current losses in composites and cables:
analytical calculations

J L Duchateau, B Turck and D Ciazynski

B4.3.1 Introduction

Modern superconducting composites are made of twisted filaments in a normal-metal matrix which provides
paths for currents to couple them in changing fields. These coupling-current losses may be very important
and the design of the composite in relation with the magnet field cycle has to be done so as to limit them
to the lowest possible value.

In the early 1960s operating superconducting magnets with varying fields was a hard task.
Multifilamentary composites, resistive barriers, subdivision and cables have been major milestones that
have allowed the operation of a large variety of magnets with convenient ramping time or with externally
changing fields.

Solutions are now available which allow 10-100 s rise time in magnets for particle accelerators and
10 T s~l poloidal field changes on the superconducting toroidal field magnets of Tokamaks. In particular,
in the near future, fusion research has to face the problem of producing high-field and high-current poloidal
magnets to be discharged in 30 s. Advanced solutions have to be found to meet that aim and to limit the
heat load on the refrigerators associated with these machines.

Extensive work has been done on this subject. In this chapter elementary materials are given to allow
engineers to perform loss calculations in practical cases. More complete theories can be found in particular
in the work of Carr (1983), Ciazynski (1985) and de Reuver (1985). It is to be noted that the behaviour
of a superconducting composite submitted to a field variation of any orientation (neither transverse nor
parallel) has not been fully treated theoretically (with convenient analytical expressions).

B4.3.2 Multifilamentary composites in transverse time-changing magnetic fields

This is the most common situation. In magnets such as accelerator coils or solenoids, the self-field produces
field variations transverse to the conductors.

B4.3.2.J Coupling-current loss in round twisted multifilamentary composites with a normal-metal matrix

The composite is supposed to be submitted to the time variations of an external transverse uniform field
Be. Assuming that the twist pitch is very long as compared with the composite radius, the twisting of the
filament creates a very particular situation of interfilamentary eddy currents inside the matrix, called in
this case coupling currents. They are parallel to the field and not, as normal eddy currents, perpendicular
to the field.
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206 Losses in SC wires

To evaluate these currents we can follow the demonstration of Ries (1977).
As long as the external filaments are not saturated, a zero electrical field exists inside these filaments.

This means that the critical current is not exceeded in these filaments, which is generally valid if the field
variation is not too fast. Circulation of the electrical field along the (C) contour in figure B4.3.1 leads to

£RfsmBj
In p

where p is the twist pitch of the composite, 5, the internal magnetic field variation, Rf the radius of the
filamentary zone and V(z) the voltage at point z between the filament at radius Rf and the composite axis
at a distance z from the plane x—y.

non saturated external symmetrical
superconducting filaments

, *-Z

Figure B4.3.1. A multifilamentary composite in a Figure B4.3.2. The electromagnetic reaction of a
transverse field. multifilamentary composite to a transverse field.

Within the cross-section of the composite perpendicular to the z axis, the same voltage can be related
to the x coordinate (figure B4.3.2)

Lit
(B4.3.1)

associated with the uniform electrical field Ex = — (p/2n)Bj and with the transverse uniform current
density

J* = --.
2np,

where p, is the transverse resistivity of the filamentary zone and e the thickness of the normal-conducting
layer.

Simultaneously this voltage generates in parallel an azimuthal current through the normal-conducting
layer. If e «; Rf, then

B,
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where pn is the outer normal-conducting-layer resistivity.
The current densities Jx and Jv are collected by the surface linear longitudinal current density Is

flowing in the outer layer of filaments. A correct balance of Jx and Jv gives

/ p \2 f 1 e 1 •
= — I — + B, sin <p = Ism sin <p

\27tJ lp, Rfpn\

where Is is the linear current density per metre of circumference and Ism is the maximum value of Is at
q> = TX 12. In turn, it is well known that such a sinusoidal distribution of linear current density generates
a uniform magnetic field, inside the composite: AB, = —fj.oIsm/2 such that the resulting internal field in
the bundle of filaments is

with

el0 = !£ (JL)2 ( 1 + <) . (B4.3.3)

d]o is the time constant of the decay of the coupling currents in time.
Using known formulae from the theory of differential equations, the general solution for B, can be

written as

^ - /" fl,(Oexp(r/0,o)dr+ c | . (B4.3.4)
0io Jo J

It can be demonstrated that the power losses due to these coupling currents can be written as

(B4.3.5)
Mo

where P is the loss power per unit volume of the filamentary zone.

Remark on loss measurements
This time constant, 6\o, is of major importance. It is a clear physical manifestation of the coupling current
and its measurement can be used in principle to characterize the losses of a composite through the time
constant of the magnetization of the composite. This time constant &\o is the time constant of the composite
alone in space submitted to the magnetic field variation. To measure this time constant, it can be useful to
build a sample made not of a single strand but made of several strands in order to increase the sensitivity
of the measurement. The time constant of such a sample 620 is no longer the time constant of the strand
alone, but depends on the geometry of the sample. The relation between 620 and #10 is

020 = 2(1 - N)6l0

where N is the demagnetization factor of the sample geometry (N = 0.5 for a single composite) (Bruzzone
and Kwasnitza 1987).

Loss measurements can be made either by direct calorimetric measurements or by magnetization
measurements. In this second case, it can be demonstrated that

W = K
B Mo
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208 Losses in SC wires

where W is the loss per unit of composite volume during a field variation and M is the magnetization.
The magnetization (as defined here) can be experimentally measured by the difference between two

pickup coils. The first one, wound around the sample, records the flux internal to the composites and the
second one records the external field and is wound far away from the sample so as not to be influenced
by it.

AT is a calibration coefficient depending on the sample's geometry and the type of pickup. Its exact
calculation is difficult and its value can be accessed through an initial experiment with a known sample.

In certain cases, the power is no longer related to the filamentary zone but to the composite. A new
time constant d\ can be defined in this case such that

p =

where P is the loss power per unit volume of composite.
6\ is no longer the time constant of the decay of the coupling currents but is directly derived from it

0i = 0]0RJ/R2. (B4.3.6)

B4.3.2.2 Coupling-current loss in a rectangular multifilamentary composite

If the composite is not round but rectangular, it can be characterized by its aspect ratio a

a\ length of the side perpendicular to the changing field
2 1 a2 length of the side parallel to the changing field.

Equation (B4.3.3) is no longer valid and must be corrected

0io = ~ (^-)2 [ — + f ^ l • (B4.3.7)
2 V27T / |_ p , RfPn J

The coefficients /(or) and g(a) have been given by Turck (1982a) and are presented in figure B4.3.3.

jr2a2 / 35 + 20a + 7 a2 \
f(a) =

12(1+a)2 V 10 7

^)=(TT^T"

B4.3.2.3 Coupling-current loss in multizone multifilamentary composites

It is to be noted that, for a given field variation, the losses are highly dependent on the time constant
6\. High loss levels are connected with high values of 6\. Composites are designed to adapt the time
constant to the field variation rates. Modern composites are often not simply constituted by a filamentary
zone surrounded by a copper shell but are more generally represented as in figure B4.3.4 by a central zone
without filaments, surrounded by a filamentary zone and two shells of different materials such as Cu-Ni
and Cu.

The exact treatment of this composite has been made by Turck (1979a).
The Laplace equation written in cylindrical coordinates, for a composite, yields the voltage at a given

point (r, <p)

d2V 1 dV 1 92V
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Figure B4.33. Loss correction coefficients / ( a ) and Figure B4.3.4. A schematic diagram of a multizone
g(a) versus aspect ratio. multifilamentary composite.

In the two external shells, i = 1 and i = 2, the solution is given by

Vi(r,<p) = I Atr+ — Jcos<p.

The boundary conditions account at each interface (between a zone i and a zone i + 1) for the
continuity of the azimuthal component of the electrical field and for the continuity of the radial component
of the current density

Pi Pi

where p\ and fo are the resistivities of zones 1 and 2 respectively and fli is the interface radius between
zones 1 and 2.

Two other conditions are required to solve the problem

V(Rf,<p) = —Rfcoscp from (B4.3.1).

Along the circle of outer radius R2, the current is azimuthal: Er(R-i,<p) = 0. The voltage in the
central zone can be derived similarly.

The time constant associated with the loss power per unit of volume of composite is
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(a) Central zone 9C

{RA2V-oP2 1

*<=U)i£* (B4-3-8)
where pc is the central zone resistivity.

(b) Filamentary zone

R 2 — R 2 ,/_ n 2

< B 4 3 9 )

where p, is the filamentary zone resistivity.

(c) First shell (subscript 1)

2 P l / fB4 3 W)
Rf P(R2 + R2) + P(R2R2) ( }

Ql R2 + sR2 S f>2(R2 + R\) - Pl{R
2
2 - R2)

where px is the first-shell resistivity and p2 the second-shell resistivity.

(d) Second shell (subscript 2)

_ Rj fj.op2 n

R 2 v ' '

_ al(l+s)R2

2 _,o —9

(e) Time constant due to eddy currents
The normal eddy currents in the copper outer layer generate another time constant. The power associated
with this time constant has to be added to the power resulting from the coupling time constant. The time
derivative of the internal magnetic field B, induces in the normal metal a z component of the electric
field Ez = rsin<pBj. It generates normal eddy currents with a loss power density in the normal metal
P2 = E\)pn. The integration of this power in the different normal zones leads to the expression

e ±cLY>icu,(RUR?)

Zpcu^ R2
+i

where r\Cu. is the copper ratio in region i and

P _ 2Bfe2

Mo

where P is the eddy current loss power per unit volume of composite.
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B4.3.3 Evaluation of the transverse resistivity

The evaluation of the transverse resistivity of the composite needs to have a good electrical model of the
strand.

The evaluation of the transverse resistivity is of great importance for the time constant evaluation and
is generally not so easy to calculate. Significant traps have to be avoided.

The classical and most common situation is represented in figure B4.3.5. The filaments are surrounded
by a layer of thickness eb and of resistivity pb. These plated filaments are immersed in a matrix of resistivity
pm. For the case where the thickness eb is very small compared with the filament radius /y, the following
formula has been given by Ciazynski (1985) in good agreement with Carr's results

Pt - Pm (B4.3.13)

where
Pb (eb\

X = — I — I
Pm VfJ

and A. is the nonmatrix proportion in the filamentary zone. Extreme cases can be found from this formula.

0 x ->0(1) &-
Pm

1 -k
Pt = Pm

1+A.

This describes the classical case of copper-plated filaments in a cupro-nickel matrix, i.e. low-loss
composites associated with high transverse resistivity.

(2) »
Pm

OO CO Pb = Pn
l+X

1 -A."

This describes well the case of cuprc—nickel-plated filaments in a copper matrix.

filament
resistive
barrier (Pb)
thickness tt

matrix (pm)

Figure B4.3.5. Typical mesh associated with the representation of a multifilamentary composite.

Equation (B4.3.13) is also of great interest for the practical calculation of the transverse resistivity of
pure copper Nb—Ti composites, assuming a pure copper resistivity does not lead to values in agreement
with experiments. As a matter of fact, in this case it can be shown that a resistive intermetallic interface
exists between the filament and the matrix, the value of which can be estimated (Turck 1982b).

= 6x 1CT15 Q m2. (B4.3.14)
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(a) Evaluation of the copper resistivity
This value depends on the magnetic field. Particular attention must be paid to the fact that experimental
loss measurements are generally performed around a rather low value of magnetic field. The evaluation
of the resulting time constant has to be corrected, in particular for the high-field region of the magnets.

An approximate expression of the field dependence is given by: pm = p m 0 +0.2 x 10~10£ (p in Q. m
and B in tesla). Note the coefficient 0.2 (and not 0.45) due to the orientation of the magnetic field parallel
and not transverse to the coupling currents. pmo is the reference value of the resistivity which at 0 T depends
on the residual resistivity ratio (RRR) of the composite. Typically: pm0 - 1.7 x 10~10 x (100/RRR).

In Nb-Ti composites the RRR of copper can vary across the section of the composite. Especially if
the filament spacing is very small, this may decrease the RRR by affecting the mean electron free path in
this region. The time-constant calculation must take into account these various resitivities.

(b) Copper-nickel resistivity
The amount of nickel can be adjusted, depending at what level the losses have to be limited. For low-loss
applications Cu-Ni30% is recommended.

In table B4.3.1 the resistivity is given as a function of the amount of nickel.

Table B43.1. Copper-nickel resistivity at 4.2 K as a function of Ni proportion (wt%).

Cu-NilO% Cu-Ni20% Cu-Ni30%

1.4 xlO"7 2.5 x 10"7 3.4 x 1(T7

B4.3.4 Examples of time-constant evaluation

It has been seen that the time constant of coupling and eddy currents is a key parameter for a.c. loss
calculation. Increasing demand for rapidly changing fields has pushed it to the front of the stage. In the
past few years, the calculation of this time constant has become a step on the way to loss evaluation.
Moreover this well known parameter has somewhat helped to clarify the qualification process of low-loss
superconducting wires.

As for the effective filament diameter which is a determining parameter of the hysteretic losses, the
time constant can be specified by the manufacturers. Its value, though sometimes difficult to estimate,
may be checked through simple loss experiments (Ciazynski 1985). Two ways are commonly used to do
this, the calorimetric method and the magnetization method. For a given transverse-field variation, for
instance with a trapezoidal shape, applied to an assembly of composites, it is possible to discriminate the
hysteretic components and the coupling loss components. This second component is directly proportional
to the time constant which can be thus derived.

The relaxation of the magnetization after application of an abrupt step of transverse field also
yields the time constant of the composite but it is somewhat affected by the shape of the assembly
(see section B4.3.2.1).

In the following examples, calculations are presented on composites of different structures.

B4.3.4.1 Copper matrix Nb-Ti composite

This composite has been manufactured by Vacuumschmelze.
The filaments are located in a pure copper matrix with the following parameters:
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composite radius Ri — 445 ixm
twist pitch p = 46 mm
number of filaments: 636
Cu/Nb-Ti ratio: 1.9
filamentary zone radius Rf = 400 /im
central zone radius Rc = 150 fim
filament diameter: d «s 21 /i.m
nonmatrix proportion in the filamentary region rj = 0.5.

In this case the time constant 6\0 is very simple: it can be derived from (B4.3.9) (making Rc = 0),
(B4.3.10) (making fl, = R2) and (B4.3.6):

_ Mo
010 - y

If 5 = 1.31 T, in this case pCu = 4.51 x 10~10 Q m. From (B4.3.13) x = 126 and p, = 5.06x 10"10 fi m.
The first term of the time constant connected to the transverse resistivity gives: d\\ = 66.5 ms. The

second term connected to the copper shell gives: 6\2 = 7.4 ms. Therefore 0\ = 6\\ +6\2 = 73.9 ms. The
time constant of this composite has been measured. The experimental result is 74.2 ms in good agreement
with the evaluation.

B4.3.4.2 A mixed matrix Nb-Ti rectangular composite

This paragraph is devoted to the composite of the superconducting magnets of Tore Supra: the French
Tokamak based at the Cadarache Centre. It was first produced with a round shape then modified to the
final rectangular shape.

(a) Round version
The structure of the composite visible in figure B4.3.6 (rectangular version) is ((Nb-Ti, Cui, Cu-
Nii)mCu2)nCu3 with the following parameters:

number of filaments in a bundle n = 199
number of bundles m = 54
filament diameter: 25.7 jtm
thickness of Cui around a filament: 2.57 jxm
thickness of Cu-Ni] around a copper-plated filament: 1.34 /zm
thickness of Cu2 around a bundle: 44.7 /xm
thickness of the outer copper shell: 414 ju.m
overall diameter: 5 mm
Nb-Ti: 29%, copper: 64%, Cu-Ni: 7%
twist pitch: 54 mm.

The composite can be represented by four concentric zones as in figure B4.3.4.
The Cu-Ni barrier around the filaments has to be represented as an equivalent Cu-Ni shell for

azimuthal currents, which must flow through it before having access to the copper shell.
Neglecting the central zone, the time constant may be represented as the sum of three contributions

0, =6>/+0S i +0S2- (B4.3.15)
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Figure B4.3.6. The Tore Supra composite (Vacuumschmelze version).

(i) Filamentary! zone Of. Neglecting the contribution of bundles, the main contribution is given by current
loops circulating between peripheral bundles such as from (B4.3.5)

n
 Rj ~ Rc fJ-oP2 I

pf

S 1 + A
Pf = PCuNi 7 + PCu T

h 1 — A

J - R;)
h =

where 5 is the Cu-Ni thickness around one filament, h the half mean path through the Cu matrix and A is
the noncopper ratio in the filamentary zone, A = 0.65.

(H) Cu-Ni shell 6S\. From (B43.8)

(Hi) Copper shell 8Si. From (B4.3.9)

*s. =-r£
/? | 8JT2

fiop- n

R\

fivj £̂ f<i)' current contribution. Mainly only the copper shell has to be considered

?4 D4\

Mo
Rl

1-

where r)Cuf is the copper ratio in the filamentary region.
Table B4.3.2 presents the main contributions to the time constant of the composite. The copper

resistivity has been evaluated, assuming a magnetic field of 1 T.
The experimental result of 29.5 ms can be considered as being not so far from the theoretical evaluation

of 36.4 ms, taking into account the complexity of the strand.
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Table B43.2. Detailed contribution to the Tore Supra composite time constant.

Time constant Resistivity
(ms) (Q m)

Filamentary zone
Equivalent Cu-Ni
Copper shell
Eddy current

Total

between bundles
shell

18.3
2.3

12.8
3

36.4

1.16
0.34
1.9 >
2.15

x 10-9

x 10~6

c 10~10

x 10-9

(b) Rectangular version
In fact the Tore Supra composite is a rectangular 2.8 x 5.6 mm2 composite. The time constant of this
composite can be evaluated from the time constant of the round version.

From (B4.3.7) 0, = 0ff(a) + (0Si + eS2)g(.a).
For a field perpendicular to the wide face of the conductor a = 2, / ( a ) = 3.8, g(a) = 1.5

(figure B4.3.3) and thus 0\ = 92.2 ms.
However, this time constant has to be considered for the magnet current ramp. Now with the field

parallel to the wide face of the conductor or = 0.5, / ( a ) = 0.43, g(a) — 0.37 (figure B4.3.3) and thus
0i = 13.5 ms.

This time constant has to be used in the case of a plasma disruption where the field variation from
the poloidai field system is orientated such as to give low losses.

B4.3.4.3 Modified jelly roll (MJR) Nb3Sn composite

This composite has been manufactured by Teledyne Wah Chang Albany. It has been ordered by CEA
(French Atomic Commission) for fusion applications. The composite is made of 18 bundles of filaments
in a copper matrix (figure B4.3.7). The thickness of bronze around the bundles is 5 //m; the thickness of
copper around the bundles is 10 /zm and the thickness of the outer copper shell is 55 yum. The overall
diameter is 0.73 mm and the composition is Cu: 50%, nonCu: 50% with a twist pitch of 8.5 mm.

As for the Tore Supra composite, the time constant may be represented as the sum of three
contributions:

The Cu-Ni barrier, in this case, is replaced by the bronze barrier. In table B4.3.3 are given the main
contributions to the time constant. The copper resistivity has been evaluated assuming a magnetic field of
1 T (RRR = 40).

The time constant of this composite has been measured. The experimental result of 0.43 ms is in
very good agreement with the evaluation. For this composite a special 5 fim thick bronze barrier between
the bundle and the pure copper region has been provided at the request of CEA. Without this barrier the
time constant is expected to be 50% higher.

B4.3.5 Losses in a composite subjected to a transverse external harmonic magnetic field

The external harmonic field is

Be = Bosinwt. (B4.3.16)
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Figure B43.7. A modified jelly roll Nb3Sn composite (TWCA).

Table B43.3. Detailed contribution to the MJR composite time constant.

Time constant Resistivity
(ins) (Q m)

Bundles 0
Filamentary zone between bundles 0.15
Equivalent bronze shell 0.07
Copper shell 0.12
Eddy current 0.03

9 x 10-*

9 x 10-"
4.5 x 10"!0

4.5 x 10-'°

Total 0.37

B4.3.5.1 The low-frequency region co(Q10 •+• 62) <& 1

(a) No saturation of the external layer

8l0 and 62 are the two time constants presented in section B4.3.2. They must be kept separated because
they are not associated with the same volume. If 9 = 910 + <92, then

(B4.3.2)

From (2), (4) and (16) we get

B; —
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The magnetization (see section B4.3.2.1) is proportional to 6B,. <p is the phase angle between the
magnetization and the external field.

<p = t an" 1 0(o.

All the powers and energies calculated hereafter are presented per unit volume of composite.
Let PE+C be the combined coupling and eddy current losses in the filament bundle. From (B4.3.5)

/ Rf V 2Bf6

V R ) Mo

The mean associated power can be derived

PE+C
•(*)' 62co2)

and the energy per cycle

WE+C = » T (B4.3.17)

This energy is a maximum for 6a> = 1.
The influence of frequency on the coupling losses is pointed out in figure B4.3.9(a) for: Rf = Q.9R

and Bo = 1 T.
The eddy current losses in the outer copper shell are

-m
1 - —

( 1 + 6>2
2<w2)

Wr =

The total energy per cycle dissipated in this nonsaturated mode is W — WE +

(b) Saturation of the external layer
As soon as the external layer of filaments begins to saturate, the situation is different. We follow here the
simplified presentation of Turck (1979b). The influence of the transport current is neglected.

The composite is presented in figure B4.3.8 in the slab approximation (half thickness R).

- -B,-E>O

Figure B4.3.8. Saturation of the composite as a function of the external field.
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The condition of saturation is: (Be — Bi)max — 6\oBimax > /j.or]fJcd where d is the filament diameter
and r\f is the superconductor ratio in the composite.

The field profile varies from —So to +BQ through profiles 1 and 2 as in a compact superconducting
wire.

The extension of the saturated zone reaches the point P associated with the value xsat such that

x,a, = aRfBj with a =

The losses associated with (B4.3.17) must be calculated only in the nonsaturated zone, except for the eddy
current losses of this zone.

In the saturated region, additional losses Ws appear, derived from the equivalent compact
superconductor subjected in the partial penetration mode to a changing field 6iBimax in amplitude. The
result is

2

Thus it can be demonstrated that the overall energy per cycle in the composite is

W = {WE + WE+C){\ - ctBi) + Ws (B4.3.18)

, Rf \ ZjTuOJDn

W = l-t) — -2— 1 -

,'Rf\
2 da)2Bl ( 9]0ctcoB0 ( 1 \ \ ( (Rf\\ &2(O2B2

P = I -!r I Sr-zr I 1 - — - . . . , , . I 1 - —wtfio I 1 + I 1 - I -£• '
K )

B4.3.5.2 The high-frequency region co62 ^ 1

Losses are dominated by the classical skin effect in the copper shell. The field and the losses are zero
outside the skin depth.

In the slab approximation:

R2TTX hn~ R2/.i.X

(B4.3.19)

B4.3.5.3 Coupling and eddy current as a function of frequency

There is a limit for coupling losses. From (B4.3.18)

The skin effect introduces a decrease of the coupling losses. The losses due to this effect are not
limited and increase as o>1/2. The situation is presented in figure B4.3.9(b).

B4.3.6 Losses in a composite submitted to an exponential external variation

The external field is:
Be = AB(l - e ~ ' / T ) . (B4.3.20)
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2000

(a)

8

EDDY CURRENT
1 r

1
1

OVERALL LOSSES — • /

\ y )
i / ^ /

t SKIN EFFECT r

Nj—COUPUNG CURRENT

1/8 1/B2

ANGULAR FREQUENCY

(b)

> = 2JT/

Figure B4.3.9. (a) Influence of frequency on a twisted composite subjected to a transverse harmonic magnetic field
(case without saturation and eddy currents neglected), (b) Coupling losses and eddy-current losses.
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B4.3.6.J No saturation of the outer layer of filaments

i = Be- Bi (B4.3.2)

From (B4.3.2), (B4.3.4) and (B4.3.20)

Ojmax — •*
X/(\-x)

—
X —

A very good approximation of the overall loss can be given by

W =
AB2

B4.3.6.2 Saturation of the outer layer of filaments

Partial saturation appears when

The eddy current and coupling losses must be calculated only in the nonsaturated region. The
additional losses in the saturated outer layer are

(\+2x){\+x)

and the overall losses are

Rj[fM>(0
i [i (R2f

[ \R

B4.3.7 Losses in a composite submitted to a low-rate ramp

The external field is Be — AB(t/z).
If r » 0 then

_ 2AB2e _ 2AB2d

fJLQT2
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B4.3.8 A.c. losses in cables

The large magnets needed for particle accelerators or detectors are energized by high currents in order
to limit to acceptable values voltages during transients. For fusion applications, 40 kA conductors are
now under production. Braided cables and twisted cables try to ensure as much as possible transposition
relative to the transverse fields. In any case, contradictory requirements must be met by cables dedicated
for a.c. applications:

(i) twist pitch lengths small to reduce losses, but sufficiently large to ensure a good mechanical stability
of the assembly after cabling and to avoid wire breakages during cabling;

(ii) resistive barriers between the wires composing the cable but certainly not a full insulation. Complete
insulation for cables has proven to be a source of degraded performance due to the difficulty of current
transfer between strands and the associated recovery problems in the case of transition to the normal
state.

In cables the time constants are multiple and coupled. Magnetization measurements, through a direct
evaluation of the losses, usually show that there is more than one time constant representative of the losses
for a large range of time.

A complete analysis of coupling losses in cables is hardly possible because of the difficulty of the 3D
representation. Moreover, even simple things such as the way to ensure a reliable and defined interstrand
resistance are not established and depend highly on the fabrication process of the coil.

Two kinds of cable can be discussed.

(i) Multistage cables: the main application is magnetic fusion. The coupling currents cross the contact
surface of strands running side by side, all along their length. The contact resistance is highly
dependent on the void fraction.

(ii) Rutherford cables: the main application is in particle accelerators. The cable is made of two layers
and the main path for coupling currents is the crossover of strands situated in the two different layers.

B4.3.8.J Evaluation of the time constant for multistage twisted circular cables

General analytical formulae usable for calculations of a.c. losses in multistage twisted circular cables have
been developed in the model presented by Schild and Ciazynski (1996). They come from electromagnetic
calculations (potential method) as used for coupling-loss calculations in superconducting strands. This
method enables us to treat the case of any number of cabling stages theoretically.

This model is valid if all the strands and successive stages running side by side inside the conductor
experience a uniform contact resistance along the length of the cable. This situation is achieved in
conductors where the void fraction is not too high.

For steady-state regimes (i.e. when the magnetic field variation rate anywhere inside the cable is equal
to the applied field variation rate), the total cable a.c. loss power per unit volume of strand can be written
as follows

p=2eB[

where Be is the applied magnetic field variation rate and 8 is called the cable a.c. loss time constant.
It is clear that this formula is only valid when all the coupling-current time constants are small

compared with the field-variation time constant r, that means in practice when 6 <3C T.
Under these conditions, the cable a.c. loss time constant 6 can be written as a summation of N time

constants 6n, each of them being associated with the contribution of each cabling stage to the total a.c.
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losses (n = 1 for the basic strand)

Each 6n corresponds to the increase of a.c. losses at each new cabling stage n. In a general way we
can write (for n > 1)

- vn_,
( B 4 3 . 2 1 )

where p*, pn, vn are respectively the effective twist pitch length, the effective resistivity and the average
void fraction of cabling stage n.

Then we have
„ rn-\ Pbeb

Pn=Pn~ "£ Pn-\ and pn = — - (B4.3.22)

where pn, Rn, rn, en are respectively the apparent twist pitch length, the outer radius, the twist radius, the
contact area ratio of cabling stage n (see figure B4.3.10), and pbeb is the product (resistivity x thickness)
of the contact resistive barrier. When n = 2, r\ is the strand filamentary area radius and R\ is the strand
radius.

5 = 71 Cn Rn-1

Figure B4.3.10. A schematic view of cabling stage n.

The apparent twist pitch length pn is related to the cabling twist pitch /„ but it also depends on the
cabling process (percentage of torsion, manner of torsion, back-twist, etc). The following is an example.

For 100% torsion of all the cabling stages

i N i

T
where 4, pn are algebraic values < 0 or > 0, depending on the method of cabling.

For a cabling process with full back-twist, we have: pn = ln.
The expression for pn offers the advantage of making a distinction between geometrical parameters

such as Rn and en (which depend on vn) and an electrical parameter such as pb.
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For n = N, the coupling currents crossing the steel jacket (see figure B4.3.11) give an additional
contribution to the a.c. losses

" 2pst \2n) Aj + 2AC 1 - I

where Aj is the jacket area and Ac is the cable space area (inside the jacket) and ps, is the steel electrical
resistivity.

Figure B43.ll. The 40 kA conductor developed at CEA as part of the European programme for magnetic fusion
(40 mm x 40 mm).

By definition we put: 6^ = 8N + &'N and we write:

e * _ w» (P'N\2 i
N 2p'N \2n) l-vN-i

which is in fact the definition of p*N.
Also to be added are the pure eddy-current losses inside the steel jacket, but this contribution is

generally negligible (<1 ms).

B4.3.8.2 Correlation between theory and experiments for an Nb$Sn 40 kA conductor

A cross-section of this conductor is presented in figure B4.3.11. This conductor has been designed and
tested by CEA and has been made by Dour Metal. It is very representative of the conductors actually
manufactured in the framework of the ITER programme. The strand is an MJR Nb3Sn composite fabricated
by Teledyne Wah Chang Albany, chrome plated as already described in section B4.3.4.3. The stainless
steel bandage around the last subcable (petal) is 0.2 mm thick. The cable contains 3 x 3 x 4 x 4 x 6 = 864
strands (n = 6). The void fraction in the petals is about 30%.

Detailed results have been presented by Ciazynski et al (1993).
The main contribution to the time constant will be brought by the petal contribution, the 'interpetal'

coupling currents being cut by the stainless steel wrapping. Particular attention will be given to p5, the
effective resistivity between the four quadruplets constituting the petal.

(1) Contact resistance measurement
These measurements have been carried out in situ on a piece of jacketed conductor, 350 mm in length.
This length corresponds to the last cabling twist pitch of the cable. The measurements have been performed
at 4.2 K with no background magnetic field (B = 0 T).
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From the contact resistance measurements, we can calculate the average value of p$ (0.12 fiQ. m), then
deduce the value of pbeb (B4.3.22) using the geometrical value of £5 (0.1) obtained from a cross-section
examination of the cable

pheb =4 .5 x KT13Q m2.

This value seems to correspond to the thin bronze shell surrounding the filamentary matrices of the
strand (figure B4.3.7), assuming

Pb = Pcusn = 9 x 10~8 Q m eb = 5 /xm.

Taking this assumption it is possible to calculate the theoretical contribution of all the stages. The result
is presented in table B4.3.4.

Table B4.3.4. The theoretical contribution to the time constant for the 40 kA Nb3Sn conductor.

pbeb

Q\
02

0Z

04
05

06

6 total

4.5 x 10~13 i
0.41 ms
0.54 ms
2.1 ms
12.7 ms
54 ms
2.4 ms

72 ms

(2) A.c. loss measurements
The a.c. losses under trapezoidal field variations have been measured. It turns out that the time const£
depends on the the ramp time Tm, which was quite unexpected. The value at very slow ramp (Tm = 10
corresponds to a value of 30 ms which is half the theoretical value. There is no clear explanation for thai.

From this early measurement, other experiments (Bruzzone etal 1996, Nijhuis etal 1995) have been
performed in the framework of the ITER programme. For this programme the aim is to reach a value
of 9 of 50 ms for the conductor. The effectiveness of the chrome plating to limit the time constant by
increasing the interstrand resistance has been questioned since these experiments. In spite of its capability
to harden the strand and influence the contact surface, other ways have been explored such as barriers
internal to the strand and less subjected to any friction abrasion under magnet operation.

B4.3.8.3 Evaluation of the time constant for Rutherford cables

A detailed model has been presented by Turck (1979b). In particle accelerator magnets, the coupling
current can produce, in addition to power dissipation, field distortions which can seriously disturb the
operation of the machine especially during the injection phase. A typical Rutherford cable is presented in
figure B4.3.12.

We consider slow variations of uniform field Be. Be is the field component transverse to the wide
face of the conductor (dimension b). The thickness of the conductor is c
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Figure B4.3.12. A typical Rutherford cable manufactured by GEC Alsthom. Courtesy of GEC Alsthom.

(a) Intrastrand coupling current
The first contribution is the so-called intrastrand coupling current. Strands used are generally made of
Nb—Ti filaments embedded in a pure copper matrix. Typical time constants of about 5 ms can be met (see
section B4.3.4).

(b) Interstrand coupling current
Two cases can be considered.

(1) Time constant dominated by crossing strands.

p 240c2

where p is the equivalent resistivity of the material situated between the two strand axes belonging to the
two different layers, i.e. the strand matrix, coating and eventual metallic strap between the two layers. The
contact surface influences this value.

(2) Time constant dominated by adjacent strands. It is the case if there is an insulating strap between the
two layers

98 p '

(c) Discussion of the time constant control in Rutherford cables (Devred and Ogitsu 1996)
If we consider that the geometrical parameters regarding dimensions and twist pitches are imposed, the
formulae presented above show that the contact resistances drive the time constants. During the mechanical
assembly, large pressures are applied to the cable which result in large contact surfaces and possible low
contact resistances.

The solution retained for the HERA dipole magnets was to coat the strands with a thin layer of 5 wt%
silver-95 wt% tin solder called Stabrite to avoid the formation of a copper oxide and ensure crossover
resistances as uniform as possible.

For the dipoles of LHC (a large hadron collider project at CERN) again, this question is at the
forefront. Severe ramp-rate limitations have been observed on several prototype magnets, and pertubating
field errors associated with long time constants have been measured (Verweij 1996). This has been
explained in relation to supercurrents as a kind of coupling current which can appear if the field ramp
or the contact resistance are nonuniform along the length of the conductor. In fact this situation is quite
common in accelerator magnets. A possible solution could be to increase the crossover contact resistance
by a stainless steel zip between the two layers.
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B4.3.9 Multifilamentary composites in axial fields

B4.3.9.1 General

When a multifilamentary twisted composite is submitted to an axially changing field, currents are induced
in the outer layers of the helical filaments to shield the interior of the composite. These currents turn
round at the ends of the sample and return in the central part of the composite. The current distributions
have been investigated by several authors (Lefevre and Turck 1981, Ries and Jiingst 1976, Wilson 1983).

The length of the sample plays a significant role which can be characterized by comparing the
timescale t of the field change with the diffusion time r = L2/2D where L is the half-length of the
sample and D is the magnetic diffusivity (D = P/M)-

(In a copper matrix conductor, D is usually very small, Z ) ^ 2 x 10~4 m2 s"1, which means that a
1 m long sample can be considered as infinitely long for times less than 1000 s.)

It can be seen (Lefevre and Turck 1981) that the average current density in the inner layers far from
the ends for a field change B is equal to

F 2nBL2

and in particular for long samples
An Bt AnB

Jz = or
P fJ-oP

This expression shows that in this case the current distribution is not time dependent but only field
dependent.

For an infinitely long conductor (or for t <£ T), during a field rise from a virgin state, the process can
be summarized as follows.

The current in the outermost layer increases up to the critical density r\Jc which forces the neighbouring
layer to carry the current and to be filled gradually up to the density r\Jc and so on. During this
process, the return current is carried uniformly by the inner layers with the average density AnB/fiop
(see figure B4.3.13).

This process is very similar to the self-field effect which forces the outer layers of a composite to
be filled up to critical current density during an increase of transport current. Both effects are direct
consequences of a nonperfect transposition of a multifilament twisted composite.

A consequence of the saturation of the outer layers is the existence of global hysteretic losses (again
similar to the self-field losses).

It is clear that a particular condition appears when the reverse current density also reaches the critical
value nJc in which case the composite is saturated by currents flowing in both directions.

The saturation of the inner lavers is achieved when the field reaches the threshold Bc for which

AnBc
T)JC=

or conversely

Dc —
Air

The threshold field Bc is only a function of the twist pitches and of the critical current density. A
tighter pitch (smaller twist pitch length) leads to a smaller value of the critical threshold Bc and hence
expectedly to larger hysteretic coupling losses. For rjJc — 109 A m~2 and p = 1, 10, 50 mm: Bc = 0.1,
1 and 5 T respectively.
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Figure B4.3.13. The distribution of current density associated with a longitudinal field variation.

In practical conditions the longitudinal coupling-current losses remain small as long as all layers have
not been saturated at least once during a field change cycle. When no transport current is carried the losses
increase dramatically when the field change exceeds the field threshold given above.

In the case of a superimposed transport current the analysis is more delicate. The losses are strongly
dependent on the distribution of the transport current and on the direction of the twist in respect to the
direction of the changing field. Different possible patterns have to be considered. Four cases have been
investigated.

Type 1. The transport current is first increased in the conductor and saturates the outer layers of the
composite. Then the axial field is swept so as to induce currents flowing in the same direction in the
outer layers.

Type 2. The transport current saturates the outer layers of composite, but now the currents are induced in

the opposite direction.

Type 3. The transport current is uniformly shared, with a constant average density, and then currents are
induced in the same direction.

Type 4. The transport current is uniformly shared, but the currents are induced in the opposite direction.
The a.c. losses are the highest in type 1, principally during the first rise. A.c. losses over a cycle (decrease
and second rise) are not significantly different in types 3 and 4.

In practical conditions, it may be not necessary to consider all cases, and for simplicity two typical
cases only can be described.

(i) For a simple field variation (pulse), use type 1 current distribution and the first rise of the changing
field so as to get a conservative estimation of the losses,

(ii) In the case of a large number of cycles, the transport current is redistributed with an average current
density in the composite and the filaments are not saturated. When the parallel field is applied the
critical currents can flow in the outer layer in the same or in the reverse direction depending on the
geometry, the pitch direction and the local field direction.
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Both situations can even occur over one full turn of the conductor of a coil.
Consequently we propose for a field cycle to use type 2 distribution, in the second rise and subsequent

decrease. On account of the fact that in a cycle the second rise almost immediately follows a decrease,
the heat generated in the conductor by a.c. losses is deposited almost entirely during these two subsequent
phases. As a result, it is correct to use for simplicity only one model for a.c. loss evaluation (type 2) and
not to search carefully for which type of distribution prevails in any particular part of a coil and whether
type 4 distribution should be used instead.

B4.3.9.2 Expressions for the 'coupling-current' a.c. losses

Rf\ radius of the filamentary zone
r}f\ volume fraction of superconductor in the filamentary region
p: twist pitch length
Pf\ loss power per unit volume of filamentary region
i: ratio / r / / c-

For convenience, the field is considered as negative, changing from 0 to -Bn during a rise, and from
— Bn to zero during a decrease. B is only the changing longitudinal component of the field.

The instantaneous loss power at any given field value B can be written as

Pr =
-7TT]fJczRJ

2~P
Bf(b,

where b — B/Bc, i = IT/IC-

(a) Type 1 current distribution
For a first rise

k J

from 0 to — Bc

for B < -Bc

/ =

(\B\> Bc).

Note that for i = 0 (no transport current) the loss power varies roughly as BB2 for |fi| <£ \BC\ (partial
saturation) and as B for |£ | > \BC\ (full saturation).

Note also for comparison that during a first rise of type 2

\B\ <(l+i)Bc

|B1 < (1+0-B,

f =
\ - i - b•m
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(b) Type 2 current distribution
Expressions of a.c. losses are given only for the second rise.

+ J

i

Expressions for a second rise. B changes from 0 to — Bn.

(l)Bn<{\ + i)Bc

0

From 0 to Bx with

From Bx to — Bn

(2) (1 + i)Bc <Bn< 2BC

-B n

Bx =

f =Z

f =

-2bn(l-i)Bc

2(1 -i) + bn(l +i
2(\-i)+bn{\ +

4(1 - i + K)

+ bn)(\ - i) + bbn

b(\ - i + bn)

B, , — - B c

From 0 to By with

From By to —Bn

- 2B C

By =
-2bn{\ - i)Bc

4 - & „ ( ! - i )
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(3) 2BC < Bn

From 0 to Bz with

-*• t

•-m-
From - 2 B C to - B n

/=
Expressions for a field decrease. B changes from — Bn to zero.

(l)Bn <(l+i)Bc

0

From —Bn to zero

i)Bc <Bn< 2BC

From — Bn to zero
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- B c - ^ -

- B n

/ =
( 1 -
2(1

i)(bn+b)l2

- i + bn) \

-Bn

/ =

-Bn

/ -B,

-2BC

- • t
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From -Bn to -Bn +2BC

{b + bn){\ - J)

4 1'
From —Bn + 2BC to zero

Note that during the various field changes the losses vary roughly as B2B when the composite is not
fully saturated and as B in the case of complete saturation.
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ABSTRACT

In superconducting machines, such as tokamaks for fusion experiments, the coils are
subjeeted to fast variations in magnetic field. Superconductors have then to be designed in
order to reduce a.c. losses to an acceptable level. It is therefore necessary to understand the
influence of the design parameters on a.c. losses. For that purpose, an analytical model for
calculating a.c. losses in twisted cable-in-conduit conductor has been developed. This
model takes into account the strand characteristics and the detailed cabling pattern. To
perform an experimental checking, a systematic analysis on subsize-cables, representative
of the first three stages of the conductor that is foreseen for the toroidal field coils of ITER,
has been performed. These cables have been made with various Nb3Sn composites, the
other parameters being kept as constant as possible, to see the influence of the strand on the
cable losses. This study includes a.c. losses measurements on composites and on sub-size
cables, and inter-strand resistance measurements. Thanks to the model, the loss
measurements are cross-checked to the resistance measurements. On the other hand, we
correlate these resistance measurements to the strand inner characteristics thanks to a finite
element code. The effect of the resistive barrier location is discussed.

INTRODUCTION

A model for calculating a.c. losses in Superconducting multistage Cable-In-Conduit
(SCIC) has been developed1. The basic hypotheses and equations of this model are recalled.
This analytical model gives us a useful tool to find key factors that control the a.c. losses
and the time constant.

To analyze the conductors foreseen for fusion machine such as ITER, an important
experimental program has started. Six sub-size SCICs have been especially made using six
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Figure 1. Notation for a 2-stages conductor

different strands. The other parameters of SCICs have been kept as constant as possible. For
each of them, a.c. losses and inter-stage contact resistances have been measured. A
compilation of all our experimental results is given.

A cross-checking between our losses measurements and the analytical model is
proposed thanks to the measured contact resistance. It points out the difficulty to get
reliable values of major parameters such as the resistivity of the bronze inside strands.

One of the hypotheses of the analytical model is that the resistive barrier between
strands is located on the strand outer diameter. In fact, most of Nb3Sn strands have an
internal resistive barrier because of the bronze sheath surrounding filament bundles. To take
into account the effect of internal barrier location, a numerical model of a sub-size
conductor has been written. Thanks to this code, the model of our sub-size SCIC has been
refined using the measured inter-strand resistance. This code shows that the internal barrier
is less efficient than the external one because of the short-circuiting effect of the copper
shell.

MODEL

The classical potential cosine distribution used to calculate the time constant of a
single strand has been extended to the different cabling stages of a SCIC. The inter-strand
contact resistance is supposed to be uniform along the conductor length, not necessarily
inside a conductor section. In addition, the magnetic field ramp time is assumed to be high
compared to the conductor time constant. The steady state regime for coupling currents is
thus reached.

Under these assumptions, a.c. losses of cabling stage k are given by (1) ,

* 2

Mo

with nr- — Mo (Pk
(1)

and

Pk =
Pbeb

£k-\Rk-\

7j * i rk-\Pk-\
Pk = ft 1 - Rk-\Pk

where vk, p^ p*^, rfo Rjc are respectively the void fraction, the twist pitch length, the
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ID

#1

#3

#4

#5

#6

#2

Manu-
facturer
Vaccuum
schmelze

GEC
Alsthom

Teledyne
Wah

Chang
Vaccuum-
schmelze
Europa
Metalli

GEC
Alsthom

Type

Nb3Sn
Bronze Route

Nb3Sn
Internal Tin

Nb3Sn
Modified
Jelly Roll

Nb3Sn
Bronze Route

Nb3Sn
Internal Tin

NbTi

Table 1. Strands
Chrome
vendor
Duralloy

Trefimetaux

none

Duralloy

Trefimetaux

none

Cu
ratio

1.5

1.6

1.0

1.5

1.7

characteristics
Diffusion
Barrier

Ta

Nb/Ta

Va

Ta

Nb/Ta

none

Twist
(mm)

8

10

8

10

10

10

Heat
treatment
570°C/144h
650°C/200h

ramp up
6°C/h

660°C/240h
185°C/110h
340°C/72h

650°C/200h
570°C/144h
650°C/200h
185°C/120h
340°C/72h
650°C/200h

none

Diameter
(mm)

0.81

0.78

0.73

0.78

0.81

0.80

effective twist pitch length, the cabling radius (see Fig. 1) and the stage radius of the stage
k. As all our conductors are full back-twisted, the cabling twist pitch is equal to the
effective twist pitch.
en is the contact area ratio defined by (2) if /£ is the contact length between two stage k-1.

h = 7tskRk_l (2)

The strand is considered as stage 0. The reference volume for a.c. losses is the strand
volume. If the coupling currents for the different stages do not interfere each other, the time
constants of every stages can be added to give the total a.c. losses of the conductor.

To run the model, the equivalent contact resistivity ~pk is needed. That is the purpose
of our inter-stage resistance measurements. It can be shown by a simple resistive network
model that ~pk is related to the inter-stage contact resistance.

EXPERIMENTAL RESULTS

Conductor characteristics

Six conductors have been tested. Table 1 sums up the strand characteristics (see Fig.
2.a/b). The conductors are 3x3x4 strands cables inserted in a stainless steel jacket (A316L).
All characteristics have been kept as constant as possible, nevertheless the last twist pitch

Table 2. SCIC characteristics

SCIC ID Twist pitches (mm) Void fraction (%) Diameter (mm) Internal barrier
#1 /Nb3Sn
#3 / Nb3Sn
#4 / Nb3Sn
#5 / Nb3Sn
#6 / Nb3Sn

28-60-120
28-73-130
28-70-150
27-63-115
28-75-150

34%
34%

33.5% .
33%

33.5%

8.47
8.19
7.59
8.20
8.50

CuSn / 5-20um
CuSn/25 urn
CuSn/3urn
CuSn/15 urn
CuSn/ <lum

#2 / NbTi 30-73-170 34% 8.28 CuNi/lOum
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(a) • (b)
Figure 2. Strands #2 (a), -I (b) and Conductor #6 (c) sections.

(c)

lengths of some conductors are sometimes far from the required 120mm value, e.g. 170mm
for #2. This discrepancy comes from the difficulty for the cabling manufacturer to manage
different strands. Note that strand #2 is a NbTi strand without chrome plating. The
conductors characteristics are summed up in Table 2. An internal resistive barrier has been
pointed out for each strand. In the case of the NbTi #2 sample, this barrier is clearly the
CuNi sheath (see Figure 2.a) surrounding the filamentary area. For Nb3Sn samples,
according to previous experiments", the bronze shell surrounding filaments bundles may be
the relevant parameter.

The heat-treatments have been performed under Argon flow. All Nb3Sn samples of the
same set (#1 to #6) are heat treated together, excepted the 400mm a.c. losses sample of #1.
#3 and #5 conductors. It has to be noted that conductor #2 is the only one having not been
heat treated after the drawing process.

Resistance measurements

The inter-stage resistances have been measured for each stage. Thanks to the resistance
device, it was possible to supply each strand with a current up to 500A under a DC
magnetic field up to 4T. The measurements are performed in three steps. The first one is to
measure the inter-strand resistance in each triplet. The second one is the measurements of

Table 3. Inter-stage contact resistances : mean, maximum and minimum measured values.
Analytically calculated nrvalue.

SCIC ID
length

~ 1 */Nb3Sn
130mm

#3 / Nb-Sn
130mm

#4/Nb3Sn
240mm

#S/Nb3Sn
130mm

#6 / Nb,Sn
240mm

#2 / NbTi
130mm

Contact resistance (nQ) at
interstrand inter-triplet

448
247 a 284

163
105 a 160

a 568
737 a

a 228
180 a

not measured

9! :
81 a ISO

18
13 a/

328
180 a 200

2 209
99 a

a 22
25 =

a 403
590 a

860

300

220

730

269 t
231 a 291

89 a
70 a 122

-— 1

<1 n 2

* 335
327 a
132
111 n

n 5
4 a

48 a 98
34 n 44 63 a

1.3.5
" 13 a

a 15
13 a

263 a 315
180 a 210 380 a

B=0T H

370

138

7

138

16

430

164

53

<i

40

180

B=4T
inter-3x3
179 a

a 149
59 a

a 91
~1 s

46 a
a 48

11.6 a

205 a
a 180

193
207 a
97
65 a

i 5

54
50 a

230

107

8

56

15.8
15.6 a 16
227
240 a 280

nx analytical
0T a ^r(ffls)

10 a 9

44 a 22

/ a 700

40 a 30

86 a 66

20 a 18

*polluted sample
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Table 4 : Hysteretic losses and time constant of each conductor.
ID

#1
#3
#4
#5
#6
#2

nh-NonCu

mJ/cm3@+/-3T
97

491
996
106
628
139

JcNonCu
A/mm20

470 @
540 @

540 (c
727 @

2400

.l)nV/cm
12T**
12T**

i, 12T
12T**

@5T

nTStrand
ms
0.5

0.5

7

"^Conductor ( m s )

120mm 240mm
5 38
18 36
/ 360

30 62
/ 84

43 64

400mm
38
56

460
50
102
51

* Extrapolated from trapezoidal cycle 0-2-OT
Extrapolated value from measurement at 8T**

the inter-triplet resistances inside each triplet of triplet; the strands of all the triplets are
short-circuited to put them at the same potential. The last step is then the inter-3x3
resistances measured by short-circuiting the 9 strands of the 3x3. The sensitivity of the
device is about lnQ. The experimental results are presented in Table 3, including previous
results already presented3.

As a first step, these inter-stage measurements enable us to deduce the analytical time
constant thanks to the formula recalled at the beginning. Table 3 presents the results that
have to be compared to the experimental values (see Table 4)..

A.C. losses measurements

A.C. losses have been measured on the same conductors as used for the resistance
measurements. In addition, long length conductors have been tested to check these results.
All tests were performed using a superconducting dipole allowing trapezoidal pulsed field
up to 2T with different field rates. The field homogeneity is better than 1% along a 400mm
length. The magnetization is measured using two compensated pick up coils. Losses are
given at each field ramp rate by the magnetization loop area. The calibration is calculated
theoretically from the sample geometry and checked by the slope at the origin of the
magnetization loop. Besides the hysteretic losses deduced by the measurements performed
on conductors are cross-checked with measurements performed on strands, excepted for the
strand #6 : dispersion is better than 10%.

The results are presented in Table 4. First it is to be noted that the time constant
dispersion between samples is very large. Sometimes a factor of two appears. This
scattering shows the difficulties met to control the time constant of a SCIC. It could be due
to the different number of cooling down experienced by each sample. The sample #1 of
120mm is singular because it was polluted during the chemical chrome etching of the
copper ends. On the other hand, nx seems to increase with the sample length although the
length is at least a last stage twist pitch length.

Discussion

Nb3Sn samples #1, #3, #5 exhibit high resistance value (100-200nQ) and low a.c.
losses compared to the others. These samples have both a chrome plating and a big internal
bronze barrier (between 10-20um). For Nb3Sn sample #6, that is chrome plated, but has
nearly no internal barrier (below lum), a low resistance has been measured (20nQ). Finally,
Nb3Sn sample #4, that is not chrome plated and has also a thin bronze barrier (3um), has a
very low resistance (~lnQ) and a high time constant. In addition, if we note the effect of the
field for strand with Nb diffusion barrier such as strand #3 (see figure 3), we see that the
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Figure 3. Inter-strand resistance as a function of field strength. Conductor #3.

transition of this barrier from the superconducting state to the normal state induces a jump
of the inter-strand resistance. This effect has already been observed by other authors . So it
seems that the internal barrier influences the inter-stage resistance and a.c. losses.

The only not chrome plated NbTi sample with a copper-nickel barrier has a contact
resistance comparable with Nb3Sn samples with a chrome plating and an internal barrier.

Now, our goal is to check the accuracy of the model. So the time constants deduced
from the resistive measurements (Table 2) are compared to the experimental time constant
(Table 3). Only the values in bold letter are to be taken into account in Table 3, because
they concern the samples on which inter-stage resistances have been measured. A scattering
appears between calculated and measured values : calculated values are sometimes higher
and sometimes lower than the expected value, but the model seems representative of a.c.
losses in the conductor. Nevertheless, it is not able to discriminate the relative influence of
the internal and external barrier. In particular, the analytical model does not take into
account the copper resistive path that short-circuits the strands, as the barrier was assumed
to be external. So a numerical code using the potential distribution given by the analytical
model has been written to take into account this parameter.

NUMERICAL MODEL

A code developed by CEA, Castem 2000, has been used to build a numerical model of
conductors. Castem 2000 is a finite element code that is able to solve most of the
mechanical, thermal and electromagnetic problems in 2D or 3D geometry. The strand is
described in five areas : the filamentary zone, an internal barrier, the copper shell and the
contact resistance. An intermediate copper nickel barrier can be added. A conductor mesh is
then built as shown in figure 4. The boundary conditions are given by the electric potential
distribution deduced from the analytical model. This distribution depends only on the twist
pitches and on the cabling pattern. Our geometry seems far from the real one (see figure
2.c), but the major factors, as the contact area ratio and the cabling radii, are measured
directly on conductor micrographies and put into the code. The real contact statistic is also
taken into account. Indeed, we observed that the triplet experienced only two inter-strand
contacts instead of three. Then one contact is removed from our conductor mesh.

The two major parameters needed are the internal and the external barrier resistivities.
These values are chosen so that the inter-strand resistance calculated with the code is equal
to the measured value with and without DC magnetic field (see Table 3), but it is not
obvious to discriminate the internal barrier from the external barrier. Note that calculations
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Figure 4. Conductor mesh and details of a triplet.

have not been performed on conductor #4 because the inter-strand resistances have not been
measured.

Nb3Sn strands

Composites #3 and #6 had a niobium barrier made to prevent the tin diffusion into the
copper shell. At low field this barrier is superconducting. Then the current injected in
strands do not cross the bronze barrier but only the chrome barrier. The resistance value
gives us the external contact resistance (p^e^ external in Table 5). At high field, the
diffusion barrier is no longer superconducting, current goes inside the superconducting
filaments and then crosses the internal barrier (pjye^ internal in Table 5). Therefore, the
resistance value at high field allows to estimate the internal barrier resistance. The effect is
quite low for the inter-stage resistance because the copper shell short-circuits the internal
barrier. Note that the internal resistance is negligible for strand #6 (bronze thickness below
\\xm).

Once every parameters are known, the time constant of the conductor is calculated.
These results are given in Table 5.

If the internal barrier is related to the bronze shell, the bronze resistivity can be
calculated using pfreb internal and the bronze barrier thickness given in Table 2. We find
values from 0.35^Q.m (#3) to l.luQ.m (#1). It has to be noted that these values are up to
one order of magnitude higher than the expected value of O.l^Q.m5 according to the tin
content measured in the #1 bronze .

ID

#1
#3
#5
#6
#2

Table 5. Code results with the inner, outer
pheb internal

^.Q.mm2

14
8.7
12.5
none
3.5

pbeb external
jiQ.mm2

4.6*
1.1
0.5
0.2
2.8

inner
b. only

100
98
94

none
68

nx code (ms)
outer

b. only
10
20
52
80
29

and both

both
barrier

4
11
20
80
23

barriers
nx exp.

ms

5
18
30
84
43

A(code/exp)
%

20
39
27
5

46
*polluted sample
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NbTi strand

The internal resistive barrier is the CuNi30% copper nickel barrier, its resistivity is
equal to 3.4 10" Q.m6. From the inter-strand resistance value, the external barrier is
calculated.

Discussion

The relative error of the code with experimental results is still between 5% and 46%
but systematically below the experimental value. This bias could be explained by the
difference between the real geometry and the mesh. Indeed, the real conductors exhibit
more contacts than in the code. This problem have been simulated by increasing the
effective inter-stage contact length by comparison to the real one.

Note that a large difference between the contact resistance of the two non chrome
plated strand (#2 NbTi •» 14 10"7 Q.m and #4 Nb3Sn-> 0.6 10'7Q.m ) has been found. It
has to be noted that strand #4 has been heat treated after the drawing process and not strand
#2.

The internal barrier and external barrier deduced from measurements exhibit very
different values. It implies firstly that the external chrome plating does not seem efficient to
ensure a reproducible time constant. On the other hand, the comparison of the "inner barrier
alone" with the "outer barrier alone" time constant (see Table 5) shows that the external
barrier is much more efficient that an internal barrier because even a low external resistance
can reduce a.c. losses significantly. Besides, a study of the time constant as a function of the
internal barrier thickness has shown that a thickness larger than lOum in case of bronze
does not significantly decrease any more the a.c. losses.

CONCLUSION

The finite element model gives a richer approach than the analytical model of
conductor time constants. It means that it can now be used to optimize the strand geometry,
e.g. the barrier location, resistivity and thickness. It is to be noted that this point is still in
discussion for NbTi cables where the copper nickel internal barrier is in competition with
various plating processes. As concerns Nb3Sn cables, the chrome plating is necessary for
other reasons than a.c. losses problems, but its limitation effect appears hazardous and even
not sufficient in case of strands like strand #6. Some internal barrier can be still
recommended, indeed, if an internal barrier is added to strand #6 (pbeb = 10 uQ.mm2), the
conductor #6 time constant could be decreased from 80ms to 24ms according to the code.
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Abstract—The coupling time constant of conductors for
fusion magnets must be kept at a sufficiently low value to
minimize the temperature increase related to the rapid field
variations experienced by the pulsed coils during a run. Some
parameters such as the twist pitches and the void fraction are
well known to influence the coupling time constant. Another
parameter which can play a role is the strand itself through its
electrical characteristics. Two identical conductors can have
very different time constants and it is important to understand
the strand parameters which govern this effect. To demonstrate
that, several 36 strands subcables have been made with strands
coming from different companies and associated to different
manufacture processes (bronze Nb3Sn, internal tin Nb3Sn,
NbTi). As far as possible the other parameters of these cables
have been kept identical. Contact resistance and time constants
have been measured and compared for the different samples.

I. INTRODUCTION

In large magnets such as the magnets involved in the
International Thermonuclear Experimental Reactor (ITER)
project, the AC losses during a typical scenario of the
machine have two main components. : the hysteretic losses
and the coupling losses. The coupling losses are proportional
to the so called time constant of the conductor. If a lot of
publications have already been dedicated to this subject, the
way to really control the time constant of a large conductor
made of many multifilamentary composites is not very well
assessed. It is true, as well for fusion magnets, but also for
accelerators magnets. This time constant is well known to be
in relation with the interstrand resistance. Typically for the
central solenoid of ITER, the two components have the same
order of magnitude and so the helium temperature increase
due to the ac losses is very dependent on the time constant
(nt) of the conductor.-

P = B /IT/ (1)
P power coupling losses per unit of composite volume
B magnet field

For the ITER design, a value of 100 ms has been assumed. A
recent extensive study on subsize conductors has given back
more interest to this kind of investigation due to the
unexpected very high measured time constants [1]. The time

Manuscript received August 27, 1996
This work was supported in pan by a NET contract between the European
Union and CEA

constant was put in relation with the conductor void fraction
and the number of strands. The chrome plating effectiveness
to limit the time constant by increasing the interstand
resistance was for the first time questioned. This study was
fortunately counterbalanced by other more reassuring results
in particular on large subsize conductors very representative
of the full size conductor itself with values of about 40 ms
measured by several laboratories [2]. This situation has lead
the european party of ITER (NET) to propose two actions to
investigate the role of the chrome plating and the role of the
strand in coupling losses experienced by large conductors.
The action concerning the chrome plating has already been
presented and the main conclusion is that the chrome plating
according to the various vendors is not sufficient to guarantee
a time constant in the range of the ITER specifications [3].
The other action is presented in this paper.

A. The role of the strand in the conductor time constant

A detailed model has been developed to calculate the time
constant of large conductors for fusion magnets [4]. This
model is valid if all the strands and successive stages running
side to side inside the conductor experience a uniform
contact resistance along the length of the cable. This situation
is achieved in conductors where the void fraction is not too
high. In this model, due to the field variation, an electrical
field is induced along the external filaments of the
composites of the conductors, which gives rise to circulating
coupling currents. The only parameter controlling these
currents and the associated losses, is the interstand resistance.

The situation is presented very schematically in Fig.l.
The coupling currents, to circulate from the multifilamentary
zone of one strand to the mutifilamentary zone of the
adjacent strand, have to cross several electrical resistances :

-an interface resistance between the filaments and the matrix
-the internal barrier of the strand between the strand and the
copper shell. This internal barrier of the strand is "natural" in
case of Nb3Sn strands, that is the outer part of the bronze
matrix. This part is often very thin to enhance the non copper
current density and varies from several microns to even less
than one micron in some cases. This internal barrier can be
also in case of NbTi composites a CuNi layer,
-the antidiffusion barrier (in case of Nb3Sn).
-the copper shell whose resistance is depending on the RRR
-the chrome layer (in case of Nb3Sn).
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Chrome layer C o u p l i n g c u r r e n t s

filamentary zone internal barrier

Fig. 1 Schematic description of coupling currents between two adjacent
strands

B. Discussion about the contact resistance

The resistance is also very dependent on the void fraction
which governs the contact surface between the strands.

From all these contributions the only substantial
contribution comes from the internal barrier. Typical
resistivity values can be given associated to this barrier :
CuNi: p= 3.4 10'7Qm (corresponding to 30 %Ni) [5]
CuSn p= 9 10"s£2m (corresponding to 6 %Sn which has been
typically measured by Energy dispersion X Ray Analysis in
this region after reaction on several composites) [6]

II. DESCRIPTION OF THE ACTION

A. The tested strands

4 different strands have been tested during the experiment
(see decription in Table I). Among them only one was an
ITER strand (sample #1). Additional tests are scheduled with
the other ITER strands. The results presented here cover
already a significative range of strands coming from different
suppliers and with different Nb3Sn fabrication processes.
A NbTi strand representative of the strand that could be used
for the external poloidal ITER magnets where the field is not
too high (<5 T) has also been tested (sample #2).

B. Fabrication of the subsize conductors

A three stage (3x3x4) cable has been manufactured from
about 350 meters of each strand. The twist pitches
specifications are respectively 25 mm, 70 mm, 120 mm.
About 4 meters of cable is then introduced into a clean and
dried stainless steel (A316L) pipe with a wall thickness of
about 1 mm and compacted to the final size according to the

Fig. 2. Specimen #3

specified void fraction 34 %. The compaction has been done
by swaging through a single step reduction and the void
estimated by 2 precise weighings of the sample empty and
filled with alcohol and cross-checked by a micrography
evaluation. One difficulty is that the reduction has to be
adapted to the diameter of each strand which leads to
different external pipe diameters to reach the void fraction.
This resulted in a deviation of the sample twist pitch from the
specification which complicates the comparison between
samples. The measured void fractions and twist pitch length
are reported in Table I.

C. The coupling current loss, and contact resistance
measurements

The AC losses are measured in a pulsed dipole for
trapezoidal field cycles (0T-2T-0T). The field variation is
varied from 0.05T/s to 2T/s. About 12 points have been done
for each sample.

The losses are measured by integrating the voltage of pick
up coils and the hysteretic losses found by extrapolation to
dB/dt=0 enable to check the consistency of the results. As a
matter of fact the hysteretic losses of all these strands are
now well established and known (see Table V).
In addition contact resistances have been measured between
strands , triplets and triplets of triplets, by injecting typically
300A and measuring the voltage drop. This voltage drop is
proportional to the current.
12 measurements were performed for interstrand resistance,
i.e one in each triplet, 4 measurements for inter-triplet
resistance and 4 measurements for inter triplets of triplets
resistance. The current is injected in the whole stage in the
case of inter-stage resistance. It means that the measured
resistance is the global resistance between stages and not the
resistance between two strands from different stases.



TABLE I
DESCRIPTION OF THE DIFFERENT TESTED SPECIMEN

Specimen ID

Manufacturer

Diameter
strand Diffusion barrier

Cu/NonCu ratio
RRR
Filament material
Heat treatment

Chrome vendor
internal barrier

Twist pattern
twist pitch length

CICC Void fraction ±1 %
Outer diameter

#1

Vacuumschmelze
(bronze)
0.81 mm

Ta
1.5
176

ternary Nb3Sn (Ta)
570°C/144h
650 °C/200h

Duralloy
CuSn/5nm

3x3x4
8-28-60-120

34%
8.47 mm

#2

GEC Alsthom

0.80 mm
-

1.7
-

NbTi
-
-

not chrome plated
CuNi30%/10|im

3x3x4
10-30-73-170

34%
8.28 mm

#3

GEC Alsthom
(internal tin)

0.78 mm
Nb/Ta

1.6
-

ternary Nb3Sn (Ta)
ramp up 6°C/h

660°C/240h
Trefimetaux
CuSn/25nm

3x3x4
10-28-73-130

34%
8.19 mm

#5A

Vacuumschmelze
(bronze)
0.78 mm

Ta
1.

145
ternary Nb3Sn (Ta)

570 °C/144h
650 °C/200h

Duralloy
CuSn/15p.m

3x3x4
12-27-63-115

33%
8.20 mm

#5B

Vacuumschmelze
(bronze)
0.78 mm

Ta
1.

145
ternary Nb3Sn (Ta)

570 °C/144h
650 °C/200h

Duralloy
CuSn/15M-m

3x3x4
10-25-70-105

36%

HI. TESTS RESULTS

The contact resistances are presented in Table II and Table
HI. The time constants are presented in Table IV ; they are
deduced from the curves presented in Fig.3.

The effective diameter is very near to the size of the actual
filament (Table V) except for the internal tin processed strand
(#3).
The time constant can be calculated by two methods[ 4]:
first method : starting from the contact resistance
measurements, it is possible to estimate the contributions of
the different stages.
second method : starting from the resistivity of the internal
barrier, its thickness and the contact area estimated from
micrographies, it is possible to calculate the theoretical
contributions of the different stages.

A. NBTI SAMPLE (#2)

An important scattering is to be noted in particular on the
two first stages which demonstrates that the sample length is
too short to make an average. The scattering is reduced on
the last and most important stage. The influence of the field
(at 4T) is not negligible. It corresponds to a resistance
increase of 10 to 20 % depending on the considered stage
emphasizing the role played by the copper.
The presence of the internal barrier is sufficient even with no
chrome plating to limit the contact resistance to a sufficient
high value resulting in an acceptable low value of the time
constant.

B. NB3SN SAMPLES (#1, #3, #4, #5)

Again the scattering on the contact resistances is large except
on the last stage.

The influence of the field is an increase of resistance of about
10 to 20 % except for the two first stages of sample #5A.
After opening the short sample of specimen #1, a pollution
(probably by HC1 during the Cr etching phase) has been
found, which explains the high values of resistance and the
related low time constant. The results of this sample must not
be considered.
Apart this sample, calculated and measured time constants
are not so far except again for the long sample of specimen
#1. Indeed the smaller value of the thickness of the internal
barrier as compared to sample #5 should have been
associated to a larger time constant, which is not observed.
One physical reason which can be given is that the distance
from the outermost filaments to the copper shell is not
constant azimuthally. The distance taken in the calculation is
the smallest distance.

V CONCLUSION

The first conclusion is that no time constant larger than 64 ms
has been found for all these samples which can be put in
relation with the existence of a significant thickness of
internal resistive barrier in all the tested samples. This is to be
compared to the very high time constant observed in [1] with
a sample of the same kind and even a higher 36.7% void
fraction (140 ms on sample #5). The bronze barrier was in
this case less than 1 u.m. This emphasizes the interest of such
a barrier even if the price to pay is a slight reduction of the
non copper current density. Another interest is that the
integrity of such a barrier is better protected against friction
than the external chrome layer. These measurements will be
confirmed on longer samples.
From the results of sample #1, the extrapolated time constant
for the full size ITER time constant is 144 ms for a 34 %
void fraction (nominal void fraction for ITER : 36 %).
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TABLE II
CONTACT RESISTANCE AT 0 TESLA : MINIMUM, MAXIMUM AND

MEAN VALUES 400

Specimen ID

#r
1=130 mm

#2
1=130 mm

#5A
1=130 mm

#5B
1=220 mm

Contact resistance (nii) B=0T

inters trand

448
247

328
180

91.3
81

27

737

590

99

inter-triplet

269
231 327

263
180 380

48
34 63

25

inter triplet-
triplet

164

180

40

8.5

179
207

205
240

46
50

17.3
23.4

* Sample polluted

TABLE III
CONTACT RESISTANCE AT 4 TESLA : MINIMUM, MAXIMUM AND

MEAN VALUE

Specimen ID

#r
1=130 mm

#2
1=130 mm

#5A
1=130 mm

Contact resistance (n£2)

inters trand

284

200

180

568

403

209

860

730

220

inter-triplet

335
291 370

315
210 430

97.8
44 138

B=4T

inter triplet-
triplet

149

180

48.5

193

227

53.5

230

248

56

* Sample polluted

TABLE IV
COMPARISON OF EXPERIMENTAL AND PREDICTED TIME

CONSTANTS

Specimen ID

#1

#2

#3

#5A

#5B

length
(mm)
130"
240
130
240
130
260
130
240
220 "

ni measured
(ms)

4.8
38
43
64

36
30
62
44

nt resistance
(ms)

10

20

40

38

nz micrograph
(ms)

140
140
30
30
44
44

46
46
34

' Sample polluted

TABLE V
EFFECTIVE FILAMENT DIAMETERS

Specimen ID
Wh(mJ/cm!)

hsteresis losses
per unit of volume

of composite
actual filament diameter

(Hm)
effective filament diameter

(Hm)

#1
12.6

3-4

4.1

#2
17.4

5-6

5.9

#3
65.9

3

25.1

#5A
17.9

3-5

4.8

dB/dt (T/s)

1.5

Fig. 3. Trapezoidal 0T-2T-0T loss curves for the 5 specimens (long
samples)

The dependance on length observed on the measured time
constants of sample #2, can be attributed to the fact that the
length of the short sample (130 mm) is smaller than the twist
pitch 170 mm. For sample #5, the length has in principle no
effect on the losses as soon as the sample is longer than the
twist pich. This effect can be attributed to the heterogeneity
of the contact along the sample as suspected from the contact
resistances. New measurements on 400 mm long samples
have been launched to confirm this hypothesis.
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Superconducting magnets in tokamaks for fusion experiments are subjected to fast
variations in magnetic field. As the high current conductors used in these magnets
are made of multistage cables, these variations induce interstrand coupling currents
that create losses. These losses are usually characterized by the so-called time con-
stant of the conductor. A model is given to calculate this time constant. Working for-
mulas are also proposed to calculate the current induced in the different cabling
stages. This model takes into account the strand characteristics and the detailed
cabling pattern. Using it, a method is also given to deduce the time constant from
resistive measurements. The influence of the resistive barrier (chrome plating, CuNi
shell, outer bronze matrix) is pointed out. Finally, this model is applied to a conductor
that is foreseen for the toroidal coils of the International Thermonuclear Experimental
Reactor (ITER). © 1996 Elsevier Science Limited

Keywords: a.c. losses; superconducting magnets; induced currents

Nomenclature

ek

es
N
N,
Of
Pi
P*i
Pi
R
Rf

Ri

ft-.

r,

Barrier thickness
Shell thickness
Number of stages
Number of sub-stage in stage (i)
One of the stage (/) centres
Twist pitch of stage (i)
Effective twist pitch of stage (i)
Equivalent twist pitch of stage (/)
Composite radius
Composite filamentary radius
Stage (i) radius
Measured contact resistance between two
adjacent stages (n-1)
Cabling stage (i) radius
Real contact resistance between two adjacent
stages (n-1)

Greek

e.

8
6i
v i

Pb
Pi
Ps

Xi
%

letters

Average contact area ratio between two
stages (/)
Total time constant of cable {nT=2d)
Time constant of stage (i)
Void fraction of stage (/)
Angular distance between two adjacent sub-
stages of stage (0
Barrier resistivity
Equivalent resistivity of stage (/)
Shell resistivity
Angular position of centre of stage (/)
Torsion proportion of stage (;')
Average angular thickness of contacts
between two stages (i)

The high current multistrand superconducting conductors
used in tokamaks for fusion experiment or in high energy
accelerators can be subjected to pulsed magnetic fields. The
twisted strands of these conductors are usually not insulated
to ensure in particular the uniformity of the current distri-
bution. Then the variations in magnetic field can induce
interstrand coupling currents. These currents create Joule
heat losses, the so-called a.c. losses, characterized by the
time constant of the conductor. These coupling currents
may produce local instabilities and limit the maximum

transport current of the conductor. Therefore, it is very
important to determine the relevant parameters that drive
the time constant value of a given conductor.

The calculation of this time constant can be performed
by an analytical and a numerical analysis for the different
kinds of cable'"5. This paper proposes an analytical calcu-
lation of the time constant and of the induced currents for
circular cable-in-conduit conductors (CICC). The classical
potential method6 used to calcuh e the time constant of a
single strand is extended to the dif. ̂ rent stages of a circular
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multistage cable. The starting point of our model is that all
the strands and successive stages running side to side inside
the conductor experience a uniform contact resistance along
the length of the cable. This situation is achieved in conduc-
tors where the void fraction is not too high.

the contact area (see darkened area in Figure 2). Appendix
A deals with this hypothesis in detail.

Note that in the following two sections the subscript
number on a symbol is omitted if the symbol concerns the
strand, e.g. p0 becomes p, ^ 0 becomes ^ , and so on.

General presentation of the model

Our model deals with the a.c. losses created by an applied
magnetic field variation Ba perpendicular to a given super-
conducting cable. This cable is a circular multistage -super-
conductor cable made of multifilamentary composites. N is
the number of cabling stages. Each stage (i) is twisted with
an algebraic twist pitch p, (the composite itself is con-
sidered as stage zero). The sign of the twist pitch depends
on the direction of twisting ('+' —• left handed, ' - ' —•
right handed).

These cables are usually jacketed with a conducting
material. However, the a.c. losses in the jacket are not dis-
cussed here as they are usually negligible compared to the
interstrand losses.

Our calculation is based on the following assumptions:
HI —• The applied magnetic field, Ba, is uniform in the

conductor along the y-axis direction (see Figure
1) The cross-section of the conductor defines the
x-y plane. The steady state regime for coupling
currents is assumed to be reached, which means
that the field variation inside the conductor is uni-
form and constant, i.e.

dB dBa

H2 The composite is divided into three areas (see Fig-
ure 1):

2.
3.

The filamentary area is made of superconducting fila-
ments in a resistive matrix (bronze or copper). Rf is
its radius.
A copper shell of resistivity ps and thickness es.
An external barrier of resistivity pt, and thickness eb.

H3 —• The barrier resistance is much larger than the shell
resistance: pi,eb > pses.

H4 —» Superconducting filaments are not saturated. The
electrical field along every filament is then equal
to zero.

Note that the hypotheses H2 and H3 imply that the induced
currents flowing between two strands are located around

Electrical field in the composite

The relationships that give the electrical field in a com-
posite submitted to a uniform magnetic field variation Z?a

along y, are recalled. Assuming H4, the electrical field
along a filament is equal to zero. Then using the Max well-

dB
Faraday equation (curlE = - — ) and HI, Equation (1)

at
can be deduced6

Vr < Rf,
- — B a cos<p

rBa

(1)

Assuming HI, the time variation of Bz is equal to zero.
Then, Ej. being the electrical field in the cross-section of
the composite, we can define the electrical potential V^_ in
a section:

Rgure2 Contact model

filamentary zone
copper shell
resistive barrier

Figure 1 Composite model
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dB
curl E.. = - -~= = 0 => 3VM Ej_ = - grad V. (2)

at
Then, Equations (1) and (2) lead to (3):

Vr < R(, V^ - V^ (0) = r ^ B . sin <p (3)

These relationships will be extrapolated to the successive
cabling stages of our twisted cable.

a.c. losses in a one cabling stage cable

The one cabling stage cable (N = 1) is made of Nt twisted
composites with a twist pitch px (see Figure 2); p is the
twist pitch of the strands. Yet the real trajectory of strands
can be modified by the twist pattern of the cable7. This
depends on the direction of torsion (defined by the sign of
the twist pitch) and on the torsion proportion X\ of the
cable. That is why the effective twist pitch p* of the com-
posite is different from its twist pitch p.

W*
p* p Pi

(4)

In the case of a full back twist, X\ IS equal to zero. In the
case of a full torsion, X\ is equal to unity.

Let us consider the losses appearing between two adjac-
ent composites. These losses are the Joule heat losses dissi-
pated in the resistive materials (resistive matrix, copper
shell, barrier) by the induced currents flowing from one
composite to the other. Since in our model, pt,eb > pses

(H3), all losses arise in the resistive barrier and near the
contact (H2 and H3). In that area, the electrical field is
nearly radial because A> > ps.

Now let us consider two corresponding external fila-
ments A, and A2 in two adjacent composites of respective
centres O] and 0 2 (see Figure 2). The potential difference
between these two points is needed to calculate the
induced current

- VJLO2)) - (V^A.) - VAO,)
(5)

The electrical potentials of O, and 0 2 are given by Equation
(3) using the cabling radius of the cable r, as r, p, instead
of p and O instead of C. The electrical potentials of A, and
A2 are given by Equation (3) taking the filamentary radius
Rt as r. The zero potential is taken in C, the cable centre.
Then we get

- sin

~ S i n

where the (f>, define the A, point's angular position from the
*-axis and <t>0 defines the Oi point's angular position from
the x-axis; £ is the angular distance between 0 2 and O,
(see Figure 2). Simple trigonometric relationships simplify
Equation (6) in Equation (7):

- VJ.A,) = 2B.cos^*0 + \ (7)

See Figure 2 for the definition of <p. The 'sin' term can be
simplified thanks to the following relationship

sin - = —
2 r,

As E is radial in the barrier,

divE = - — (rEr) = 0 =* 3 H(<p,4>o), such that
r or

Er(r,<p,®0) =
H(<p, * 0 )

Then, knowing that E ^ = - grad(VJ_), the integration of
the electrical field from (R - eb) to R allows us to express
E(<p,^>o) with the potential difference between A, and A2.
Finally, Equation (7) leads to the following

rln
Cos«p (8)

R-eb

Note that eb is generally small compared to the radius R,
so eJR can be taken as an approximated value for the logar-
ithm.

Now, the scalar product E J is integrated in the barrier
for <pe[-^, +*&] and re t^-e^K] to get the local losses
per unit of volume composite

p i(*o) = ^ i | I E-Jrd<pdr,

with 4>0 e \ ~ + 6 ,V0e[0;2ir]

The average value of Pj(4>0) f° r m e different composites
finally gives the losses power density per unit of volume
composite

(9)

*\2

Note that the Af, term is eliminated (see Equation (A5) in
Appendix B).

If 'ty is supposed small enough, as is usually the case,
Equation (9) can be simplified to give

(10)
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The^lassical definition of the cable time constant 8 is given
by P = 26B1JfxQ. Some authors use the time constant
« T = 26 instead of 6 in their calculations.

Let us introduce some equivalent parameters in order to
use the same kind of formula for the cabling stage time
constant as for the strand time constant6. Then the time
constant 0,, an equivalent twist pitch />, and an equivalent
barrier resistivity p, are introduced for defining the a.c.
losses in the cabling stage

a.c. losses in an N cabling stage cable

The losses in the cabling stages (1) to (AT) have been calcu-
lated in the same way as for the stage (1) in the one stage
cable. As an example Figure 3 shows a two cabling stage
conductor. Let us consider stage (n) among the N stages
(see Figure 4); Rn and /•„ are, respectively, this stage radius
and this stage cabling radius. O(n) is its centre and p*n is
its effective cabling twist pitch, which takes into account
•the influence of the following stages (see discussion for the
one stage cable)

r? \ 2

and

(ID

Pi = 2VR eR

P\=P\ [l-S.

Note that e = 2^/ir is the contact area ratio which is more
convenient to use than W in practical cases. It characterizes
the area of a contact between two strands.

The importance of the barrier resistivity and of the con-
tact area ratio (e) between two strands must be pointed out.
Besides, the equivalent twist pitch that determines the time
constant of stage (1) is lower or higher than the cable twist
pitch whether the cable and the composite have the same
direction of cabling or not. It is also noticeable that the
cabling radius does not interfere in losses when they are
calculated per unit volume of composite. _

Now, our purpose is to calculate the total a.c. losses P
of the one stage cable. P is the summation of the losses
Po due to coupling currents remaining in each composite
and P] due to coupling currents flowing from one com-
posite to the adjacent ones in the cabling stage.

P = Po + P> (12)

The losses in the strands come from the currents flowing
through the resistive matrix and in the copper shell. The
barrier does not interfere as ps < p,,. On the other hand, the
losses in the cabling stage are created by currents flowing
through the resistive barrier. As these two coupling currents
interfere only in the copper area in the vicinity of the con-
tact, this interaction can be neglected. Indeed, a.c. losses in
the composite are calculated in all of the copper shell and
ax. losses in the cabling stage are calculated only in the
barrier area.

This implies that the a.c. losses in the composite and in
the cabling stage can be calculated independently. The total
time constant of the cable is then the summation of the
calculated time constant of the strand 0O and of the cabling
stage 0,.

0 = 0O (13)

An analytic formula given the a.c. losses in the strand has
already been proposed6.
used instead of p1.

But note here that p* has to be

P » P- kZLxPk

with Xk the torsion proportion of the cabling stage (k). This
stage is composed of Nn sub-stages ( « - 1). Two adjacent
ones among them are chosen. Let O\"~l) and O^""1' be
their centres.

Now, sub-stages (n - 1) are considered as 'big strands'
with a filamentary area radius equal to the cabling radius
of the sub-stage (n - 1), called /•„_,. In practice, this means
that the potential in the barrier is given by the potential of
the cabling radius of the stage (n - 1). In fact, it is not
correct because this potential is also modified by all the
other preceding cabling stages.

Nevertheless, the average electrical field induced in the
cabling stages is roughly proportional to the cabling radius.
Now the cabling radius decreases with the stage number.
So, the influence of the following sub-stages can be con-
sidered as second order terms. Appendix B deals with
this approximation.

Thus, using Equation (10), the induced losses per unit
volume of strands Pn for stage (n) are deduced, taking into
account the void fraction vn_, of stages (n - 1).

T; »- (14)

The equivalent parameters of stage (n) are then introduced
in the same way as for the one stage cable

Figure 3 3x3 cable
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A

Figure 4 Stage (n) in an N stage cable

Mo

with 6n = —"

and

(15)

Pn = Pb*b;

£.=/>*„ 1-

en is the contact area ratio for stage («), and it characterizes
the contact area between two sub-stages (n-1) of stage (n).

2 * .
(16)

However, some of the input data (typically the contact
area ratio, the void fraction of a stage and the barrier
resistivity) are quite difficult to estimate precisely. They are
usually evaluated thanks to a micrograph of the conductor.
Yet, in particular if the void fraction is high (typically
above 36%)~ the contact area ratio can vary within a conduc-
tor section which introduces discrepancy into the measure-
ment. The average values of these data over a conductor
cross-section give generally a good estimate of the time
constant.

Nevertheless, Equation (15) shows that the estimate of
the contact area ratio and the barrier resistivity can be avo-
ided if the equivalent resistivity is directly measured. Then
a simple resistance measurement can help to estimate the
time constants.

Our purpose is always to determine the total time constant
of the cable. Now, the different coupling currents creating
a.c. losses in each stage flow through the contact area (H2
and H3). As a given contact cannot be at the same time
the contact of two different stage levels, the coupling cur-
rents in a given stage do not interfere with the coupling
currents of the other stages. Then, it implies that losses in
each stage can be evaluated independently from the others.
Finally, Equation (13) can be extended to the general Equ-
ation (17), 9 being the total a.c. loss time constant of the
N stage cable

(17)

where 90 is the strand time constant. Finally, thanks to
Equations (15) and (17), one can predict the total AC loss
time constant knowing the detailed design of a conductor.

Equivalent resistivity measurement method

Let us consider stage (n). Our measurement is performed
along a length L, where L is at least one twist pitch length
of the final stage. This stage is made of Nn twisted stages
(n - 1). The contact resistance between two stages (n - 1),
called /?£_,, is measured. If ^_, is the real contact resistance
between two stages (n — 1), the measured resistance is a
resistive lattice made of the resistances r£_, (see Figure 5)

"' N. - 1
(18)

Note that this is a rough model neglecting the effect of the
other strands.

This contact resistance is in fact considered as a slab
made of the barrier material, of length 2eb and section

. Cryogenics 1996 Volume 36, Number 12 1043 _ 177 -



A model for calculating a.c. losses in multistage superconducting cables: T. Schild and D. Ciazynski

R-n-1

Figure 5 Equivalent resistance measurement

*-i=i
2eb

,-rt?"

B

(19)

The relationship between the measured contact resistance
between two stages (n - 1) and the equivalent resistivity pn

can be then deduced

Nn

2 Nn-\
(20)

Then, using Equations (15) and (20), the a.c. losses can
be calculated thanks to the resistance measurements. It is
recommended that multiple resistive measurements should
be performed because the contact resistance may vary
within a cable section.

One must keep in mind that the last stages' contributions
to 6 are generally the most important because of twist
pitches. Then, the last stages' resistances are only needed
to evaluate the a.c. loss time constant of the cable. How-
ever, the use of wrappings for the last but one stage can kill
the coupling currents in the final stage and so considerably
decreases the time constant of the last stage8; the a.c. losses
in the preceding stage then become preponderant.

d/2 is simply deduced by a rotation of angle -£">. dK, the
variation of the induced current carried along the z-axis for
an elementary length dz is then given by the algebraic
addition of d/, and d/2. dK is integrated along a twist pitch
(i.e. for <^—1) e[0;27r]), knowing that the total induced
current in the conductor is equal to zero. Then /„, the
induced current in a sub-stage part of the stage (n) is found.

/><»- D=2x

dK

Thanks to this formula, the maximum induced current can
be estimated in each cabling stage knowing only the cabling
pattern. We point out that as soon as the coupling current
approaches the critical current, our formula is no longer
valid as some filaments are saturated (H4).

The current /„ is the total current flowing in a sub-stage
(n - 1) due to twisting of stage (n). As the current transfers
near contacts, it is possible that only a few composites carry
the coupling current. On the other hand, as the cable is
twisted, it is not always the same composite that is near
the contact area. So the coupling currents may be shared
between composites. Equation (21) gives only a rough esti-
mate of the induced current value.

Application to the ITER TF coil conductor

The ITER Toroidal Field (ITER TF) coils are the magnets
that create the toroidal field of the ITER experiment. Our
model will be applied to a representative conductor9 of this
coil as a definitive design has not yet been chosen. Strands
are made of Nb3Sn.

Estimation of induced currents

The time constant gives a general outlook of the a.c losses
in a conductor. Still, an estimate of the maximum induced
current to be carried by the superconducting strands is of
highest interest because it may limit the maximum transport
current in the conductor or explain the appearance of flux
jumps.

Let us consider stage («). According to our model (see
Figure 3), the induced current can enter or exit from two
adjacent sub-stages. The current d/, going out from the con-
tact represented in Figure 3 is calculated; d/2 will be the
current entering from the other contact. It is deduced from
d/, thanks to the circular symmetry of our problem (H2).

,fn-l )d/,= J,dS =

<^"-'> defines the angular position of the sub-stage (n - 1).
The current density in the barrier ./,=«__, is deduced from

Equation (8) using the parameters of stage (n) instead of
stage (1).

n_,2 £acos
d/, =

1

' 2

Conductor description

The general features of the conductor are summed up in
Table 1. This is a CICC made of five stages (see Figure
(S9). Note that all stages are full back twisted (x* = 0). The
4th stage is wrapped with inconel strips. The cabling and
stage radii have been calculated taking into account the

50.7

INSULATION

INCOLOY JACKET

Figure 6 ITER TF conductor
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Table 1 Characteristics of ITER TF conductor

Cabling twist design
Cabling twist pitch
Stage radius
Cabling radius
Void fraction

(mm)
(mm)
(mm)

Symbol

/V,x...xA/6
p-p,- ... - f t

it — n , — . . . — r i g

V-l - . . . — V5

Value

3 x 3 x 5 x 4 x 6
1 0 - 2 5 - 7 0 - 120-
0.39- 0.84- 1.45-
0 .23-0 .45-0 .92-
35 - 28 - 32 - 36 -

- 180-
3.66-
2.43-
46

450
7.85-
4.92-

20.9
12.9

Table 2 Estimated equivalent resistivity, time constant and
induced current for ITER TF conductor

Figure 7 Nb3Sn composite (bronze route process)

void fraction of the 4th stage. It is important to point out
that some pure copper strands are added during the cabling
to the superconducting strands. In our calculation these cop-
per strands are added to the volume of composites to define
the a.c. losses per unit volume of strand.

Now, the contact area ratio and the resistive barrier must
be estimated.

Contact area ratio estimation

This value is generally measured on a micrograph of a sec-
tion of the conductor. Such a measurement is difficult as it
is not trivial to see on a picture whether there is a contact
or not. Nevertheless, some measurements have been perfor-
med on Nb3Sn conductors8-10 on which quite good agree-
ment was found between theoretical calculation and
measurements. They have shown that the contact area ratio
decreases with increase in the stage radius. This means in
fact that the contact length between two sub-stages is
almost constant. Then, if a typical value of 20%8J0 is
assumed for the first cabling stage, the next contact area
ratio can be deduced thanks to the following formula

R,,
R,

-£„_ (22)

Table 2 gives the calculated e value.

Barrier resistivity estimation
The barrier resistivity of the three first stages comes from
the barrier resistivity of the composite. As many kinds of
Nb,Sn composite are candidates at this time for the ITER
TF conductor (See an example in Figure 7), it is difficult
to choose a barrier. However two barriers are generally pro-

Stage (n)

0
1
2
3
4
5

ft,
(^.Qrr

0.07
0.07
0.07
0.07
1.2

eb
X ^ m

10
10
10
10
100

(%)

20
12
5
2
1

Pn

0.009
0.007
0.010
0.009
1.9

) (ms)

0.6
11
12
26
1.5

/n

(AT-'s)

3
67
119
876
61

'nom

(kA)

0.05
0.17
0.50
2.50
10.0

posed as the resistive barrier for Nb3Sn composites: chrome
plating and the bronze. Indeed, composites made with the
so-called bronze or internal processes have a bronze shell
surrounding the filamentary area. Some measurements810

have shown that this shell could be considered as the
resistive barrier for the two designs. Nevertheless, no
experiment has demonstrated what material drives the con-
tact resistance of Nb3Sn composites.

The chrome is neglected in our calculation. The bronze
shell thickness is assumed to be equal to 10 /xm. The bronze
resistivity is extracted from our measurements810.

The 4th stage is a particular case as it is wrapped. Then
the barrier is formed by the inconel strips.

Table 2 gives the estimated pbeb value for each stage.

Time constant estimation

Now, the time constant of each stage can be calculated
thanks to Equation (15) and the total time constant of the
conductor thanks to Equation (17). The a.c. losses in the
jacket have been neglected. This approximation is all the
more valid as the 4th stage is wrapped.

Results are given in Table 2. The total time constant cal-
culated is 52 ms (n~= 104 ms). The major contribution
comes from the 4th stage and not from the final stage
because of the wrapping. This result is in good agreement
with the design target of the ITER TF conductor:
nr= 20= 120 ms.

Nevertheless, our calculation is very rough as we do not
really know the contact distribution pattern. The barrier res-
istivity can in particular be quite different from the esti-
mated value. Even in the case where the significant barrier
is the bronze shell surrounding the filamentary area, there
is a discrepancy between the ITER Nb3Sn composites
because the bronze resistivity is very sensitive to the pro-
portion of tin in the bronze'!. This ratio and the bronze
thickness barrier can then vary with the composite origin
(process, producer, heat treatment).

Induced current estimation

The maximal average induced currents in a sub-stage can
be estimated thanks to Equation (21). Our calculations are

1 r\r*r> \ I - t. - - 179-
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given in Table 2. The currents are given for a field rate of
1 T $"'. This is the same order of magnitude as ihe maximal
dB/di assumed in the ITER design.

Let us recall that our model assumes that the coupling
current /„ is the current carried by each sub-stage (/; - 1)
due to the twisting of the stage (n).

We can hope that the coupling currents may not produce
instability as flux jumps or even quenches if they remain
far from the critical current. This is all the more true as the
coupling current value is far from the nominal current value
of the sub-stage. That is why the nominal current of each
stage /nom has been calculated (see Table 2) when the final
stage carries 60 k.A.

Conclusion

Working formulas have been developed to help the multi-
stage superconducting conductor designer to estimate the
influence of its cabling design and strand choice on the final
a.c. losses. These formulas put forward the parameters that
affect the a.c. losses. The influence of the resistive barrier
on the coupling current has been especially pointed out.
Indeed the a.c. losses are directly linked to its resistivity
and thickness.

In addition, useful working formulas are given to calcu-
late the induced currents of each sub-stage. Thanks to them,
the maximum induced current can be estimated knowing
only the design of a conductor. However, our calculation
gives only a rough estimate of this current as we do not
know how it is really shared among the strands of a sub-
stage.

The application to a representative conductor of the
ITER TF conductor has been performed. We found a time
constant value of 52 ms. However, these calculations are
approximate as the contact area ratio and the barrier resis-
tivity are not well known. In order to determine this value
precisely for the ITER conductors, some measurements
have to be performed. That is why experiments including
contact resistance and a.c. loss measurements are scheduled
on sub-cables (representative of the three firs* stages of the
ITER conductors) made of different ITER composites, with
the other parameters (void fraction, cabling pattern) kept
as constant as possible.
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Appendix A: discussion on the barrier
location inside strands

Our model assumes that the a.c. losses come from the
induced currents crossing the barrier material in the contact
area. This appendix will discuss the validity of this hypoth-
esis whether the barrier is on the outer diameter of the cop-
per shell or on the inner diameter. A very simple calculation
of the current distribution in the copper can be performed
with a linear model (see Figure Al)

External barrier

Let us consider the case when the barrier is on the outer
diameter of the composite (see Figure Ala). The a.c. losses
between the different stages can be dissipated either in the
copper shell or in the resistive barrier. As the hypothesis
H3 assumes pheb > pses, only the losses in the barrier have
to be taken into account. As the induced currents cross the
external barrier only near the contact, this justifies that our
calculations consider only this area.

Internal barrier

Let us consider the case where the barrier is on the inner
diameter of the copper shell (see Figures Alb and c). Wil-
son12 describes the current distribution along the x-axis if
a constant zero potential in the superconducting area (the
filamentary area in our case) is assumed. It appears as a
characteristic length A.

A = / ehc\ •— (Al)

The current along the .v-axis is then siven by Equation (A2)

sinh

u; ! A2)

sinh
\ A /

In our case, the current flowing through the copper shell is
the induced current (/t.OUpiini,). Contact with the next strand
is on the right (,v= TTR,). The current far from the contact
area can be neglected if the condition A <§ errR. is true. We
deduced the current profile of the outer barrier ssee Figure
Alb). Then the a.c. losses can be calculated only in the
barrier area near the contact.

On the other hand, if A > eirR(. ttie current transfer
occurs along all of the copper shell (see current profile in

P runnonirc \/r\lnmo Mnmhor 19
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STRAND CROSS SECTION COUPLING CURRENT PROFILE
ALONG THE BARRIER

(a) outer barrier.

inner barrier.

A « 8 R

0

inner barrier.

0

Figure A1 Coupling current distribution in a composite for two barrier locations: (a) outer barrier, (bl inner barrier with A
and (c) inner barrier with A > e-rrR,

Cryogenics 1996 Volume 36, Number 12 1047
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Figure Ale). Then the azimuthai currents in the barrier may
not be neglected. Let us introduce the effective contact area
ratio, ef. This ratio would be the value deduced thanks to
Equation (15) from the equivalent resistive measurement
(see the corresponding section). As it is a measured value.
ef takes into account all induced currents, in particular azi-
muthai currents. This means that A i> €TTR{ implies e{ > e,
when e is the real geometrical contact area ratio measured
on a micrograph.

In some cases, the condition A < eirRf will not be valid.
This does not mean that the model cannot give an idea of
the a.c. loss time constant. Indeed, our calculations on the
last stages are an extrapolation of a two stage conductor
where each sub-stage is seen as a 'big strand'. At this scale,
the strand radius is quite small compared to the stage
radius. But, as the current can only flow through the strand,
the induced current transfer occurs in the strand near the
contact between two stages, and then in the area near the
contact. Our calculation hypothesis may always be valid.

These considerations can be checked by ef measure-
ments. Indeed, if ef is equal to e, the a.c. losses occur only
in the vicinity of the contact area (see Figure Alb). But if
€f is higher than e, the real contact resistance is lower than
the value deduced from e. In that case, we would notice a
magnetic field effect on ef. Indeed, Equation (Al) shows
that A increases with the magnetic field because of the mag-
netoresistivity of the copper. Then the real contact resist-
ance decreases with the magnetic field as er increases with
A (see Figure Ale).

Appendix B: analytic calculation in an N
cabling stage cable

Let us assume that our conductor is composed of a great
number of composites. Each stage is also made of numer-
ous sub-stages. A piece of the cable can be represented as
in Figure 4. The first two stages are represented in the same
way as in Figure 2.

Our purpose is, as for the calculation with two stages, to
calculate the electrical potential in A, and A2. However, in
the configuration of Figure 4 our calculation is simplified.
Let us consider O\n) and O2'0, the centres of two adjacent
stages (n) (see Figure 4). All the centres of the stages
(N-l) to (1), namely O',"' and O2"\ lie on the same
straight line. <&\n) sets the angular position of the centre of
the sub-stage part i of the stage n taking the origin in
O<"+1) (i= 1,2). Then the potential difference between A,
and A2 is given by Equation (Bl)

it is the only case where the points O\N~l\
do not lie on the same straight line.

and

sin - sin = 2 cos

The relationship (B2) is then deduced. Note the particular
case of the last term.

V.,(A,)- V i(A,) = 2Bacos "-» + y (B2)

Now, the losses are calculated in the same way as for a
one cabling stage conductor by first calculating the current
density and the electrical field, and then integrating E\J on
the barrier volume. This time ty is not an angle referenced
in O("~l\ as in the simplified calculation, but in OJ0) (a
composite centre).

J{r) — —
Pb

Pit Pl±
r

with

7riWa-KY-,)JUJ*-(.b

2k7T

E-Jrd6»dr

+ 0 , V© e [0,2-n-]

Now, the average losses are calculated for the A^ sub-cable
of stage (N). That sum is independent of NN because

— 2 cos2(cD^-O) 1
(B3)

Thus, Pw is given by Equation (B4) 1).

P V 2
V P (B4)

K.(A,) = ~ -
277

<p, - sin CP,] (Bl)

*
~ ~ sin

Because all centres are on a straight line, the following
angular relationships can be found:

sin *<2*> - sin <&<,*> = 2 + | ) sin ( ^

= - 2 cos( <I>f-" + ̂  I, V* = 2 ... /V - 2

We point out that the last stage is a particular case because

Our interest here is to check the calculation made on the
simplified model. In that general model, angle ^.v-i is
defined from the centre of the stage (N-l). Yet in this
appendix, ^ is an angle defined from the centre of a strand.
As all the centres are considered on the same line, there is
a relationship between the two angles

Using it. Equation (B5) is deduced.

• V - l ..,

P (B5)
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Comparing Equations (14) and (B5), the first equation is radius of stage (AM) as the equivalent filamentary radius
seen as an approximation of the first order in for calculating induced losses at stage (/V) using Equation

(10). However, our detailed calculation is valid only if our
p* rk conductor is designed as presented in Figure 4. It is only

Ak = -—— — one among the possible cable profiles where the contact
p N N~] lengths are in fact underestimated. In a real cable there are

many more contacts between sub-stages. Our simplified
Indeed, terms Ak increase with k as p*h and rk do the same calculation (i.e. considering a sub-stage as a 'big strand')
(generally At_,/Ak = 1/4). should give a better outlook of the time constant than this

analytical calculation because the 'big-strand' model uses
This calculation validates our choice of taking the cabling an averaae contact leneth for each sub-stage.
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ABSTRACT

Superconductors for fusion are subjected to fast variations of magnetic fields. The
effective diameter of the strands is of great importance to limit the level of losses appearing
during theses variations. Another less controlled characteristic also plays a major role : the
conductor time constant. A model is given to calculate this time constant. The void fraction,
the twist pitches associated to the different stages, the chromium coating and the internal
resistive barriers inside the strand influence greatly this time constant. The influence of the
different parameters is discussed through practical considerations depending on the kind of
cable considered. This model is applied to measurements performed at the University of
Twente and at CEA on Nb3Sn subcables made of twisted strands relevant for ITER. The
application of this model is also discussed for a typical NbTi strand for fusion application
developed by GEC AIS A. As a matter of fact, the NbTi is again present in the ITER design
for most of the poloidal field coils, which represents hundreds tons of material.

INTRODUCTION

The time constant of the ITER conductor and the effective diameter of the filaments
govern the losses appearing during the transient phases of ITER such as plasma initiation,
plama control and plarna disruption. Theses losses lead to an increase of temperature of the
conductor which influences the design of the conductor. The effective diameter of the
filaments is a well-known and predictable parameter depending on the kind of
superconductor chosen. Internal tin process for Nb3Sn allows to obtain effective diameters



of aboui 32 urn corresponding to the l i t R specifications for HPI strands (600 rnJ/cm-> non
Cu for a ± 3T cycle)1. The bronze route process for Nb3Sn leads to effective diameters far
lower, typically 12um corresponding to the ITER specification for HP II (200 mJ/cm-> non
Cu for a ± 3T cycle)1. On the contrary, the time constant of the conductor is a far less
controlled parameter.

NECESSITY OF A MODEL FOR TIME CONSTANT CONTROL

Experimentally low time constants have been pointed out in the past on rail size
conductors, giving confidence in their design. The present ITER requirement for the
conductor is to reach a vaiue of nx of 100 ms for the conductor corresponding to 9=50 ms to
make a relation with the parameter used all in this paper and cuoted as "the time constant"
(9=n-/2). The CEA 40 kA conductors developed in the frame of the NET program, one in
NbTi and one in Nr^Sn (internal tin strand from TWCA) have given time constants in the
range 10 to 30 ms2. Three Japanese full size conductors tested at CE Saclay have shown
rime constants in the range 3.5 ms to 65 ms, the higher vaiue being related to a void fraction
of about 30 %3, whereas the ITER specification is 36 %. More recently an ITER
benchmark4 performed on a subsize Nb3Sn (bronze route from VACUUMSCHMELZE)
conductor representative of the last but one stage of a typical ITER conductor has again
shown low time constants of about 20 ms. On the contrary the extensive and very precise
study performed by the University of Twente on 25 twisted samples has pointed out
unacceptably high time constants. As an example a twisted NbSSn (internal tin) conductor
made of 243 strands (void fraction 38 %) has shown a time constant of about 250 ms
which is about 5 times the specified value for ITER. The physical origin of these high
vaiues values has to be understood very quickly.

THE HOMOGENEOUS MODEL

This model developped by CEA has already been presented2. Classically the potential
method has been used to calculate the time constant of the elementary strands. This method
provides an analytical formula which is in good agreement with the experimental losses,
both for NbTi strands and for Nb3Sn strands. The same kind of approach is extended to the
cable within an homogenous model. The main assumption of this model is that all the
strands and successive stages running side to side inside the conductor experience a uniform
contact resistance along the length of the cable. This situation is achieved in conductors
where the void fraction is not too high. Under these conditions the strands are pressed
against each other very firmly. This assumption can be made for the reference void fraction
of ITER : 36 %. For higher void fraction this model cannot be applied and for typical 40 %
void fraction conductors the strands are very loose and their movement can easily been
observed. The main advantage of this model is that it leads, as for strands, to analytical
formula where the influence of the different parameters can be easily identified.
This homogeneous model is particularly applicable for twisted cabled strands, while for
braids, the situation is completely different. In Rutherford cables for accelerator magnets
the contact resistance has been proven to establish essentially at the crossing of two strands
between the two conductor layers. In this case a net model is more appropriate and related
to numerical methods.
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In the present model, the time constant is introduced by calculating the power per unit of

composite volume created by these coupling currents when the regime is established :

p _ z B magnetic field outside the conductor

6 is the time constant of the conductor in relation with coupling current losses.

Under these conditions, the cable ac losses time constant 9 can be written as a summation
of N time constants 9n , each of them being associated to the contribution of each cabling
stage to the total AC losses (n = 1 for the basic strand) :

N
c. n

In a general way we can write (for n > 1) :

where pn* , pn , vn are respectively the effective twist pitch length, the effective resistivity,
and the average void fraction of cabling stage n.

We have :

^ ^ d Pn = ~f^

where pn , Rn , rn , sn are respectively the apparent twist pitch length, the outer radius, the
twist radius, the contact area ratio of cabling stage n, and pb.e'o is the product (resistivity
x thickness) of the contact resistive barrier. When n = 2 , v\ is the strand filamentary area
radius and Rj is the strand radius.

Comments on the application of the formula :

Twist pitch p n

If the cable is cabled with back-twist (no torsion) which is the specification for ITER
cables the apparent twist pitch p n is equal to the cabling twist pitch of stage n, ln.

contact area ratio fsn)
It is very difficult to estimate this value. This has to be done on a very clear

micrography of the considered cable. For an accurate evaluation, the section had to be cut
very cleanly by electro-erosion. The compaction has a great influence on this parameter
which may be influenced by the coating of the strand. Chromium coating for instance is
supposed to harden the strands and limit the contact area

the internal barrier (p^efe)
For the last stage of the ITER cable, the barrier is constituted by a 0.1 mm thick stainless

steel wrapping. In this case the resistivity and the thickness of the steel strip have to be
considered.
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hor the other stages the only barrier is the resistive barrier surrounding the outermost
filament layer of the stage, which means the resistive barrier the coupling currents have to
cross to circulate from one strand to another. This resistive barrier is in the case of a
classical Nb3Sn strand the bronze layer which separates the external filaments from the
anti diffjsion barrier. This resistive barrier is in the case of a NbTi strand a CuNi barrier
specially instailedand designed to cut the coupling currents.

The importance of this internal barrier becomes crucial because it is the only limiting
resistance, when the compaction ratio fails under 36 % in the case of metallic contacts
between strands as it is the case for ITER conductors. On the contrary, for the US DPC
conductor^, the cable had a high void fraction and the strands were lubrificated , in this case
the internal barrier was not playing any limiting role and the time constant of the cable was
practically the time constant of the strand.
When the bronze barrier thickness is very small and if the RRR is very poor the copper
shell itself has to be considered to calculate the internal barrier.

The bronze resistivity
The bronze resistivity is directly related to the remaining amount of tin after reaction. In

facx this amount is quite large : about 6 % in case of the internal tin route". For this value
the resistivity of bronze is certainly around iO"/ QirA
This model has already been applied to the CEA full size NbTi and Nb3Sn conductors2 and
found to be in good agreement with the experimental results.This exercise is repeated again
here on two very different experimental results.

APPLICATION OF THE MODEL TO SUBSIZE CABLES TESTED AT CEA

The experiments have been carried out on 3 subsize cables of different compactions.
The model is applied to the cable # 2.
A section of the cable and of the strand is presented in Fig.l. and Fig. 2.

Fig.l TWCA internal tin strand O=0.73mm



Figure 2 36 % void fraction 1x3x3x4 twisted cable

The strand is an internal tin NbSSn strand produced by TWCA. The thickness of the bronze
barrier can be evaluated to 5 urn and the RRR is 40.
Both experimental results and modeization are presented in Table 1 and 2.

Table 1. Twisted subcables tested at CEA
TWCA strand

Cabie sampie type void fraction time constant (measured)
rr 1 1x3x3x4

1x3x3x4
1x3x3x4

40%
36%
30%

4.1ms
3.7ms
12.4ms

Table 2. modeling of cable #2 and
contribution of the different stages

stage tune constant
(model)

1
2
3

-
0.

0.39
0.37

10 mm
20 mm
40 mm
80 mm

-
10.7 mm
29.5 mm
59.5 mm

-
0.17
0.08
0.02

0.4ms •
0.23 ms .
3.02 ms
6.1 ms

The time constant is evaluated around 9.75 ms which is bigger than two times the
experimental value.

APPLICATION OF THE MODEL TO SUBSIZE CABLES TESTED AT
UNIVERSITY OF TWENTE

The experiments have been carried out on 25 subsize twisted subcables of different
compactions.
The model is applied to the cable £ 8.
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DISCUSSION ON THE APPLICATION OF THE MODEL TO NBTI STRANDS
FOR FUSION

NbTi has now an important place in the ITER project. Most of the poioidal field coils of
ITER. in the regions where the field is lower than 5.5 T will be made of NbTi conductors
nstead of Nb3Sn. The major arguments for this 9, are the cheapness of this material which
s 5 times less expensive than Nb3Sn, the impact on the costs of the magnets due to the

absence of heat treatment and the possibility of coil replacement in case of failure.
Even if the industrial availability of NbTi has been demonstrated for a long time, the NbTi
strand for fusion has to be carefully designed and optimized. For this purpose, CEA has
decided to order 10 kg of such a composite to GEC ALSTKOM INTERMAGNETICS.
.Again for a NbTi cable conductor the question of the internal barrier is determining.
As the Nb3Sn conductor time constant has an acceptable time constant it has been decided
in a first approach to design the internal barrier in this case with a reinforced "Pbeb" a s

compared to Nb3Sn. to limit the losses as the critical current density of NbTi is very
sensitive to temperature.

Nb3Sn pb= 10"~Qm.(bronze) ei
o=I0um (depending on the composite)

NbTi Pb=0.34 10-6Qm(CuNi)eb=10um

The characteristics of the composite are presented in Table 5

Table 5 Characteristics of a NbTi composite developped by GEC AISA for fusion
application.

composite diameter 0.8 mm
NbTi content 34%
CiiNi content 6%
Cu content 60%

RRR HO
thickness of the CuNi barrier 15am

A section of the developped composite is presented in Fig 4.

Fig. 4 No i i composite for fusion developped at GEC AISA 6=0.8 mm

As concerns the CuNi barrier a particular situation exists for the NbTi in comparison
with the Nb3Sn. The position of the CuNi barrier is a free parameter at variance with the
case of the bronze barrier. From a discussion with the industry the composite is cheaper if
the CuNi barrier is located just in contact with the filamentary zone. On the contrary
imposing an external CuNi barrier is certainly more expensive : a larger thickness will be
needed for the fabrication and a peeling of the billett will be necessary to come back to the

_ i o n .



A section of the strand is presented in Fig.3.

Fig. 3 EM-LMI internal 'in strand 0=0.73 mm

The strand is an internal tin Nb3Sn strand produced by LMI. The thickness of the bronze
barrier can be evaluated to be 1 um on a very precise micrography centered on a bundle and
the RRR is supposed to be 40.
Both experimental results and modeling are presented in Tables 3 and 4.

Table 3. Twisted subcables xested at University of Twente
LMI strand

Cable reference

#8
=9

#10
#23
#11
#24

type

1x3x3x3x3
1x3x3x3x3
1x3x3x3x3
1x3x3x3x3
1x3x3x3x3
1x3x3x3x3

void fraction

0.28
0.301
0.394
0.431
0.449
0.484

time constant
(experiment)

145 ms
150 ms
70 ms
50 ms
34 ms

29.5 ms

Table 4. modeling of cable #8 and
contribution of the different stages

stage

1
2
3
A

V

-

0.
0.36
0.17
0.29

P

10mm
25 mm
60 mm
105 mm
160 mm

D'

-
18 mm
47 mm
74 mm
110 mm

-
0.17
0.07
0.09
0.06

time constant
(model)

4 ms
1.7 ms

17.1 ms
65.4 ms

202.3 ms

ihe time constant is evaluated around 290.5 ms, which is two times bigger than the
experimental value.
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desired thickness. In this case more fundamental studies are needed to assess the influence
of the position of the barrier on the value of the time constant. Certainly an external barrier
is connected to lower time constants but the problem has to be examined in relation with
the current repartition. Equai current reparation is certainly more ensured with an internal
CuNi barrier.

Possible application to conductor for accelerators
This kind of internal barrier for NbTi strands is also of great interest for accelerators. In

Rutherford cable the question of strand interresistance has always been in discussion in
relation with the losses and field errors during the ramp phases. Introducing such a CuNi
barrier gives a great opportunity to control and adjust the resistance between the strands.
In general the flexibility of this solution is quite large because the thickness and the
percentage of nickel can be adjusted in relation with the design criteria.
The impact of this kind of solution on the conductor costs is very low, the integrity of this
barrier along the time is ensured by its position inside the strand (contrary to coating
solutions) and moreover a possibility of soldering the conductor appears offering an
important mechanical stability which is determining for accelerator magnets.

CONCLUSION

The homogeneous model proposed in this paper gives the good order of magnitude for
the time constants observed experimentally on subsize Nb3Sn conductors. It points out the
importance of the design of the strand itself on the value of the conductor time constant
through the effect of the bronze barrier. Additional investigations and in particular contact
resistance measurements are planned on ITER strands to confirm that effect and explain the
difference between the model and the experiment. Likewise, in NbTi conductors, the
correct design of the CuNi shell offers a way to control both the losses and the current
distribution between the strands.
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ABSTRACT

The cable-in-conduit conductor for the ITER coils have to perform at magnetic fields
up to 13 T under the conditions of normal high ramp rates as well as extreme magnetic
pulses during a plasma disruption. Modelling, ac loss computations and design
optimisations require to understand and identify the coupling loss time constants in
multistage cables. For this AC loss measurements are performed on jacketed full size
Nb3Sn cabie-in-conduit conductors. A transverse sinusoidal magnetic field is applied on the
conductor to determine the coupling loss time constants with a calorimetric method.
Moreover the decay of the coupling currents after a linear ramp is monitored with
compensated pick-up coils. A comparison is made between the results obtained with both
measuring methods. It appears that the n.x value taken from the slope of the loss versus
frequency curve in the low frequency limit has only a meaning at these low frequencies. At
higher rates of magnetic field which are relevant to describe a plasma disruption, internal
shielding effects are not negligible and a different approach has to be used. The
experimental results and a straightforward model are presented to find the coupling current
time constants of this type of conductors. It is shown that several dominant time constants
can exist that are associated with relatively small volume fractions of a cable.

INTRODUCTION

The main contributions to the ac loss of composite superconductors are hysteresis and
coupling losses. In the low frequency range the coupling loss per volume strand per cycle
increases linear with frequency f and the square of the amplitude of the magnetic field Ba:

Qcpl= (27t/u0)-B;-co-v-n-t [J/m3/cycle]. (1)

The applied field is Ba.sin(2~.f.t) and n is the shape factor,,which amounts to n=2 in
wires with circular cross sections in a uniform transverse field1. The coupling loss time
constant is T=I/2-U0-(LP/2TC)2-C7_L [S], where Lp is the twist pitch and ax is the effective
electrical conductivity in the transverse direction. The volume fraction of the strand volume
involved in the loss creation is expressed by v. The slope a of the linear section of the
QCBi(f) curve at low frequency provides the effective coupling current time constant v-n-x:

v-n-t = a^0/2n2-Ba
2 [s]. (2)



1 he ire value can be used for AC loss calculations of magnets operating at low ramp
rates. Then the hysteresis loss is taken to be independent of frequency. At higher ramp rates
the coupling loss saturates and there after decreases with frequency due to shielding of the
interior of the conductor. The coupling loss over an extended frequency range is given
by1'2

Qcpi= (2-/u0)-Ba2-co-v.n-x / ( R O Y ) [J/mVcycle]. (3)

In the case of multistage cables, each cabling stage introduces new rime constants
associated with the decay of the coupling currents in a particular pan of the cable. In fact it
means the loss is created in only a part of the total strand volume.

Already in the case of a strand, the volume fraction v in equation (3) is approximately
the volume of the closely packed multifilamentary zone scaled to the total strand volume.
For interstrand coupling loss the volume involved in a coupling current path can usually not
be estimated very well and certainly is not the same for each time constant in the cable. -The
possibility of high local ac losses in a fraction of the cable is considered beforeJ.

Depending on the cabling geometry, it is possible that higher cable stages have a large
number of coupling current paths due to many strand contacts with a large spread in contact
resistances. The actual contact resistances strongly depend on the crossing angle, coatings,
pressure and history . In multistage cables this may lead to a large number of time
constants even without dominant time constants. As a consequence, the coupling loss over
an extended range of frequency can not be described with equation (3) using a single time
constant of the cable as a system.

A simple summation of the separate stages using eq. (3) for each cabling stage is
certainly wrong because in this case the shielding of the lower stages by the higher cabling
stages is not taken into account.

A summation over the stages including the full shielding of the lower stages by the
higher stages is also not correct because of the transposition and to a less extend the void
fraction of the cable that distorts the perfect shielding.

In order to have a tool for analysing the, experimental data, here a compromise is
proposed by which the shielding factor l/(l+ffl"x2) is adapted with a weighing factor v.n,,
where v is an effective volume fraction including the shielding effect and n is the local field
shape factor. The coupling loss of the multistage cabie can now be described by:

N is the last cabling stage and N-l, N-2, etc. the lower cabling stages. Note that as a
consequence of equation (4) the sequence of the stages is important so it enables to
distinguish higher stages with lower time constants and vice versa. The weighing factor v,-n,
is zero when there is no shielding and maximum when the shielding is complete and the full
effective volume fraction and shape factor is seen.

The volume fraction vk is the volume fraction involved in the creation of coupling
current loss represented by the time constant ik. It is not obvious that nk is equal for ail
dominant time constants, especially in the case of cables with rectangular cross section-
Note that equation (4) still implies that the effective n-~ value from equation (2) determined
by the low frequency limit can be regarded as the summation of the contributions Ivk-nk-Tk.
for all cabling stages.

Relation (4) can be used to fit N effective time constants, vk-nk-xk to the measured
coupling loss curve. The results of the compensated pick up coil measurements are used to
fit N time constants as well. The decay of the coupling currents after a field ramp are
monitored with a compensated pick-up coil. The voltage decay is fitted with:

V = -T V • •e:/xK (5)
pu

VTii. is regarded to be a measure for vk giving the relative volume fraction taking part
in the coupling current path represented by the time constant xk. The interaction between
current paths can be disregarded when dB/d't is low and the shielding effect is not relevant.



SPECIMEN AND MEASURING SET-UP

Four.full size 40 kA class of prototype CIC conductors, developed by CEAJ, ABB \
and LMI 3 for the NET/ITER fusion program are investigated. Moreover, a sample of the
CIC conductor of the EURATOM-ENEA 12 T magnet3^ and a subsize cable-in-conduii
sample ' is measured. The strands in the cables are MIR type of Nb3Sn ail coated with 2 urn
Cr. Detailed specifications of strands and cables can be found in literature J>:>'&>'.

The DC and AC sinusoidal magnetic field is perpendicular to the specimen axis at 4.2
K and generated by a superconducting dipole magnet. The background field can be varied
between 0 and 2 T. For the high frequencies, low amplitudes of ac field are taken to avoid
saturation of the filaments, i.e. v-n-i-co-Ba<Bp, in which B? is the penetration field. Another
reason to use small amplitudes in the high frequency regime is to minimise the relative
influence of shielding on the hysteresis loss with respect to the coupling loss.

In the case of caiorimetric ac loss measurements the loss per cycle is measured over an
extended range of frequencies at a constant amplitude of the field with amplitudes between
B,= 15 mT and 400 mT. Tne hysteresis loss is subtracted from the total loss. The coupling
loss thus obtained is divided by the square amplitude of the applied ac field,
QcDi(f)::={Qtot(C)'-Q(f=:0)}'/Ba2- Equation (4) is used to find the dominant time constants in the
cable. The decay of the coupling currents in the CEA and LMI cables is measured with a
compensated pick-up set after a linear ramp.

CEA NET/ITER conductor

The CEA full size 40 kA, Nb3Sn NET/ITER, Cable-in-Conduit conductor is a cable
with a circular cross section, a rectangular jacket and a helium cooling channel in the
centre. The cable contains: 3x3x4x4x6=864 strands. The last cable stage (petal) is wrapped
with stainless steel in order to reduce the coupling loss. The void fraction inside a petal is
30 %. The results of the caiorimetric loss measurements are shown in Figure 1. presented as
the coupling loss scaled to Ba

2. The voltage taken from the pick-up coil set is presented in
Figure 2. The decay curve is taken with and without a dc background field of Bdc=0.13 T.
The amplitude of the trapezoidal field is AB=0.1 T and the rarnp rate amounts to
dB/dt=0.64 T/s.

A best fit using relations (4) and (5) results in three time constants with amplitudes and
v-n-values presented in Table 1 and in the Figures 1 and 2. The first 15 ms of the signal are
not suitable for fitting with relation (5) due to the presence of higher harmonics a and a
decay in the applied field at the end of the ramp. The time constant of the field decay
amounts to 5 ms. As a consequence time constants much smaller than 15 ms can not be
distinguished. Another restriction is given by the limited frequency range when using the
caiorimetric method. The time constants are identical for the fit of the caiorimetric results
and both pick-up coil curves and therefore they are coupled. The vk-nk values and
amplitudes Vm are left as free fit parameters.

The contribution of the large time constant T 3 =780 ms in a very smail volume fraction
of the cable found in the fit of the caiorimetric results seems to be smaller in the fit of the
pick-up coil results. This is probably due to the short ramping time of 156 ms. The currents
involved in the coupling paths are stiii far below their full amplitude. On the other hand it
may be caused by the difference in nk value. The ratio of the amplitudes V ^ found for both
lower time constants determined with the pick-up coil method, matches well with the ratio
of the vk-nk values from the caiorimetric method. The DC field does not seem to have much
influence although the loss

Table 1. Results of the fit to the data of the CEA conductor.

l ime constant
i tk [ms]

;< i
1 19
2 55
3 780

Caiorimetric results

Bdc=1.5T
v,-n,=0.72
v,-n,=0.24

v--n;*=0.042

E

vmI

Pick up

Sdc=0 T
=478 mV
= 182 mV
2=13 mV

coil results

i B C C = O . I
Vral=405
Vm2=190
\n2=^~

3T
mV
rr.V
rnV
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Figure 1. Calorimetric results for the fail size 40 ScA,
CEA/ITER specimen. Coupling loss versus
frequency, (Q^-Qhys)^,2 = f(f), Bdc= 1.5 T.

Figure 3. CEA cable. Logarithm of the pick-up
voltage from Figure 2, versus time after linear ramp,
B,=0 and 0.13 T.
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Figure 2. CEA cable. Voltage of compensated pick-
up set versus time after linear ramp, B^O.l T,
dB/dt=0.64 T/s, Bdc=0 and 0.13 T.

Figure 4. CEA cable. Derivative of the logarithm of
the pick-up voltage from Figure 3, versus time after
linear ramp, Bdc=0 and 0.13 T.

coming from the lower time constants tends to decrease with the background field.
Figure 1 shows that the main part of the frequency spectrum is dominated by the two lowest
time constants x,=19ms and x2=55 ms. The low time constant Ti=19ms is probably
composed of several smaller time constants. For the very low frequency range representing
the normal operating condition of fusion magnets, the large time constant T 3 =780 ms, is
very important and is even dominant with respect to the overall coupling loss. The sum of
all time constants represents the slope of the loss versus frequency curve for f-»0 Hz and
amounts to Ev-n-T=60 ms.

Figure 3 shows the logarithm of the pick-up voltage versus time. In the case of one
dominant time constant this relation should be linear. The derivative of the logarithm of the
pick-up voltage versus time is presented in Figure 4. The instantaneous time constant
progresses with time after the end of the pulse. Figure 4, showing the instantaneous time
constant versus time, links up nicely with a similar figure of earlier measurements3.

LMI/NET conductor

The LMI full size 40 kA, Nb3Sn NET/ITER, Cable-in-Conduit conductor has a
rectangular cross section and a void fraction of 49 %6. The aspect ratio is 2.6. The cable
contains: 3x3x3x4x8=864 strands. The results of the caiorimetric loss measurements with



Table 2. Results of the measurements on the LMI conductor.

Calorimetric results
tjjr i 1

Pick up coil results
B; =0 to 0.4 T

B, peruendicuiar to broad side Ba perpendicular to broad side Bj parallel to broad side
v,-n,=0.20
v,-n,=0.017
vrn3=0.53
v.-n4=1.5i

-,=130 ms
ti=670 ms
x3=45 ms
-,.=13 ms

Vral=740mV
Vra2=30 mV

Vn3=1900mV
Vm4=I950mV

-,= 130 ms
x2=670 ms
t3=45 ms
T.= 13 ms

Vml(=140mV
V- ,= 1280 mV

T.,=390 ms

tk=55 ms
T-=9 ms

the applied field perpendicular to the broad side are shown in Figure 5. The voltages
taken from the pick-up coil with applied field perpendicular and parallel to the broad side
are presented in Figure 6. The decay curves are taken with and without DC background
field of Bdc=0.4 T. The amplitude of the trapezoidal field is varied from AB=0.05 T up to
AB=0.6 T and the ramp rate is between dB/dt=0.12 T/s and dB/dt=0.6 T/s. No significant
changes have been noticed in the shape of the pick-up voltage versus time within this
variation. The transition time between the end of the ramp and until a stabei DC field is
attained is improved for the parallel field direction as compared to the test on the CEA
specimen and amounts to 2 ms.
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Figure 5, Calorimetric coupling loss of LMI full size, Figure 7. LMI, logarithm of the compensated pick-
40 kA cable, perpendicular to the broad side of the UP voltage versus time for field perpendicular and
conductor, (Qtot-Qhvs)/Ba
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Figure 6. LMI cable. Voltage of compensated pick-
up coii versus time for field perpendicular and
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Figure 8. LMI cable. Derivative of the logarithm of
the pick-up voltage from Figure 7, versus time after
linear ramping, Bdc=0.
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A best fit using the calorimetric and electric obtained data for perpendicular field
direction results into four dominant time constants. vk-nk values and amplitudes, as
presented in Table 2.

The time constants for perpendicular field fit well with the electrical as well as with
the calorimetricaiiy obtained data. The ratio of the- Vmk

 ;s found for the time constants
determined with the pick-up coil method, also match well with the ratio of the vk-nk 's
found with the calorimetric method. Deviations may be caused by the relatively high values
of nk due to the large aspect ratio. The deviation of Vm4 may also be caused by the shape of
the applied field. The sum of all time constants nicely match with the slope of the loss
versus frequency for f—»0 and amounts to Iv-n-T=83 ms. Moreover it is in acceptable
agreement with the value of n-t=91 ms measured by ECN3 a few years ago.

The calorimetric loss measurement for the parallel field direction is performed only.in
the low frequency range and gives n--=15 ms which agrees with the value found by ECN3.

Figure 7 shows the logarithm of the pick-up voltage versus time for perpendicular and
parallel applied field orientation. The shape of the curve clearly shows that it is a multiple
time constant system.

The derivative of the logarithm of the pick-up voltage versus time is presented in
Figure 8. The instantaneous time constant increases with time after the end of the pulse,
comparable with the behaviour of the CEA cable.

Other CIC conductors

The data from calorimetric measurements on three full size and one sub-size CIC
conductors are used to fit with relation (4). The conductors are the ABB-T type, ABB-L-
type, the ENEA conductor and a subsize braided triplet 3BT taken from a parametric study
on coupling loss7 The twisted braid 3BT has a circular cross section and a void fraction of
25 %. The ABB T-type of cable contains: 3x3x3x3x7=567 strands and the ABB L-type of
cable has 29x3x7-609 strands, both with a void fraction of 47 %. The ENEA cable has a
square cross section and a void fraction of 43 %. The ENEA cable has 3x3x4x4=144
strands and the 3BT cable has 28x3=84 strands.

The results are shown in the Figures 9, 10, 11, 12, and Table 3. The field is applied
parallel to the broad sides of the conductor in the case of the ABB cables. For both ABB
cables the loss versus frequency is measured with an amplitude of 25 mT, and the initial
slope can be estimated by fitting the data to relation (4). All parameters in the fit procedure
are without constraints. Time constants representing the initial slope are found. Iv-n-x
=250 ms for the T-type and 2v-n-t=420 ms for the L-type of cable.

For the 3BT cable an additional time constant is necessary to fit the total loss versus
frequency, with respect to the number of cabling stages N. This is also done for the ABB-L
specimen. For both the ABB-L and 3BT cables a very high time constant is found
representing the braided subcable. The total coupling loss and the time constants for the
3BT cable are higher mainly due to the small void fraction of 25 % as compared to the
ABB-L cable with a void fraction of 49 %.

The fit of the ABB-T cable data gives less time constants then the actual number of
cable stages. Presumably the first cable stages are heavily shielded and do not significantly
contribute.

The fit of the ENEA cable data also shows high time constants in relatively low
volume fractions of the cable. Only a small frequency range is measured so the accuracies
of the time constants and v-n values are limited.

Table 3. Results of the measurements and calculations.

cable:

k
1
2
j

5
Ivk-nk t,K [ms]

ABB-
v k-n k

0.67
0.19
0.20
0.75

-
250

i

55
220
680
40
-

ABB-L

0.78
1.18
0.26 1
0.35
0.27

420

32
65
100
66
13

vk-nk

0.45
0.92
0.50

-
-

3BT

1300

2000
400
76
-
-

ENEA

vk-nk

1.32
0.26
0.98

-
-

140

"k

14
300
38
-
-
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Figure 9. Full size ^0 kA, A33- i -type specimen,
Coupling loss versus frequency, BHC=O T, Ba parallel
"o broad side of conductor.

Figure 11. Coupling loss versus frequency of
specimen BT, scaled for several amplitudes of the
applied ac field, 3dc=l T
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Figure 10. Full size 40 kA, ABB-L-type specimen,
Coupling loss versus frequency, Bdc=0 T, Ba parallel
to broad side of conductor.

Figure 12. ENEA -EURATOM 12 T, CICC,
Coupling loss versus frequency, Bdc=I T.

CONCLUSIONS

The combination of loss measurements on multi stage CIC conductors over a wide
frequency range and a relatively simple model, enables to distinguish dominant time
constants in muitistrand cables. Moreover the combination of calorimetric and pick-up coil
ac loss measurements is an effective tool to proof the existence of several dominant time
constants apparently active in different volume fractions of a muitistrand cable.

It seems that relatively high time constants occur in small volume fractions. When
only the data of calorimetric measurements are considered, there is not always a unique
solution with one set of time constants and vk-n!c values. Moreover several solutions are
possible in some occasions especially when only in a small range of frequencies is
measured. In this case the fittmg procedure can easily lead to a wrong set of time constants
not suitable to sescribe the overall AC loss over a wide frequency range.
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Since many time constants are present in multi-stage cables (and sometimes the
absence of a dominant time constant), it is not suitable to use the phase shift between a
fieid pulse and the pick up magnetisation signal as a measure of the coupling loss time
constants .

In general it is important to measure the calorimetric loss down to very low-
frequencies in order to find the contribution of eventually high time constants in small
volumes of multistage cables.

With the voltage decay method the relatively small time constants in the cable,
representing an important part of the coupling loss production in the high frequency region,
are very hard to determine correctly. Also the higher Fourier components as present in non-
harmonic field changes as well as deviations from the ideal field shape at the end of a ramp
can easily lead to wrong interpretation of the results. The ramping time and the time
interval the decay signal is evaluated, should be at least a few times the highest time
constant. For this reason a combination of both methods as used for the CEA and LMI
cable can be recommended if detailed knowledge is desired.

The empirical approach presented here leads to a better interpretation of the AC loss
behaviour in a large frequency range. There is strong evidence that large coupling current
time constants are present in small volume fractions of cabled superconductors. Although
the model cannot localise these currents, it helps to find the correct time constants. But the
influence of the coupling currents on the current carrying capacity and stability is therefore
difficult to assess. In order to clarify this, a more comprehensive and also more complicated
model is required using the specific cabling configuration and properties like strand
resistivity, contact resistance varying with contact pressure and crossing angle, local void
fraction, twist pitches, and the active volumes in which the losses are generated.
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New tests have been performed on the 40 kA CEA Nb3Sn conductor in the Sultan III facility. The aim of
these tests is to obtain key experimental data on the behaviour of Nl^Sn conductors for fusion applications
under high field and large transport current. The 40 kA Nb3Sn CEA conductor has a shape and an internal
arrangment of the superconducting wires which is very similar to the ITER conductors. These tests are
therefore of great interest and bring precious information on ITER conductors designs and margins. The level
of the ac losses experienced by these conductors under varying fields influences deeply their design. Till now
the ac losses was measured without transport current. In this experiment the influence of Lorenz forces on ac
losses is investigated at different background fields and with different transport currents. For this, the basic
experiment consists in producing field pulses on the conductor by means of a coil installed in the bore of the
Sultan magnet and in recording the integrated voltage obtained on pick-up coils placed on the conductor as^a
function of time. It is possible by this way to evaluate the conductor time constant as a function of the
transport current and of the background field.

INTRODUCTION

The 40 kA CEA Nb3Sn was tested in 1993 in
the SULTAN III facility [1]. During these tests the
critical current of the conductor at different
temperatures and background fields was explored,
demonstrating the capability of this conductor to
carry high transport current at high field for fusion
applications. Other tests were performed at Saclay
[2] to measure the ac losses of this conductor but
without transport current and at low levels of
background field. In these new tests the behaviour
in transient pulses has been investigated both in
presence of high fields and of transport currents.

1. PRESENTATION OF THE TEST STAND

A pulsed coil pairs made of copper has been
recently installed in the SULTAN III facility to
produce a sinusoidal magnetic pulse with an

amplitude of + - 1 T and about 50 ms duration in
the 40 cm long center region of the test conductor.
The coils are connected with a 38 mF/1500 V
capacitor bank forming an oscillating circuit. The
test well with the conductor is placed between the
two coils as shown in Fig. 1.

A pulsed coil

B sullan

Figure 1. Pulsed coils configuration in SULTAN
III test facility
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The magnetic axis of the coil pair is in alignment
with the SULTAN background field. They are
racetrack shaped with a length of 413 mm and a
width of 113 mm. Furthermore two iron yokes
have been introduced into the magnet bore which
allow an increase of the maximum background field
in the center region from 11 T to 12 T.

2. IMPORTANCE OF THE INTERNAL
GEOMETRY OF THE CABLE AND
POSSIBLE INFLUENCE OF LORENZ
FORCES

In fusion magnets, the high current conductors
have to face important field and current variations
due to the fact that these magnets operate in pulse
conditions. Furthermore a particular heat load is
deposited within typically 0.5 s in case of a plasma
disruption. That is the reason why special attention
is put to design low losses conductor. The losses
due to field variation have two origins :
- the hysteretic losses which are directly
proportional to the effective filament diameter.
- the coupling current losses which are proportional
to the so called time constant of the conductor[2].
This time constant is in strong relation with the
electric contact surface between the strands.
Parameters such as the local void fraction and the
chrome layer deposited on the strands are expected
to greatly influence this contact surface. The first
conductor to be tested in pulsed operation is the
CEA 40 kA Nb3Sn conductor whose critical
properties have already been explored last year. A
particular interest exists in proceeding to further
tests on this conductor due to the fact that the shape
of this conductor is very near the shape which is
now chosen for the various conductors of the ITER
project [3].
But other tests will be also performed on another
conductor : the EM-LMI/Ansaldo conductor
previously developped in the Euratom program by
the NET team (see in particular [4]).
Both conductors are very similar as far as the
diameter, the number of the strands and the twist
pitch are concerned, but differ significantly in the
geometry of the cable as well as in the effective
filament diameter.

3. COUPLING CURRENT LOSSES DURING A
MAGNETIC FIELD PULSE.

Assuming a>9<<l , co being the field pulsation
and 8 the time constant of the cable, the equation
giving the field B "inside" the conductor is :

= Be(t) (1)

Be(t) is the external field variation

The assumption made here is similar to this used in
[2] : the time constant of the conductor can be
considered as the summation of N time constants,
each of them being associated to the contribution of
each cabling stage to the total a.c losses, with a
dominant contribution of the last but one stage
(petal) for the CEA conductor.

with : Be(t) = Bosina>t for t <TI/CO

and Be(t) = 0 for t >TC/CO

Equation (1) can be solved for the particular
condition of an half sinusoidal field pulse :

t <TC/CO B(t) =
l + 02o>2

| Bosin(cot-(p)

t > 7 t / c o B ( t ) = - ^ T e - t / e

tgcp = ©0
The magnetization M(t) of the conductor can be
classically defined as : M = -0B

t <7t/C0

t <7t/C0

M(t) = -

M(t)-

B o m 9 e

l + 92co2

BQCOO _

l + O ^ 2 "

Bocos(cot-cp)

Vi+e2cD2

t /e 7I/<B6X
+ e

In this model, if the time constant is very high
(#—> oo) then q>—>;z72and M(t) = -Bosincot
which means that no flux enters the sample. The
higher the time constant is, the higher is the level
of the maximum of the magnetization and the
higher the time associated to this maximum. This is
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pointed out in Table 1 for the the particular pulse
duration of the experiment (t=48.5 ms).

Table 1
Influence of the time constant on the value and on
the position of the maximum of the magnetization.

~© 10 20 30 40 50
(ms)

\M/B0\ 0.401 0.571 0.665 0.725 0.767

max.

tmax 14. 17.2 18.8 19.9 20.6
(ms)

A typical curve is presented in Fig.2.

dM/dt
M/Bo

to*

8<B

O

4 02

«ot

J/BodM/dt^- ^ /

M/Bo

\

I

-3

Figure 2 Magnetization of a conductor during a
field pulse (duration 48.5ms, 9=10 ms)

4. EXPERIMENTAL
MAGNETIZATION

RESULTS ON

4.1 Pick-up coils
Each conductor leg is equipped with a 350 mm

long pick up coil in the high field region
perpendicular to the SULTAN axis. These two
saddle shaped coils are directly glued with epoxy
onto the conductor jacket as sketched in Fig. 3. The
number of turns per coil is chosen in such a way
that the voltage across the terminals of the coil
should not exceed 50 V in order to avoid insulation

problem. The classical way of operating to obtain
the magnetization of the sample is to balance the
pick-up coil PI or P2 with a so called compensation
pick up coil (here Pel, Pc2 or Pc). The
compensation pick up coil must meet two
requirements :
- to be placed as far as possible from the conductor
not to be influenced by its magnetization.
- to be in the same magnetic conditions as the pick-
up coils.

Clamping
Structure

Pc2 Pel

Figure 3 Pick-up coils configuration

4.2 Experimental procedure
It rapidly turned out that it was impossible to

balance the pick-up coils with the compensation
coils. This was made clear in a test at a temperature
greater than 20 K to be sure that the sample is not
superconducting. This problem is due to the
stainless steel clamps which are placed between the
compensation and the pick-up coils and are
shielding part of the field variation.

The way of operation was found without using
the compensation coils by balancing numerically a
"cold shot" on the pick-up coil by a "hot shot" on
the same pick-up coil recorded in a previous run.

4.3 experimental results
Experiments have been done at different levels

of field : 0T, 4T, 8T and 12 T. Due to temporary
operational difficulties of the superconducting
transformer, the current in the sample was limited
around 20 kA.
The experimental results have been perturbated by
the fact that the "hot shot" is not strictly similar to
the "cold shot". The diamagnetism of the sample at
low temperature affects the field pulse which is
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slightly shorter. The difference is small (less than
lms ) and leads to a distorsion which is visible on
the derivation of the magnetization.

The experimental results are presented in
Fig.4, for several currents at 8 T, for a 100V shot
corresponding to a AB of about 0.1 T on the
conductor.

I °
I
z

I •'
-2

/ • • " •

• \ /

. . . . 2nd shoi

2nd shot

2-dsho.

OkA

11 tA

21 kA

0.04 0.06 0.08
tmie(s)

Fig.4 Experimental magnetization at 8 T

Several remarks can be made :
- Contrary to Fig.3, the contribution of the
hysteretic magnetization changes slightly the
position of the minimum by shifting it to higher
times. At high field this effect is reduced.
- tne magnetization does not come back to its initial
value, which is surprising as second shots are
performed.
During the pulse the results are given in Table 2.

Table 2
Characteristics of magnetization at 8 T

current
tmax (ms)

\M\ max
(mT)

OkA
16.3
3.2

l l k A
14.7
2.9

21 kA
13.6
3.2

The instantaneous time constant has been derived
from the relaxation phase after the pulse. The
results are presented in Fig.5. The effect of the
current is very weak, the evolution in time of the
time constant has already been pointed out in [2].

Fig.5 Instantaneous time constant at 8 T.

5. CONCLUSIONS

The results obtained on the CEA 40 kA indicate
that up to 8T, 20 kA there is no noticeable effect of
the current on the time constant of the conductor.
This conclusion has still to be confirmed by
operating the conductor at 12 T and 40 kA.
However the use of steel wrapping around the petal
and the low void fraction (30%) in the petals may
explain this behaviour.
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IV Thermohydraulic properties of dual channel cable in conduit

In the framework of fusion by magnetic confinement a particular design of cable in conduit
conductors has been proposed by our group and chosen for ITER conductors. This design,
which is particularly adapted for magnets experiencing ac losses, includes two parallel cooling
channels. The central channel, which acts like a heat drain, is separated from the strand
channel by a spiral structure whose geometry can substantially influence the pressure drop.

The thermohyraulics of this so called "dual"cable in conduit is not well known. 5 publications
are dedicated to that topic. For example a typical problem such as the recooling time of a
magnet, has been investigated on a test facility at the "Service des basses temperatures" (CEA
Grenoble), on a 30 meter long piece of a 15 kA conductor. Extensive tests of pressure drops,
on different kinds of spirals on the OTHELLO test facility (CEA Cadarache), have helped to
propose a model and select the best solution.
Two reviews are presented on the history of forced flow conductors and magnets, a new kind
of technology emerging for large superconducting magnets, especially for fusion. It is to be
noted that no significant magnet in the world is operating using this concept. Usual criteria to
dimension this kind of conductor are presented and discussed.
Two theoretical papers deal with models describing the propagation of a heat slug inside such
a cable in conduit. One of the application of this theory is the exploration of the limits of the
TF model coil which will be done by propagation of a helium heat slug from a resistive heater
situated at the helium inlet of the magnet. The problem, which is treated, concerns the
particular situation of the joint, whose thermohydraulics is different from that of the
conductor. In this region Joule heating is generated due to the resistive connection, and heat
exchange can take place with the other half joint.
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Dual Channel Cable in Conduit
Thermohydraulics : Influence of some Design

Parameters

S. Nicollet(l), J.L Duchateau(l), H. Fillunger(2), A. Martinez(l), S. Parodi(3)

Abstract—In the framework of the controlled nuclear fusion by
magnetic confinement programme, a particular design of a
Cable-in-Conduit Conductor (OCC) is being developed,
including two parallel cooling channels. The central channel is
separated from the strand channel by a spiral structure whose
geometry can substantially influence the overall pressure
drop. The thermo-hydraulics of this so called dual channel
OCC is not well known. Hence various experiments with
pressurised nitrogen at room temperature, on straight and
curved unit lengths from the ITER toroidal field model coil
(TFMQ production, have been performed at both Ansaido
and CEA-Cadarache to characterise the friction factor of the
two parallel cooling regions, in a range of representative
Reynolds numbers.
These experimental results are presented. It has been possible
to characterise different kinds of spiral geometries used in the
manufacture of the two model coils for ITER : the TFMC and
the Central Solenoid Model Coil.
A relative assessment of the most suitable spiral for the ITER
magnets is presented. This discussion includes :
• manufacturing aspects with the capability of the spiral to

support the cabling process as a function of the geometry
of the spiral and the compaction of the cable.

• pressure drop considerations, as a function of the spiral
geometry which piays an important role in the cooling
process and the required cold pump power.

Conclusions and recommendations are drawn.

Index terms— fusion, thermohydraulic, cable

I. INTRODUCTION

Since the original CIC concept, presented in [1] in 1975,
some major improvements have been made to allow the
magnets for present and future fusion machines to meet
performance requirements such as high currents, high field,
high voltages, and low losses. In order to circulate large
mass flows while keeping the pressure drop at an acceptable
level, the so called dual channel CICC has been developed
with two regions:

a bundle region with the superconducting and copper
strands strapped in 6 petals,

a central hole region delimited by the so called central
spiral of the cable.

In the Nb3Sn CICC used for the TFMC, (see Table I) the
central region represents 20% of the total helium section (at
5-6 K).

Fig. 1: TFMC CIC

Table I
TFMC CIC for double pancake DPI with SHOWA spiral

TFMCDP1
Conductor outer diameter
Conductor cross section
Cable cross section (without jacket)
Bundle region
cos 8 ( 5 = average inclination angle of
twisted strands)
Total strands section elliptically deformed
AStrands
Total wrapping section
Bundle region helium cross section Aheb
Void fraction
Bundle wetted perimeter Ub (whole
perimeter of the strands is supposed wetted)
Bundle region hydraulic diameter Dhb
Central Hole Region
Central hole outer diameter o.d.max and min
Central hole inner diameter i.dmax and min
Turn length
Gap length
Central hole_hydraulic diameter Dhh
Central hole section
Helium section in the central hole

40.5/ 40.8mm
1297.8 mm2

1097.2 mm2 1

j
0.961 1

!
579.11mm2

53.1mm2

355.2 mm2

36.85%
3.193 m

0.445 mm

12.27/11.39 mm
10.16/9.62 mm
6.25 mm
2.4 mm
11.83 mm
109.8 mnr
76.7 mm2

(1) Association Euratom-CEA/DRFC CE Cadarache, F-13108 St Paul Lez
Durance, France, (2) EFDA, D-85748 Garching, Germany, (3) Ansaido
Energia, Genova, Italy - Submitted 9/28/99
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n. FACILITY AND GENERAL HYDRAULIC CALCULATIONS

To characterise friction factors of these conductors,
pressure drop measurements have been performed at
Cadarache. The test facility presented in previous work [2]
operates with pressurised nitrogen at room temperature (N2
at P = 1.0 up to 4.0 MPa) and offers Reynolds number in
the range of those expected for normal operation of the
TFMC CICC at low temperature. The measured inputs and
the subsequent calculated friction factor f EU are presented
as follows:

Pin, Pout
Tout, Tout
AP
m
L
dP
dx
V

fEU

Dh
P
V-

u
A
RE

• 2

inlet and outlet pressure (Pa)
inlet and outlet temperature (K)
total pressure drop (Pa)
massflow m=p V (Pvol) = p v A
total length of the cable in conduit
element pressure drop (Pa)
length of conductor element
fluid velocity (m/s)
friction factor (SI)
hydraulic diameter Dh = 4 A / U
fluid density (kg/m3)
dynamic viscosity (Pa.s)
wetted perimeter (m)
helium flow area (m2)
Reynolds number

dx

'Dh

(kg/s)
(m)

(m)

(1)

where fgu = f ( m, u. ) is only function of the local RE
number,

4-th /o\
RE = Wf

H-U

dP = -fsu
U

•dx (3)

A variation AT / T of only 1.8% is observed in the most
critical conditions, thus allowing the approximation that the
density p (P, T) and viscosity u (P, T) vary only as a
function of the pressure.
p(x) = aP(x) + pand ft (x) = 5 P(x) + y

U
•m'

•m2-jfEU-dx

(4)

(5)

P m,«9 and "• m,«p are calculated at P ^ = (P^+Pout) / 2 and
Tm.exp = (Tm + Tout) / 2, the dynamic viscosity does not vary
consequently, m is conservative, so the RE number is the
same along the spiral or conductor tested, and f constant.

•U

A'3

L-U
(7)

m~

HI. SEPARATE MEASUREMENTS ON THE TWO HYDRAULIC

REGIONS

A. Bundle Region Friction Factor

The bundle region friction factor determination has already
been presented in [2]. A correlation in the form of Katheder
general formula [3] with a different Reynolds number
exponent is in good agreement with the measurements, with
a precise determination of the void fraction.

4-/c* =/EU = (I/void)"*2 -(0.0231+19.5/RE0™3) (8)
with void fraction = 36.85 % and 1000 < RE < 6000

B. The Central Spiral

Pressure drop measurements have also been performed on
central spirals alone. The different spirals tested at
Cadarache and their characteristics are presented in table II:
the "strand spiral" where the spiral is made of a circular
strand, the "ribbon spiral" where the spiral is made of flat
ribbon. Three ribbon spirals and one strand spiral have been
tested.

Table H
Central spirals identification

Spiral
Cortaillod
Showa
Hitashi
MIT (wire)

D
nun
12.1
11.9
11.65
12.1

e
men
1
1
1
1.55

t
mm
6.5
6.25
6.2
1.55

g
mm
5.3
2.4
3.0
1.6

P
mm
U.8
8.65
9.2
3.25

r

0.551
0.722
0.674
0.477

A

0.4775
0.2202
0.2817
0.1517

L
m
4.22
5.26
5.19!
5.17

D
e
g
r
L
Dnet
A

outer diameter of the spiral
spiral thickness t turn length
gap length p twist pitch length
turn to twist pitch length ratio
total length of the spiral tested (along the axis)
net diameter = outer diameter - thickness
Aspect ratio = gap / net diameter

0E3 '

Turn length ; :

IXSJ

Fig.2 spirals mounting system

Experimental Results
Spirals have been inserted in a rubber tube, kept in place by
stainless steel collars (Fig 2). The whole system is installed



in a tube, containing water pressurised to 5 bars before the
experiment, and varied to equal the circulating nitrogen
pressure inside the spiral, thus avoiding deformations in
either the rubber tube or the spiral.
The central hole region friction factor is calculated taking
the outer diameter of the spiral for the hydraulic diameter.
Friction factors (Fig. 3) of ribbon spirals are quite different
from the ITER correlation previously assumed [4]. Two
kinds of spirals exist in the TFMC, the Showa and the
Cortaillod. Their friction factors can be fitted well with an
exponential law:

fi

fi

EU.SHO

EU.COR

= 0.3024 -RE

= 0.7391- RE

-0.0707

-0.1083

(9)

(10)

For these three ribbon spirals which present the same
thickness and quite equivalent turn length, friction factor is
an increasing function of the aspect ratio i.e. gap length.

r

1 ! ! i
« CORIMPa

A COR3MPa

D SHO2MPS

0 SHO4MP5

. HITIMPa

A HIT3MPB

TSHO=-0.009-ln(RE)* 02384 —

X

' — .
•9- [ 1 11

"1*

T
A

"°

• COR2MP8

c, SHO 1MPa

t SHO3MPO

r HIT 0.5MPa

• HIT2M>a

• HIT4MPS

- — f COR = -0.0212 • IrKRE)* 0.4563

i
Mi

,»<

•—

— i _

I

.E+04
Reynolds number

1.E+06

Fig.3 friction factors for ribbon spirals in different pressure
conditions
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Fig.4 : Strands spiral friction factors

The results concerning the friction factor of the MIT spiral -
the only strand spiral we tested- and of four other strands
sample (A,B,C,D) described in [5] are presented in Fig.4. It
is to be noted that the friction factor of these spirals are at

much higher level than the friction factor of the ribbon
spirals. These four samples correspond to four different
aspect ratios. The result concerning the MIT spiral at a
lower aspect ratio is well in agreement with these
previously performed measurements (Fig. 5). These results
show clearly a factor more than 10 compared with f ITER.

•

A , -•-LongR

-*-LongR

• MITRE

O MITRE

E=410"4

£=8.10*4-

=4.10*4

=810*4 "

Fig. 5: f spiral / f ITER versus Aspect Ratio of strands spiral.

The friction factor associated with the strand spirals are at a
higher level than the friction factors associated with the
ribbon spirals. The higher e/D ratio (or Aspect ratio) is the
more important reason, but the lower p/D characteristics of
this spiral may also play a role, which can not yet be exactly
estimated.

IV. GLOBAL CIC CONDUCTOR MEASUREMENTS

A. A Three Turns CICC Sample

Tests have also been carried out on the global CICC, a three
turns (19.66m long) sample of DP 1.1 with a Showa central
spiral. The measurements (Fig 6) performed at different
inlet pressure agree well with the calculated pressure drop
deduced from the two correlations previously presented (8,
9 and 10). The influence of the curvature on the friction
factors has not been evaluated. This effect can perhaps
explain the greater experimental pressure drops.
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B. Tests of the 10 TFMC Pancakes

These tests have been performed at Ansaldo. By imposing
atmospheric pressure at the outlet, the inlet nitrogen
pressure is fixed at different pressure from 0.2MPa up to
0.67MPa. Fig. 7 presents the pressure drop measurements of
the 10 Pancakes and the three different expected calculated
pressure drops (Pancakes DP1.1, DPI.2 and DP2.1, with
associated length).

Reynolds number Analogy : REe = RE.
me =

n
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Fig.7 Comparison of model and experimental results for the
TFMC pancakes

v. APPLICATION TO THE TF MODEL COIL

Based on a Reynolds number analogy, the correlations
presented in III and validated in IV, can be used to calculate
the expected pressure drop (with no enthalpy variation) in
the pancakes of the TFMC (Fig. 8), at normal operating
conditions in supercritical helium (Pin=O.35MPa and
Tin=4.5K, table IDT)- The joints sections are not included
since they are not significant for the global pressure drop.

«—DP1.1 SHOWA 80.1m

c— DP1.2 SHOWA 89m

x— DP2.1 CORTAILLOO 89m

Fig.8 Expected pressure drop for three TFMC pancakes

Table III: normal operating conditions

Region
Bundle
Hole

mtot = 18g/s
mb = 7.88 g/s
mh= 10.12 g/s

Cortaillod
REb = 2860
REh = 315310

DP =0.466 bars
fb = 0.121397
£h = 0.18758

AP
L

AP

pf

VI. APPLICATION To TOKAMAKS

A typical hydraulic length actually considered in pancakes
for tokamak magnetic systems is 400m. The pressure drop
associated to this length is highly depending on the mass
flow rate and on the friction factor of the central channel
CICC. For 10 g/s and the conductor presented in Table I the
pressure drop is 0.7 bar along the pancake.
This pressure drop is governing the pumping work which is
necessary to recompress the helium after this expansion.
The cold power associated to the process can be estimated
around 1.7 kW for the 250 pancakes constituting the
toroidal field system. Such a high level can be ever
increased according to the cube of the mass flow rate if
needed. The choice of the central channel spiral, as shown
in this paper, at same investment for the machine, is
affecting directly the value of this cold power.

VII. CONCLUSION

As concerns ITER, thanks to this study, it has been possible
to point out that the geometry of the spiral greatly
influences the pressure drop of the considered magnet unit
length. For a given central hole diameter, a small spiral
thickness is recommended. Low aspect ratio are in addition
recommended which is also consistent with the mechanical
requirements.

REFERENCES

[1] MO. Hoenig and al., "Supercritical-helium cooled "bundle
conductors" and their applications to large superconducting
magnets", in Proceedings of the 5* International Conference on
Magnet Technology (MT-5), Rome 1975, pp. 519-524.

[2] S.Nicollet, H. Cloez, J.L. Duchateau, J.P. Semes, "Hydraulics
of the ITER Toroidal Field Model Coil Cable-In-Conduit
Conductors", in Proceedings of SOFT98, pp. 771-774.

[3] H. Katheder, "Optimum thermohydraulic operation regime for
cable in conduit superconductors (CICS)," in Proceedings of the
15th International Cryogenic Engineering Conference, Genova,
Italy, 1994, pp. 595-598.

[4] K. Hamada, A. Anghel, S. Smith, and aL "Thermal and
hydraulic measurement in the ITER Quell experiments"
Advances in Cryogenic Engineering Vol 43A pp. 197-200,
1998.

[5] A. E. Long, "Transverse Heat Transfer in a Cable-in-Conduit
Conductor with Central Cooling Channel", Master of Science in
Mechanical Engineering, Massachusetts Institute of
Technology, June 1995.

- 2 1 0 -



16 th Conference on Magnet Technology
Ponte Vedra Beach (Florida, USA) 1999

Friction Factor Correlation with Application to the Central Cooling Channel of
Cable-in-Conduit Super-Conductors for Fusion Magnets

Roberto Zanino, Piero Santagati and Laura Savoldi
Dipartimento di Energetica, Politecnico, Torino, Italy

Andre' Martinez and Sylvie Nicollet
CEA, Cadarache, France

Abstract - A correlation has been developed for the turbulent
friction factor/of a circular channel with a helical rib roughness
of rectangular cross section, which is relevant to the central
channel (hole) in two-channel cable-in-conduit conductors. The
correlation is based on data we measured on a pipe with three
different types of helix. It relates/with the Reynolds number Re
and with suitable dimensionless combinations of all relevant
geometrical parameters of the problem, i.e., hole diameter and
helix gap and thickness. A limited comparison with actual
(QUELL) conductor data shows good agreement.

I. INTRODUCTION

The Central Solenoid and Toroidal Field Model Coils
(CSMC and TFMC, respectively) of the International
Thermonuclear Experimental Reactor are being built using
super-conductors with a two-channel topology. The annular
cable bundle region is separated from the central channel
(hole) by a helical spring-like interface. The hole provides a
low impedance parallel path for helium flow. Additionally,
overpressure of the supercritical helium coolant, which can
originate in the bundle as a consequence of thermal-hydraulic
transients in the cable, can be relieved in the hole through the
perforation of the spring.

The empirical correlation of Katheder [1] and/or extensions
thereof accurately models the friction factor in the bundle in
the proper range of Re. On the contrary, the friction factor /
for the central channel has been traditionally modeled (e.g.,
for the QUench Experiment on Long Length - QUELL)
starting from the classical smooth circular tube correlation/=
0.046 (Re) ~0"2, and correcting it with an ad-hoc multiplier [2].
Very recently, however, experimental tests [3] have shown
that geometrical details of the helix can significantly influence
the overall pressure drop along the conductor, while analysis
[4] indicated that a more accurate model o f / i s needed to
reproduce the measured mass flow rate.

Although the situation we are analyzing is tightly related to
problems of heat transfer enhancement in heat exchangers [5]-
[8], the geometries previously considered in the literature
were characterized to the best of our knowledge by somewhat
different ranges of geometrical parameters. Here, a correlation
for the Fanning friction factor is derived based on a set of
experimental data we obtained in the OTHELLO facility at
CEA Cadarache on a tube with a helical-rib-roughened inner
wall. The correlation is then applied to and validated against
actual QUELL conductor data.
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Fig. 1. Sketch of the tested pipe (longitudinal cross section)

II. EXPERIMENTAL SETUP

Three different helices with rectangular cross section, used for
different pancakes in the TFMC, were tested: CORTAILLOD
(Q, HITACHI (H) and SHOWA (S). A sketch of a helix is
shown in Fig. 1, and its main features are summarized in Table
I: the inner diameter D^, the height (thickness) h, the width w,
the gap length g. The angle formed by the helix with its axis is 9
~ atan [n(Du,+h)/p], where p = w + g is the pitch.

For the helices in Table I, Ovaries from 71° ( Q to 76° (S), i.e.,
these helices are very "closed". Notice also that only g varies
significantly among the three. Both of these observations will be
important in what follows.

The dependence/(i?e) is obtained from data of pressure drop
Ap vs. mass flow rate m as follows: starting from the
definitions of Re and of Ap

= pUDhl p.
2

(1)
(2)

and eliminating the average (core) flow speed U'= m I (p A),
where A - xDin

2/4 is the minimum flow area, gives

Re = m Dk 11
f=(V2)(Ap/L)pDhA

2/m2
(3)
(4)

where L = 5 m is the length of the hydraulic path, and Dh is
the hydraulic diameter assumed = Din for the core flow. The
dynamic viscosity fj. and the density p are obtained from
pressure and temperature measurements, using GASPAK.

Typically, N2 enters the test section at T ~ 235 K and exits
at T ~ 295 K, the temperature increase being due mainly to
heat exchange with the surrounding environment at room
temperature. Different series of tests were performed with
different N2 pressures, in the range between 5 bar and 40 bar.

Concerning the //(itachi) data it should be noticed finally
that only a subset of the measured data was used for the
correlation, i.e., those showing a clearly decreasing trend of

To appear in IEEE Trans. Appl. Supercond. (2000).



TABLE I
GEOMETRICAL PARAMETERS OF THE TESTED HEUCES

Type

C
H
S

Din

[mml
10.1
9.65
9.9

h
fmml

1
1
1

w
fmra]
6.5
6.2

6.25

g
[mml
5.3
3.0
2.4

/ with Re. In the literature, increasing / (Re) is found for
smooth pipes in the laminar-to-turbulent transition region,
which however occurs well below Re ~ Ie4. For rough pipes
it is found in the smooth-to-rough transition region, which
occurs at decreasing Re for increasing (h/D), e.g., at Re ~ Ie4
for (h/D) ~ 0.01 [8]. Some of our data series, showing an
increasing trend off with Re for Re > Ie5, have been therefore
discarded.

III. QUALITATIVE DISCUSSION

The experimental results (see, e.g., Fig.3 below) show that, at
given Re, an increase of (g/h) of up to ~ 100%, see Table I, all
other parameters being essentially unchanged, leads to an
increase of / of up to 50%. Therefore it can be considered
important experimental evidence that the gap is playing the
major role in determining the friction factor.

The helix can be considered as a roughness of average
height h on the underlying pipe of diameter Doul = Dm+2h
(alternately, one could think that a helical gap has been
grooved in a pipe of diameter Din). Geometries similar to that
of Fig. 1 have been often considered in studies of turbulence
promoters for heat exchangers. The obvious trade-off is that
also friction increases with respect to the case of a smooth
pipe, so that it needs to be simultaneously taken into account.

Friction on the flowing fluid in the geometry of Fig. 1 is
extremely complex because of the 3-D nature of the flow field
(indeed, not even numerical solutions appear to exist to date
for this geometry). The analysis can be however simplified by
the observation made above that the helices we are
considering are very closed, i.e., they may be approximated to
some extent by a 2-D model with a series of rings separated
by gaps g.

Conceptually, we may further split the force exerted by the
wall on the fluid in two contributions: that from the helix
width w, and that from the helix gap g. On the width a laminar
sub-layer attempts to build up, but it quickly separates at the
gap. Since w is so short, no significant shear can build up
there, and this contribution to friction can be considered
negligible (of course, in the limit of vanishing (g/h) this
contribution cannot be neglected). For this reason (and also
considering that w is essentially unchanged in the three helices
tested) the helix width will not enter the correlation for/.

On the contrary, in the gap a separated re-circulating vortex
appears. This is due to the fact that the layer is not expected to
reattach at the gap bottom unless (g/h) > 6-8 [5], whereas for
us (g/h) is always < 6, see Table I. Therefore, we can assume
that the major contribution to friction comes from the
interaction of the core flow in the channel with the salient
edges of the gap and with the re-circulating vortex, and the
parameter (g/h) will play an essential role in the correlation,
which we are going to derive.

IV. FRICTION MODELS

The conventional approach to the problem of friction in

internally rough pipes is based on the study of the interaction
of the boundary layer at the pipe wall with obstacles of given
height and shape. Although strictly speaking justified only in
this case, the same approach has been often empirically
applied also to situations where, as seen above for our case,
formation of the boundary layer was not guaranteed. We shall
also follow this line eventually, for the derivation of our
correlation, in the absence of more rigorous approaches.

If we consider the case of a smooth circular pipe, there are
two fundamentally different regions in the boundary layer,
which forms near the wall in turbulent flow: a laminar region
next to the wall and a turbulent region next to the channel core
[6]. In the laminar sub-layer the velocity distribution can be
represented by a linear dependence of w+ (= u/u*) on y+ (=
yu*/v). Here u is the time average (mean) of the turbulent
flow speed along the channel, y is the radial coordinate
measured from the wall, u* = V(to/p), to is the viscous
tangential stress at the wall (y = 0), and v = ju/p. In the outer
(turbulent) boundary region it is easy to obtain u+ = 2.5 In (y+)
+ R, where R is an integration constant to be determined from
the experiment.

Although the boundary layer does not extend strictly
speaking beyond y - 0.15 (£>//2), it is common practice to use
the expression of u+ for the turbulent layer, up to the center of
the channel. Thus, the u (y) profile is known, and it is easy to
relate U with u*, i.e., with XQ. Using the previous formulas, an
implicit expression for/(Re) can be obtained:

V(2//) = 2.5 In [V072)Re/2] + R-3.75 . (5)

Notice that (5) can either be seen as an equation for / (Re),
provided R is known from experiment, or as a way of
determining R fromf(Re) measurements.

Consider now the case of sand grains of diameter h
homogeneously glued on the inner surface of a circular pipe.
The major difference with respect to the above treatment of a
smooth pipe is that R is now expected to depend on the
roughness. More precisely one finds in this case u+ = 2.5 In
(y/h) + R (A*), where

h+ = (h/Dh) Re V(/72) = (u*hN) (6)

is a roughness Reynolds number. In the case of a rough tube,
(5) generalizes therefore to

R (h+) = <(2lf) + 2.5 In (2hlDh) + 3.75 . (7)

For homogeneous sand grain Nikuradse found that, for h* >
70, the so-called fully rough regime, R (h*) - 8.48, a universal
value. Notice finally that (7) stays valid for any geometrically
similar type of roughness, i.e., provided only (h/Dh) is varied,
and all the rest is kept fixed.

In order to understand how additional geometrical
parameters, besides (h/Dh), are empirically brought into the
model for geometrically more complex roughness, we shall
consider now two relevant examples of two-parameter
correlation.

In the first study, heat transfer and friction in tubes with
repeated-rib roughness (annular obstacles of given periodicity
p and height h, and negligible width) were considered [5], and
(plh) was used as second correlation parameter. In the second
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study, turbulent heat transfer and fluid friction in a helical-
wire-coil-inserted tube were considered [7], and the helix
angle 9 was used as second correlation parameter. (Such a
device was also considered at MIT [9]. However the
parameters of the MIT helix (Din = 9.1mm, h = w = 1.55mm,
g - 1.6mm, giving 9~ 85°), fall outside the domain of validity
of [7].)

In both cases just discussed, the correlation formula has the
following structure

R (h*) = a(h+)? {parameters}'' (8)

which will be used as a guideline in the development of our
correlation. It should be stressed, however, that this procedure
is rather empirical since, e.g., (plh) is not a geometrically
similar roughness parameter.

V. CORRELATION FOR R (h*)

Starting from / (Re) experimental data, it is possible to
construct the R (h*) diagrams using (7). The result, shown in
Fig.2a, indicates that, as expected, R (h*) needs to be properly
corrected as in (8), taking into account the additional relevant
geometrical parameters of the helix, if we want the correlation
to be representative of all data.

The helices we are considering are defined by four
independent geometrical parameters (see Table I). However,
in view of the discussion of Section III, we can restrict our
choice to the following two dimensionless combinations:

Rib-height on hydraulic diameter = h/Dh

Gap length on rib-height = g/h.
We then look for the friction function R in the form

(9)

and multivariate least squares regression (IMSL routine
RLSE) is used to find a, p\ y (notice that hlDh is hidden in h*).

The result is given by the first row of Table II, i.e.,

R(h+)= 11.88 (h+)om9(g/h)> -0 .299 (10)

&
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Fig. 2. (a) Experimental data for friction function R vs. h*, for different
helices, (b) Corrected friction function R (g/h)"1' vs. h*: experimental data
(symbols), computed from correlation (10) (solid line).

TABLED
COEFFICIENTS IN (9) AND ACCURACY OF (7) <(10) IN THE PREDICTION OF/

C+S+H
C+S

a

11.88
11.37

P
0.039
0.045

y

-0.299
- 0.300

as
(%)
3.4
3.5

ac

(%)
3.6
3.2

OH

(%)
4.8
5.0

and shown in Fig.2b (where F = (g/h) r).
It may be noticed in (10) that the dependence on h* is very

weak (but not negligible, see Fig.2a). This is typical of the
high Re regimes considered here, and in qualitative agreement
with results shown in [10] for a somewhat different geometry
and parameter range.

The friction factor can now be computed iteratively
combining (7) and (10). (Notice that, in a typical
MITHRANDIR run, the relative cost of the evaluation of both
(bundle + hole) friction factors increases from - 0.2% to -
0.5% when going from an explicit / (Re) to the present,
implicit relation, i.e., it remains absolutely negligible.) The
result of our correlation is given by the solid lines in Fig.3,
with an average error a - 4% with respect to the experimental
data (see Table II).

As a measure of the predictive capability of the correlation
we have also repeated the exercise using only C and S data,
which leads to the second row in Table II and to the dashed
lines in Fig.3. Notice the good accuracy of the prediction for
the H data, with average error ~ 5% (see Table II). The latter
is significantly smaller than the average relative scattering of
the data.

Probably the most striking feature of Fig.3, and indeed the
major motivation behind this work, is the rather significant
increase of / when (g/h) increases, for a given Re. This
parametric dependence has been investigated also by other
authors, who found increasing/for 2 < (g/h) < 8.5 [11] or for
5 < (plh) < 10 [6], in somewhat different geometries. (In all
instances a maximum is predicted when the reattachment of
the boundary layer occurs just before the next obstacle - a fact
which should not happen, as seen above, for our parameter
range.) Qualitative justification of the dependence on (g/h) is
not easy, in view of the extreme complexity of the flow
pattern. However it can be observed that an increasing
deviation of the streamlines could be expected downstieam of
the obstacle as the gap increases, and this should increase the
form drag. Simulations (based on the k-e turbulence model)
and measurements, performed for a geometrically similar
situation, appear to qualitatively confirm this picture [12].

Notice finally that both in the limit of vanishing and of
infinite (g/h), one has to recover the smooth tube situation,
i .e . , / - 3-4 times smaller than with our helices, see Fig.3.

VI. APPLICATION TO TWO-CHANNEL CICC

The application of our correlation to an actual conductor is
not entirely obvious since the helix is not attached to a solid
wall, and one can now have flow through the gaps, which
allow communication between bundle and hole regions of the
two-channel CICC. In particular: 1) the flow pattern in the
gaps can be significantly perturbed with respect to the
experimental condition in OTHELLO; 2) the effective height
of the obstacle could fall in principle anywhere between 0 and
h. (For the latter, assuming that the helix is attached to a "wall
of strands", we shall use the actual helix thickness.)

To appear in IEEE Trans. Appl. Supercond. (2000).
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Fig. 3. Dependence of the friction factor/on the Reynolds number Re for
different helices: experimental data (symbols), computed from correlation
(7), (10) using whole data set (solid), computed from correlation (7), (10)
using only C and S data set (dashed). Blasius correlation for smooth tubes
(dotted) is also shown for comparison.

It should also be remarked that hydrodynamic similarity
between the gaseous N2 flow in OTHELLO and the liquid He
flow in an actual conductor would in principle require not
only same Re but also same Mach number M (= U/Cs where
C$ is the sound speed). However, while the He flow in an
actual CICC is typically very much subsonic (e.g., M ~ 0.01
« 1 was typical in QUELL), N2 inlet M ~ 0.2-0.25 would be
sufficient to reach M ~ 0.3-1.0 at the test section outlet in the
case at hand. We checked therefore the outlet M in our cases
and it turned out to be always < 0.1. Furthermore, in
experiments by other authors [13] M does not appear to
influence / significantly.

We now consider the application of the correlation just
developed to data measured on QUELL [2]. (Notice owhever
that the geometrical parameters of the QUELL helix, Din =
5.9mm, h = 0.5mm, w = 5.9mm and g = lmm, are a bit
outside the range of Table I.) Starting from the raw Ap (m)
data, where m is now the total (bundle + hole) mass flow rate,
and following the strategy presented in [2], we have
constructed a set of/ (Re) couples as given by the symbols in
Fig.4. It should be observed also here the rather surprising
occurrence of data series with increasing trend of/ with Re.
The prediction of our correlation is also shown in Fig.4,
together with the correlation suggested in [2], i.e., Blasius
corrected by a factor N = 2.5, as well as used, e.g., in [4]. One

o T=13.3K
T = 8.75K

0 T = 7.0K
5.1K

- - 2.5'Smooth
Correlation

0.005

Hole Reynolds number

Fig. 4. Dependence of the hole friction factor/on the hole Reynolds number
Re in QUELL: experimental data derived from Ap (m) measurements
reported in [2] for different He temperatures (symbols), computed from
correlation (7), (10) (solid). Blasius correlation for smooth tubes, corrected
by a factor of 2.5 as suggested in [2], is also shown for comparison (dashed).

can see that, considering all uncertainties in the problem, the
agreement between our correlation and the experimental data
is good. Comparison with the correlation proposed in [2]
appears difficult, because of the spread of the data.

VII. CONCLUSION AND PERSPECTIVE

The correlation developed in the present paper predicts
within ~ 5% accuracy the friction factor / in a helical-rib-
roughened tube similar to the central channel in two-channel
CICC, for Reynolds number 5e4 < Re < Ie6, and geometrical
parameters of the helix in the range specified by Table I.
Limited validation on actual (QUELL) conductor data also
gives good agreement.

Observing the significant increase in pressure drop caused in
all cases by the helix, with respect to the smooth tube, a
reduction of the gap, with respect to the values of Table I,
should give an improvement, at least from this point of view.
Optimization of the helix geometry, however, should take into
account also other aspects not considered here, e.g., heat
exchange, mechanical issues, etc.

From an engineering point of view the accuracy of the
results presented here can be considered satisfactory.
However, the physics of friction in a geometry like that of
Fig.l is still not fully understood, and more work will be
needed in the future.
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ABSTRACT

A Stainless Steel Full Size Joint Sample (SS-FSJS), representative of the European
(EU) joint design proposal for both ITER Central Solenoid (CS) and Toroidal Field (TF)
coils, has been tested in the SULTAN facility (CRPP, Switzerland). The design of this full
size joint sample is based on the so-called twin box concept (separation of the cooling
flows of the connected conductors). The purpose of the present work is to develop a three-
dimensional simulation. This includes :
- the Joule effect associated with the resistance of the joint
- the heat exchange with the adjacent half joint through the copper sole
- the massflow repartition between the central region and the annular region as a function
of the inlet conditions
- the transversal and longitudinal temperature gradient.

Using the experimental data of the thermohydraulic tests of the SS-FSJS, numerical
results are obtained by this model in order to study the thermal response of the joint during
the time varying inlet helium temperature. This model will be used to prepare the ITER TF
Model Coil experiments, which will take place in 2000. The exploration of the limits of
this coil will also be carried out by propagating an helium heat slug in a similar way.

INTRODUCTION

During the TFMC (Toroidal Field Model Coil) quench experiments, an helium heat
slug is injected through a pancake to heat the conductor. A part of the pipe supplying with
helium the TFMC, is heated in order to reach, by forced circulation, the current sharing
temperature in a point located on the conductor. During these experiments, the TFMC



Figure 1. A sketch of a half joint
Cross section

conductor is supplied with a current of 70 kA or 80 kA and the first double pancake is
positioned in a maximum magnetic field of around 9 T. These pancakes, belonging
to the same double pancake, are connected together by a joint, linking the two innermost
turns of the pancakes. Although the joint is positioned in a magnetic field lower than the
magnetic field around the conductor, it is not obvious that the joint will not quench before
quenching the conductor. Actually, the high value of the Nb3Sn uniaxial strain (-0.75% in
the joint, -0.60% in the conductor) is a factor which could lead to a current sharing
temperature in the joint lower than the current sharing temperature in the conductor.
Moreover, the Joule losses dissipated in the joint (1.5 nQ) is another factor which could
quench the joint before quenching the conductor. A joint is an important component that
affects the performance of the superconducting coils. The advantage of three-dimensional
numerical simulations is that they provide a detailed information on the heat transfer taking
place perpendicularly to the flow direction combined with the axial fluid convection in the
tube and in the cable bundle.

THE STAINLESS STEEL FULL SIZE JOINT SAMPLE

The Stainless Steel Full Size Joint Sample, as shown in Figure 1, was originally
designed by CEA to be the EU Full Joint Sample for ITER1. In this respect, the joint design
has followed the twin box concept (separation of the cooling flows of the connected
conductors) proposed by the EU Home Team for the joints of the ITER Toroidal Field
Model Coil. Each conductor end of a pancake is compacted inside a half-joint box
machined in a copper-steel plate bonded by explosive method. The two half-joint copper
soles are soldered together with tin to ensure a good and reliable electrical connection. The



cooling of a half-joint is made in series with the associated conductor. The thick central
tube (6 mm x 12 mm i. o. diameter) is needed in order to insure a good compaction of the
cable during the joint manufacturing.

EVALUATION OF THE CURRENT SHARING TEMPERATURE ALONG THE
JOINT AND ALONG THE CONDUCTOR

In order to conclude whether the quench occurs in the joint or in the conductor, it is
necessary to determine the current sharing temperature Tcs along the joint and along the
conductor. The Summer's relation2 with the parameters (Bc20m, TcOm, Co) deduced from
experiment3, is used to determine the current sharing temperature of the conductor as a
function of the current, the field B and the Nb3Sn uniaxial strain e. An original calculation4

has been performed in order to determine the field map along the joint and along the first
meters of the TFMC conductor (where the field is maximum). The variation of the field
along the joint and along the first meters of the TFMC conductor is plotted in Figure 2,
when the current in the TFMC is equal to 70 kA and when the current in the coil creating
the background field is maximum. In Figure 2 is also plotted the corresponding current
sharing temperature along the joint and along the first meters of the TFMC conductor. As
we can see in this figure, the difference between the minimum value of Tcs in the joint and
the minimum value of the Tcs in the conductor is only of a few tenth of Kelvin. So, an
accurate knowledge of the thermal response of the joint during the time varying inlet
helium temperature, is very important for effective control of the location of the quench. As
the minimum value of the Tcs in the conductor ( -7.4 K ) is lower than the minimum value
of the Tcs in the joint (7.7 K), a possible method, in order to quench the conductor before
quenching the joint, is to supply with helium at 7.5 K one of the half-joint and to absorb
the Joule heat dissipated in the joint by supplying the second half-joint with helium at
temperature lower than 7.5 K.
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Figure 2. The magnetic field and the current sharing temperature alond the first meters of the pancake



THERMAL-CONVECTION ANALYSIS INSIDE A HALF JOINT BOX

The thermal process in the half joint, cooled with two parallel flows of supercritical
helium, has been simulated with a three-dimensional simulation. In this code, the Joule
effect associated to the resistance of the joint, the heat exchange with the adjacent half joint
through the copper sole and the massflow repartition between the central tube and the cable
bundle section as a function of the inlet conditions are taken into account. This
investigation will be restricted to 1-D flow and 3-D heat transfer.

The conservation equations in the cable bundle. The strands and the helium in the
cable bundle are in thermal equilibrium and the entire cable bundle domain can be treated
as single region governed by the helium velocity w, by a mean conductivity X^ and a mean
specific heat (pCp)cab defined respectively by :

ĉab = *-heVoid + M l - V ^ ) ^ (pCp)^ = V
oid(pCp)he + (1 - V ^ p C ^ (1)

In the above equations, void, Xhe, Xstr, (pCp)he and (pCp)str stand for the void fraction, the
helium conductivity, the strand conductivity, the helium specific heat capacity and the
specific heat capacity of strands respectively. Due to the small hydraulic diameter dh of the
the cable bundle (typically dh = S^lO^m), it is assumed that the friction force, in the
momentum conservation equation, is balanced by the pressure gradient force5. So
neglecting the helium inertia and assuming the uniaxial flow in z-direction, we obtain the
following system of nonlinear, partial differential equations describing details of the flow
and heat transfer in the cable bundle. The mass and the momentum conservation equations
are respectively (where p is the helium density and p the helium pressure):

dp dpw 5p pwjwj
— H—-— = U and — = —I, (2.)
at dz dz 2dh

The friction factor f, is given according to the correlation6:

f, =
1

1 .,0.72

19.5

Re07953
+ 0.0231 with Re = ^ ^ (3)

where Re, being the Reynolds number of the flow in the cable bundle and JI being the
dynamic viscosity. The energy conservation equation (which includes heat transfer by
convection and diffusion, and source terms) is :

d d d
where V is defined as : V = i — + j — + k —

dx dy dz

In the above equations, p, (3 and Qj stand for the helium density, the helium thermal
expansion coefficient and the Joule heating rate, respectively. The helium state law
equation p(p,T) permits the number of conservation equations to match the number of
unknowns, the pressure p, the temperature T and the axial helium velocity w.



The energy conservation equation in the different solids of the half joint. The
governing energy equation in the half joint is written in the steel box, in the copper sole and
in the steel tube as :

fd(pCp.T)

where S and V are the surface and the volume of the elements, respectively, T are the local
temperature, n is the normal to the surface and cp is the local heat flux density
(9 = -A,(T).grad(T)). The material properties , the thermal conductivity X , the density p
and the specific heat CP depend on temperature.

The conservation equations in the helium in the central tube. The helium flow in
the tube can be described by the Navier-Stokes equation and the continuity equation.
Because the helium properties depend on temperature (and pressure) these equations are
coupled to the energy conservation equation. In Cartesian coordinates these equations read :

• The mass conservation equation, the Navier-Stokes equation and the helium state law
equation are respectively :

5p,

at az at <TZ az ^dh2

and p2 (p2,T2) (6)

The friction factor f2 is given by the usual correlation for a turbulent, fully developed flow
in a round smooth tube (of hydraulic diameter dh2) where Re2 is the Reynolds number:

f2 = 0.046Re^°2 with Re2 = H ^ A l ( 7 )

Energy conservation equation

The presence of forced convection augments the heat transfer rate compared to that
which would be obtained if the heat transfer was by way of conduction alone. The heat
transfer augmentation factor Nu defined by the ratio of the heat transfer by convection to
the heat transfer by conduction, is the Nusselt number as given by the standard Dittus-
Bollter correlation. In addition to these equations, are considered the boundary conditions at
the inlet, the oulet and for the walls. At the helium/solid interface, temperature and heat flux
continuity must be imposed. It is assumed that the steel box walls are thermally insulated.
The heat exchange with the adjacent half joint from the copper sole, has been calculated
from the overall heat transfer coefficient H determined with a relation deduced from
experiments7. This overall heat transfer coefficient is obtained as the inverse of the resultant
of three thermal resistances : the convective resistance on the cable bundle side of the two
half joints (labeled 1 and 2), depending on the Relnold number Re, the Prandtl number Pr
and the conductivity A.he of the helium flow, and the conductive resistance of the copper sole
of the joint, depending on the thickness e and the conductivity X^ of the copper sole. Then
we have, where C is constant depending on the geometry of the joint:
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TT - 1 + C

n ^cop
(9)

NUMERICAL METHOD

Due to symmetry about the vertical Y-axis, only a semi-half-joint can be considered for
solving the equations. To solve this set of equations in Cartesian coordinates, a fully
implicit finite difference scheme is used. The advantage of using an implicit finite
difference method is that are unconditionally stable and hence impose no restrictions on the
maximum allowable time step. This method, however, requires the solution of a set of
nonlinear algebraic equations, at each time step, by using a matrix inversion algorithm. The
governing equations are discretized based on the control volume formulation described by
Patankar8. The power law scheme was used in order to evaluate the heat flux across the
boundaries of each control volume. The calculations are carried out on an equidistant,
rectilinear and rectangular grid. Moreover, a staggered grid was used. This means that the
scalar quantities such as temperature and pressure are located in the centre of a
computational cell, while the velocity vector is located at the boundary of a cell. The use of
such a grid prevents unphysical oscillations of the computed pressure as it is possible for
regular grid. In typical calculations, in the geometry of the parallelepiped, a 23 x 35 x 9 (x,y
and z) grid was used with the grid spacings Ax = 0.15mm, Ay = 0.15mm and Az = 5.6 cm.
The time derivatives were discretized in accordance with the fully implicit scheme.

PROBLEM DESCRIPTION

Numerical solutions were developed for the transient problem in which (at t > 0) a
change in temperature is suddently imposed in the inlet plane of both half joints or in one of
the two half joints. It is obvious that the helium in the central tube and the helium in the
cable bundle represent two distinct hydraulic parallel flow paths. Subjected to a common
pressure gradient, the total mass flow rate is divided into two flow paths according to some
ratio of the local friction factors. So, the flow velocity in the central tube is several times
(-20) greater than that in the cable bundle. Moreover, the convective heat transfer produced
by the turbulent flow in the central tube has a negligible impact on the overall transverse
heat transfer between the helium in the cable bundle and the helium in the central tube. In
fact, the large thickness of the central tube (3 mm) decreases drastically this transverse heat
transfer between these two circuits. Therefore, the Joule heat load remains homogeneously
distributed within the cable bundle, and the large enthalpy rate supplied by the helium flow
in the central tube is used only to minimize the helium temperature supplying the
conductor, at the joint outlet. Several calculations were performed in order to determine the
maximum cable bundle oulet temperature. Prior to the start of the time varying inlet
temperature, the joint is in a thermal steady-state as a result of the Joule heating process.
For all cases an initial temperature of 7 K, a pressure of 3.5 bar and an operating current of
70 kA were assumed. In table 1, we have summarized all the input parameters which
characterize the physical problem. In these simulations the circular steel tube has been
replaced by a square tube with approximatively the same cross section. For a total mass
flow rate of 2 g/s, an inlet temperature equal to 7.5K is suddently imposed in the inlet plane
of both half joints (no heat transfer between the two half joints). In order to minimize the
delay time necessary to quench the conductor, the value of the inlet temperature is greater
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Figure 3. Temperature profile in a cross section of the half joint (xOy plane), for different times.

than the minimum value of the current sharing temperature in the conductor (7.36 K).
The results of these calculations are reported in Figure 3. This figure shows the
temperature profile in a cross section (xOy plane) of the half joint at z = 0.17 m, for
different times (Is, 2s, 7s and oo). It is clear from these results that the large transverse
temperature gradient in the cross section of the central tube has a very strong effect in the
maximum cable bundle oulet temperature. In this case we can find that the maximum cable
bundle oulet temperature (8.02 K) is greater than the minimum value of the current
sharing temperature in the cable bundle of the half joint (~7.7 K). The first way, to reduce
the maximum cable bundle oulet temperature in the half joint, is to supply with helium at
7.5 K one of the half-joint and to absorbe the Joule heat dissipated in the joint by supplying
the adjacent half-joint with helium at temperature lower than 7.5 K. Figure 4 shows the
steady state temperature profile in the oulet cross section of the half joint (xOy plane) for
two different coolings of the adjacent half joint. The first case is when the mean helium
temperature in the adjacent half joint is 7 K and a mass flow rate equal to 2 g/s
(H = 200 W/m.K), and the second case, is when the mean helium temperature in the
adjacent half joint is 7.2K and a mass flow rate equal to 5 g/s (H = 400W/m.K). In the
two cases, the maximum cable bundle oulet temperature in the half joint is smaller than the
minimum current sharing temperature Tcs of the joint (7.7 K).
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CONCLUSIONS

The thermal process in the half joint, cooled with two parallel flows, has been simulated
with a three-dimensional model. Considering the TFMC quench experiments, we have
proposed a method, in order to quench the conductor before quenching the joint. This
method consists in supplying one of the half joint with helium at 7.5 K and in absorbing a
part of the Joule power dissipated in the joint by supplying the adjacent half joint with
helium at temperature lower than 7.5 K.
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Table 1. Half joint input data
Width x Height x Length

Cable bundle cross section
Copper sole cross section
i. o. central tube diameter

for the analyses presented
0.069m x 0.051m x 0.45 m

-1000 mm2

9mm x 0.064mm
6mm x 12 mm
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The dual-channel CICC has been adopted for the ITER magnet system. Basically,
in a quench analysis, designers describe the flow behaviour using a hydraulic
radius model in which a characteristic length is equal to four times the flow area
divided by the total wetted perimeter. The flow velocity is then considered
uniform and unidirectional across the section of the conductor. But fluid transport
through the cable bundle is characterised by complex directional changes due to
the interactions with the strands. A new approach for fluid flow analysis through
the cable bundle is to model the cable bundle as a classical saturated porous
medium, indeed experimental results have confirmed that the CICC cable bundle
can be classified as a saturated porous medium. In this case, the Brinkman-
Forchheimer-extended Darcy model can be applied to predict fluid momentum
transport. This paper presents a numerical model of the helium flow in the dual-
channel CICC. The effects of the main parameters on the hydrodynamic
characteristics of the model are discussed.

1 INTRODUCTION

Figure 1 is a cross-sectional view of a CICC, showing the central channel structurally supported against
the surrounding annular cable bundle with a stainless steel spring.

The cable bundle is a random structure and
is made of an interconnected structure. The
idealised medium, usually considered in the
cable bundle design to describe the flow, is
the so-called hydraulic radius model. But
this medium made of identical tubes of
uniform cross section is not random, which
means that the flow field inside each tube is
uniform, unidirectional and completely
independent of the flow field inside the
other tubes. This idealised medium is
therefore not fully appropriate to analyse
the fluid flow through the cable bundle. A
new approach is to model the cable bundle
as a classical saturated porous medium.

Figure 1 .Cross-sectional view of a CICC
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2 PRESSURE DROP IN THE POROUS CABLE BUNDLE

In a flow through a porous medium the pressure drop caused by the frictional drag is directly proportional
to the average flow velocity for low Reynolds number (Re< 1). This is the Darcy's law which relates the
pressure drop to the average velocity in an unbounded porous medium.

Ap u

where the constant K is the permeability, corresponds to the pore size, uav the Darcian fluid velocity
represents an average velocity over a cross-section of the porous medium and u is the fluid dynamic
viscosity. At Re between 1 and 10, boundary layers begin to develop near the solid boundaries and an
inertial core appears when the fluid separates and recombines around the solid phase. These boundary
layers lead to a non-linear relationship between the pressure gradient and the flow rate. Fand and Kim [ 1 ]
have presented the results of the pressure drop measurements through simple and complex porous
medium. They have shown that the inertial forces become appreciable, and a turbulent flow occurs when
the Reynolds number (based on average pore size and average pore velocity) exceeds a critical value Ret
(around 120). This critical value is very different from the usual criterion used to distinguish a turbulent
from laminar flow in a smooth pipe (i.e. Re=2000). The pressure gradient, in this turbulent regime, is
proportional to a linear combination of flow velocity and square of the flow velocity. This relation can be
stated as follows:

Ap us Fe2
 2

- ^ = -t-u + p ^ = u 2 (2)
L K VK

where the inertial coefficient F, relevant at high Reynolds number, corresponds to the pore shape, e is the
void fraction (porosity) and u is the actual pore velocity (uav = s.u ). Note that K and F are independent of
the fluid properties. A.E. Long [2] has presented, in a comprehensive report, several measurements of
pressure drop and corresponding flow rate through three different sections of typical ITER-type cable, and
he has validated the assumption that the cable bundle in a CICC can be modelled as a classical porous
medium. Using this approach, the values of the permeability K and the inertial coefficient F were
calculated. The values of K are within a range from 10"9 to 8.10"9 m2, and those of F from 0.01 to 0.06,
where the permeability tends to increase with increasing void fraction, and the inertial coefficient tends to
decrease.

3 HEAT TRANSFER COEFFICIENT FROM STRANDS TO HELIUM

The heat transfer coefficient from strands to helium is usually calculated from the series thermal
resistances model of the Kapitza resistance and the thermal resistance due to the fluid boundary layer
around the strand. However, the first effect of the flow tortuousness on each strand is to destabilise and to
decrease the thickness of the viscous sublayer (or to increase the turbulent boundary layer). At higher
Reynolds number the viscous sublayer disappears entirely, which accounts for the fact that the viscosity is
not a significant variable in the second term of (2).
Since the predominant part of the thermal resistance is concentrated in this viscous sublayer (the Prandlt
number is of the order of 1, as supercritical helium), and since the turbulent boundary layer possesses the
property of diffusing momentum and temperature, very much more rapidly than by simple molecular
conduction process, it is possible to assume that the flow tortuousness greatly enhances the local heat
transfer at the strand-helium boundary. Moreover, the wetted-perimeter of the strands in contact with the
helium is very large (around 3 m) and as the Kapitza heat transfer is around 10 W/m2.K at 5.5 K
(supercritical helium), it is justified to assume the respective temperatures of the strand and of the
neighbouring helium to be equal during most heating processes.
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4 M A C R O S C O P I C CONSERVATION EQUATIONS

The complicated interfacial geometry of the strands and the helium prohibits a solution of the microscopic
conservation equations for mass, momentum and energy. Therefore, some form of a macroscopic
description of the transport process must be employed. The present model is based on the volumetric
averaging technique of the microscopic conservation equations for obtaining the macroscopic
conservation equations. This volume averaging process is described in details in [3].
The following simplifying assumptions have been made to obtain the volume averaged conservation
equations :
(1) The flow and heat transfer are two-dimensional and laminar or turbulent.
(2) The strands and the helium in the cable bundle are in thermal equilibrium (The = Tstr).
(3) The axial helium thermal conductivity is negligible.

(4) — « —, the radial pressure gradient is much smaller than the axial pressure gradient.
dr dx

Using these assumptions, the volume-averaged governing momentum conservation equation, in
cylindrical co-ordinates (x,r,t), for forced convection inside the cable bundle is given as :

Here ub is the local average velocity in the axial direction, (j.f is the fluid dynamic viscosity, pf is the fluid
density and p the local averaged pressure. This macroscopic momentum equation contains terms similar
to those found in the Navier-Stoke equations with the flow resistance inherent to porous media studies. In
particular, the first term on the right-hand side represents the viscous resistance originating from
momentum diffusion caused by the solid boundary (conduit) or the flow in the hole. The second and the
third terms represent the additional frictional resistance induced by the strands of the cable bundle. The
macroscopic continuity equation for the helium in the cable bundle can be written as :

^ ^A 0 (4)+ 0
dt dx

With the help of the volume averaging process, the appropriate form of the macroscopic energy
conservation equation for the cable bundle is:

where Tb is the local average temperature, Cp is the specific heat, P is the thermal expansion, Qj is the heat
power and ^e is the effective thermal conductivity of the cable bundle. Subscripts are respectively
associated with s for the strand and with f for the helium.
The present approach offers the advantage that the entire cable bundle domain can be treated as a single
region governed by one set of conservation equations.

5 VELOCITY PROFILE IN THE LAMINAR REGIME

Generally, CICC are designed by using computer codes [4], which neglect momentum transfer through
the annulus/hole interface. A consequence of this assumption is that the flow velocity through
resrjectivelv the cable bundle and the hole is uniform and there is a discontinuity in flow velocity at the
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Let's consider the steady state laminar regime in a CICC (length = 2 m, re = 5 mm and r; /re =1/4, where r,
is the radius at the interface between the hole and the cable bundle). The previous equations are also
applicable to the helium in the hole by setting F = 0 e = 1 and K -> oo. The full set of equations (setting
the time derivative terms to zero) have been solved numerically (with an Implicit Finite-Difference
Algorithm). In this case the helium pressure at both ends of the CICC and the inlet temperature are
specified constant (Pin=5 bar, Ap= 6e-3 Pa and Tin=5 K). The helium properties including p, u, ...are
available as library routines.
For the momentum equations the associated boundary conditions are:

For x >0 and r = re: ub =0 For x >0 and r = r;: ub = u, and b duv For x > 0 and r = 0:
du,

= 0.
5r dr dr

Results of the flow velocity are presented in terms of velocity profiles. The effects of the permeability K
of the cable bundle and the effect of the cable bundle thickness (for a radius ratio rj/re varying from 1/6 to
1) are considered. The condition r, /re = 1, represents the flow of fluid in a empty conduit, which allows a
comparison between numerical and analytical results. We can remark that the assumption of the
discontinuity in flow velocity at the annulus/hole interface may be valid in the turbulent regime but not in
the laminar regime where the flow velocities in the two regions are continuous.

2 3 4
Fluid velocity (m/s)

Figure 2. Velocity profiles for different values of permeability K Figure 3. Velocity profiles for different r:/re. K=2.e"' m2

6 CONCLUSIONS

In this preliminary study, we have expressed the assumptions that lead to treat the cable bundle as a
single domain governed by one set of conservation equations. In order to validate a part of this model, we
have considered the steady state flow in a CICC and we have shown that, in a laminar regime, the flow
velocities in the two flow regions are continuous.
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The test facility built at CEA-Cadarache OTHELLO (Operating Test facility for HELium LOop) is
described, and pressure drop measurements all performed with nitrogen under pressure at room temperature are
presented. Tests have been done on 5 meters (straight) of the superconducting cable of the Toroidal Field
Model Coil. For the bundle region, a fit in form of the general Formula proposed by Katheder agrees well with
measurements. For the central hole, the friction factor measurements suggest a plateau at practical Reynolds
numbers ranging near 106, which could be modelised with the empirical Colebrook formula with an equivalent
relative rugosity. This behaviour is quite different from what has been taken up to now in the design criteria of
ITER

1 INTRODUCTION

In the frame of ITER program, a Toroidal Field Model Coil is being built in Europe. The
superconductor used is a Nb3Sn Cable-In-Conduit type, forced flow cooled by supercritical helium
at 5-6K (operating current : 40-60 kA). Due to the design, 20% of helium section (see table 1) is
contained in the central hole region delimited by the so called central spiral of the cable. Nb3Sn and
Copper strands are situated in the 6 petals constituting the bundle region (their whole perimeter is
supposed wetted). The cable is contained in a steel jacket (resisting internal pressures of 200 bars)
wrapped in insulation and bonded to form the individual coils. To know in details the hydraulic
behaviour of the cable, friction factors of both hydraulic zone (central hole and bundle region) of
such a cable have to be well determined. Measurements have been done on this conductor : cable
section (conductor without jacket), central hole and central spiral diameters and cross sections. The
total section of strands (which are elliptically deformed in cross section) is determined with cos d =
0.945 [1], d being the average inclination angle of the twisted strands.

2 ITER DESIGN CRITERIA

Pressure drop (AP), Reynolds number (RE) and friction factor (f EU) are correlated as follow :

p.v2 L S-p-A'-AP p-v-Dh A-m

AP pressure drop (Pa) v fluid velocity (m/s)
Dh hydraulic diameter Dh = 4 A / U (m) fsu friction factor (SI)
m massflow m = p v A (kg/s) p fluid density (kg/m3)
U wetted perimeter (m) A helium flow area (m2)
L length of the cable in conduit (m) p. dynamic viscosity (Pa.s)
Based on measurements or general formula found in the literature concerning previously tested
Cable-In-Conduit conductors, the two following expressions are used in ITER Design Criteria.

Table I: Toroidal Field Model Coil superconductor characteristics
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Conductor

Outer diameter = 40.5/ 40.8 mm
Cable cross section =

1097.2 mm: (without jacket)
Helium section AHe
Wetted perimeter U

Hydraulic diameter Dh

Bundle Region
cos d = 0.945

AStrands= 589.9 mm2

Void fraction = 35.73%
AHeB = 344.4 mm2

UB = 3.051m
DhB = 0.4515 mm

Central Hole Region

spire length = 2.4 mm
space length = 6.5 mm

AHeH = 76.8 mm2

UH = 0.031m
DhH = 9.9 mm

Bundle region friction factor - Katheder general correlation formula [2]

4- fvs = fsv = (1 / void) °'72 • (0.051 + 19.5 / RE0M)
Central hole region friction factor - Quell experiment [3]

JBU

4
= fvs = Nnew • (0.046 IRE"2) with Nnew =2.5

3 OPERATING TEST FACILITY

The test facility presented in figure 1, operates with pressurized nitrogen at room temperature (N2
at P = 1.0 up to 4.0 MPa and T = 273 up to 293 K) and offers Reynolds number for the CIC
conductor tested in the range of those expected for normal operation at low temperature.

normal operation : HeatP = 0.35 MPa and T = 4.5 K
10 g/s < m total < 25 g/s (one third in central hole region)

1100 < RE bundle < 2400 and 226 000 < RE hole < 569 000

1,3,4 valves
2 20 MPa cylinders bank
5 pressure reducing valve 0.7/5.2 MPa
6 safety-valve 5 MPa
7 conductor with his connections
g massflow regulating valve
9 safety valve 1.2 MPa
10 Schlumberger volumetric flowmeter
11 frequency / current converter
12 flowmeter pressure regulating valve
13 pressure reducing valve 6 MPa
14 safety valve 6 MPa
15 acquisition system

Figure 1: Test Facility

4 MEASUREMENTS AND FRICTION FACTOR DETERMINATION

4.1 Bundle Region Friction Factor

Bundle region friction factor is estimated from DP measurements on CIC conductor with inserted
plastic tube, obstructing the central hole region. A fit in the form of Katheder general formula [2]
with a different Reynolds number exponent is in good agreement with our measurements (see figure
2).

Measurementsfit:A'fus = fEU - (I / void)™2 -(0.0231 + 19.5/ RE079*) (I)

with void fraction = 35.73 % and 1000 < RE < 6000
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laminar limit ; / = 64/RE Blasius equation .-/= 0.3164 /RE °-2!

Figure 2 : TFMC Superconductor bundle region friction factor

4.2 Central hole Region Friction Factor

Tests have also been done on the whole CIC conductor (5 m long and straight) without the inserted
plastic tube: pressurized nitrogen circulates through both central hole and bundle regions. The
same pressure drop (typically up to 0.4 MPa) is ensured with greater massflow (m=50 up to 130 g/s
in this case, whereas only m = 10 up to 40 g/s when the bundle region only is tested).
Here are presented (see figure 3) DP measurements and deduced exponent fit-law, at normalized
conditions Tm = 273 K, Pm = 3.0 MPa (p = 37.45 kg/m3, [i = 17.25 \<f Pa.s). By difference, the
pressure drop law for central region is well determined.
Previously tests done on the dummy conductor and its central spiral alone have demonstrated the
validity of this method [4] and have confirmed that no mass transfer occurs from one region to the
other of the Cable-In-Conduit conductor.

0.4-
i Normalized

0 35 -̂ conditions
j Pm=3.0Wa

DP = 5E-05 m1*177

40 60 80
Massflow - Q/S

Figure 3: Pressure drop for the two TFMC conductor regions

Central hole region friction factor results (see figure 4) suggest a plateau in a Reynolds numbers
ranging near 106, which could be modelised with the empirical Colebrook-White formula [5] with
an equivalent relative rugosity (WDh). This behaviour is quite different from what has been taken
up to now in the design criteria of ITER.

Colebrook-White formula : - _2
kjDh 2.51

RE-4J
(2)



/ = 0.034 with k/Dh = 0.007 (equivalent relative rugosity) and 3*105 < RE hole

;fTER des gn ortena N new" sr^ot* tube .

smooth tube correlation :fsu = 4 *fvs = 4 * 0.046/RE
Figure 4 : TFMC Superconductor central hole region friction factor

5 CONCLUSION

Friction factors for both of the two hydraulic regions of the Toroidal Field Model Coil
Superconductor have been characterised. For the bundle region a relation (1) in the form of
Katheder general formula has been established. We notice that Blasius equation is not adequate to
model central hole friction factor and the use of the empirical Colebrook-White formula for
industrial pipes with a determined equivalent rugosity (2) is more appropriate. Because friction
factor of the central hole is driving the pressure drop of the conductor, other kinds of spiral used in
the ITER model coils will be tested on the test facility OTHELLO. These results are aimed to be
introduced in the hydraulic codes SARUMAN and GANDALF to study hydraulic behaviour of the
coil (helium temperature along the cooling circuit, pressure drop and mass flow sharing) during
normal operation and quench with a safety discharge. Any error in the design criteria could lead to
overestimation of helium flow rate in the hole circuit at large Reynolds numbers, in tum leading to
critical overestimation of the conductor heat removal capabilities.
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B6

Cable-in-conduit superconductors

J-L Duchateau

B6.0.1 Introduction

A new kind of superconducting conductor, using the so-called cable-in-conduit conductor (CICC) concept,
is slowly emerging mainly related to fusion activity. However, it should be noted that at present no
significant magnet in the world is operating using this concept. The difficulty of this technology, which
has been studied for 20 years, is that it has to integrate major progresses in multiple interconnected new
fields such as:

• cabling of a large number of strands (1000)
• high-current conductors (50 kA)
• forced-flow cryogenics
• Nb3Sn technology
• low-loss conductors, in pulsed operation
• high-current connections
• high-voltage insulation (10 kV).

Inserting the strands carrying the current of a conductor inside a conduit and cooling them by a forced-
flow coolant is of course an idea commonly used in conventional electrical techniques and, for instance,
in stators and rotors of generators. The aim in doing this is to achieve at the same time, by separating the
two functions, a good cooling of the conductor and a high level of electrical insulation, which is wrapped
around the conduit. In addition to that, the basic idea at the origin of the cable-in-conduit is to design
so-called 'well-cooled' conductors according to the Stekly criterion (Stekly and Zar 1965), while keeping
the current density, and thus the size and the cost of the magnet, at an acceptable level.

This 'dream' of any magnet designer is not easy to solve and has always been a much discussed
topic. Several kinds of answer have been historically given to that question:

(i) To accept 'ill-cooled' high-density conductors as is the case in high-energy physics for the hundreds
of magnets of the Tevatron and of Hera (Orr 1983, Wolf 1985). The spectrum of energy release
in these magnets is severely limited because of a very sophisticated mechanical structure. In these
conditions, these magnets can operate very near their critical current. It is to be noted that the design
current is only of the order of 10 kA, the size of these magnets is limited and external electromagnetic
perturbations must be avoided.
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(ii) To design well-cooled conductors incorporating very important sections of stabilizer (copper or
aluminium) in detectors for high-energy physics such as BEBC (Haebel and Wittgenstein 1970)
(copper to superconductor ratio of 26) which remains at present the magnet with the highest stored
energy ever built (800 MJ).

(Hi) To design well-cooled monolithic one-strand conductors at low current operating in a helium 4.2 K
bath. This is the case of the thousands of magnetic resonance imaging (MRI) magnets which are
operating with success throughout the world (Lesmond and Lottin 1985). In the same field the
particular case of Tore Supra (600 MJ) must be pointed out. The well-cooled situation is achieved
here with a large monolithic conductor (2.8 mm x 5.6 mm) operating in a superfluid 1.8 K helium
bath (Equipe Tore Supra 1985).

But all these particular solutions cannot be extrapolated to large future magnets and it is not surprising
that researchers from the fusion field pioneered the cable-in-conduit concept in the 1970s. Magnets for
fusion have to meet simultaneously several requirements, such as high currents (50 kA), high fields (13 T),
high voltages (10 kV), low losses and restricted space due the very high impact of size on the cost of these
large fusion machines such as ITER (Montgomery et al 1994) (International Thermonuclear Experimental
Reactor).

None of the old concepts could of course satisfy these requirements and something new had to be
invented. The solution of internally cooled superconductors (ICSs) proposed and developed by Morpurgo
(1970) (see figure B6.0.1) was progress in that direction, introducing in particular forced-flow cryogenics
as an alternative to the conventional immersion in a liquid helium bath. In this concept the strands of the
conductor are not individually wetted by helium but embedded in the stabilizer through which the heat is
transferred to the cooling pipe. However, because of the limited capability of the heat transfer coefficient
in helium, the Stekly criterion was still very difficult to satisfy without large sections of stabilizer. It is
to be noted that this kind of technology has nevertheless been applied with success in systems like the
Piotron magnet (Horvath et al 1981) and two magnets of the Large Coil Task (LCT) (Haubenreich et al
1988), the Swiss magnet and the General Electric magnet. For these two magnets the specifications have
been reached in operation in 'ill-cooled' conditions according to the Stekly criterion.

18
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9
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12 18

36 wires. 30 w)» Nb-H i

Figure B6.0.1. The 1CS conductor developed by CERN
for the Omega detector.

ROUND BUNDLE WITH 37 STRANDS ENO.OSE0 IN RECTANGULAR
C O N D U I T - SHOWING TRANSPOSITION Of STRANDS

Figure B6.0.2. Original CICC concept in 1975.
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B6.0.2 The cable-in-conduit history

The original cable-in-conduit concept was presented by Hoenig et al in 1975 (see figure B6.0.2). The
'well-cooled situation' is achieved here no longer by huge amounts of stabilizer, which can remain in this
case limited, but by the subdivision of the conductor into many transposed strands each of them being
wetted by forced-flow supercritical helium. With such a concept the implicit statement is that movements
of strands are likely to occur but they are acceptable due to the extremely enhanced condition of the heat
transfer in such a cable.

In this condition, the level of energy release which is acceptable by the conductor is no longer
in relation to the enthalpy of the materials (superconductor and copper) taken from the temperature of
operation to the temperature of current sharing but to the energy of the helium sink which is very near the
materials in the cross-section of the conductor. This helium available energy, which is discussed further,
is about 500 times the enthalpy of the materials!

Of course, at that time, perturbing effects such as the limited capability of increased mass flow rate
to improve stability, the degrading effect of stainless steel conduits on compressive strain in NbjSn in
the wind and react concept and the large pressure drop limiting the increase of mass flow rate in such an
assembly had still to be discovered and mitigated. In this concept, to avoid any damage to the very brittle
NbsSn, the coil is reacted after winding to limit the bend of the strands after the formation of the A15
strand.

The first important magnet to demonstrate this concept was the Westinghouse coil of the LCT
(Haubenreich et al 1988) (see figure B6.0.3). Introducing both the cable-in-conduit concept and NbsSn,
this magnet was supposed to surpass the results of all the other more conventional magnets. The result
was disappointing due to the presence of large resistive parts in the conductor spread over the whole
winding, proving the difficulty of the wind and react method on these large magnets. It is to be noted
that, in the same LCT, the Euratom magnet (Haubenreich 1988) (see figure B6.0.4) was also relevant
to the cable-in-conduit concept, but was still clearly ill cooled due to the large size of the strands, each
of them carefully clamped inside a stainless steel jacket. The magnet reached with success the original
specifications in operation and can be considered as an intermediate very impressive step between the ICS
concept and the cable-in-conduit concept.

Figure B6.0.3.
Westinghouse.

forced-flow conductor used in the Airco-Westinghouse LCT coil. Counesy of Airco and
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(Ali dimensions in mm)

Figure B6.0.4. NbTi forced-flow conductor for the
Euratom LCT coil. Reproduced from Haubenreich et al
(1988) by permission of Elsevier.

Superconducting
stand
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Conduit
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Figure B6.0.5. NbTi CICC for the POLO coil.
Reproduced from Bayer et al (1944) by permission of
Elsevier.

Recently three CICC magnets have been built and tested.

(i) The Demonstration Poloidal Coil (DPC) Uj and U2 magnets (Okuno et al 1989)—an NbTi magnet—
part of an important test stand facility for fusion. Current ramp limitations on the magnet have been
observed due to the insulation of the individual strands,

(ii) The DPC US magnet (Painter et al 1992)—an Nb3Sn magnet—demonstrated the capability to meet
on a large conductor the same quality of critical current density as on simple strands due to the
thermal expansion coefficient of Incoloy 908 which has been used as the conduit. Again ramp rate
limitations have been observed,

(iii) The Polo magnet (Bayer et al 1994)—again an NbTi magnet. This magnet has shown very good
operation in pulsed conditions with a conductor which heralds on a smaller scale (figure B6.0.5) the
future conductors of the fusion programme.

The recent period has been very important and has seen the selection of the conductor for the ITER
fusion programme. Different grades of this conductor will be present in ITER. One of them is presented in
figure B 6.0.6 as an illustration. More than 10001 of this conductor will be needed for the ITER programme
and the production has already started. The European industry is particularly important in this production,
especially regarding the strand, the cabling and the jacketing of the conductor (della Corte et al 1994).
This activity also involves companies from Japan, Russia and the USA.

Most of the key points of this conductor have been already been tested during the manufacture by
Dour metal industry (Belgium) of 20 m of a 40 kA Nb3Sn conductor developed by CEA (Cadarache)
(figure B6.0.7). This conductor was successfully tested in the European test stand facility Sultan at the
beginning of 1993 (Bessette et al 1992, 1994).

B6.0.3 Manufacturing and design issues in cable-in-conduit superconductors

It is clear that the design of the conductor has to be made in relation to the project. Such parameters as
the nominal current and the nature of operation (pulsed or steady state) have an impact on the manufacture
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Superconducting cable

CS high field conductor TF high field conductor

Figure B6.0.6. CICC for the ITER model coils. CS: central solenoid, TF: toroidal field.

and design of the conductor and on the strands constituting the conductor. The main manufacturing and
design issues of this conductor can be discussed taking as an illustration the CEA 40 kA conductor which
is very similar in design to the ITER (figure B6.0.7).

B6.0.3.J The conduit

One of the most important features of the conduit is the internal round shape of the structure giving a
natural circular vault on which the six strand bundles can find a support. The main interest of this shape
must be seen from the manufacturing point of view. The conductor is manufactured in two main steps.
The first step is the cabling process during which the whole cable is made and stored on mandrels. The

Figure B6.0.7. 38 mm x 38 mm Nb3Sn 40 kA CICC developed by CEA for fusion applications.
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second step is the jacketing process. Several hundred metres of jacket are formed by orbital butt welding
short unit lengths of jacket (about 8 m). The vacuum and the quality of the jacket and of the weld can be
inspected step by step during the making of the conduit. The cable is then pulled through the jacket. It
has been demonstrated on long lengths that a very small gap of about 1 mm is sufficient to draw the cable
without any lubricant, thanks to this round shape. The external shape, round or square, can be adapted
and is more relevant to the magnet design itself. The jacket is then compacted on the cable by pulling it
through a die or by a rolling technique.

The material used for the conduit is of great importance. On one hand the use of stainless steel
A316LN is recommended as it is the reference steel used until now in most magnet structures and vessels,
it is easy to weld and its mechanical properties are very well established. On the other hand, the wind
and react concept demands a material whose thermal contraction from the reaction temperature to 4 K
matches as closely as possible the thermal contraction of Nb3Sn to avoid any additional compressive strain
on Nb3Sn (see table B6.0.1). From that point of view titanium and especially Incoloy 908 are candidates
for the conduit. It is to be noted that the welding procedure and the heat treatment are very difficult for
Incoloy 908 with severe constraints on any oxygen content in the atmosphere during the procedure.

Table B6.0.1. Thermal expansion for different materials.

Material AL/L (923 K to 273 K)

Graphite -0 .13% -0.26%
NbTi -0.188%

(from room temperature)
Nb3Sn -0.55%
Steel -1 .18%
Copper -1.098%
Bronze -1.14%
Glass -1 .43%
Titanium -0.65%
Incoloy 908 -0 .85%

B6.0.3.2 The strand

The superconductor associated with the cable can be NbTi or Nb3Sn depending on the specification for the
field. The nature and the content of the strand will not be discussed here, but it depends in particular on the
project and whether the magnet is operated in the steady state or pulsed. Typical diameters are in the range
0.7 mm to 0.8 mm to ensure an important wetted perimeter and to limit the number of strands. The copper
to noncopper ratio has to be adjusted through design criteria which will be examined in section B6.0.5.
However, numbers less than unity are difficult to achieve industrially. The copper section embedded in the
strand plays a role in the stability. If additional copper is needed for protection it can appear economical
to include it in special less-expensive pure copper strands. Particular attention has to be paid to ensure
that the transposition of the strands in that operation is not destroyed. For instance, perfect transposition
seems to be achieved if one pure copper strand is inserted in a triplet but not in a quadruplet.

B6.0.3.3 The chromium coating

A great deal of experience exists in chromium coating of Nb3Sn. The aim of this coating is to avoid
any sintering during the heat treatment which could be a source of stress accumulation or could locally

- 716 -
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change the good conditions of heat transfer to helium. Moreover, the chromium coating is playing a role
in the contact resistance between the wires in a way which is now better understood. By hardening the
wire, the chromium limits the contact area between strands (and so the coupling losses) as a function, of
course, of the void fraction. This capability is not infinite in the face of the increasing pressure associated
with the decrease of the void fraction. A thickness of 2 /iim seems so far a good compromise to ensure
a good uniform quality and an acceptable additional price (about 10% of the price of the M^Sn strand).
The coupling currents between strands can be limited by the thin bronze layer surrounding the outermost
filaments of the strands. In the case of NbTi, the chromium coating can be avoided and the limitation can
be provided by a thin (10 /zm) CuNi shell arranged around the filamentary zone (figure B6.0.8).

Outer copper shell (thickness 37.5 urn)

CuNi barrier (thickness 10 nm)

Inner copper shell

Filamentary region
(7500 filaments)
(spacing 2 urn)

0 303 |im 328 |im 375 (im

Figure B6.0.8. Cross-section of a typical NbTi composite for ITER application.

B6.0.3.4 The internal arrangement

The internal arrangement of the conductor, made of six multistage petals cabled around a central hole
allows a mechanical stability of the strands taken inside a kind of vault. Each stage is cabled with a
back twist to suppress any residual torsion introduced by the cabling. The twist pitch of a given stage is
typically ten times the local diameter. The void fraction of each stage can be adjusted at typically 36% by
pulling the stage through a die. Questions still remain concerning the transposition of the strands. It can be
demonstrated that in such an arrangment a perfect transposition is not achieved. This small defect slightly
destroys the symmetry in the inductive equations which govern the current balance between the strands,
in particular during transients. This effect may be at the origin of current ramp limitations observed in
large conductors. The central channel allows a significant mass flow rate to circulate on a long length
with acceptable pressure drops. The presence or absence of an inner metallic conduit to support the strand
vault is still under discussion. On one hand it simplifies the fabrication, avoiding any preshaping of the
petal before the cabling, but on the other hand it can roughly double the pressure drop associated with
a given mass flow rate and limits the range of operation of the conductor. If the metallic inner conduit
exists, it must be perforated to improve the heat transfer between the two channels and avoid any thermal
gradient between them. The perforation of such a conduit is not so easy to perform. A possible solution
using a metallic spiral is being studied.
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B6.0.3.5 The metallic wrapping

The metallic wrapping around the petals plays some part in the mechanical stability of the assembly. The
large twist of the last stage (about 400 mm) could give rise to large coupling currents in the case of bare
electric contact between the petals. A metallic wrapping with a thickness of 0.1 mm (80% coverage)
made of stainless steel or Inconel is likely to limit these losses and will not be eroded during the pulsed
operation of the magnet.

The external wrapping of the whole bundle maintains the cable during the period between the
fabrication of the cable and the insertion into the conduit. It acts also as a safe protection to ensure
the integrity of the strands during this phase.

B6.0.4 Thermohydraulics in cable-in-conduit superconductors

B6.0.4.1 Limits on permanent heat load extraction in a cable-in-conduit superconductor

The heat load power falling on the conduit can have several origins: heat radiation, heat conduction or
internal losses in the superconductor due to field variations. This power has to be removed by the mass
flow rate running inside the conduit.

The first question arising concerns the mass flow rate to be taken into account. The answer is clear
in the case of a single-channel system as in figure B6.0.2. To a first approximation the double channel
of figure B6.0.7 can also be treated as a single channel if the temperature in the cross-section is uniform
because of very good heat transfer between the two channels. In these conditions, although two physical
flow speeds exist in the two channels, one rapid in the central channel and the other slow in the ring region
containing the strands, one unique thermal mass flow can be considered which is the sum of the two mass
flow rates proceeding at the average velocity v

where m is the mass flow rate, A is the helium section, p is the mean helium density in the conduit in the
range of temperature and pressure considered.

The main equation governing permanent heat load extraction in a conduit is then

Q = mAH (B6.0.1)

where Q is the heat load power on the conductor (constant value independent of time) and A/ / is the
available enthalpy.

A discussion on this equation has recently been presented by Katheder (1994). The main conclusions
are presented here. The question is to know for a given conduit, characterized mainly by its length and
its internal hydraulic diameter, the maximum heat power load which is extractable. This maximum heat
load is not infinite due to the pressure and temperature boundaries which have to be respected.

The upper maximum temperature can be taken at 6 K and the lower minimum pressure taken to 3 bar
(3 x 105 Pa), allowing for some margin for the critical pressure (2.3 bar) to avoid the thermal instability
related to it.

Under these conditions the only free parameter is the inlet pressure. At first glance it could appear
favourable to increase the inlet pressure and so to increase m in equation (B6.0.1), but AH is in fact a
decreasing function of the inlet pressure due to the temperature increase produced by the decompression
of the gas along the conduit in this range of temperature and pressure. Some maximum can be pointed
out depending on the particular hydraulics of the cable in conduit considered.
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For a single-channel system the mass flow rate can be related to the pressure drop in the following
form

m =
2AppdkA

2

XL

where A is the helium section, P the wetted perimeter, Ap the PMe, — 3 bar, dh the hydraulic diameter,
L the length of the cable in conduit and X the friction factor.

The friction factor is given as a function of the Reynolds number in figure B6.0.9 taken from
chapter Dl l . l for classical tubes (Moody 1944) and in figure B6.0.10 taken from the article by Katheder
(1994) for typical cables in conduits.

In the case of the double-channel system, assuming the same pressure drop across the two channels,
it is possible to derive the mass flow rate distribution between the two channels and then the relation
between the mass flow rate and the pressure drop.

This work has been done on a classical cable in conduit for fusion applications and the result is
presented in table B6.0.2 for a typical total mass flow rate of 20 g s"1.

The pressure drop as a function of the mass flow rate is presented in figure B6.0.11. The available
enthalpy as a function of the inlet pressure is presented in figure B6.0.12 assuming an outlet pressure of
3 bar. The inlet and maximum temperatures (not necessary at the outlet) are respectively 4.5 K and 6 K
and the heat deposition along the conduit is supposed to be linear.
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turbulent (low In pipes with high lurtace roughness

2•? • S 7 JQ* 2 3 + S 7 70'' 2 J * S 7 ni

0,01

0,0 OS

OfiOS
7 W3 0.00001

Figure B6.0.9. The friction factor as a function of the Reynolds number for tubes. Reproduced from Moody (1944)
by permission of Elsevier.

- 2 3 9 -



274 Cable-in-conduit superconductors

10

JO

£ 0.1

0.01

L • W7X-Dummy o
X w W7X Conductor •

X.

General Correlation ^ 0 *

Laminar How: jr
• X - 64/Re

A

V
o
•
o
•

v
Blasius equation:

ORNL-AIRCO No. 5 :
ORNL-AIRCO No. 7 '.
DPC-U1, -U2
ABB-L
Hitachi No. 1
Hitachi No. 2 "
US-DPC :
Wettinghouse *

• <&

X - 03164/Re0-2 5 * ^ ^ "

10 101 101

Reynold numbar
104 108

Figure B6.0.10. The friction factor as a function of the Reynolds number for different tested CICCs. Reproduced
from Katheder (1994) by permission of Elsevier.

Table B6.0.2. Helium distribution in a double-channel system. L — 800 m. The roughness of the inner tube has been
taken equal to 0.001.

Helium section (mm2)
Wetted perimeter (mm)
Reynolds number
Pressure drop (bar)
Mass flow rate (g s"1)

Strands

388.6
2383
0.175 x 104

1.22
4.4

Inner conduit

113
37.7
0.394 x 106

1.22
15.6

The extractable heat load as a function of the mass flow rate is presented in figure B6.0.13. A
maximum can be pointed out at about 30 g s~'. The design value for operation is lower than this.

In fact another term has to be considered for the final thermal balance: it is the fluid work which
has to be produced to overcome the flow resistance, that is to say to recompress the fluid at the outlet
of the conduit. In large magnet systems such as ITER, the circulation of the fluid is independent of the
main refrigerator. It is operated by a system of cold pumps whose industrial development has been in
progress in recent years (Zahn et al 1992). The pump work can be calculated as the enthalpy variation
to recompress the fluid from 3 bar to the inlet pressure in an isentropic process and is affected by the
efficiency of the pump (r; «s 0.6).

This heat load must be kept at a lower level than the main heat load which has to be extracted. It
increases rapidly with the mass flow rale. It is also presented in figure B6.0.13.
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Figure B6.0.11. Pressure drop as a function of mass flow rate for a typical ITER CICC.
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Figure B6.0.12. Enthalpy available for a typical ITER CICC. Inlet temperature—4.5 K, maximum outlet temperature-
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Figure B6.0.13. Limitation on permanent heat load extraction for a typical CICC for ITER.
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B6.0.4.2 Transients and train effect on double-channel systems

In fact many of these systems operate in pulsed conditions. The average load power over a long period
must not exceed the value given in section B6.0.4.1, but this condition is not sufficient if a maximum
temperature, say 6 K, must not be exceeded.

The temperature increase due to a sudden heat release on the channel is

W
AT = — — (B6.0.2)

CHeA
where W is the sudden heat release due to internal losses (J m~!) and Cm is the specific heat of helium
(J m~3 K"1).

Equation (B6.0.2) is in fact a very simplified presentation of what really happens in the cable. The
whole treatment of the thermohydraulics is far more complicated and has to include the treatment of the
perturbation wave due to this heat release with its associated effects on the mass flow rate and on the
pressure. This full treatment has to take into account the real extremities outside the conduit and the real
size of the hydraulic bellows or chambers which are situated there.

This temperature increase must be limited and the only factor limiting this increase is, this time, not
the mass flow rate but the helium section in the cable. Moreover, the time needed to recool the channel
before any other heat pulse occurs is in this case a very important notion governing the design of the
central solenoid of the ITER and limiting the repetition rate of the runs which can be performed on that
machine. It is given by

pLA
trc — :

m
and is the time taken by the cold wave entering the cable to replace entirely the hot helium gas accumulated
during the transient.

In fact due to the limited heat transfer between the two channels, the cold wavefront does not propagate
with a straight front. At the end of the channel the earliest decrease of temperature will take place before
trc and the complete cold situation will be established after a time greater than trc (Martinez and Turck
1993) in a kind of train effect.

The time to be added to trc is

" "' ' " (B6.0.3)

where v\ is the fluid velocity in the annulus and v2 is the fluid velocity in the central channel

where Pm\ is the wetted perimeter in the annulus and A\ is the helium section in the annulus

hPm2

P2 = —,pCpA2

where Pm2 is the wetted perimeter in the central channel, A2 is the helium section in the central channel,
Cp is the mean specific heat of helium in the range of temperature and pressure considered and h is
the effective heat transfer coefficient between the two channels, h can be considered as the superposed
contribution of three terms

1 _ 1 e 1
A = ~h[ + k + ~h~2
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where h \ is the heat transfer from fluid in annulus to the tube, e, k are the thickness and thermal conductivity
of the tube and hi is the heat transfer from fluid in the tube to the tube.

A practical application has been carried out for the CICC presented in table B6.0.2 at a mass flow
rate of 20 g s"1. The values used are as follows:

h = 100 W m~2 K"1 (typical value for a 1.5 mm thick inner conduit)
Cp = 5000 J kg-'
p = 120 kg irT3

PmX = 47 mm
Pmi = 37.7 mm
«2 = 1.15 m s~'
ux =0.095 m s-'
i; = 0.33 m s"1

trc = 2400 s

Mrain = 446 S.

It can be seen that the real time to recool completely the conduit is not 2400 s but more likely 2886 s.
One way to fight this train effect is to enhance the heat transfer between the two channels by suppressing
the inner tube of stainless steel.

B6.0.5 General optimization of a cable-in-conduit conductor

For the insulation of CICCs a two-stage fibreglass-Kapton component is recommended. This enables the
insulation test of the magnet before impregnation thanks to the Kapton and so enables corrections to be
made for any disorder as this correction whould be very difficult, even impossible, after the impregnation.
In the case of M^Sn conductors certain people are pushing for an insulation to accept the heat treatment
but this solution cannot yet be considered from an industrial point of view and the main option is always
to install the insulation after reaction.

The amount and the size of the outer conduit are more related to the mechanics of the magnet and
will not be discussed here, keeping in mind that the nature of the conduit and the void fraction will
influence the compressive strain of the Nb3Sn filaments and thus the critical properties Jnoncu, Bc2, Tc2 to
be considered in the further criteria.

The parameters under discussion for the design of a CICC are given below. For a given field and
transport current they have to be selected to give the maximum current density. The internal arrangement
of the strands is not discussed here. Only a limited approach concerning the hydraulics is proposed:

(i) the helium sections

(ii) the noncopper section

(iii) the copper section inside the superconducting strands

(iv) the copper section in extra copper strands (if needed)

(v) the filament effective diameter, the time constant of the conductor

(vi) the mass flow rate

(vii) the strand diameter.

The action of these different parameters will be followed in the discussion of the different following
criteria.
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B6.0.5.1 Operation temperature and temperature margin

The temperature increase ATac due to a.c. losses from To, the inlet temperature, is determined either by
equations (B6.0.1) or (B6.0.2) from section B6.0.4, depending on the nature of the thermal load of the
magnet, permanent or transient. The temperature of operation is given by

Top = T0 + ATac.

ATac is affected by (i), (v) and (vi) in the list above.
The a.c. losses can be minimized in particular:

• for the hysteretic part by using filaments with small effective diameters,
• for the coupling-current part by using a resistive metal wrapping around the last but one stage of the

cable, and a sufficiently thick bronze barrier around the filament bundles of the strands in the case of
NbjSn and an adapted CuNi shell in the case of NbTi strands.

Once this temperature of operation is calculated it is necessary from the design point of view to keep
a temperature margin between the temperature of operation and the current-sharing temperature

AT, = Tcs-T0-ATac

where Tcs is the current sharing temperature.
This temperature margin is necessary to provide the conditions for normal operation without any risk

of transition.

• It ensures stability against perturbations and mainly plasma disruption effects in the case of fusion
applications.

• It takes into account the scattering in Jc for large quantities of superconducting material (±15% on
Jc affects Tcs at 13 T by ±0.4 K).

• It covers the local stress concentration, inhomogeneities, local resistive effects and V value effects
for long lengths of strands.

• It establishes the level of heat release which is possible in the conductors with recovery of the
superconducting state. This level is related to the helium enthalpy.

Typically a margin of 2 K is taken in the fusion program. ATS is affected essentially by (ii).

B6.0.5.2 Hot-spot temperature criterion

During a coil dump triggered by a quench, the temperature of the hot spot is supposed to increase
adiabatically. The maximum value, when limited to 150 K, ensures that no significant thermal stresses
appear in the winding pack due to temperature inhomogeneities, in particular if some parts of the coils are
still at 4 K.

The maximum temperature Tmax is given by

I Pdt= / - d r .
Jo Jo P

J, C, p are average current density, specific heat and resistivity of the conductor including all materials,
(iii) and (iv) are particularly concerned in this criterion. It is clear that the jacket heat capacity can be
taken into account as long as the diffusion length is larger than the jacket thickness. During a field decay
with a time constant as long as 20 s, heat diffuses in steel over more than 10 mm between 10 K and 150
K. This can have a great impact on Tmax as the heat capacity of steel greatly exceeds the heat capacity of
copper.
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B6.0.5.3 Stability and well-cooled criteria

This topic has been treated extensively in chapter B3.4 and by Ciazynski and Turck (1993).
The energy that can be deposited without irreversible transition strongly depends on the current and

heat transfer. There is a current above which this critical energy is very limited (ill-cooled conditions).
For a constant heat transfer, hc, the boundary is given by the expression

_ _2 4hcu (Tc - Top)
pJ = d

where d is the strand diameter, a is the wetted perimeter coefficient (typically | for a 36% void fraction)
and Tc is the critical temperature.

To enter into the well-cooled regime, that is to make use of a significant part of the available energy
Emax in helium (between To and Tcs), implies operating at currents significantly below this limit. In
these conditions only, the basic original purpose of the cable-in-conduit concept is reached. In fact this
criterion applies to very narrow perturbations and the situation is more favourable for long perturbations
(above 100 ms, in which case most of the energy in helium is available). However, considering that
short perturbations (of a mechanical nature for instance) can be expected in CICCs, a well-cooled criterion
affected by a safety coefficient ft less than unity should be applied to determine the stable operating
currents (Turck et al 1993)

i2 4phcct (Jc - Tb)
P d

The criterion is affected by (iii) and (vii).

Remarks on the available energy in helium
The available energy is related to the length over which the perturbation is deposited. While localized
perturbation can give rise to a local flow acceleration (improved heat transfer) the fluid enthalpy (at constant
pressure and constant mass) can hardly be expected. In fact in that case the available energy is very near
the local enthalpy (isobaric).

On the other hand for long heated-zones, helium is heated at almost constant volume, and only the
internal energy can be used for stability.

This discussion is not academic because the order of magnitude is very different depending on the
thermodynamic process. The following values are related to the helium volume for a temperature excursion
of typically 2 K, corresponding to the margin (see section B6.0.5.1):

• internal energy in helium 640 kJ m~3

• local enthalpy f 8(T) Cp(T) dT 1660 kJ m"3

• enthalpy in helium 2270 kJ m~3

• S helium density
• Cp helium specific heat values.

For comparison:

• enthalpy in copper 2700 J m~3

• enthalpy in stainless steel 40000 J m~3

• enthalpy in Nb3Sn 7400 J m~3.

These features are very difficult to validate experimentally. Even if the ill-cooled-well-cooled
transitions have been very well assessed over many experiments, the level of available energy on long
conductors, typical of large magnets subjected to wide perturbations, has still to be evaluated. The main
difficulty with this experiment is how to install long conductors in large-bore magnets which will produce
both a high relevant background field and a field variation which will produce the energy deposition in
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the conductor itself. Heating by external resistors is generally not the best way to simulate this heat
deposition. The exact evaluation of the energy deposited through accurate magnetization measurements is
just as difficult a problem in such experiments.
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ABSTRACT

This paper describes the results of pressure drop & heat transfer measurements
conducted on two CICC conductors similar to those proposed for the ITER project.

Both conductors consist of a conduit containing 6 petals of twisted subcables cabled
around a central helium flow channel. In one conductor, a second tube separates the flow
channel from the petals. This tube is absent from the second conductor. Pressure drop
measurements were carried out at a mass flow rate between 0.4 & 4.3g/s. Heat transfer
measurements using both single & multiple heat pulses of up to 2.5W were conducted at a
flow of=lg/s. All experiments were conducted using supercritical helium (T=5K, Ps7bar).
The pressure drop results are compared with those of other CICC conductors. The heat
transfer results are used to validate a numerical model developed by CE - Cadarache. In
addition, the data can be used with the model to estimate the overall heat transfer coefficient
from the subcables to the helium. The relative thermal hydraulic performance of the two
conductors is also discussed.

INTRODUCTION

The magnetic system of the International Tokamak Experimental Reactor (ITER)
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currently being designed is made of superconducting magnets. Cable-in-conduit conductors
(CICC) are a leading option for these magnets1. One of the proposed CICC designs has the
superconducting cables arranged around a central cooling channel. This paper reports on
efforts to understand the thermal hydraulic performance of two versions of this type of
CICC. Specifically, measurements were made on the pressure drop through the conductors
and on the thermal response of the conductors to a varying heat load similar to that caused
by AC heating in the ITER magnets. The experimental results are combined with a
numerical model developed at CE - Cadarache to estimate the overall heat transfer
coefficient from the cables into the forced flow supercritical helium.

DESCRIPTION OF THE EXPERIMENT

Conductor Description

The two types of CICC studied are shown in fig. 1. Conductor A is clad in a stainless
steel sleeve with an inner diameter of 17 mm. In the center of this tube is another smaller
tube (ID.=4.4mm, O.D.=6.4mm). The superconducting wires are bundled into 6 twisted
subcables that are arranged in the annular space between the two tubes. Note that in the
conductor A there are two separate helium flow spaces: 1) through the annular space
containing the superconducting wires and 2) through the inside of the inner tube.

Conductor B is identical to A except that the inner tube has been removed. In this case
the helium flowing in the annular space is directly connected to the helium flowing through
the central channel. In our experiments, the subcables are made of copper rather than
superconducting wires to allow the use of ohmic heating for simulating the periodic heating
in the conductors.

Test Loop

The experiment is installed at CENG/SBT in a cryogenic test stand previously
described2. The test loop, shown in figure 2, was assembled inside the vacuum vessel of the
test stand. It consists, following the path ABCDEF, of 4 m of stainless steel tube between
A and B, followed by 15 m of conductor B between B and C, followed between C and D by
15 m of conductor A and finally by 3 m of stainless steel tube between D and E.

At Point E, the circuit enters a vessel containing saturated liquid helium which acts as a
cold source for the installation. Between E and F, a copper tube is used to transfer to the
cold bath the heat accumulated by the helium during its circulation through the test loop.
Located between F and A is a centrifugal pump that drives the forced flow helium.

The test loop includes thermometers and pressure transducers. 6 calibrated Allen
Bradley carbon resistors are mounted on the outside of the two CICC sections. These
sensors give a good measurement of the temperature in the annular space of the conductor.
Two additional carbon resistors are placed at the inlet and outlet of the first conductor
section. Cold differential pressure transducers (from Validyne) allow the measurement of the
pressure drop across each conductor and the total pressure drop across both conductors.
The flow rate in the test loop is measured by a Venturi flowmeter. As a check of the Venturi
measurements, a thermal flow metering technique is performed using heater Wl and the
thermometers in the test loop.

For the thermal experiments, heat pulses are generated via ohmic heating of the copper
subcables in the test sections. The current for this heating is delivered through current leads
located at positions B and D. As a result of this arrangement, heating is carried out
simultaneously in both conductors.



Figure 1. The respective cross section of the two types of cable in conduit conductor

Figure 2. Forced flow cooling scheme

All experiments were conducted using supercritical helium with T-5K, P~6xlCPPa
(6bar). Pressure drop measurements were carried out at a mass flowrate between 0.4 &
4.3g/s. Heat transfer measurements using both single & multiple heat pulses up to 2.5W
were conducted at a mass flowrate of ~lg/s.

RESULTS

Pressure Drop Measurements

Rearranging the piping connections between experiments allowed us to measure three
different pressure drops: the pressure drop through the conductor B, the pressure drop
through the total cross section of the conductor A (i.e. with flow in both the annular space
and the central cooling channel) and, by plugging the central cooling channel of the
conductor A, the pressure drop in the annular space alone.

Figure 3 compares the measured pressure drop through both types of conductors. The
pressure drop in the type A conductor is between 2.5 and 2.8 times larger than that of the
type B conductor. This is not surprising as the internal tube in the type A conductor acts to
reduce the flow cross section in the conductor as compared to that of the type B conductor.

The pressure drop through the internal rube in conductor A is given by.

D 2
(1)

where
p = the helium density
L = the length of the tube
D = the inside diameter of the tube
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v = the flow velocity in the internal tube
X = the friction factor which is given by the following correlations as:

A = — for Re < 2000 and X = ^ I T for Re > 2000 (2)

Where Re is the Reynolds number for the flow.
Using Eq. (1), the distribution of the mass flows between the internal tube and the

annular space in conductor A can be calculated. It is found that there is approximately twice
as much mass flow through the internal tube as in the annular space which seems reasonable.

With the internal tube of conductor A plugged, the pressure drop through just the
annular space may be obtained. These results may be used with Eq. (1) to obtain a friction
factor (X) for the annular space alone. Note that for this analysis the diameter D is defined as
the hydraulic diameter given by:

°,=^ 0)
where Aa is the cross sectional area and Pw the wetted perimeter of annular space.

The annular space friction factor is shown on figure 4 as a function of the Reynolds number.
Also plotted on this figure are results for a number of different CICC conductors which do
not contain a central cooling channel^. The results of the estimation of the friction factor for
the annular space of conductor A are in good agreement with the results from these other
conductors. If we consider just the flow through the annular space then the geometry of the
conductor is very similar to typical CICC conductors. Thus it is reasonable to think that the
annular space measurements should be consistent with previous CICC studies.

We did not attempt to define an overall hydraulic diameter or friction factor for both of
the two conductors tested. In fact, an earlier work4 has indicated that length and hydraulic
diameter do not fully characterize the geometry of this type of CICC. In order to predict
fully the pressure drop behavior of the conductors used in ITER similar measurements
should be made on the final conductor design.

Thermal Measurements

One of the main problems of a CICC with a central cooling channel is to understand
the thermal behavior inside the CICC in order to predict the recooling time after a heat
pulse. For a CICC without an inner hole, the time needed, after a heat pulse, for recooling to
the initial temperature is simply given by the ratio of the length to the fluid velocity.

For a CICC with a central cooling channel, the time dependent temperature profile
depends on two parameters: 1) the heat transfer coefficient (H) between the two channels
and 2) the fluid velocity in each channel.

If H is very small, each channel is adiabatically isolated and the recooling time can be
calculated using the flow velocity of the channel where heat has been deposited i.e. the
annular channel.

If H is very high, which corresponds to an ideal case, the CICC behavior is similar to a
one channel conductor with an equivalent velocity V given by the ratio of the total
volumetric flow divided by the sum of each channel cross section. Considering a point P
located far enough from the inlet of the conductor, the expected temperature evolution of
helium during and after a pulse might be a trapezoidal curve. The temperature rise-time
represents the heating of the conductor corresponding to the pulse duration tc, the plateau
represents the time needed for a panicle leaving the point x=V*tc to reach P and then the
descent occurs until the last particle heated reaches P.

The recooling time includes the plateau and the descent, the slope of the latter being
affected by H.
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Figure 3. Pressure drop in the various sectors Figure 4. X vs. Reynolds number for different CICC

Experimental Method. To understand the CICC thermal behavior, we have
performed a series of heat pulses in the loop described previously. Power was applied on the
whole length of the conductor for a few tens of seconds in order to simulate the heating due
to the variation of magnetic field in ITER. Unfortunately, it was difficult to exactly simulate
ITER conditions. The length of each dummy cable was 15m instead of 800m, the cross
section was six times lower and to have maintained the ratio of the transit time over the
heating time constant the mass flowrate (= 25g/s for ITER project) would have to be
divided by a factor 320 which was not compatible with the experimental constraints. The
total available power in each sector was 2.5W and we performed heat pulses at 0.9 and
0.66g/s, the latter corresponding to the minimum flow able to extract the intrinsic heat leak
without significantly changing the temperature along the conductor.

As the current leads are located upstream of the first CICC sector and downstream of
the second sector the power is simultaneously applied in both sectors. During the
experiments, the pressure remained close to 6.5 103Pa. We observed a drift of temperature
at the inlet of each sector during the heating phase. For the first sector, it may be caused by
the poor performance of the current lead and perhaps also by a small decrease of the
flowrate during the pulse. The second sector is directly affected by the heating coming from
the first sector as the power is input simultaneously on both.

Numerical Model. In order to predict the temperature profile along the CICC, a
numerical code was developed with the assumption that the heat transport contribution of
the stainless steel (jacket and tube) was negligible. Another approach has been made
recently , but we maintain that the thermal behavior is governed by the two helium flows
and their thermal coupling.

When the Joule-Thomson effect is neglected (which is reasonable for such low
pressure drops), the equation of energy conservation applied to a one-dimensional
incompressible flow may be written:

P C / / — + £/—] = V(yfcVr) + $ (4)
\ct cxJ

Neglecting the thermal conduction into the fluid, and assuming there is no mass
exchange between channels, the equation (4) applied to each CICC channel becomes:



*a *i±+ ff700(/)where, l n ] +
a ' & pxCp,Sp, ' - - H \P\h\ 2TCK KPlJ Plhl

-̂ f- + ^ : - ^ 7 — ~ e ( 7 ; - r , ) = o (6)

where (with index 1 for the annular channel and index 2 for the inner channel):
Ti is the temperature, Ui is the average velocity in a section of channel i
p; is the density of fluid i, Cpi the specific heat of fluid i
Q(t) is the heat deposited in the annular region
PI is the central tube external perimeter, P2 the central tube internal perimeter
Pm is the average perimeter of the central tube
hi is the transfer coefficient from the annular region to the central tube
h2 is the transfer coefficient from the central tube to the annular region
K is the thermal conductivity of the central tube

The code solving equations (5) & (6) does not take account of the dependence on
thermodynamical properties of helium on temperature. The properties are calculated for the
most relevant temperature for both fluids implying a constant value for Ul and U2 in time
and space during the calculation. Values for Ul and U2 are determined from the total mass
flowrate and an assumption on the flow partition between the channels resulting from a
preliminary calculation in accordance with pressure drop measurements.

In the special case of a step in inlet temperature at t=0 (with Q(t)=O), this system of
equations has an analytical solution. A comparison between analytical and numerical
solutions (figure 5) permits the determination of the mesh size required to prevent numerical
diffusion.

Comparison of Model with Experimental Results. Before comparing experimental
and computed results, it is useful to recall that for the calculation the adjustable parameters
are the heat transfer coefficient H and the ratio of fluid velocity between the two channels
and the initial conditions are the mass flowrate, temperature and pressure. The initial
temperature and pressure are also used to define an average mass density which remains
constant during the computation like mass flowrate and velocities in each channel.
Consequently, the temperature must not vary too much along the line and temperature
increases induced by heating must not be too high to avoid important changes in helium
properties so that a good agreement between experiment and calculation is achieved.
Moreover, it has been verified numerically that a large variation of the ratio of velocities in
the two channels (eg a factor of 3) did not produce an important change in the response to a
thermal pulse as the highest velocity remains almost constant.

The mass flowrate influences the transit time and, therefore, the length of the
temperature plateau. Nevertheless, a variation of 10% of the mass flow-rate value results in
insignificant modification of the curves.

To take account of the temperature drift during and after the heating phase,
temperature at the inlet of the sectors (boundary condition for the code) has been taken with
a value as close as possible of the experimental data. Furthermore, a constant power which
corresponds to permanent thermal loads on the loop has been inserted into the computation
and allows the fit of measured temperatures with computed ones before the beginning of
heating. This correction is a contrivance since the model does not take into account the
dependence of helium properties with temperature. It is impossible to expect a precise
reproduction of experimental curves since thermal loads are not known and thermal sensor
accuracy in the considered range of temperature is not better than 0. IK.
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Figure 5. Comparison between analytical and numerical solution applied to conductor A and conductor B

Nevertheless, it is possible to obtain a good agreement between calculation and
experiment using H as a free parameter. Figure 6 (left side) shows comparison for
temperature distribution on the CCIC with internal tube subjected to a monopulse of 2.25W
held on for 50s. The mass flowrate was 0.84g/s. The best fit is achieved for a value of H
between 50 and 200W/m2K, 100 giving the best agreement. For the other type of conductor,
under the same conditions, the best agreement is obtained for H comprised between 200 and
400 W/m2K (see figures 7), 300 representing a good compromise.

The same type of tests are done with repetitive pulses with a constant frequency. Here
again it is possible to obtain a good coincidence between computations and measurements
and for the same values of transfer coefficient as in the monopulse experiments. Figures 6 &
7 (right side) show the results in case of pulses having an amplitude of 2.25W, a width of 25
seconds and a period of 100 seconds. The single phase mass flowrate was 0.66g/s.

Figure 7 displays the behaviour of conductor without internal tube. For the
thermometer located at x=4.8 m, as the transit time is shorter than the time between two
heat pulses, the temperature returns to its inital value before a new pulse is applied (in fact,
in our experiment taking account of the drift of the upstream temperature, a value that is
higher than the initial temperature). In contrast, for the thermometers located at x=9.6 m
and x=14.3 m, a new pulse is heating when the temperature is still at a plateau resulting
from the heating induced by the previous pulse. A periodic response is obtained after the
second pulse only, a particle receiving two heat pulses during its transit along the CICC.
The conductor with the inner tube has a smaller cross section, as a result the average helium
velocity is larger but the same phenomena may be observed (see figure 7 right side).

CONCLUSION

The computer model developed at Cadarache does predict the general shape of the
thermal response of these conductors to pulse heating and may be used in conjunction with
experimental data to estimate the overall heat transfer coefficient. Concerning pressure drop,
in case of conductor A, correlation can be applied separately to each channel, annular
channel being described by reference 3. For CICC type B, the pressure drop result's are not
easily extrapolated to other size and tests on the ITER conductor design will be necessary.
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In the design of forced flow cooling systems of large superconducting magnets for
plasma confinement in future fusion reactor, the time needed, after a heat pulse
(caused by magnetic field variations), for the cable to be recooled at the initial fluid
temperature is an important design parameter. The conductor proposed for these
coils, is cooled by a supercritical helium flow in two parallel channels: a
peripherical zone, which contains the cable, with a low helium velocity and a
channel with a high velocity (cooling path as long as 1000 m). An experiment has
been carried out in a C.E. Grenoble facility with two types of cable in conduit (one
with an inner tube, one without an inner tube) to check a thermohydraulic model.

INTRODUCTION

For a cable in conduit without an inner channel, the time needed, after a heat pulse, for the cable to be
recooled at the initial fluid temperature is simply given by the length divided by the fluid velocity.
However, for a conductor with a central cooling channel (see Fig n°l), the effective circulating time cannot
be simply evaluated through the average velocity (i.e. the total helium mass of the conductor divided for
the total mass flow rate).
An analytical solution of the outlet temperature variation of the fluid for the two channels [l] allowed this

recooling time to be estimated as the sum of two time durations: the average recooling time determined
with the average velocity, and a "train effect" depending, in particular, on the heat transfer coefficient
between the peripheral zone and the central channel. In the report [l], this analytical solution has been
compared with the values given by a numerical model (which takes into account the shape of the heat
pulse).
The experiment which has been carried out in C.E.Grenoble , allows to compare experimental and
computed temperatures at different locations. The aim in particular, is to show that the friction factor in
the two parallel channels of the conductor, and the heat transfer coefficient between the helium in the
peripheral zone and the helium in the central zone are taken into account appropriately in the code.

MATHEMATICAL MODEL

In the external annulus, the fluid flows with velocity U, in the direction of the axis x. Let p, be the density
and Cp, the specific heat of this fluid, and let T, be its temperature at point x and at time t. Two cases
have been considered : the annulus can be separated or not from the inner channel by a tube. The
respective inner fluid characteristics are density p2, specific heat Cp2, and T, is the temperature at point x
and at time t. U2 is the velocity in the x direction
Let H be the heat transfer coefficient across the inner tube, the rate of flow of heat across the wall at x is
H(T, - T , ) . Taking into account the different thermal barriers for the heat transfer between the two
channels, H is given by the expression :
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H
1

•+ ' +•
P,h, 2TTK P2h2 _,

P, : external wetted perimeter of the inner tube

P2: internal wetted perimeter of the inner tube

Pm: average wetted perimeter of the inner tube

h, : heat transfer from fluid in annulus to the inner tube
K : thermal conductivity o the inner tube
h,: heat transfer from fluid in the inner tube to the tube

2 •

In terms of partial differential equation, the conservation equation for energy for an unsteady
incompressible fluid flow in one dimension (conductive effects being neglected) may be written as follows:

for the fluid in the annulus :

3 . + U1fjUp,(TI-T2) = Q(t) (1)
dt dx

and for the fluid in the inner tube

(2)

TT p
where B = ~— with i = 1 for the annular flow and i = 2 for the internal flow, Sp is the helium

p.Cp.Sp,
cross section.
We suppose both fluids to be at the initial temperature T0(x) (constant heat radiation), before a given heat
power Q(t) is deposited in the annulus. Q(t) is constant over the length. The effect of the variations of
the pressure is not taken into account. The fresh fluid (cold fluid) enters in both channels at x = 0.
The numerical method used for solving the hyperbolic partial differential equations (1) and (2) is the
method of characteristics. This method is described in reference [2].

EXPERIMENTAL SET-UP AND DATA

The conductor proposed for these thermohydraulic experiments exhibits geometrical characteristics similar
to those of the conductors imagined for the large superconducting magnets (ITER for instance).
An experimental loop comprising 30 m of cable in conduit conductor was developed by C.E.A. to analyse
its thermohydraulic behaviour when it is maintained at low temperature by cooling with forced flow
pressurized helium. The superconducting strands of this conductor have been replaced by copper wires to
allow heat to be easily deposited.

The experimental loop is made of two types of cable in conduit conductor. The respective cross sections of
each cable are shown in Figure 1. Each length L of conductor is equal to 15 m.

- the first type is jacketed into a stainless steel tube with an inner diameter of 17 mm. It is made
up of copper wires assembled in 6 petals placed in an annular space limited by a second tube
with an inner diameter of 4.4 mm.

- in the second type, the internal tube has been removed and the helium flowing in the annular
space through the conductor is now directly in contact with the helium flowing in the central
channel.
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This conductor is installed in the premises of the CENG/SBT in a cryogenic test stand described in a
previous report [3 ].
The experiment consists in the transient heating by one or more pulses of the conductor, by supplying
some electric current. The joule heating is uniform along the length. In order to operate in areas where the
thermodynamic properties of supercritical helium are not subjected to excessively abrupt variations, the
working pressure is set at 7 bars, the temperature in the loop remaining between 5 and 7 K. For these tests,
a centrifugal pump can deliver 5 g/s of helium under 200 mbars.

EXPERIMENTAL RESULTS AND SIMULATIONS

The friction factor X (X — 2. Ap.dh/p.U,2 .L, dh is the hydraulic diameter and Ap is the pressure drop)
in the external annulus was measured by steady state pressure drop experiments (the inner tube was closed
using a valve at the heated extremity x = 0). The influence of the pipe curvature is neglected. It is
described in Figure 4. The friction factor in the inner tube is the classical relation given for smooth tubes.
Consequently, for the conductor with inner tube, about 1/3 of the total mass flow rate flows in the
external annulus and 2/3 in the inner tube. In the same way, for the conductor without inner tube, only ten
per cent of the total mass flow rate flows in the external annulus and ninety per cent in the inner channel.
The main advantage of the conductor without the inner tube is to offer a low pressure drop in comparison
to the pressure drop of the conductor with inner tube (about three times lower).
For the conductor without the inner tube the heat transfer coefficient H = 600 W/m2.K seems to give the
best agreement both in shape and magnitude to the total temperatures measured experimentally. In the
same way, for the conductor with the inner tube, the heat transfer coefficient is H = 200 W/m2.K. For these
values of the heat transfer coefficient, the difference between the temperature of the annulus and the
temperature of the inner channel is low.
In Figure 2, the temperature computed in the locations corresponding to the sensors of the conductor
without the inner tube is shown. The agreement with the experimental measurements is very good for both
sensors at x = 9.6 m and x = 14.3 m, while some mismatch appears for the sensors at x = 4.8 m and x = 7.2
m. This is certainly due to the effect of the boundary conditions (the heat radiation is not constant over the
length of the conductor). Figure 3 reports the computed temperatures in the sensors of the conductor with
tube, compared to the experimental measurements. Here a clear disagrement is found for the sensors at
x=4.8 m and x = 9.6 m for the same reason.

CONCLUSIONS

The numerical method developed here enables to check the thermohydraulic behaviour of a conductor
recooled by a supercritical helium flow in two parallel channels. The accuracy of the method is generally
good, and satisfactory agreement is found with experimental data. This is certainly within the limits of
uncertainties of the experimental set-up and boundary conditions.
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Figure 1: The respective cross sections of the two types of cable in conduit conductor

Flow rate 0.93 g/s.Pulse 2.25 W-50 s Flow rate 0.66 g/s. Pulses 2.25 W (25s/1 OOs)

x = 14,3 m

400

2 5.6
a

5.2

x = 14.3 i

x = 0.0 m

200 400

Time (s)

600

Figure 2 : Conductor without inner tube, comparison of computed (thick line) and experimental (fine line) temperature
at different sensors locations
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1 LE "CABLE IN CONDUIT" SUPRACONDUCTEUR (CICS)

Une nouvelle sorte de conducteur est en train d'apparaître. Son entrée en scène est
principalement liée à la fusion thermonucléaire et pour le moment on peut dire qu'aucun
aimant de taille significative utilisant ce concept ne fonctionne au monde. La difficulté de
cette technologie c'est qu'elle a à intégrer des progrès majeurs dans des domaines variés :

- câblage de grands nombres de brins (1000)
- fort courant (50 kA)
- cryogénie à refroidissement forcé
- technologie du M>3Sn
- pertes basses en mode puisé
- connexions à fort courant
- isolation haute tension (10 kV)

Insérer des éléments portant le courant dans un conduit et les refroidir par un
refroidissement forcé est une idée couramment répandue en électrotechnique classique et les
stators des grands turboalternateurs en sont une bonne l'illustration . Le but d'un tel concept
est, en séparant les deux fonctions, d'assurer d'un même coup un bon refroidissement et un
haut niveau d'isolement en bobinant l'isolement autour du conduit. En plus de cela l'idée de
base à l'origine du "câble in conduit" supraconducteur (CICS) est de respecter le critère de
Steckly [1] tout en gardant la densité de courant et donc le coût de l'aimant à un niveau
acceptable.

d : diamètre du brin
a : coefficient de périmètre mouillé (typiquement 5/6 pour un taux de vide de 36 %)
T c : température critique TOp : température de fonctionnement

Ce "rêve" de tout concepteur d'aimant est en discussion depuis longtemps dans le monde de
la supraconduction. La réponse apportée dans les années 70 par MORPURGO [2] avec son
conducteur à refroidissement interne (Figure 1) a marqué un progrès dans cette direction
avec l'entrée en scène du refroidissement forcé venant remplacer pour la première fois le
bain d'hélium liquide. Mais dans ce concept les brins ne sont pas mouillés individuellement
et la chaleur doit être transférés à travers le matériau stabiliseur vers le conduit d'hélium, de
grandes quantités de stabiliseur restent nécessaires pour satisfaire le critère de Steckly.

Le premier concept de CICS a été présenté en 1975 par Hoenig [3] (Figure 2). Dans ce
concept le critère de Steckly est satisfait non plus en utilisant de grandes quantités de
stabiliseur mais par la subdivision des brins qui sont individuellement mouillés par le
courant d'hélium. Dans ces conditions le dépôt d'énergie que peut accepter le conducteur
sans transiter n'est plus lié à l'enthalpie des matériaux (supraconducteur et cuivre) prise de
la température de fonctionnement à la température de current sharing mais à l'énergie du
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réservoir d'hélium associé au conducteur. Cette énergie représente environ 500 fois
l'enthalpie des matériaux !

Le premier aimant important à mettre en oeuvre ce concept fut l'aimant de Westinghouse
développé dans le cadre des programmes de fusion dans les années 80 (Large coil task) et
qui était sensé dépasser largement les performances des autres aimants du programme. Le
résultat fut décevant en raison de l'existence de larges parties résistives dans le Niobium
Etain du conducteur.

La période récente a été très importante et a vu la sélection d'un conducteur pour le
programme de fusion ITER. Plusieurs types de conducteurs existent dans ce programme et
l'un d'eux est présenté en Figure 3 [4]. Plus de 1000 tonnes de conducteur sont nécessaires,
la production a déjà commencé et l'industrie européenne est particulièrement présente dans
ce développement :

- LMI, VACUUMSCHMELZE, GEC ALSTHOM INTERMAGNETICS pour le brin
- LMI pour le câble
-ANSALDO pour la mise en conduit.

Beaucoup d'aspects de ce conducteurs ont déjà été testés pendant la fabrication par DOUR
METAL INDUSTRY de 20 m d'un conducteur 40 kA au Niobium Etain développé par le
CEA (Figure 4) [5]. Ce conducteur a été testé au stand d'essais européen SULTAN au
début de 1993.

2. ASPECTS DE FABRICATION ET DE DIMENSIONNEMENT DU CICS

Bien sûr le dimensionnement d'un CICS est à faire en liaison avec le projet considéré et la
nature du fonctionnement de l'aimant (puisé ou continu) aura des conséquences importantes
sur la conception du conducteur. Les principales questions seront néanmoins abordées en
prenant pour exemple le câble 40 kA développé par le CEA qui est très proche du
conducteur d'ITER.

2.1 Le conduit

La première étape consiste à produire le câble et le conduit. Plusieurs centaines de mètres
de conduit peuvent être ainsi constituées en soudant orbitalement bout à bout des petites
unités de longueurs de l'ordre de 8 mètres. Dans la seconde étape le câble est inséré dans le
conduit. La forme circulaire interne va faciliter ce processus et plusieurs centaines de
mètres de câble peuvent être insérés avec un très petit jeu de l'ordre du millimètre sans
lubrifiant. La forme externe et l'épaisseur du conduit peut être variable suivant le projet. Le
conduit est alors compacté sur le câble par passage en filière.

La nature du conduit a beaucoup d'importance. D'un côté l'acier A316 LN est recommandé
comme acier de référence facile à souder. D'un autre côté la technique de fabrication "wind
and react" pousse au contraire à utiliser un matériau dont la contraction thermique approche
celle du Niobium Etain afin d'éviter la mise en compression du Niobium Etain pendant le
traitement thermique (Table 1). De ce point de vue le titane et surtout l'incoloy 908 sont de
bons candidats.
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materiau
graphite
Nb3Sn
Acier
cuivre
bronze
verre
titane

incoloy 908

AL/L (923K a 273K)
-0.13% -0.26%

-0.55%
-1.18 %
-1.098%
-1.14%
-1.43%
-0.65%
-0.85 %

Table 1
Coefficients de contraction pour diff&rents mat6riaux

2.2 Le fil

Le supraconducteur associ6 au cable peut etre le NbTi ou le Nb3Sn. Cela depend en
particulier du niveau de champ de 1'application consid6r6e. La nature et la description
detaillee du brin ne sera pas faite ici et depend en particulier de la nature pulsee ou continue
du projet. Des diametres typiques de brins sont de l'ordre de 0.7 mm a 0.8 mm pour
assurer un perimetre mouill6 important. Le rapport cuivre sur non cuivre est ajust£ suivant
certains criteres de dimensionnement, mais des rapports infSrieurs a 1 sont difficiles a
realiser industriellement.. La quantity de cuivre dans le brinjoue un role pour la stability ; si
certe quantite n'est pas suffisante pour la protection (point chaud) il peut 6tre plus
interessant economiquement d'inclure dans le cables des brins en cuivre pur. II faut faire
attention de ne pas d£truire la transposition dans cette operation. Ainsi on fait remarquer
que la transposition est assuree pour un brin de cuivre present sur un triplet mais pas sur un
quadruplet.

2.3 Le chromage

Une grande experience existe maintenant dans le chromage des brins au niobium 6tain. Le
but de cette operation est d'6viter le frittage pendant le traitement thermique qui peut etre a
l'origine d'accumulation de contraintes locales ou d&ruire les bonnes conditions de transfert
thermique. De plus on decouvre maintenant que le chrome joue un role dans la resistance de
contact entre brins. En durcissant le brin le chrome limite la surface de contact entre brins
et done les pertes en fonction eVidemment du taux de vide. 2jam sont un bon compromis qui
donne une bonne qualite uniforme de chromage et un prix acceptable (environ 10 % du prix
du fil de Nb3Sn). La limitation des courants de couplage est sans doute assuree par la fine
couronne de bronze qui entoure les filaments les plus ext£rieurs du brin. Dans le cas du
NbTi le chromage peut etre evit6 et la limitation des courants de couplage peut se faire en
installant une barriere de CuNi autour de la zone filamentaire.
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2.4 La disposition interne des brins

le câble se présente sous la forme de 6 pétales à plusieurs étages câbles autour d'un trou
central. Cette disposition lui confère une stabilité mécanique car les brins sont pris dans une
sorte de voûte. Chaque étage est câble en détorsion pour éviter toute torsion additionnelle
introduite en passant d'un étage au suivant. Le pas de torsade d'un étage est typiquement
environ 10 fois le diamètre équivalent de l'étage. Le taux de vide est ajusté à environ 36 %.
Des points d'interrogation subsistent sur la transposition de tous ces brins qui n'est pas
parfaite et pourrait être à l'origine du "current ramp limitation". L'existence d'un trou
central facilite la circulation de l'hélium ; la présence ou non d'un tuyau métallique interne
supportant la voûte de brins est toujours en discussion. D'un côté il simplifie la fabrication
en évitant tout préformage des pétales avant câblage, d'un autre côté il peut grossièrement
doubler la perte de charge à débit donné. Ce tuyau doit être perforé pour des raisons
thermiques ce qui n'est pas facile à réaliser. Une solution utilisant une spirale métallique est
à l'étude.

2.5 L'enrubannage métallique.

l'enrubannage métallique des pétales joue un rôle dans la stabilité mécanique des pétales. Le
grand pas de torsade du dernier étage pourrait être à l'origine de courants de couplage
importants en cas de contacts nus. Avec une épaisseur d'un millimètre d'acier 316 ou
d'inconel les pertes peuvent être maintenues à un niveau acceptable dans le cas de la fusion.
L'enrubannage métallique externe maintient le câble après sa fabrication et jusqu'à son
gainage et le protège pendant toute cette phase.

3. LA PRODUCTION EN COURS AU NIVEAU EUROPEEN

Pour démontrer la faisabilité des aimants supraconducteurs pour ITER, deux bobines
modèles vont être construites et testées. 6.5 km de conducteurs sont nécessaires pour ces
bobines ce qui constituera la première production significative d'un conducteur de ce type.

La ligne de câblage installée en Europe à LMI peut câbler jusqu'à 1100 m de conducteurs
soit environ 6 tonnes. Pour l'instant dans le cadre d'essais préliminaires 150 m de câbles à
brins de cuivre ont été produits et 45 m de câbles à brins chromés.

La ligne de gainage installée en Europe à Ansaldo pourra à terme gainer jusqu'à 1000 m de
conducteurs, pour l'instant une ligne plus courte de 320 m a été montée, ce qui sera
suffisant pour les bobines modèles. Dans une première phase la gaine est assemblée à partir
d'éléments qui sont soudés. Le procédé de soudure de type TIG a été mis au point sur
l'acier 316LN et permet de souder des câbles rectangulaires, circulaires ou circulaires /
rectangulaires (Fig.3.). Après chaque soudure les surfaces internes et externes sont
rectifiées et la soudure est inspectée par des moyens optiques et par rayons X. Ce procédé
doit être mis au point sur l'incoloy 908. Le câble est ensuite tirée dans une gaine légèrement
surdimensionnée puis le conducteur est calibré en filière pour être ensuite stocké sur touret.
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Les premiers gainages de grandes longueurs de cSbles vont avoir lieu prochainement sur les
longueurs deja produites par LMI.
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36 wires, 30 with Nb-Ti

Fig.l Conducteur a refroidissement force developpe* par le CERN
pour le dftecteur OMEGA (1970)



ROUND BUNDLE WfTH 37 STRANDS ENCLOSED IN RECTANGULAR
CONDUIT-SHOWING TRANSPOSITION Of STRANDS

Flg.2 Premier concept de CICS en 1975
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CS high field conductor TF high field conductor

fig.3 CICS pour les bobines modeles d'lTER
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Fig.4 CICS developpe par le CEA pour les applications de fusion
(Nb3Sn, 40kA, 38mmx38mm)
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V Critical current in composites and cables

Dimensioning large superconducting magnets requires knowledge of the available current
density at a given field and temperature. This current density cannot be simply established :
one fact which is now slowly emerging is that the collective behaviour of these thousand
strands which together form a twisted multi stage cable, is not (unfortunately) the simple sum
of the contributions of each individual strand. Some capacity is lost in the assembly in a way
which is, up to now, not clear and depends on the operation mode (dc or ac). One paper is
dedicated to a first approach by a model of this phenomenon which is not specific to this kind
of cable. This effect exists also in Rutherford cables for high energy physics magnets. The
operation of the two ITER model coils will bring substantial information about this point.

The jacket material, maintaining the strands bundle affects also the current capacity. The
rules to be applied are better known thanks to the extensive work presented in two papers
written in collaboration with FZK (Karlsruhe, Germany).

It has also to be noted that the critical properties of the strand itself are not so well known,
especially with respect to the effect of the field orientation and of the temperature. The four
papers dedicated to this kind of study have demonstrated that the usual admitted ideas were
not correct and better models are now taken into account for the ITER model coils and for
Tokamak dimensioning.
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ABSTRACT

In the frame of the International Tokamak Experimental Reactor (ITER) program,
multistage superconducting Cables-In-Conduit (CIC) conductors have been developed.
These cables were designed assuming a uniform current distribution among strands. A basis
for this assumption in DC operation is that the strands are fully transposed inside the
conductor within a connection length (equal to a cable twist pitch). A geometrical analysis
of a conductor and a detailed numerical modelling of an ITER CIC have refuted this
hypothesis. This implies that the current sharing among strands inside a connection is non-
uniform and thus that the DC current distribution in the conductor is also non-uniform.
Moreover, it is well known that the critical current of a strand is dependent on the
perpendicular component of the magnetic field. Therefore, because of the twisting pattern,
the self-field gradient inside a cable cross section due to the transport current leads to a
field gradient along every strand length. Calculations of the voltage drop along conductor
length taking into account the connection and the field gradient are compared to the critical
current measurements on the first European Full Size Joint Sample (SS-FSJS) for ITER.

INTRODUCTION

For designing multistrand cables, the usual way is to calculate the cable critical current
from the critical current of a single strand at the peak perpendicular magnetic field
experienced by the conductor in the coil. Such a calculation implicitly assumes:

1. All strands carry identical currents
2. All strands are submitted to the same field
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Figure 1. ITER type conductor cross-section (ITER TFMC conductor)

In a coil under DC operation, the current distribution among strands along a unit
length of the winding is purely driven by the two connections located at both ends. As an
example, doubly unconnected strands (i.e. at both ends) will not carry any current. In case
of non-insulated strands, this statement is valid only at low operating current, because
current redistribution occurs as soon as strand currents approach their critical values. Thus
hypothesis No.l assumes either that the distribution of strand connecting resistance is
homogeneous in the joints, or that interstrand resistance are low enough. In case of an EU-
ITER connection, a detailed connection modelling and a destructive analysis of a
connection have been performed to check this hypothesis.

Thanks to a newly developed geometrical model, the actual strand trajectories in the
cable have been estimated. Thus it has been possible to calculate the voltage drop along the
cable by integrating the local electric field, taking into account the actual field experienced
by every strand for a given transport current. The critical current calculation then becomes
free from the second hypothesis. This law has finally been inserted into a conductor model
(electrical network) taking into account the uneven distribution of strand connecting
resistances inside the joints as well as the interstrand resistances.

Eventually, the predictions given by the model have been cross-checked with critical
current measurements performed on the first European Full Size Joint Sample for ITER (the
so-called SS-FSJS).

ACTUAL CABLING MODELING

ITER conductors are multistrand cables embedded in a structural jacket (see Figure 1).
The cabling pattern for the cable shown in Figure 1 is 3x3x5x4x6 with respective twist
pitches of 50-70-120-180-450 mm. Our goal is to find a geometrical model giving the
actual trajectories of the strands along the conductor length. A first assumption is that all
the main sub-cables (so-called petals) are identical, so the trajectories of "only" 3x3x5x4
strands have to be found.

Ideal strand trajectory

A first step is to assume that any strand trajectory is only dependent on the twist pitch
pattern and on the radii of the different cabling stages, which means the trajectory is only a
combination of helical curves. Each cabling stage radius is calculated knowing the sub-
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(a)
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Figure 2. Ideal cross-section (a) is fitted into a mesh (b) to give the "actual" cross-section (c)

stage radius and the number of included sub-stage. For instance, the radius of a triplet of

strands of diameter d is -J3d . This method is not limited to a round conductor, indeed it is
possible to use a helix with a square or an ellipsoidal basis instead of a circular one.

Figure 2.a shows the cross-section of an EU connection for ITER (see also Figure 3.b)
with the "ideal" strand trajectory. This connection has already been described elsewhere1.
For our purpose, it has to be noticed that the outer frame of the strand area is roughly an
ellipse and the inner frame is a circle. Thus the last but one stage follows a helix with an
ellipsoidal basis. It is clear that the "ideal" geometrical area of the petal does not fit into the
available space in a real connection (in which the cable void fraction is about 25%).

Cross-section meshing

A new arrangement of strands into the section, taking into account the twisted pattern
and the available space, has to be found. The basic idea is to use a finite meshing of the
space available for strands (in our case a "trapezoidal" shape for a petal). The mesh is
triangular so that the triplet is naturally formed (see Figure 2.b). The location of a strand

Figure 3. "Actual" strand trajectory (a), and Actual connection cross-section (b) -275-



Table 1
Contact Numbers
Measured
Modelled

. Contact
per strand

statistic
0
60
60

for the
l

60
58

modelled
2

47
37

and real
3
11
17

connection
4
1.5
6

5
0
2

into the mesh is the nearest free spot in the mesh. The initial location is calculated with the
ideal trajectory (Figure 2.a). Figure 2.c gives the results of such a calculation. It is clear that
all strands fit now into the available connection space.

Checking of the model with a real connection

However, the weak point of our model is that it does not really impose the continuity
of the strands along the cable axis direction, since each cross-section is arranged separately.
Nevertheless, Figure 3.a shows that trajectories calculated for strands are not broken by
unexpected jumps provided length step is small enough.

Secondly, a connection has been especially manufactured in order to check the validity
of our model. The connection box has been manufactured by ANSALDO (Italy), the
sample prepared by CEA and the final compaction performed by ANSALDO. This
connection was fully impregnated, and then dismantled. It was then possible to count the
number of contact points between the copper sole of the connection (see Figure 3.b) and
every strand. These measurements are summed up in Table 1. The model is in rather good
agreement with measurements except for 4 and 5 contact point strand, which are
overestimated by the model.

Conclusion

Our geometrical model gives a rather simple method to get the actual strand trajectory
of every strand in a CIC. This model has been tested on an EU connection with success.
This model, as well as the measurements, shows that strands are not fully transposed inside
the conductor. Besides, it is shown that the contact distribution in a connection is uneven,
which means that in DC operation a current unbalanced among strands must be expected.

CRITICAL CURRENT OF A CIC

A model has been developed to calculate the cable critical current taking into account
the actual magnetic field experienced by strands, the unbalanced distribution of strand
connecting resistances, as well as the interstrand resistances.

Effect of the actual strand trajectory on strand voltage drop

Theoretical basis

The electric field, E, along a superconducting strand carrying a current density J under
a magnetic field B is given by the usual formula (1) where Eco and n are constant.

In this case, Jc is only dependent on B, as the temperature Top is kept constant. The
relation between Jc and B is usually described using the pinning law:
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J c AB\\ = Fp(Top,b), with b = B/Bc2(Top) (2)

Fp is the so-called pinning force. Fp can be written in the following way, where/is a
function independent of b.

Fp(Top,b) = f{Top)g{b) (2')

This law shows the effect of the field orientation on the critical current density Jc.
However, it has to be noted that previous experiments2 have shown that the expression
given here is only a first order approximation for Nb3Sn strands, indeed the pinning force is
also dependent on the field orientation.

The average electric field, Et, over a length L of conductor for strand / with trajectory
Q inside the cable is given by (3).

£,. = I/I JE(B)</s (3)
c,

During a conductor critical current measurement, in DC condition, the electric field
measured corresponds, in a first approximation, to the average electric field over all the

strands,

Application of the real strand trajectory model

Knowing the "actual" strand trajectory, it is possible to calculate <£,->. However, for a
cable composed of hundreds of strands such a calculation is rather long and a simplified
formulation is needed for a use as a subroutine in an electric network.

Usually, for a sample critical current measurement, an external field Hext is applied to
the conductor. The local magnetic field on strand i at curvilinear abscissa s, is thus given by
(4), where a is a vector dependent on the strand trajectory and / is the transport current
through the conductor sample.

B(5/) = Ber,+o(5 /)/ (4)

Note that the current distribution is assumed to be uniform among strand for
calculating a. We restrict our study to the case when Bext is predominant (i.e. B^^al),
which is the usual case when testing high field conductors. Then the magnetic field
direction is constant and is given by the direction of Bext; thus (4) can be projected on this
direction leading to (4').

)I (4')

Now, using (2) and (2'), it is possible to write (5).

where F is equal to f(Top)/Bc2(Top), and G is equal to g(b)/b. Introducing (5) into (1)

leads to (6), where Jj is the current density in strand i.

EM = V . " sm"(8(Si))F-"(Top)G-°(b) (6)

Then developing Q'\b) by a MacLaurin series in the vicinity of b^t (=iW#c2) (see
Equation 4'), one gets the following series expansion according to I.

-277-



(7)

where JcX is the strand critical current density under a perpendicular field of amplitude

Bext-

Equation (7) shows that the coefficients of the series expansion are constant. They depend
on the external field (Bext), on the operating temperature (Top) and on the strand trajectory

(y). For a given strand /, Ei is then calculated using (3), last (E^ can be calculated by

averaging Et over all the strands, which leads to (8).

1 jq

-r>1=0 Ocl

(8)

Note that Fq, which is the sum of the terms containing si, is only dependent on the
strand trajectories, and that J is the current density assuming a uniform current distribution.
Thus, for a given conductor configuration and a given bexU the electrical field along the
conductor is given by the same development in power expansion of/. It has to be noted that
our model simulates an average strand carrying a current density J. I is the transport current
inside the cable, and the expansion is in fact a global corrective factor due to the self field
effect (for q>l) and the strand trajectories (for q>0).

In order to check the validity of this development, the coefficients of the series in (8)
have been calculated numerically using a direct calculation performed with equation (3)
without approximation for different values of Bexi and of operating temperature leading to
the same b^ (see Equation (2)). The agreement between the series expansion values and the
direct calculation has confirmed the validity of our calculations, but note that for practical
applications (8) must be expanded up to q equal to 11.

Effect of the uneven current distribution among strands and "interstrand" resistance:
discrete electrical network

The preceding electrical field calculation takes into account the strand trajectory
submitted to a uniform field. It gives the electrical field along an "average strand" but it
does not take into account an unbalanced current distribution.

Model presentation

A main hypothesis is that all strand contact point resistances have the same value. It
means that strands with two contacts will carry twice the current of strands with only one
contact. It is then possible to group strands according to the contact distribution given in
Table 1. The cable is then modelled with only a few groups of strands. Each group is
considered as a unique "big" strand. The electrical field of the group is calculated using the
expansion calculated in the preceding section. The number of groups is a compromise
between accuracy and computing time (in our case N=8 is a good optimum).

The cable can thus be modelled as a resistive network with 8 conductor groups (see
Figure 4). The groups are connected at both ends to a power supply by resistance RjOint

calculated according to Table 1 and to the resistance of the connection. RjOint are different
for each group and at each end of conductor. The voltage drop along a group for a given
current is calculated using Equation (8).

In order to take into account the current transfer from one group to the other
(intergroup resistance), resistances, R,rans, between conductor groups are inserted. Rtrans are
different in the joint area, Rt-jOinh and in the conductor area, Rt.COnd (see Figure 1 and Figure
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Power supply

Supercond group

Ryointl'

R

Figure 4. Schematic view of a 2-groups electrical network

3.b) mainly due the different void fraction. Rjoint values are calculated with the statistic
given in Table 1 and with the total resistance measured on the joint.

It has to be noted that a field profile along the conductor can be introduced to
calculate critical values. This model has been fully described elsewhere by D. Ciazynskii

Conclusion

A model has been developed taking into account the actual field gradient inside a
conductor. This model has been inserted inside an electrical resistive network of a
conductor length connected at both ends to a power supply (see Figure 4). The current
redistribution between strands through interstrand resistance and the uneven distribution of
strand connecting resistance inside the EU-ITER joint. For a given conductor and
connection, the input free parameters of this model are:

1.
2.

The transverse resistances, Rt.jOint and Rt.COnd-
The strand critical current characteristics.

The Summers's law gives the strand critical current4. Parameters of this law have been
fully investigated for ITER strands5. The only free parameter is the strain, &, in NbsSn
filaments inside strands. This value is different in the joint, £j, and in the conductor, ec.
From experimental results on sub-size joints6, Sj is taken equal to -0.72% and Rt-jomt equal
to 6 Rt-cond- Then only two free parameters remain: sc and Rt-j0M-

APPLICATION TO EXPERIMENTAL RESULTS

Our model can be now cross-checked with critical current measurements performed on
the first European Sample for ITER (the so-called SS-FSJS) in the SULTAN test facility.

ITER Full-Size-Joint-Sample description

A sample is composed of two straight conductors bars connected at one end (the
sample is tested in vertical position) by an ITER joint and at the other end to the facility
superconducting transformer. The maximum applied field in SULTAN is 11 T
perpendicular to the conductor bars. For current critical measurements, the voltage drop
along 440mm of the bars (the last stage twist pitch length) is measured. The tests performed
on this sample have been presented elsewhere7. In this paper, a particular critical current
test is analysed: Bext is equal to 11 T, Top is equal to 7.7 K.
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Modelling results

As explained in the former section, two parameters are adjusted (ec and pt-jomt) using
the experimental V(I) curves. Results of such fit are shown in Figure 5. ec is found equal to
- 0.594% and p,.jOmt equal to 30 |iQ.m leading a good agreement with measurements.

Two other calculations have been performed to point out the effect of the transverse
resistivity inside the joint. The lower is the transverse resistance, the better is the current
distribution, and then no current redistribution voltage occurs near the transition. In the V(I)
curve calculated for pt-joint=l nfiLm the current distribution is almost uniform.

CONCLUSION

A model has been developed to calculate voltage drop along CIC conductors taking
into account the detailed strand trajectory and the resistive network at ends and inside the
cable. This model has been partly checked on an ITER joint mock-up and used to analysis a
critical current test performed on an ITER FSJS sample. The analysis of this test have led to
estimate a quite high interstrand resistivity inside the joint (and thus also inside the cable).
It means that current distribution must be unbalanced up to quite high I/Ic ratio. It can then
be expected that at the operating current the current distribution inside CIC conductor is
still strongly unbalanced, which could lead to an unexpected lower stability margin. Other
tests have still to be analysed to check if the same optimisation can be done for different
Bext and /.
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In usual superconducting devices such as magnets for NMR, the magnetic field is
perpendicular to the superconducting strand axis. But in some special devices, such
as magnets for the toroidal field system of fusion machines, the strands can experience
any field orientation. For NbTi strands, the pinning force is dependent on the field
orientation because of the drawing process (Takacs, S., Polak, M. and Krempasky, L,
Critical currents of NbTi tapes with differently oriented anisotropic defects, Cryogenics,
1983,23, 153-159). In the case of Nb3Sn strands, the draw and react process suggests
that the pinning force is isotropic. In fact, preliminary experiments have shown the
contrary, which is why the magnetic field orientation dependence of the critical current
for two types of industrial Nb3Sn strands has been measured. These measurements
have been performed for seven field orientations at field strengths up to 20 T. A clear
anisotropic effect has been observed, which cannot be explained by Kramer's pinning
law. The results are in very good agreement with an empirical law proposed in a recent
study by Takayasu ef al. (Takayasu, M., Montgomery, D.B. and Minervini, J.V., Effect
of magnetic field direction on the critical current of twisted multifilamentary supercon-
ducting wires, Inst. ofPhys. Conf. Ser., 1997,158, 917-920). The parameters to be used
in this law could be specific to the manufacturing process. © 1999 Elsevier Science Ltd.
All rights reserved

Keywords: critical current density (C); muitifilaments wires (A); superconductors (A);
flux pinning (C)

Nomenclature

R
Kin
RMl

P
<P

composite radius
inner filamentary area
outer filamentary area
twist pitch length
angle between strand

radius
radius

axis and field direction

P

$

P

P

(r)

max

min

angle between filaments on radius r and field
direction
average angle between filaments and field
direction
maximum angle between filaments and field
direction
minimum angle between filaments and field
direction

Although the critical current density of industrial Nb3Sn
composites as a function of magnetic field strength is well
known, its value as a function of field orientation has not
still been fully investigated. The main reason is that in usual
applications of these composites, the field is perpendicular
to the strand axis. But, in the frame of the International

*To whom correspondence should be addressed. Tel : • 33-4-
4225-6493; Fax: + 33-4-4225-2661
E-mail address: tschild@cea.fr (T. Schild)
1This work has been performed within the frame of NET task
M48.

Thermonuclear Experimental Reactor (ITER) programme,
the influence of field orientation appeared to be an
important design parameter.

Our goal is then to find a law to estimate the effect of
field orientation. Four parameters can have an influence on
this law: the manufacturing process (the so-called 'bronze
route", 'internal tin', 'jelly rolled' processes), the strand
pattern (diameter, twist pitch length), the heat treatment,
the metallurgy aspect (filament alloy, grain size and shape,
etc.). Only the first one is investigated in this paper. But
our work has been compared to other studies1 where the
second parameter has been analysed. The manufacturing
process can influence the angular dependance of critical

Cryogenics 1998 Volume 38, Number 12 1251
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Magnetic field orientation dependence: T. Schild and H. Cloez

Table 1 Strand characteristics

Manufacturer
Billet number
Manufacturing
process
Type
Diffusion barrier
Twist pitch length
Cu:non-Cu ratio
Strand diameter
In/out filamentary
radii
Heat treatment

Bronze strand

Vacuumschmelze
4917
Bronze route

Nb3Sn Nb 7.5% T a
Ta
8 mm (right)
1.5
0.81 mm
0/0.47 mm

570-C/144 h
650°C/180 h

Tin strand

Europa Metalli
235/1
Internal tin

Nb3Sn Nb 1% Ti
Nb/Ta
10 mm (right)
1.5
0.81 mm
0.12/0.70 mm

1857120 h 340772
h 6507200 h

current because it influences the grain size and shape
among other parameter.

The magnetic field orientation is defined by the angle <P,
between the strand axis and the field direction. Two strands
have been tested for seven orientations from 0° to 90° by
steps of 15°. One strand is an "internal tin' wire manufac-
tured by Europa Metalli (Italy); the other is a 'bronze route'
wire manufactured by Vacuumschmelze (Germany). The
critical currents have been measured for field strength up
to 20 T in the High Magnetic Field Laboratory at Greno-
ble, France.

For each strand, the critical current has been plotted ver-
sus the field orientation in order to find a law valid at any
field strength. Thanks to this law. it is possible to deduce
the critical current for any orientation measuring only the
critical current as a function of the field strength at 90°.
These measurements are also compared with measurements
performed on untwisted wires of the same kinds:. Similar
measurements have been recently performed on the same
strand by another laboratory3.

Experimental set-up
Strand description
The characteristics of the two strands are fully described
in Table 1. The 'bronze route" strand and the 'internal tin"
strand will be called, respectively, bronze strand and tin
strand. A micrography of strands is given in Figures ]
and 2.

Figure 1 Bronze strand micrography (Vacumschmelze)

Figure2 Tin strand micrography (Europa Metalli)

The outer filamentary region radius. /?Oii!. is the radial
position of the outer superconducting filaments in the wire.

Measurement set-up

The main difficulty when measuring critical current on
Nb3Sn wires is the brittleness of the material. Indeed even
a slight strain on a composite can damage it and so reduce
its critical characteristics. Therefore, special care has to be
taken to avoid as much as possible sample handling after
heat treatment. The solution found in the frame of the ITER
programme was to heat treat the critical current samples on
the mandrel used for measurements. This mandrel has been
fully described elsewhere": it is a 30 mm diameter cylinder
made of titanium alloy (Ti: 6%. A1:4%V). The strand is
wound on a spiral groove with a 1.1 mm thread pitch
machined on the mandrel. Thu< the angle between the
strand axis and the mandrel axis is about 88.1°.

The basic idea has been to keep the ITER mandrel shape
for the other angles. The different angles are then defined
by the pitch thread of the wire around the mandrel. For
instance, in parallel orientation the thread pitch becomes
infinite and so the wire is just put straight on the mandrel.
The parallel or 0° samples were wrapped up with titanium
alloy strip in order to avoid strand bonding dining the heat
treatment. In order to carry out measurements up to low-
angles, high currents had to be supplied in the wire in order-
to reach critical current values. A 500 A power supply was
sufficient for field strength from 12 T to 20 T at 0 \ For
each orientation and each strand, two samples have been
reacted to check reproducibility. The first set of tested
samples is noted A and the second B.

The two more sensitive parts of the experimental set-up
are then the current leads and the mandrels connections.
The current leads are designed for a DC current ol 500 A
and to complete a sample testing without having to refuel
with helium the cryostat. The mandrel connections are
designed to optimize current transfer! and field homogen-
eity. Therefore, the distance between the copper rings and
voltage taps is at least 10 cm. These constraints have ied
to the design described in Figure 3.
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Max field

A

Axial length = 360mm

Figure 3 Sample holder drawing

Measurement

The samples are tested in an atmospheric helium bath at
4.2 K. Two temperature probes measure the helium level
in the cryostat.

The electrical field is measured with co-wound voltage
taps along either 5 cm (for 75°-0° samples) or 10 cm (for
88.1° samples) of wire. The electric potential criteria are,
respectively, 0.5 /xV and 1 /u,V in order to measure the
critical current at 0.1 /xV/cm. The RMS noise at the output
of our data acquisition system is 0.2 /AVRMS. A continuous
current ramp is used; the ramp rate is 10 A/s for currents
below 90% of the critical current and 1 A/s for currents
above this value.

The main error on the field strength measurement is due
to the length of our sample. However, the useful length,
where a good field homogeneity is needed, is the 5 cm
length between voltage taps and the magnetic field hom-
ogeneity is within 2% in this region. The electrical field is
deduced by assuming it is constant between voltage taps.
If the field is not homogenous enough, this assumption is
an error source. The maximum error has been estimated to
be 0.3% at 20 T and 0°. The error due to the field inhom-
ogeneity is therefore negligible.

Experimental results
Bronze strand
The reproducibility between sets A and B is very good (in
average within 1%). All the results given below have been
calculated using set A.

The reduced critical current /c is defined by Equation (1)
for each field orientation <J>.

'c ~
/c(*)

(1)

of the field orientation and strength. Two main features can
be pointed out: first, the reduced current as a function of
the field strength for a given orientation is almost constant
up to 15 T; between 15 T and 20 T, the reduced current
decreases with increasing field, especially for low angles;
second, a slight unexpected decrease of the reduced current
is observed at 75° and 60° for high fields.

Tin strand

The reproducibility between sets A and B is better in aver-
age than 1.3%. The maximum deviation (5.3%) is found
for low angles (0°) and high fields strengths (20 T). Table
3 gives the reduced currents as functions of the field orien-
tation and strength. The remarks stated for the bronze strand
remain valid.

A large difference between the reduced currents of both
strands is observed. For instance, the reduced current value
is 3.5 at 12 T and 0° for the bronze strand when it is 2.3
for the tin strand.

Discussion

Our purpose is to find a model, "even empirical', to predict
the critical current for any field orientation knowing its
value for the perpendicular orientation.

Effective orientation

A wire is made of numerous filaments. As wires are
twisted, the angle between filaments and field direction is
changing continuoulsy along the mandrel. Besides, an inner
filament does not have the same orientation than an outer
filament. The question is then to define the effective angle
that has to be taken into account to calculate the reduced
currents.

Let us call jS(r, 6, <P) the angle between the field and a
filament axis, r and 6 the cylindrical reference coordinate
system of the strand. This angle, fi, depends on the strand
orientation with regard to field, called <P (see Figure 4),
and on the strand twist pitch, called p. /3 is then given by
Equation (2).

4(90°)

Table 2 gives the critical reduced currents as functions

cos"1 cos tan"1 cos<J> - sin t a n " 1 ) ^ - ) )sin<I>cos#).(2)
\ V \ P II \ \ P II I

6 e [0:2TT]

To find the effective field orientation, the maximum,
minimum and average angles between filaments and field
are required. The distribution of filaments in the strand is
assumed to be uniform in the filamentary area. The distri-

Table 2 Reduced currents as a function of the field orientation
and strength for the bronze strand

e

5
10
12
15
20

88°

1.0
1.0
1.0
1.0
1.0

75°

1.0
1.0
1.0
1.0
0.9

60°

1.1
1.1
1.1
1.1
0.9

45°

1.3
1.3
1.3
1.2
1.0

30°

_

1.7
1.6
1.6
1.2

15°

_

2.4
2.3
2.3
1.6

0°

_

_
3.5
3.2
2.0

Table 3 Reduced currents as a function of the field orientation
and strength for the tin strand

B

5
10
12
15
20

88°

1.0
1.0
1.0
1.0
1.0

75°

1.0
1.0
1.0
1.0
1.0

45°

1.2
1.2
1.2
1.2
1.0

30°

_

1.5
1.5
1.4
1.2

15°

_

1.8
1.8
1.8
1.5

0°

_

-
2.3
2.2
1.8
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Figure4 Strand coordinate system

bution function / is given by Equation (3). /(r)dr is the
proportion of the total filaments found between radii r and
r + dr.

f(r) =
2r

D2 _ E>2
*out *Mn

(3)

R,n and Rom are, respectively, the outer and inner fila-
mentary area radii. The average value /3 is then given by
Equation (4).

= ~ I I /3(r,0,<t>)/[r)drd0 (4)

Similar calculations have been done by Takayasu et al.K
But its averaging is simpler, as they assume that all fila-
ments are located on an average radius /?out/V2.

Table 4 gives j8min, J3, /3max values for bronze and tin
strands. It has to be pointed out that the tin strand has no
filaments in its central zone (see Figure 2), which explains
why the /3 of the tin strand is higher than the /3 of the
bronze in spite of the lower twist pitch of the bronze strand.
On the other hand, for angles above 15°, /3 = 0.

The problem now is to know what is the angle that 'con-
trols' the critical currents. For a given filament, the critical
current density is defined as the current value for which the
module of the average Lorenz force is equal to the average
pinning force.

IIJCABII = 7c£lsin(/3)l = FJBJ (5)

This law is equivalent to the definition given in the
measurements section. Indeed if the average pinning force
is lower than the average Lorenz force, vortex inside fila-

Table 4

Strand

Bronze

Tin

Orientation

<f>

0™.
$

$

0°

10.3
6.9
0
12.4
8.6
2.3

statistics

15°

25.3
15.9
4.7
27.4
16.3
2.6

for bronze

30°

40.3
30.4
19.7
42.4
30.6
17.6

45°

55.3
45.2
34.7
57.4
45.3
32.6

and tin

60°

70.3
60.1
49.7
72.4
60.2
47.6

strands

75°

85.3
75.1
64.7
87.4
75.1
62.6

88°

98.3
88.0
111
100.4
88
77.6

Table 5

'Internal
'Bronze

Reduced

tin'
route'

current measured on

60°

1.2

40°

1.5
1.5

untwisted

30°

1.7
1.8

strands

20°

2.2

ments can move and then a non-zero electrical field appears
due to the flux variation. Usually the threshold electrical
field is 0.1 ^V/cm.

This law has to be applied to hundreds of filaments inside
a wire. Then an averaging among filaments occurs and the
critical electrical field threshold should appear after the
saturation of the first filaments.

Fp depends on the field orientation only when the super-
conductor is anisotropic. Former measurements performed
in our laboratory on untwisted Nb3Sn multifilamentary
strand have shown that 'internal tin' strands exhibit such
an anisotropy. Table 5 recalls the reduced critical current
measured on untwisted tin and bronze strands. The orien-
tation of the superconducting filaments is exactly the wire
orientation in that case, i.e. fi(r,6) is equal to <P anywhere
inside the wire.

In Figure 5, the reduced current of twisted samples is
plotted assuming the effective angle is either the average
or the maximum angle experienced by the filaments. The
reduced currents of untwisted samples are given as refer-
ence values. Let us assume that the reduced current of a
filament with orientation (3 in twisted samples is given by

(a) Bronze strand

\ \

\ \

Reduced current as function of

A filament angle in untwisted

\

\ i
V\

. max fil. angle in twisted wire

average fil. angle in twisted
wire

1
I

f

(b) Tin strand

Reduced current as function of

A filament angle in untwisted wire

. max fiL angle in twisted wire

. average fiL angle in twisted wire

Figure 5 Comparison of reduced current for twisted and
untwisted strands: (a) bronze strand and (b) tin strand

- 2 8 4 -
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the reduced current in untwisted wires with orientation (p
= /3. Then, if the averaging of /3 is the effective angle, the
curve giving the reduced current as a function of the aver-
age filament angle in a twisted wire and the curve as a
function of the filament angle in an untwisted wire should
be the same. As it can be seen in Figure 5a, the effective
angle in the bronze strand is between the maximum and
the average angle. According to Figure 5b, the effective
angle in the tin strand is nearly the maximum angle, if the
point at 20° is neglected. In both cases, the curves for /3
average and filament angles have similar shapes.

In conclusion, to take the maximum filament angle as
the effective angle can be considered to be a conservative
assumption from a designer point of view. Indeed, the
reduced current in a wire cannot be lower than the current
given when its filaments experienced the largest angle with
field. This statement has to be qualify in view of the point
at 20° of the tin wire in Figure 5b.

The effective angle has been defined at the beginning of
this section as the angle to use for modelling the reduced
current. The best suitable angle would be the average angle
as it has been noted that the shapes of the curves using the
average angle in twisted wire are similar to those using the
real filament angle in untwisted wires.

Experimental law

Takayasu et al} have proposed an experimental law to fit
their data on 'internal tin' strands with two different twist
pitch lengths for fields between 8 T and 14 T.

T = msin(j8) + n (6)

where m and n are two fitting factors with m + n — 1.
According to this law, the reduced current does not depend
on the field strength. But, in our experiment, a field depen-
dence has been observed above 15 T. That is why only data
between 4 T and 15 T have been fitted. Table 6 gives the
optimized results. The correlation coefficient R2, and Fig-
ure 6a,b show the very good agreement between fits and
data. The best fits do not lead to m + n = 1 but a slightly
higher value (1.02 for the bronze strand and 1.01 for the
tin strand), that can be explained by the measurement error.

It is remarkable to notice that strand layout and the
manufacturing process are different (let us compare Figures
1 and 2). Therefore, Equation (6) seems valid for usual
industrial superconducting strands.

Besides, in Figure 6a,b, untwisted strand data have been
plotted. The agreement between twisted and untwisted
results is very significant as we compare two very different
strands (twist pitches, two different manufacturers for the
tin strands, EM and Alstom). Moreover, the coefficients
found for our tin strand are quite similar to Takayasu's tin
strand results (see Table 6), although they come from two
different manufacturers (IGC and Europa Metalli) with

Table 6 Coefficient

Strand

Bronze strand
Tin strand
1GC tin strand2

m and

m

0.83
0.65
0.62

n for bronze and

n

0.19
0.36
0.38

tin strands

FP

0.9985
0.9950
/

(a) Bronze strand

0.8

0.6

0.4

0.2

j .Twisted wire (B< 15T)

| a Untwisted wire

0.4 0.6

s>n((5 „«„,,,)

(b) Tin strand

1.0

na

ns

0.4

n?

on

| . Twisted wire (B<15T)!

I 0 Untwisted wire j

1 -*—""•

jt^\°

Figure 6 Reduced current fits using Equation (6) for bronze (a)
and tin (b) strand (B < 15 T)

quite different designs (compare Figures 2 and 7). These
could be a first evidence that Equation (6) seems intrinsic
to a process. Nevertheless, other aspects, which have not
been investigated here, could influence the parameters m
and n, as the superconducting alloy.

Now, as our experiment has been performed for higher
fields strengths, an influence of the field has been noticed.
This means that coefficients m and n are dependent on field.
In order to take into account this effect, a more general

Figure7 Tin strand micrography (IGC)
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form Equation (7) is proposed for calculating the critical
current

1

with

1 + kl{\ - b)

= BIBc2{T)

sin(|3) +
kl{\ - b)

1 + kl(\ - b)' (7)

where k is the fitting parameter and b is the reduced field.
When b is small compared to one, Equation (7) is simpli-
fied into Equation (6). If b nears 1, the reduced current
nears 1.

Equation (7) has been applied to fit our data. We have
found k = 0.15 for bronze strand and k = 0.28 for tin
strand. Results of the fits are plotted in Figure 8. Our fits
are in relatively good agreement with our data for both
strands. It takes rather well into account the effect of the
field strength.

It has also to be pointed out that /3 depends only on <P
through the strand pattern according to Equation (4). How-
ever, at low field strength, the field induced by the current
itself has to be taken into account in j3 calculation. In fact,
it means that /3 is never equal to zero even when strand is
untwisted and <t> is equal to zero.

3.0

2.5

2.0

1.5

(a) Bronze strand

o.o

-
• 88

FrtRR

A •

1- -*--*-•*•-»- -A

' < < « t i

« 45.2
__ Fit 45.2

.

; • • * •

A

•A

m
• > <

15.9
Fit 15.9

f-w
i—»-

•

•

• A ^

A"--

• #•—W—1

6.9
.Fi t6 .9 "

10

BCD

(b) Tin strand

15 20

Critical current anisotropy for industrial
superconductors

A law of the critical current density as a function of the
field strength and orientation that seems valid for a given
Nb3Sn manufacturing process has been developed. A new
parameter k has been pointed out.

In former experiences on NbTi strand, an anisotropic
parameter, P, was introduced2. P is defined by Equation
(8) and has been found to be equal to 0.36.

P =
Fp(g,j3 = 90°)
FJB,$ = 0°) (8)

Then ic as a function of the strand orientation is given
by Equation (9)2.

T = sin(/3)Vsin2(/3) + P2cos2(j3) (9)

If we compare Equations (7) and (9), it can be seen that
the two formulae are quite different. It is not surprising
since the pinning has a different origin in the two materials.
In NbTi pinning centres are 'alpha' precipitates; this is a
volumic pinning. In Nb3Sn, pinning centres are located on
intergrain boundaries; this is a surface pinning.

Finally, thanks to Equations (7) and (9), it is possible to
deduce the critical current of most common low tempera-
ture superconducting strands for any field orientation. For
instance, the reduced critical current as a function of the
field strength and orientation has been plotted for the three
ITER strands. The first two are Nb3Sn strands, the so-called
'HP I', a tin strand, and 'HP IF, a bronze strand. The third
is a NbTi strand.

Critical current density characteristics are fully described
for the perpendicular orientation7. We want to calculate the
critical current for <f> equal to 15°. This the lowest angle
for which, $ = $ independently of the strand pattern. HP
I is a tin strand, so we use Equation (7) with k = 0.28. HP
II is a bronze strand, so we use Equation (7) with k = 0.15.
In the case of the NbTi strand, Equation (9) is used with
P = 0.3. Figure 9 shows results of these calculations, and
critical current densities are given in the non-copper vol-
ume. This figure simply points out that critical current at
low angle increases more strongly for NbTi strand than for
Nb3Sn strands. The maximum pinning force has opposite
directions for the two kinds of material: pinning is more

2.0 .

1.5

1.0

0.5 .

no

1

QQ

m °°
FrtSX

I • • • • 1

" • " ' • • > • . ,

. 45.3 . 16.3 4 8.6

FH45.3 Fit 16.3 . . Fit8.6
-

10

B(T)

15 20

Figure8 Reduced current fits using Equation (7) for bronze (a)
and tin (b) strand. Field strength effect is taken into account

E

so

^ .
\

V
_̂

-»-HPI@90°
-B-HPII@90°
-A-NbTi @ 90°
-»-HPI@ 15°
-«-HPII@15°
-*-NbTi@ 15°

10 12 It 16

B(T)

Figures Effect of field orientation for ITER strands at 4.2 K
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efficient in the parallel direction for NbTi and pinning is
more efficient in the perpendicular direction for Nb3Sn.

Conclusion

Critical currents of bronze and tin strands have been meas-
ured as a function of the field strength and orientation. A
law giving critical currents for any orientation as a function
of the critical current for perpendicular field has been tested
for each strand. This law is only valid for field strengths
below 15 T. The agreement of our measurements with the
Takayasu et al. measurements is a sign that the parameters
of this law could be specific to a given manufacturing pro-
cess. Above 15 T, a decrease of the reduced current as a
function of the field strength has been observed for the first
time. A more general form of this law has been proposed,
taking into account the effect of the field strength. The
results are in rather good agreement with this formula. It
would be interesting to test its validity for other processes
such as the 'jelly rolled' and also for other manufacturers.

Finally, a practical formula has been developped to cal-
culate the critical current density of industrial low tempera-
ture superconducting strands for any field orientation.
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First Results of Strain Effects on Critical Current of Incoloy Jacketed Nb3Sn CICC's
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Abstract - Cable in Conduit Conductors (CICCs) are fore-
seen in fusion magnets where the conduit and the NbjSn cable
have to be heat treated simultaneously. The difference in ther-
mal contraction between conduit and NbsSn filaments during
cooling from reaction to LHe temperature put the filaments
into compressive prestrain which in turn degrades the critical
current (It). The drastic degradation of I« up to 60 % (B = 13
T) at stainless steel (ss) jacketed conductors is reduced to 14 %
at CICC's with Incoloy 908 jackets. Furthermore the effect of
low temperature cycling and the application of both bronze and
internal tin processed NbjSn strands on the Ic versus strain
characteristic is presented. The effect of the ss cross section on
the compressive state of NbjSn is studied with two different
values of jacket wall thicknesses. The influence of an Invar
stretching tool reducing this compressive state is pointed out

I. INTRODUCTION

The superconducting parameters of A15 conductors are
strongly affected by mechanical stress. This stress can result
from the fabrication process of a conductor, at magnets dur-
ing winding, cooling and energizing by Lorentz forces. In
the case of CICC's as foreseen for the ITER project the main
source of stress is of thermal origin as a result of cooling
from reaction to LHe temperature. Most normal conducting
material components surrounding the superconducting fila-
ments have a higher contraction coefficient ,a, than the
filaments themselves which put them into mainly axial pre-
stress during cooling. The main part of the prestress results
from the outer conduit. For example, at stainless steel jack-
eted CICC's containing Nt^Sn strands the prestress leads to
a prestrain of Em » 0.7 % on the filaments resulting to a deg-
radation of critical current, Ic, by about a factor of two at a
magnetic field of B = 13 T [1J. The prestrain can be reduced
by using conduits with low-a materials as Incoloy 908 which
has been proposed for the ITER conductors in addition to
stainless steel and titanium. In this work for the first time Ic
vs e tests on Incoloy jacketed samples will be presented.

In addition to the thermal contraction the volume fraction
of the conduit influences the prestrain behavior. Therefore,
subsize CICC's with "thick" and "thin" walled ss conduits
will be compared as representative for the central solenoid
and toroidal field coil conductors of ITER, respectively. "

The improvement of I« on CICC's by plastically straining
at room temperature is proven in [2]. In this study stretching
of samples has been proposed by the use of a special tool
during the reaction heat treatment [3].

Manuscript received Oct. 20. 1997.

With respect to the pulsing magnet system of ITER the
stress condition within the conductor may be affected.
Therefore, the influence of mechanical cycling on the critical
current at low temperature of both ss and Incoloy jacketed
conductors have been investigated.

n. SAMPLES AND TEST FACILITY

A. Samples

All samples consist of an outer circular conduit and an
inner Nt^Sn cable of 3 x 3 x 4 strands (Vacuumschmelze,
VAC or Europa Metalli, LMT). The common inner diameter
of all conduits is 6.0 mm leading to a helium void fraction of
vf = 34%. In Table I all 14 samples investigated are listed: 6
samples with LMI strands (indicated "CL") and 8 containing
VAC wires ("CV"). From each type of conductor two identi-
cal samples have been prepared. From both types of strands,
samples with two thick and thin walled ss 316L and two
thick walled Incoloy 908 conduits have been febricated.
Thick walled (1.25 mm) and thin walled jackets (0.34 mm)
correspond to about 50% and 20% of the total cross section,
respectively. Furthermore, two thick walled 316L jacketed
VAC samples (CV1, VC2) have been stretched. For this
purpose the about 1 m long straight CICC's have been en-
closed into a special tool consisting of a low-a material
(Invar) which stretches the samples plastically during the
reaction heat treatment [3].

For the 36 strand cable both LMI and VAC basic strands
have been used containing ternary Nt>3Sn filaments, strand §
= 0.81 mm including 2 um outer chrome plating, Cu/non-Cu
= 1.5. The processing of LMI and VAC strands is based on
internal tin and bronze route, respectively. The copper stabi-
lizer of the LMI wire is distributed homogeneously over the
total cross section and that of the VAC strands located out-
side. Proposed reaction heat treatment of LMI strands:
185°C/120 hrs, 340°C/72 hrs, 650°C/200 hrs and for VAC
strands: 570°C/220 hrs, 650°C/175 hrs.

Cabling and jacketing of the samples have been performed
at SMI (The Netherlands), the reaction heat treatment at
CEA (France) and the measurements at FZK (Germany).

B. Test Facility (FBI)

The Ic (e, B) measurements on the strands have been per-
formed in a small test rig (1 kN - 250 A- 13.5 T) and on the
subsize CICC's in a big insert (100 kN - 10 kA - 14 T) at T =
4.2 K. An Ic criterion of Ec = 1 uV/cm has been used. A PC
board operating at 18 Bit resolution and 60 Hz sampling rate
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has been used for the data acquisition of the high field test
facility,FBI.

TABLE I
CHARACTERIZATION OF CICC SAMPLES.

CONDUIT: I.D. •= 6.0 mm (vf = 34 %) OF ALL SAMPLES
CABLE: 3 x 3 x 4 STRANDS ("CL": LMI STRANDS. "CV": VAC STRANDS)

Sample

CL1
CL2
CL3
CL4
CL5
CL6

CV1
CV2
CV3
CV4
CV5
CV6
CV7
CV8

Material

3 I6L
316 L
908
908
316 L
316 L

316L
316L
316L
316 L
316 L
316L
908
908

Jacket
Wall

thick
thick
thick
thick
thin
thin

thick
thick
thin
thin
thick
thick
thick
thick

O.D. [mm]

8.50
8.50
8.57
8.55
6.70
6.70

8.49
8.49
6.66
6.67
8.47
8.50
8.42
8.54

III. RESULTS AND DISCUSSION

A. Stainless Steel and Incoloy Jacketed Samples

The effect of axial strain on the critical current of a thick
walled ss 316L (CV 6) and Incoloy 908 jacketed sample (CV
7) with VAC strands is illustrated in Fig. 1. The numbers
attached to the CV 6 curve indicate the sequence of testing.
First, Ico has been measured without applied strain (1), then
under statically stressing step by step up to (9) and in un-
stressed condition (10) where the sample is alreadyplastically
strained. After that U has been tested again in the stressed
(11, 12) and unstressed state (13) etc. up to (25). While ap-
plying stress the internal prestress on the filaments is re-
duced and Ic increases. At £„, the prestress on the filaments is

supposed to be removed or a minimum, leading to
a maximum of critical current, Ic,. The ratio IJl^ is a
measure of Ic degradation. For sample CV 6 the values of e^
and Uo/Icm amounts to 0.76% and 0.50, respectively. Note, Ic
obtained without stress are slightly enhanced in comparison
to L; measured under stress at the same strain. This may
results from an additional stress release during stressing and
unstressing. Ic behaves reversible up to the measured strain
in (24) leading to eUT > 1.25 %.

The same procedure has been performed on the Incoloy
sample (Fig. 1). The prestrain, £„, = 0.34 %, is clearly re-
duced and the corresponding ration WIc , = 0.86 drastically
enhanced. This results from the much smaller thermal con-
traction of Incoloy (a = 7.2 x lO^/K) in comparison to that
of stainless steel (a = 16.0 x lO^/K). Also this curve behaves
completely reversibly. The low strain values (e « 0.05 %) in
the unstressed state of the Incoloy conductor is the conse-
quence of the higher yield strength of Incoloy in comparison
to that of 316L.

The same investigations on 316L and Incoloy jacketed
conductors with LMI strand have been made with compara-
ble results (no figure). The characteristic data of the Ic vs s
tests of all CICC samples tested are summarized in Table II.

These results are not in agreement with earlier studies by
Steeves et al. [4] where the critical current density, Je, as a
function of void fraction in a hairpin sample (without axial
straining) of ss and Incoloy 903 jacketed conductors have
been investigated At 12 T and vf = 34 % Jc decreases about
3% and 26% at the Incoloy and steel sample, respectively,
with respect to the single strand data.

TABLE U
RESULTS OF t.vs e TESTS AT 4.2 K AND 13 T OF SUBSIZE CICCS.
JACKET: THIN AND THICK WALLED STAINLESS STEEL 316 L AND THICK
WALLED INCOLOY 90S.
CABLE: 3 x 3 x 4 STRANDS FROM LMI (CL) AND VAC (CV), v, = 34%.

Sample

5

4

3

I
" 2

i

0

Uo Ion

(kA) (kA)

i

Incoloy
CV7

13 d

A , 4

i— Ico
1

VAC
thick walled
13 T, 4.2 K

£

23

m

12 M I5 , 7

^ [1

•

'A
A

20

2, ^

23

•

316 L
CV6

"I
Clrr

0 0,3 0,6 0,9 1,2 1,5

8 (%)

Fig. 1. Ic vs E of both stainless steel 316 L and Incoloy 908 thick walled CICC's
with VAC strands.

CL1
CL2
CL3
CL3
CL4
CL5
CL6

CV1
CV2
CV3
CV4
CV5
CV6
CV7
CV8

2.11
2.06
4.42
4.80
4.24
2.38
2.52

2.16
2.29
2.03
2.06
1.97
1.92
3.52
3.58

4.91
4.89
5.12
5.27
5.04
4.91
4.93

4.00
3.82
3.88
3.74
3.83
3.84
4.10
4.08

0.43
0.42
0.86
0.91
0.87
0.48
0.51

0.54
0.60
0.52
0.55
0.52
0.50
0.86
0.88

0.70
073
0.31
0.25
0.29
0.69
0.66

0.71
0.62
0.70
0.70
0.68
0.76
0.34
0.31

> 1.20
>1.20
>0.87
<0.51

-

> 1.15
> 1.23

>0.96
<0.86
< 1.21

1.08
> 1.15
> 1.25
>0.86
>0.88

cycled
l.test
2. test, cycled
misleading, cycled

stretched
stretched

cycled

cycled



However, our measurements on corresponding samples at
13 T reveal Ic degradation at Incoloy 908 and 316L of 5 %
and 40 % for the VAC cable and 6 % and 55 % for the LMI
conductor. The reason for the stronger degradation in our
investigations are the higher magnetic field and possibly the
different test arrangements used.

B. Thin and Thick Walled SS Conductors

The smaller steel fraction of the 316L thin walled con-
ductors (LMI: CL5,6 and VAC: CV3,4) lowers the yield
strength which reduces the prestrain. The corresponding
increase of I ,̂ amounts to about 5% for the VAC and 18%
for the LMI samples (Table II). Both wall thickness and void
fraction of the thin walled conductors should be the same.
Therefore, the higher improvement of critical current of the
LMI samples results from the smaller prestrain of its basic
strand (Fig. 5).

C. Stretched Conductors

The L. vs s characterization of the stretched sample CV2
in comparison to the identical unstretched one CV6 is shown
in Fig. 2. At CV2 ^ has been reduced by 0.14% resulting in
an increase of the Ico of about 20 %. Simultaneously the
irreversible behavior of Ic of the stretched conductor has been
decreased for reasons not understood While sample CV6
behaves completely reversibly (s^ > 1.25%) the irreversible
strain of CV 2 has been lowered to e^ < 0.86% as indicated
by the numbers representing the sequence of measurements
in the stressed and unstressed state. Further tests are in
preparation.

D. Cycling

The effect of cycling on Ic vs e of a 316L jacketed con-
ductor (CV5) in comparison to the uncycled sample (CV6) is
shown in Fig. 3. At CV5 first L̂ , (e = 0) has been tested and
then 1000 mechanical cycles, 0 - 0.2% strain, 0.2 Hz and 4.2
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23 •

25

26
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cfcT

ft

0 0,2 0,4 0,6 0,8 1 1,2

i (%)

1,4

K and 13 T have been performed After cycling the measure-
ments of Ic in statically stressed and unstressed states have
been completed as indicated by the numbers. Note that \
values obtained unstressed (numbers 12, 15, 19, 23) are
clearly increased in relation to those values of the uncycled
reference conductor in unstressed conditions. This could
mean that due to the cycling procedure further stress has
been removed from the Nr^Sn filaments and/or a change of
the current distribution within the cable has occured. But the
peak of critical current measured without stress of sample
CV5 is still about 10% lower than 36 x Icm of the single
strand.

Comparable tests have been carried out with Incoloy jack-
eted samples (Fig. 4). Both Ic vs e curves of the uncycled
(CV7) and cycled conductor (CV8) are identical except the Ic
data measured without stress. Again, these Ic values are
increased after cycling for the same reason mentioned above
and the low residual plastic strain data result from the high
yield strength of Incoloy.

The same cycling investigations on 316L and Incoloy
jacketed samples containing LMI cable have been per-
formed. At the steel CICC (CL2) no change of Ic vs e has
been observed even not within the unstressed state of the
sample. The Incoloy LMI sample (CL3) has been statically
strained up to e » 0.9% first and then cycled leading to a
slightly enhanced values of Ic [Table II],

E. Further Comparison of VAC and 12.41 Conductors

The higher critical current density of the internal tin proc-
essed LMI wires leads to increased current of L^ and espe-
cially of Icm of the CL samples in comparison to the corre-
sponding values of the CV samples with bronze processed
VAC strands [Table II]. But the degradation of the critical
current, Wlcm, of the LMI samples is higher than those of
the VAC conductors, especially for the 316L jacketed
CICC's. This is more clearly demonstrated in Fig. 5, where

?
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i
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10 11 1 3 ^
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13 T
316UWck
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16 •
is

CV5 : i
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0,3 0,6 0,9 1,2 1,5

Fig 2. Effect of stretching on til ick walled 316 L samples with V AC strands.
Fig 3. Effect of cycling on I( vs t of thick walled 316 Ljackeled VAC samples.
CV5: 1000 cycles, 0-0.2 % strain. 0.2 Hz at 4.2 K and 13 T. CV6: uncycled
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Fig. 5. Normalized critical current, Ic/Ion, versus intrinsic strain, £<, = E - Em, of
thick walled 316 L jacketed CICC with VAC (CV6) and LMI cable (CL1) and
the corresponding basic strands.

the normalized critical current, IJlcm, as a function of the
intrinsic strain, so = s - s^, has been plotted for two typical
316L jacketed conductors (VAC and LMI) and their basic
strands. Considering the most important range of negative 8o
data sample CL1 declines strangers than sample CV6. This
is also the case for the strand sample LMI 003 with respect
to VAC 2 - 5 . This is due to the lower upper critical field,
Bc2, of the internal tin NbaSn strands. Bc2 derived simply by
Kramer plots amounds to 20,2 T (CL1), 21.0 T (CV 6), 26.2
T (LMI 003) and 27.7 T (VAC 2-5). These absolute values
may not be very accurate since L, vs B has been measured up
to 14 T only, but the tendency should be demonstrated.

The lower prestrain of the strand LMI 003 (e,,, = 0.14%)
with respect to that measured at VAC 2 - 5 (e,n = 0.22%)
may result from the additional niobium barrier existing in
the LMI strand which may contribute to resist to copper and
bronze during thermal contraction (Fig. 5).

IV. CONCLUSIONS

The drastic improvement of the critical current due to the
lower prestrain of Incoloy 908 in comparison to stainless
steel 316L jacketed CICC's has been demonstrated L^ (s =
0) increases 82% for the VAC and 108% for the LMI cabled
conductor at 13 T and 4.2 K.

The comparison between thin and thick walled 316L con-
ductors reveals an enhancement of Io for the thin walled
CICC of about 5% and 18% for the VAC and LMI conduc-
tors, respectively (13 T, 4.2 K).

Stretching on 316L jacketed conductors during the reac-
tion heat treatment leads to enhanced critical currents of
about 20%. Further tests with improved stretching condi-
tions are in progress expecting even higher enhancements of

Ie-

The performance of 1000 strain cycles reveal no negative
effect on the L, vs e characteristic of all conductors investi-
gated. With respect to the foreseen 50.000 cycles of the ITER
magnet system, these investigations should be expanded to
higher cycling rates.
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The increasing need for high field magnetic devices has focused attention on fila-
mentary Nb3Sn conductors, whose critical data are superior to NbTi conductors. To
choose the suitable operating parameters and to determine the stability margin of
magnet systems, it is very important to know the effect of temperature and magnetic
field on the superconducting properties, especially on the critical current. Up to now,
for design calculation, the so-called "Summers model" was assessed theoretically on
experimental data obtained by Spencer et ai. (The temperature and magnetic field
dependence of superconducting critical current densities of multiinflammatory Nb3Sn
and NbTi composite wires. IEEE Trans Mag, Mag-15 (1979) 76) and Suenaga et ai,
Superconducting critical-current densities of commercial multifilamentary Nb3Sn(Ti)
wires made by the bronze process. Cryogenics (1985) 25, 123). Apart these very useful
preliminary experimental data, very little has been done on the very different industrial
strands which are now produced in the industry. Industrial Nb3Sn strands are generally
tested and checked only at 4.2 K and their operating design temperature is often very
different, sometimes around 6 K. It is now urgent to validate the model and to confirm
that the data taken up to now in the design calculations are conservative. © 1998
Elsevier Science Ltd. All rights reserved

Keywords: critical current density; upper critical field; Nb3Sn

Nomenclature

Jc
T
B
Bc2

Critical current density
Temperature
Magnetic field
Critical field

Bc2o

Tc0

B c 2 0 m

' c O m

e

Zero-temperature critical field
Zero-field critical temperature
Maximum (strain-free) upper critical field
Maximum zero-field critical temperature
Uniaxial strain

In this study are presented the magnetic field and tempera-
ture dependencies of the transport current density Jc in two
Nb3Sn multi-filamentary strands, one manufactured by Eur-
opa Metalli and the other manufactured by Vacuum-
schmelze, in the frame of the ITER programs. The results
of the critical current measurements of these wires, at a
temperature between 4.2 K and the critical temperature, 7~c0,
and in magnetic fields, B up to 20 T, are compared with
the Summers model12.

Experimental procedure
Principle of the cryostat
The variable temperature cryostat has been described in
more detail elsewhere3, therefore only a brief description
is given here.

The difficulty in measuring the critical current of super-
conducting strands, in magnetic fields which can reach 20
teslas, is to supply a current of approximately 500 A to the
strand to be tested without temperature modification. To
solve this problem, we have used a new principle. Two
current leads are cooled by helium circulation, their two
cold ends are connected by a sample support making up a
thermal shunt. The superconducting strand to be tested is
wound around this support and thermalized by helium
which is at the same temperature. The electrical resistance
of the support must be high enough to limit the current
circulating in the support to a negligible value, when the
strand to be tested is in the superconducting state.

Description
The test cryostat is an insert-cryostat which is placed in an
existing 80 K cryostat. The general diagram is shown in

Cryogenics 1997 Volume 37, Number 12 865 „ - _
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Figure I. It essentially includes a helium tank of about 18 1.
This annular tank is pressurized up to a maximum pressure
of 0.29 Mpa. It therefore allows the performance of
measurements in supercritical helium. A
pressure/backpressure regulator system regulates the press-
ure to the desired value. The helium extracted through the
lower part is supplied to the two current leads. If liquid
helium is used, an evaporator/heater helps to supply the
current leads in helium gas at an adjustable temperature.
Two control valves, placed at the outlet of the current leads,
regulate the temperatures of the two cold ends at the same
set point (5 K < 7"scl < 20 K). The stability of the tempera-
ture is then better than 0.1 K. The sample holder is connec-
ted to the cold ends of the current lead. During the test, the
cryostat is maintained under vacuum by cryopumping.

Sample

The sample (see Figure 2) is connected to the current lead
ends by two high-purity copper bus bars (Residual Resis-
tivity Ratio (RRR) = 400) which are as symmetrical as
possible to minimize the temperature gradient. The reaction
mandrel is a Versailles Project on Advanced Materials And
Standards (VAMAS) type titanium mandrel which is also
kept for the test without any tranfer and possible associated
degradation. Two copper ends are soldered ono the titanium
mandrel for the sample terminations. A thin copper cylinder
is added after reaction to ensure a very uniform temperature
of the mandrel. This piece is not in electrical contact with
the strand to avoid any low resistance short circuit. Two
Cemox temperature sensors are installed at the top and the
bottom of the sample. The third one is installed in the very
middle of the sample. The insertion of the sensor in front
of the central turn of the sample after reaction is possible

cold ends of current leads

high purity
copper bus bars

Cernox
sensors

8 cm

Figure 2 The sample.

INSULATING TUBE

PREESURE REGULATING
SYSTEM (P < 0.29 MPa)

• He 2.5 MPa

CURRENTING LEADS

HYBRID MAGNET

SAMPLE

Figure 1 Diagram of the variable temperature cryostat.
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Figure 3 Nb3Sn composite (bronze route process) manufactured by Vacuumschmelze.

by drilling a transverse channel in the mandrel. Two volt-
age tap couples, one across the central turn and the other
across the seven turns monitor the resistive transition of
the sample.

Strands

Two strands, representative of the European industry, have
been tested. Strand 1 is manufactured by Vacuumschmelze
(Figure 3) and strand 2 is manufactured by Europa Metalli
(Figure 4). The thermal reaction process and the wire com-
position are represented in Table 1.

Results
General principles

The helically wound Nb_,Sn wire is placed in a stable mag-
netic field, at a fixed temperature. In the homogeneous
region of the field, two voltage taps are positioned across
one turn of the helix. The sample current is then increased
through the superconductor. Initially, the sample current
does not cause any significant movement of magnetic flux
lines from their pinning sites, and the voltage across the
one turn is zero. Eventually, at sufficiently high sample cur-
rents, flux is depinned and flows across the superconductor.

Figure4 Nb3Sr. composite (bronze route process) manufactured by Europa Metalli.
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Table 1 Parameters of the two investigated Nb3Sn strands

Company

Process
Wire diameter
Cu/non-Cu
Twistpitch
Ternary
Heat treatment

Number of filaments
Filament diameter

Company

Process
Wire diameter
Cu/non-Cu
Twistpitch
Ternary
Heat treatment*

Number of filaments
Filament diameter

Strand 1
Vacuumschmelze

Bronze route
0.81 mm

1.5
8 mm

NbTa 7.5 w/o
570°C/220 h
650°C/175 h

4675
4 p.m

Strand 2

Europa Metalli

Internal tin
0.81 mm

1.5
10 mm

NbTa 7.5 w/o
185°C/120h
340°C/72 h
650°C/200 h

5400
3.5 jam

*This heat treatment does not correspond with the one
commonly specified by Europa Metalli.

The curve of the voltage as a function of sample current
at this fixed field and temperature is recorded on a data
acquisition system.

This characteristic V-I transition is subsequently meas-
ured at different fields (up to 20 T) and temperatures (up
to 17 K) throughout the superconducting phase.

The Laplace force caused by the interaction of the sam-
ple current with the applied field acts as a tensile stress to
the strand. The helically wound wire generates a central
field parallel and with the same direction as the back-
ground field.

Critical current definition

A superconductor composite becomes progressively
resistive as the current through it is increased, according to
the relation

v =

where / and V are, respectively, the sample current and the
resulting voltage appearing across the composite supercon-
ductor and &o, n are constant.

The critical current /c is defined as the sample current
which results in the appearance of an electric field of
0.1 /xV/cm along the conductor. The value of the exponent
n is representative of the abruptness of the transition from
the superconducting to the normal state.

The sample current is increased at a rate of 1 A/s up to
a value close to the critical level and then adjusted to
0.1 A/s as the critical level is approached.

The electric field corresponding to the criterion is meas-
ured through two voltage taps situated at a distance of
0.08 m from each other.

Measuring conditions

In these tests we were limited by the power supph to a
maximum current of 500 A.

The magnet used for the wire test was the CNRS hybrid
magnet (High Field National Laboratory, Grenoble). The
quoted field values are within an accuracy of 10~3 tesla over
the length of the strand between the voltage contacts.

The sample current was measured using a shunt with an
accuracy of 0.5%.

The greatest source of inaccuracy is the possible tem-
perature gradient between the top and the bottom of the
titanium mandrel. In the presence of current the inevitable
sources of Joule heat must be minimized. In practice, the
temperature can be reduced by careful consideration of the
thermal paths intrinsic to the sample support, and can be
compensated by an adequate temperature regulation of the
cold end of the current leads.

In practical terms this means that the accuracy in the
determination of temperature is limited to ± 0.025 K (mean
square deviation) up to 8 K and ± 0.05 K (mean square
deviation) up to 17 K.

Analysis
Kramer's model

The dependence of critical current density Jc on magnetic
field B can be inferred from the flux pinning model. The
expression for the volume pinning force Fp (B,T) = B x Jc

(B,T) is most often used in the form of multiplication of
two functions; one is temperature-dependent Fp0 (7~), the
other magnetic field-dependent. In general, the magnetic
field-dependent part can be written as

f{b) = V{\ - by

where b is the reduced magnetic field b = BIBc2 (Bc2 is
the so-called upper-critical field) and p, q are parameters
dependent on the specific material.

The commonly accepted and widely used flux pinning
model of Kramer predicts P = 0.5 and q - 2, for most
Nb3Sn superconductors. In the frame of Kramer's model it
is possible to extrapolate the value of the upper critical
magnetic field Bc2 from 7C (6) measurements, at a fixed
temperature (for instance T = 4.2 K). The Kramer current,
/k, is decreasing linearly as a function of the field and is
crossing the 6-axis at Bc2

4 = 1?:5B°25 = A(Bc2 - B)

where A is a function only of temperature for a given super-
conductor. In Figure 5, /k is plotted for strands 1 and 2.
The Kramer's fit (solid line), shown in figures, is good,
with a linear regression coefficient larger than 0.99.

For both strands, the high Bc2 value, as obtained by this
linear extrapolation, is certainly larger than the actual criti-
cal field because of the peculiar downward curvature for B
> 18 7 in the Kramer plot.

n Value determination of strand 1

The n value can be determined by plotting log V vs. log /.
The n value is the slope of such a log V vs. log / fit, calcu-
lated through the least squares method. Typically, the elec-
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A Kramer plot of the critical current versus field at 4.2 K for the strand 1
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Figure 5 A Kramer plot for strands 1 and 2, respectively.

25 30 y = -1.791.8 + 44.506
Bca = 24.85 T

trie field range used to determine the n value is 0 .1-
1 /u,V/cm.

The n values generally decrease with increasing magnetic
field. But, as is seen in Figure 6, an increase in the mag-
netic field does not cause an appreciable decrease in n
value.

Equation of critical current density

The critical current density Jc strongly depends on the mag-
netic field, temperature and strain. Summers et a/.4 obtained
the following critical current density formula as a function
of field B, temperature 7" and uniaxial intrinsic strain e, on

the basis of the previous work of Hampshire et al.5 for
temperature dependence, and Ekin6 for strain dependence.

Jc.(B,T,e) = C0(Bc2(T,€))-"2

(1 -?)2b~m{\ -bf {Aim2)

where

Bc2(T,e) = Bc20(6)(l ~t2)(l-t/3) (T)

Bc20(e) = Bc2Q,n(l - 900 | e | 1 7 ) (T)

b = BIBc2(T,e)

(1)

(2)

(3)
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n-value versus magnetic field at 4.2 K for the VAC strand
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Figure6 n-Value vs. magnetic field at 4.2 K for strand 1.
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(4) For strand 1, we have finally found:

BC20m

r c O m

= The maximum (strain-free) upper Kramer
critical field (T)

= The maximum (strain-free) zero-field critical
temperature (K)

= The coefficient independent of field,
temperature and strain (AT°5m~2)

= The uniaxial strain

The last four are input parameters for fitting.
It has to be clearly pointed out that the Summers model,

through Equation (1), is that consistent with a Kramer
approach of the upper critical field. All the critical fields
in reference in the model (Bc2, Bc20, B,.20m) are Kramer
fields, and not actual critical fields.

Basic consideration of curve fitting

Instead of finding the four parameters through a fit of
expression (1) to the experimental we have chosen a differ-
ent approach. fic2om and 7"cOm will be discriminated thanks
to a partial check of the Summers model through Equation
(2), which does not involve Co. This last parameter will be
determined in a second step by fitting Equation (1) at 4.2 K.

Fitting of critical current data of strand 1

In the frame of Kramer's model it is possible to extrapolate
the value of the upper critical field Bc2 (T) from /c (B)
measurements, at different temperatures, 7". The experi-
mental values of the Kramer upper critical field Bc2 at dif-
ferent temperatures, T, have been fitted to the Summers
relation (2) where Bc20 and Tc0 are the coefficients determ-
ined by the least squares method (see Figure 7). Two dif-
ferent heat treatments have been applied to strand 1,
remarkably leading to the same curve Bc2 (7") and affecting
only Co.

T^ = 16.2 K

The strain e relates to sample fabrication or handling,
and operation conditions (temperature, Laplace force). We
assume a precompression of - 0.22%, an assumption con-
firmed by recent experiments.

Using the relationships of (3) and (4), we have deduced
the value of the maximum (strain-free) zero field critical
temperature TMm and the maximum (strain-free) upper criti-
cal field Bc2Om.

Bc2Om = 32.5 T

TcOm=\6AK

Up to now, for the ITER project, the basic design criteria
have taken into account in a simplified approach, for all
strands:

Bc2om = 28 T

This is not satisfactory as is pointed in Figure 7.
Therefore the best fit to the experimental critical current

data at 4.2 K has been found by using constant parameters
of Bc20m, TcOm and e, and varying Co. So, the experimental
values of the critical current /c at 4.2 K has been fitted to
expression (1) where Co is the coefficient determined by
the least-squares method. We finally found:

C0=7.05l09Arosm-2.

The agreement of the experimental critical current data
at 4.2 K with the curve expressed by Equation (1) is fairly
good for the following parameters:

. 9.98 -
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Comparison of Summers fit of BC2 (T) versus data for the strand 1
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Figure7 Comparison of Summers fit of Sc2 {Tl vs. data for both strands.
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20

Bc2Om = 32.5 T

T^m = 16.35 K

Co = 7.05

e = - 0.22%

(5)

These parameters (Bc2Om, TcOm, Co and e) are held con-
stant for the calculation of the critical current density Jc vs.
the magnetic field B at temperatures between 4.2 and 11 K.

It is seen that the fitting of experimental critical current
data, using Equation [ 1 ] with the values of the parameters

given in Hampshire et al.s, is reasonably appropriate (see
Figure 8).

Fitting of critical current data of strand 2

In the same way, the agreement of the experimental critical
current data at 4.2 K with the curve expressed by Equation
(1) is fairly good (see Figure 8) for the following para-
meters:

Bc2Om = 29.1 T(Bc20 = 28.6 T)

TcOm= 16.9 K(Tc0= 16.SK)

Cryogenics 1997 Volume 37, Number 12 871 - 299 -
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Comparison of calculated values of Jc versus data, at different
temperatures for the strand 1 (low temperature region)

2.500E+09

2.0OOE+09

de
ns

rr
en

t

u

iti
ca

C
ri

1

1

5

0

.500E+09

.000E+09

.000E+08

.OOOE+00

Q Jcmes(4.2 K) i

Jccal(4.2K)

O Jcmes(5.2 K)

Jccal(5.2 K)

X Jcmes(6 K)

Jccal(6K)

+ Jcmes(7 K)

Jccal(7 K)

5 10 15

Magnetic field (T)

20

o

(a)

Comparison of calculated values of Jc versus data, at different
temperatures for strand 2 (low temperature region)

2.500E+09

2.00OE+09

1.500E+09

t 1.000E+09
3
U

"3
.H 5.000E+08

0.000E+00

-A

!\\N

\
,\\

•

\

\

s

0 JCmes(4.2 K) j

O JCmes(5.2 K):

; JCcal(5.2K)

X JCmes(6K)

; JCcal(6K)

; + JCmes(7K)

; JCcal(7 K)

10 15 20

Magnetic field (T)

Figure8 Comparison of calculated values of Jc vs. data, at different temperatures for both strands, (a) High temperature region;
(b) Low temperature region.

Co = 1.13 10'° AT0Sm-2

€ = -0.16%

the temperature measurement accuracy which is situated at
a lower level ( < 10%). It points out the limits of the
application of the model.

Divergence ratio of experimental J c from
summers model

In Figure 9, the divergence ratio of experimental 7C from
the Summers model is presented as a function of fields and
temperatures for both strands. It is clearly visible that the
experimental values of JQ diverge at high fields and high
temperatures in comparison with the values given by the
Summers model. This divergence cannot be explained by

Remark on Kramer upper critical field Bc2 vs. T

In Figure 10 (for both strands 1 and 2), the actual values
of Bc2 obtained by zero linear extrapolation of 7C (7"), at a
given magnetic field, B, are compared with the fit
(expressed by the relation (2)) deduced from the experi-
mental values of the Kramer upper critical field Bc2 at dif-
ferent temperatures, T. This is to point out the large discrep-
ancy between the Kramer upper critical field and the actual
upper critical field, especially at high field.
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Conclusions

We have analysed the measurements of the critical currents
of two Nb3Sn strands manufactured by European compa-
nies. The measurements were performed at temperatures
between 4.2 and 11 K in magnetic fields up to 20 T. In the
frame of the Summers model, we have proposed a method
to fit the experimental results, using a fit of experimental
Kramer Bc2 (T). For both European strands the method is
satisfactory: around 8 K and 13 7", a range of temperature
and field which are quite relevant for ITER design, the
divergence ratio is around 10%, which is acceptable.
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A Variable Temperature Cryostat to Measure JnonCu(T) of ITER Strands up to 20 Teslas
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The determination of the non-copper critical current density JnonCu is crucial for the
development of Nb3Sn strands for ITER coils. The temperature dependence of
JnonCu m a magnetic field plays a leading part in determining the operating
parameters and stability of the ITER coils. We describe the development of a
variable temperature cryostat based on a new concept. This new cryostat is able to
measure critical currents up to 600 A in fields up to 20 T in a temperature range of
4.2 K to 20 K.

INTRODUCTION

The different conductors of the ITER magnets are made of cables of superconducting strands. The ITER
specifications on the critical properties of these strands mainly concern the critical current density to be
achieved at 4.2 K and 12 T and the level of hysteretic losses. The model predicting the critical current
density of Nb3Sn as a function of the field and the temperature has been historically presented by
Summers [1]. This model involves several parameters and coefficients which need to be carefully
characterised for the practical industrial wires used for ITER. Indications already exist on the important
variations which take place from one strand to another and this is not surprising in view of the great
variety of processes used : internal tin, modified Jelly Roll, bronze route. More precisely the behaviour of
the strands as a function of the temperature has to be checked for every strand. In fact the operating
temperature taking into account the design of the cables is never 4.2 K, the usual test temperature for
strand benchmarks but generally temperatures greater than 5 K. The new cryostat presented here must
help in obtaining information in this direction. It will be able to measure critical currents up to 600 A in
the 4.2 K to 20 K range and in magnetic fields up to 20 T. The design allows to insert the cryostat inside
the bore of the hybrid magnet of the CNRS High field laboratory.

PRINCIPLE OF THE CRYOSTAT

The difficulty in measuring the critical current of ITER type superconducting strands, in magnetic fields
which can reach 20 teslas, is to supply a current of about 600 A to the strand to be tested without
temperature modification. To solve this problem, we used a new principle (cf. Figure 1). Two current
leads are cooled by helium circulation, their two cold ends are connected by a sample support making up
a thermal shunt. The superconducting strand to be tested is wound around this support and thermalized by
helium which is at the same temperature. The electrical resistance of the support must be high enough for
the current going through it to be insignificant, when the strand to be tested is in superconducting state.

DESCRIPTION

Test cryostat
This is an insert-cryostat which is placed in an existing 80 K cryostat. The general diagram is shown in
Figure 1. It essentially includes a helium tank of about 18 liters (height = 1.08 m, external diameter =
0.1 64^ m internal diameter = 0 0761 mï This annular tank is nresçiirisp.d un in a maximum nressnre of
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Figure 1 General diagram of the new cryostat

0.29 MPa. It therefore allows to perform measurements in supercritical helium. A pressure/backpressure
regulator system regulates the pressure to the desired value. The helium extracted through the lower part
supplies the two current leads. If liquid helium is used, an evaporator/heater helps to supply the current
leads in helium gas at an adjustable temperature. Two control valves, placed at the outlet of the current
leads, regulate the temperatures of the two cold ends at the same set point (5 K < set point < 20 K). The
stability of the temperature is then better than 0.05 K. The sample holder is connected to the cold ends of
the current leads. All of the test cryostat is maintained under vacuum by a cryopump. This pump is made
by sticking coconut charcoal grains to the bottom of the helium tank. The lower part of the cryostat is
removable so as to allow the sample to be introduced. An indium seal ensures tightness versus vacuum
with a cold auto-tightened mounting.

Current leads
We used the same technique as that described before [2]. The main characteristics of these current leads
are described in Table 2. They consist of a copper braid cooled by helium. This braid is introduced into an
insulating tube. This tube is then introduced into a stainless steel tube ensuring tightness versus the
external vacuum. This technique helps to avoid cold insulating electrical breaks on the helium supply
tubes. The ends of the braids are soldered in OFHC copper end pieces. The temperature of the cold end of
these current leads is regulated by the TCV valves (cf. Figure 1), which act on the helium flow rate. The
electrical and thermal connection with the sample is ensured by a pinched connection on the cylindrical
ends of the current leads. The surfaces in contact are machined with care and gilded.

Magnetic field temperature measurements
The sample temperature must be precisely known whatever the magnetic field. We used new Cemox
sensors (type CX 1030) specially developed by Lakeshore for magnetic field measurements. Three
sensors are mounted on the sample holder to verify the possible temperature gradient in the presence of



Table 2 Main characteristics of current leads

copper
wire diameter
number of wires
diameter of the braid
length of the cooled braid
LI/A at 600 A

Cual - 85<RRR< 100
0.3 mm
624
11.8 mm
1.925 m
2.62 107A/m

current. Two other sensors are mounted on the cold ends of the current leads and help to ensure their
temperature regulation. We measured the effects of a magnetic field up to 20 teslas on these sensors.
These measurements were made at constant temperature in a boiling helium bath at 4.21 K. Figure 3
shows, depending on the magnetic field, the errors in terms of temperature for the five sensors. The
maximum error made at 4.21 K remains inferior to + 0.02 K for a field of about 15 teslas. For a Allen-
Bradley carbon resistor, this error is of - 0.14 K at 20 teslas and continues to increase. Each sensor is
mounted in a calibrated hole with grease.

Sample
The sample (Figure 4) is connected to the current lead ends by two high-purity copper bus bars (RRR «
400) which are as symmetrical as possible to minimise the temperature gradient. The reaction mandrel is a
VAMAS titanium mandrel which is also kept for the test without any transfer and possible associated
degradation. Two copper ends are soldered on the titanium mandrel for the sample terminations. A thin
copper cylinder is added after reaction so as to ensure a very uniform temperature of the mandrel. This
piece is not in electrical contact with the strand so as to avoid any low resistance short circuit. Two
Cernox sensors are installed at the top and the bottom of the sample. The third one is installed in the very
middle of the sample. The insertion of the sensor in front of the central turn of the sample is possible by
drilling a transversal channel in the mandrel. Two voltage couples, one across the central turn and the
other across the 7 turns monitor the resistive transition of the sample.
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Figure 4 Simplified drawing of sample
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Figure 5 Nb3Sn strand, temperature dependence of critical current in self field

RESULTS

The first tested sample is a Nb3Sn multi-filamentary wire manufactured by Vacuumschmelze,
corresponding to ITER specifications. This strand ( 0 = 0.81 mm) is reacted on a titanium mandrel at
650°C for 160 h under vacuum. The basic data from which the critical current of the Nb3Sn strand is
determined, is a plot of voltage drop, V, as a function of current, I: the V-I characteristic. This voltage
drop across the twisted pair of voltage taps is amplified and recorded on a data acquisition system. The
critical current value Ic is defined as the sample current at which the electric field E, measured along the
sample wire, is equal to 0.1 uV/cm. The measurement procedure chosen was to establish a uniform
temperature on the sample and then to ramp the current up to the critical current. This procedure has been
applied over a range of temperature from 12 K to 17.6 K. For these tests, the only magnetic field is the
self field of the sample. Figure 5 shows the dependence of critical current on temperature. The
extrapolation of this curve at low currents yields the critical temperature T^ of the material. For the first
sample, a Tco value of 17.6 K has been pointed out corresponding to a strain s = - 0.35 % according to the
formula [1]:

= Tc o m(l -900 |e l 1.7 \ 1/3 withTcom=18K

CONCLUSION

This new cryostat allows the measurement of critical current (I < 600 A) to be performed in ITER-type
superconducting strands within a large temperature and magnetic field range. It uses a new principle of
thermalization of the superconducting strand. We validated its principle by measuring the critical
temperature Tco of a Nb3Sn strand in its self field. The measurements under magnetic field will start end of
96 at the CNRS High Field Laboratory in Grenoble
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Abstract— In many applications using superconducting ca-
bles such as tokamaks for fusion, the angle between the strand
axis and the applied field can take values different than 90.
Estimating the critical current value for any angle knowing
only its value for the well-known perpendicular orientation at
a given field, is very useful. A model is presented that could
achieve, for a given material, such a result thanks to an intrin-
sic parameter, called the anisotropy parameter, defined as the
ratio of the axial critical current in a perpendicular field to the
azimuthal critical current in a parallel background field. To
check the model for Nb3Sn, this parameter has been measured
on Nb,Sn untwisted strands. We used two methods : one based
on magnetic measurements and the other on critical current
measurements with several field orientations and strengths.
Unexpectedly an anisotropy of the critical current density as a
function of the field orientation has been pointed out in these
measurements.

I. INTRODUCTION

Our goal is to describe the dependence of the critical cur-
rent on the field orientation for Nb3Sn composites. A theo-
retical model developed for NbTi with ellipsoidal volume
pinning centers is applied on Nb3Sn strands (see section
LA). This model uses the anisotropy parameter P defined as
the axial critical current density in a perpendicular field, Jc,
divided by the azimuthal critical current density in a parallel
field, Js.

(1)

Because Nb3Sn composites experience the heat treatment
after the strand drawing, one could expect that P is equal to
one. Indeed by contrast to NbTi (P=0.3), there is no strand
drawing after the -superconducting phase formation. The
critical current has been measured for various angles and
field strengths on an "internal tin" untwisted composite to
check our model, and P has been directly measured on a
"bronze route" untwisted composite (see section I.B). These
measurements show an unexpected critical current anisot-
ropy at low angle (<45 ) (see section II). Our model cannot
explain these experimental results (see section III). Never-
theless, the pinning force versus the field orientation can be
deduced from the measurements
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Fig. 1. Definition of J^, Jce and a.

A. Model

Assuming that the pinning centers are ellipsoidal defects,
References [1],[2] show that the critical current density as a
function of the field orientation is given by (2).

1

|sin(a)|A/sin2(a) + P 2 c o s 2 (a)
(2)

where P is the aspect ratio of the ellipse, a is the angle
between strand axis and field (see Fig. 1), B is the magnetic
field ,T is the temperature and Jc0 the critical current density
in perpendicular field. Jc0{B,T) is given by Summers in [3].
Ja is also a function of the strain applied on superconducting
filaments. It is not considered here as the strain is the same
for our all samples.

According to (2), it can be shown that P = P. That is
why only the current anisotropy parameter P will be used in
this paper. Finally, we get simply the model Jc(B,T,a) given
by (3).

Jc(B,T,a) =
£|sin(a)|Vsin2(cc) + P 2 cos2(a)

(3)

where t=T/Tc

b=B/B,
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B. Experiments

1) Strands: Two kinds of strands are used. Both are un-
twisted strands to ensure that the superconducting filament
orientation is given by the strand orientation. Concerning
critical current measurements, the strand is an "internal tin"
composite made by GEC Alsthom with a low critical current
density so that the critical current remains low, even at low
angle of the field, in the "force-free" domain. The heat
treatment is a 6 C per hour ramp up followed by a plateau at
660 C for a duration of 240h.

For the hysteresis loss experiments, an ITER type strand
from Vacuumschmelze is used. It is a "bronze route" com-
posite. The heat treatment is a plateau at 570 C during 220h
followed by a plateau at 650 C during 175h.

2) Critical current experiment: Critical currents are
measured on a ITER type mandrel made of Titanium alloy
(Ti-6%A1-4%V). Five mandrels are used corresponding to
five orientations : 90 , 60 , 40 , 30 , 20 . The field orient a-
tion is controlled by the twist pitch of the strand around
mandrel (see Fig. 2). The mandrels have been designed to
allow the electric field measurement on a distance of 10 cm.
The distance between the copper shell and the first voltage
tap is at least 10 cm. It avoids any perturbation of electrical
field due to the current transfer from the copper shell of the
strand to the filamentary area, see [4]. The voltage criterion
is 0.1 V/cm, i.e. 1 V on our samples. The noise voltage was
+/-0.2 VRMS except at 20T where the voltage noise was
+/-1 VRMS. Critical currents were measured from 13T to
23T in the test facility of the Grenoble High Magnetic Field
Laboratory, France.

3) Losses experiment: The hysteretic losses of a cylindri-
cal combination of 88 strands have been measured in a per-
pendicular and parallel field. The classical magnetization
method using two compensated pick up coils were used with
trapezoidal cycles (AB=0.52T and 6^=0,1,2,3^. Several
field variation rates dB/dt were applied (see Fig. 5 for the
perpendicular orientation). Hysteretic losses are deduced

12

Fig. 3. Critical current as a function of the angle and the field strength.

from the linear extrapolation of the curve W(dB/dt) to dB/dt
equal to zero. Then we measured the hysteretic losses for
four different background field strengths in perpendicular
(Wj_) and parallel {W,,) orientation.

n. EXPERIMENTAL RESULTS

A. Critical current

The results are presented in Fig. 3. Firstly, using the
scaling law (4) proposed by Kramer [5], we can deduce Bc2*
for each orientation.

(4)

Bj, in this case, is the upper critical field deduced from
fitting the Kramer s law (4) to our measurements and not the
intrinsic Ba value. Then from (3) we can deduce the P value
for each angle. This P value is the current anisotropy de-
duced from (3) assuming a volumetric ellipsoidal pinning
shape. Table I summarizes those calculations.

According to the model we should find the same P value
for each angle. So it seems that the proposed model is not in
total agreement with our measurements. Nevertheless our
goal is to understand how the critical current is influenced
by the field orientation. As the pinning force Fp is the key

TABLE I
Ba' AND P VALUES DEDUCED FROM THE Jr(B,a) CURVE

Angle (T)

90
60
40
30
20

23.0
23.1
22.7
22.4
22.3

1.02
0.98
1.12
1.35
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factor, we can draw that force as a function of the field
strength and orientation thanks to (5).

F,(cc,.B) = / , ( * ) • £ • since (5)

As Bc2* varies with the angle, we eliminate it using a re-
duced pinning force fp defined by (4). According to (4),/p is
independent from Ba*.

The curve fJfp(90 ) as a function of the field orientation
and strength is drawn in Fig. 4. This figure puts forward the
anisotropy as a function of the angle. The composite is
nearly isotropic from 90 to 45 . The anisotropy appears for
angles lower than 45 . It is important to notice that the re-
duced pinning force is independent of the field strength,
except at 20T, as expected according to (4). The disagree-
ment at 20T can be explained by the lower accuracy of
measurements at this field strength.

The 0 dot is deduced from the hysteretic losses meas-
urements (see following section).

B. Hysteretic losses

Table II summarizes the results of our hysteretic losses
measurements. By extrapolating the curve Wj_(dB/dt) to the
dB/dt equal to zero (see Fig. 5), the hysteretic losses are
found.

Now, from (6), we deduce P as a function of Wx and W,,
[6].

TABLE II
HYSTERETIC LOSSES AND P-VALUE

K
0
l
2
3

(T) W, (mJ/cm!)
11.4
6.7
5.1
3.4

W., (mJ/cm1)
5.2
3.0
2.0
1.6

P
1.72
1.75
2.00
1.67

0.2
dB/dt (T/s)

Fig. 5. Perpendicular AC Losses as a function of field rate for different
background fields. The inset shows the shape of the field cycle (AB=0.5T).

p = -
JcQ{Bu) 4 W,,

(6)

The preceding equation assumes that the effective di-
ameter of the strand is the same in the perpendicular and
parallel orientation. As concerns the "bronze route" process,
this assumption can be justified keeping in mind that the
effective diameter in the perpendicular orientation is the
filament diameter. Then, coupling effects between filaments
are negligible.

Table II gives the results of P calculations. If we assume
P=1.8, the mean value of our measurements, we can add a
new point at 0 in Fig. 4, keeping in mind that

o_f.(W)/
7,(0°) . We can see that this new measure-

ment is in good agreement with our critical current meas-
urements (dots from 20 to 90 in Fig. 4). As they were pe r-

NbTi

330

Fig. 6. Possible shape for Nb,Sn defects (bold line). The ellipse refers to
NbTi defects (P=0.3). O is the strand axis
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formed on an internal tin and a bronze route process
composites, it means that the pinning seems to have the
same origin for the two processes.

III. POSSIBLE SHAPE OF PINNING CENTERS

The model proposed does not fit our experimental data.
This model assumes that the pinning centers are ellipsoidal
defects. If we consider that our pinning centers are always
volume defects in the superconductor, according to Takacs
[1]> fpW^hr w n e r e Kg is m e length at which the flux lines
cross the defects. Then, as we know the function /p(a), we
can deduce a possible shape of defects (see Fig. 6). If the
ellipsoidal assumption was true, we should have found an
ellipse (see the NbTi defect in Fig. 6). We must keep in
mind that commonly the grain boundaries area are consid-
ered as the pinning centers in Nb3Sn. A volumetric defects
model has yet been tested in order to get a simple equation
that could describe the average influence of the field orien-
tation on the critical current density. So, the defect shape
found here just shows that pinning centers are more efficient
in the radial direction than in the longitudinal direction.
Nevertheless, this anisotropy should be visible at the macro-
scopic level in the grain shapes. Primary microscopic obser-
vations, performed on "internal tin" strands which have ex-
perienced a similar heat treatment (with a "low" temperature
plateau around 660 C), have shown that Nb3Sn grains are
indeed elongated in the radial direction [7]. These observa-
tions have already been performed on bronze-processed
multifilamentary Nb3Sn superconducting strands [8].

IV. SUMMARY

Critical currents for five field orientations have been
measured on an untwisted strand. These measurements have
pointed out an anisotropy effect for angles lower than 45 .
An additional hysteretic losses measurement has allowed us
to measure the anisotropy in parallel orientation. The result
was in good agreement with our critical current data. Then,
we find the pinning force as a function of the field orienta-
tion. By a comparison to the analysis of NbTi pinning force,
we propose a shape of the defects, in Nb3Sn. It is interesting

to notice that both results: critical current measurements on
"internal tin" strands and hysteretic losses on "bronze route"
strands were very well correlated. The dependence of the
critical current density on the field orientation seems to have
the same origin.
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Abstract—This paper presents the results of a stability
experiment performed on a Nb3Sn cable-in-conduit conductor
(~ 23 meter long), cooled with a supercritical helium forced
flow. In the test facility a pulsed superconducting coil has been
integrated in the bore of the main background magnet. The
energy input is so deposited over the whole length of the tested
conductor thanks to the losses created by a fast discharge of the
pulsed coil. The magnetization technique (using pick-up coils)
enabled us to measure directely the losses during the stability
experiment itself. The conductor has been found to support
unexpectedly large field change rates, however, because of the
saturation of the superconducting filaments by coupling
currents, the energy deposited was actually limited to a rather
low value.

]. INTRODUCTION

After an analysis of the results of the losses measurements
generated by a transversal field change reported in [1], we
explain how a saturation effect due to interfilament coupling
currents through the matrix material, can lead to a non
transition of the sample coil, submitted to large field change
rates, because of a limitation of losses.

II. EVALUATION OF EFFECTIVE TWIST PITCH LENGTHS

The basic strand (Nb3Sn) for the cable has an outer
diameter of 0.73 mm and a Cu/Non-Cu ratio of 1.5:1. A
detailed description is given in [1].

The cable consists of a quadruplet of triplets of basic
strand. The basic strand is twisted with a twist pitch length
Pj= 12.5 mm. Afterwards a triplet is formed (3x basic
strand) with a twist pitch length p 2 = -21 mm. The final
cable is obtained by cabling four triplets with a last stage
twist length p 3 = -40 mm. The twist pitches of the two cable
stages are chosen to detwist the basic strand and therefore
increase its coupling losses thus increasing the amount of
energy deposited in the cable for a given magnetic field

variation. The equivalent twist pitches length p*, p 2 , p 3 of
these cabling stages have been calculated using the relations:

1 1 1 1 1 1 1 1 1
—r = — + — + — and — = — + — and —- = —
Pl Pi P2 P} p2 P2 P3 p3 P3

We found:

Pl

P2 - - I 3 . 8

P 3 = - 4 0

mm

mm

mm

The equivalent twist pitches length p , , p 2 , P3 of these
cabling stages have been measured. We have obtained:

p * very difficult to appreciate

p2 ~ - 1 3 mm

p3 = -40 mm

The cable is inserted into an AISI-304 stainless steel
circular pipe, which is afterwards compacted and forms the
jacket of the conductor.

III. AC LOSSES CALCULATIONS

The time constant 9C of the composite has been evaluated
from a model described in [2]. This loss time constant has
been estimated to be equal to: 9C « 0.3 ms, for a RRR = 85
and a background field of 8.5 T.

The equivalent twist pitch pi of the strand affects greatly
the value of the coupling time constant B\. The calculation of
this time constant of the strand inside the cable is given by
the following relation:

which leads to:
35 ms.

The dominant single strand loss mechanism in a pulsed
application is due to filament coupling currents. But in the
cable, when the pressure between strands reduces the contact
resistance enough to allow induced currents to cross strand
interfaces, interstrand coupling loss mechanism occurs.
Determination of coupling losses between adjacent
superconducting strands, however, is a particulary complex
calculation. This is due to the nature of the cable geometry

0018-9464/96505.00 © 1996 IEEE
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(strands are twisted into triplets, then into quadruplet of
triplets) and compaction, and strand surface preparation. At
all of the crossover points there may be stresses exceeding
the yield point of the matrix material, while at other locations
the strands are just touching or even completely isolated.
Consequently, the contact resistance between strands cannot
be determined exactely.

The cable AC losses time constant 0 can be written as a
summation of N time constants 8n , each of them being
associated to the contribution of each cabling stage to the
total AC losses [4].

n=I

Each 8n corresponds to the increase of AC losses at each
new cabling stage n.
In a general way we write (for n> 1):

Pn
l - v n-I

where pn , p n , vn are respectively the effective twist pitch
length, the effective resistivity, and the average void fraction
of cabling stage n.
We have also:

Pn =
Pbeb

e n R n - I

*« * rn_i •
a n d P n = P n - o Pn-1Rn-1

where p n , Rn-l»rn-i» sn a r e respectively the equivalent
twist pitch length, the outer radius, the twist radius and the
contact area ratio of cabling stage n, and pbeb is the product
(resistivity x thickness) of the contact resistive barrier.

Application: for n = 2:

with

P2 «-88.6 mm

pb=4.87 10"8 Qm

e b ~ l l 10"6 m
2 » 0.05 (average value)

r, = 0.25 10"3 m

R, =0.365 10~3 m
v, =0

we found: 0 2 - 4 ms

For n = 3:

with

P3 a-47.6 mm

pb=4.87 10~8 Qm

e b ~ l l 10~6 m
s3 a 0.02 (average value)

~3r2=0.46 10

R2=0.83 10~
v2 = 0.43

m

m

we found: 8 3 - 2 ms

We obtain the theoretical cable AC losses time constant I

9 = 8, +82 +83 =41 ms

The experimental time constant associated to the coupling
losses determined in [1], has been found to be in agreement
with the theoretical estimation given before. In conclusion,
we have found that the time constant 8] is very large in
comparaison with the other time constants 8 2 and93 .

IV. SATURATION EFFECT

When B increases a part of strand filamentary zone
becomes saturated in current. When the sweep rate of the

field B increases, the condition in order to extend the
saturated region over the whole diameter of the filamentary
zone, can be characterized with the reduced parameter P [3]:
this condition is:

P ] = 8 , A B
x.B, >0.4

with the full-penetration field Bp = u.g.r|.Jc.r|, where r| is
the proportion of supraconductor in the strand, Jc is the
critical current density at 8.5 T and 4.2 K, and r, is the radius
of the strand filamentary zone,
with the experimental conditions:

TI = 0.4, J c =760 A / m m 2 , r, « 0.25 mm, 8) ~ 35 ms.
AB = 0.66 T and T«21.6 ms, we found: P i~H-
Although the field variation AB decreases during the
discharge of the pulsed coils, Pj remains greater than 0.4
during the quasi totality of the time duration of this
discharge.
In the same way, we can introduce the parameter p2which
characterizes the saturation of the triplet:

_8 2 .AB /

' T . B P

with the full-penetration field Bp = uo.r|.(l - v 2 ) J c . R; .

where n, is the proportion of supraconductor in the strand, v2
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is the average void fraction of the triplet, Jc is the critical
current density at 8.5 T and 4.2 K, and R2 is the radius of the
"triplet" zone.

With n = 0.4, v2=0.43, J c =760 A / mm2,

R2 =0.83 mm, 9 2 ~ 2 ms, AB = 0.66 T and
I =21.6 ms, we found: (32 =0.3.
Consequently, the triplet is not completely saturated.

V. MEASUREMENT OF THE TIME CONSTANT OF THE

INTERSTRAND COUPLING CURRENT

When the external field Be decreases in an exponential way,

0 ^

B. = B n + AB.e (1)

(T is the characteristic time of the exponential changing
field), the"internal" field Bj verifies the relation given by the
well known formula:

B e - B i =6.Bj (2)

where 8 is the time constant of the interstrand coupling
current. The relation (2) is no longer valid for high rates of
pulsed field that means in the saturated region.
From (1) and (2), we obtain:

(3)
T —

We calculate the magnetization M due to the interstrand
coupling currents using the following relation:

8.AB - t / - i /

From (1) and (4), we can deduce the following expression:

dM
(5)

Let us consider now the magnetization curves obtained
during the campaign of the A.C losses. For large rates of
transversal pulsed field, if the filaments become saturated
(with the critical current density), the magnetization due to
the interfilament coupling currents remains constant at its

saturation value Msat (we supposed that during the pulse, the
variation of the cable temperature is low
AT<ATmax=0.7 K).

Consequently, the slope of the measured magnetization
curves allows then to determine the time constant G of the
interstrand coupling currents (from the expression (5)) and
therefore the magnetization M due to the interstrand coupling
currents (from the expression (4)).
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Fig. 1. Magnetization curves as a function of applied field is the
measured magnetization curve, is the calculated magnetization curve
due to the interstrand coupling currents and — • — is the magnetization

curve due to the interfilament coupling currents.

By difference between the measured magnetization curve
and the calculed magnetization curve M due to the
interstrand coupling currents, we obtain the magnetization
curve due to the interfilament coupling currents. We can then
verify that the filaments become saturated and we can

calculate the saturation value of the magnetization M sa t .
In order to illustrate the preceding subject, we consider the
magnetization curve obtained during a fast discharge of the
current in the pulsed coils ( an amplitude field variation AB =
0.66 T and a discharge time constant T= 21.6 ms), at
Bo = 8i T and T = 4.2 K (see fig.l). Considering the points
A and B of the magnetization curve (see fig.l), we
determined the slope and we deduced from it the time
constant of the interstrand coupling current. We found
9 = 2 ms (in accordance with the calculation of previous
section). By difference between the measured magnetization
curve and the calculed magnetization curve due to the
interstrand coupling currents (from the expression (4)), we
obtained the magnetization curve due to the interfilament
coupling currents (see fig.l). The evaluation of the saturation

value of the magnetization Msat due to the interfilaments

coupling currents gives: M s a t« -0.04 T.

VI. RESULTS OF THE STABILITY TESTS

The conditions selected for the most interesting stability
margin measurement was a background field of 8.5 T and
operating currents up to 1300A (the measured maximum
"stable" current). The results of these measurements show
that the maximum deposited energy (about 70 mJ/cc) does
not quench the sample coil. This result is in agreement with
the theoretical result [1] which shows that the critical energy
value (about 100 mJ/cc) is higher than the maximum input
energy. The saturation of filaments, during the discharge of
the current in the pulsed coils, restricts the deposited energy
range, thus preventing from obtaining the full stability curve

- 3 1 5 -
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as desired. In order to explore a wider energy margin range
the only solution is therefore to increase the field change AB
on the sample coil, rather than to work with higher field
change rate ( because of saturation).

However the interpretation of the results may be a difficult
problem when the variation field is too large (AB > IT).
For instance, for a field variation AB = -1 T, at a
background field B = 9 T, 4.2 K and an operating current
I = 1300 A, the difference between Tcs at 8 T and Tcs at 9 T
is relatively large. (Tcs(9T) = 4.6 K and Tcs(8T) = 5.1 K).

Finally, none of the stability tests has allowed to quench
the sample coil. Three main experiments have been made:

Discharge from a background field of 9.2 T

Current in the sample = 1300 A

Starting background field = 9.2 T

AB = -0.66 T

T = 21.6 ms

Total energy deposited = 7.1 E+04 J/m3

Theoretical energy margin =1.1 E+05 J/m3 (evaluated at B =
8.5 T and T = 4.2 K)

No quench of the sample coil

1300 A was the maximum stable current. The value of T is
the minimum value in relation with the voltage capability of
the heating system.

Discharge from a background field of 7.5 T

Current in the sample = 1370 A

Starting background field = 7.5 T

AB=1.13 T

T = 43.3 ms

Total energy deposited = 1.0 E+05 J/m3

Theoretical energy margin = 2.6 E+05 J/m3 (evaluated at
B=7.5 T and T = 4.2 K)

No quench of the sample coil

Discharge from a background field of 8.5 T

Starting background field = 8.5 T

AB=1.13 T

t = 43.3 ms

Theoretical energy deposited = 1.8 E+05 J/m3

Unfortunately the perturbation produced by the pulsed coils
triggered a discharge of the background field system and for
safety reason we decided not to reproduce this experiment.

Consequently, a limitation of capability of the
experimental system, associated to the unexpected low losses
of the sample coil appeared to limit severely the experimental
programme.

VII. CONCLUSIONS

The experiment presented here has allowed to confirm the
important energy margin expected in Nb3Sn cable in conduit.
Unfortunately a saturation of the filaments has limited the
maximum deposited energy. In these conditions, it turned out
that, it was not possible to explore completely and to define
exactely the energy margin of the conductor as a function of
the transport current.

On an other hand, it is to be noted that in this experiment
the energy deposited was not calculated but measured at each
shot in real time, thanks to a set of pickups coils and through
the classical magnetization loop. In this process we are quite
sure of the amount of the energy deposited.

Thus, the non transition of the sample coil, on fast pulses,
was clearly put in relation not only with a very high level of
the energy margin but with the saturation of the losses. It is
here to be pointed out thai in many stability experiments the
evaluation of the energy is not so clear and some mistakes
could be introduced.

A detailed investigation of this saturation effect has
allowed to understand that the best way to increase losses on
field pulses would have been to increase the twist pitches of
the two last stages and to decrease the void fraction.
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ABSTRACT

The critical current density of Nb3Sn under magnetic field is highly depending on the
strand strain s with a maximum value for s=0 The performances of stainless steel jacketed
conductors are usually lowered by the differential thermal expansion between steel and
superconducting filaments (Jc is divided by 2 for B=12T at T=5.5K and e=-0.7%). This is
due to the longitudinal compression appearing on the superconducting filaments during the
cooling down from the reaction temperature to 4K To overcome this difficulty, in the
reference design, the conductors of ITER are jacketed with incoloy. A progressive test
program is foreseen to demonstrate the possibility to reduce the filament compression in
conductors jacketed with A316 LN. This process is based on the use of a low thermal
expansion material for the supporting tools during the reaction phase. The performance level
of such a reacted conductor could be in principle similar to a conductor jacketed with
incoloy.

INTRODUCTION

The Nb3Sn critical current density Jc is highly depending for the high fields on the
strain s of the superconducting filaments. The critical currents of the stainless steel jacketed
conductors are usually very degraded in comparison with the optimum value corresponding
to a zero strain of the Nb3Sn (factor 2 for B=12T, T=5.5K, s=-0.7%). The well known
reason of this degradation is the longitudinal compression of the superconducting filaments
during the cooldown from the heat treatment temperature to 4K The high price of incoloy
and the uncertainty bound to its industrialization push to invent a process capable to limit the
effects of the differential thermal contractions between the materials.



The paper describes a control process of the Nb3Sn longitudinal deformation during the
temperature variations. This process, applicable to the full size ITER superconducting coils,
could limit the current degradation to the same level as the Incoloy jacketed conductors. An
associated experimental progressive program is presented.

PROCESS

The main idea is to limit the conductor deformations during all the heat treatment
cycle 300K-923K-300K by using a low expansion material tool as Invar or Titanium in order
to rninimize the Nb3Sn strain from 923K to 300K. Fig. 1 shows such a tool applied to
pancakes or layers winding.

Layer winding

stainless steel segmented
external structure

Pancake winding

Only the high field turns are concerned

stainless steel jacketed
conductor layer
to be reacted

\

continuous external
structure

the conductor groove
is helically machined

j0|0JO|O|0lO|O| T
I |o|o|oio|o76|ol

stainless steel segmented
internal structure

continuous internal
structure

Figure 1

In these two cases, the tooling cross section must be bigger than the jacket one to make
sure that:

a- the tool deformation is neglectible comparing to the jacket one
b- the tool works in its elastic area even at 923K.

The tool impose the displacements during the temperature increase and the 923K
plateau during which the Nb3Sn phase appears. The jacket is plasticized under the
compressive stress imposed by the tool and this stress is partially decreasing during the 923K
plateau due to the steel creep. Fig 2 shows the creep effect at 600°C on a 316L steel
corresponding to a relative deformation s representative of the differential thermal expansion
steel/titanium : 0.6%. After 200 hours, the last plateau duration, the residual stress in the
jacket is about 55MPa.

During the cooling down to the room temperature the jacket first recovers this
compressive stress then is put into tension by the same low thermal expansion tool. At room
temperature, the tool is removed and the conductor contracts down to a value
corresponding to the relaxation of the tensile stress in the jacket.

Such a process is quite passive and can be applied whatever the shape of the winding,
and in particular for D shape windings as in the ITER TF coils.
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Figure 2: Creep effect at 600°C on a 316L steel for an imposed s = 0.6%

THEORETICAL MODEL

The estimation of the filaments strain Sf, between 923K and 4K is composed of three
parts Sf = s1f+s2f+S3f with :

z\f : strain during the cooling down from 923K to 300K
S2f : strain due to the tool removing at 3 OOK
S3f : strain during the cooling down from 3OOK to 4K

We take also for hypothesis that the jacket is totally plastified during the last heat
treatment stage such as there is no residual-stress at 923K

The calculation of e\ and S3 is based on the model presented by Steeves1.

From 923K to 3OOK, the Nb3Sn filaments and the tooling are fully bonded and it can
be consider they have the same strain. By assuming the superconducting filaments and the
tool works in their elastic range.

(1)

The forces balance at 3OOK can be written:

+A f .a f +Atool.atool +Acu.a
ycu

with the notations:
A c u copper area
A^2 bronze area
Af filaments area
Ass stainless steel area

* 1 a r e a

(2)
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Atool--ttool- j " T~~

V tool f /923-+3Q0K

tool young's modulus at 300K
Ef filaments young's modulus at 300K
°ycu C0PPer yield stress at 300K
aybz bronze yield stress at 300K
aySS steel yield stress at 300K -» depending on the material hammer hardening

and by using Eq (1) and Eq(2):

' AL
Atool-" t : 'tool-|

* s l f =

* S2f - -cryss / E s s (stress relaxation due to the tool removing)

* £3f = -0.15% -» almost constant value for any considered solution
(plates, casing, or alone conductors)

APPLICATION

Conductor TT EDA

An application of this process has been considered in a first approach for the TF EDA
conductor. The very reduced section of jacket of this conductor allows to use a limited
section for the tooling.

The basic conductor used for the l i . tR TF coils is a circular cable in conduit made of
Nb3Sn strands. We take for example the TF conductor using FJP1 reference strands2. The
main parameters are presented in Table 1.

We consider a low expansion material as Titanium for the tooling. With a pessimistic
value ayss of 550MPa at 300K corresponding to a highly hammer hardened 316LN steel ,
the compressive stress on the filaments at 4K should be Sf = -0.49% (-0.34 + -0.15). By
supposing that S3f is compensated by the TF coil hoop strain, the strain to be used for the
conductor dimensional calculations is Sjf+S2f then -0.34%. The calculation for incoloy gives
the same order of magnitude.

Typical subsize conductor tested at FZK

The sample is a Nb3Sn subsize cable-in-conduit conductor used for experimental
parameter study1. The main parameters are presented in Table 1.

We consider the use of a low expansion material such as Titanium for the tooling., the
same yield stress : 55OMPa ayss as in the previous paragraph induces at 4K a filament strain
Sf = -0.49%. This value is to be compared to s = -0.7% really measured on stainless steel
jacketed samples manufactured with a normal heat treatment process. The critical current
gain should be about 40%. and could contribute to demonstrate the process.



Conductor
Table 1

TF Sample tested at FZK
Strand diameter

non copper area (twisted)
total copper area (twisted)

jacket area

0.78 mm
199.7 mm2

580.6 mm2

274.5 mm2

0.73 mm
7.79 mm2

7.8 mm2

21.0 mm2

EXPERIMENTAL RESULTS

The suggested process is depending on the steel characteristics during the last 923K
stage. In a first step, it appears necessary to characterize the jacket behaviour before starting
applications with real superconducting cables.

We have started preliminary tests on straight samples hi order to determine the
residual stress and strain in the steel at 923K and 300K.

The tool used is made of a low expansion material with a large square section and cut
with a central groove to receive the sample. Steel plates are screwed on the two extremities
to clamp the sample expansion (Fig.5). Two low expansion materials have been tested for
the tools: titanium (TA6V) and Invar.

General view
of the low expansion

L=500mm material tool

Central groove
8x8 cross section
for receiving the sample

Cross section
of the tooling

Extremity plate

Figure 3: Low expansion material tool

A sample is made of a 316L 8mm inner diameter and 1mm thick tube inserted into the
tool groove and adjusted in length. There are two kinds of samples (Fig.6):

Sample without shoulders where the thermal expansion during the heating from 30OK
to 923K is blocked by the tool and the thermal contraction from 923K to 300K is free.

Sample with shoulders where both thermal expansion and contraction are blocked by
the tool during the heating and the cooling down.
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Figure 4: Basic straight samples

For each test, the sample and the tool are measured before and after a heat treatment
of 176 hours at 923K under pure Argon atmosphere.

From the tests on Sample without shoulders we obtain:

-The plastic strain of the steel at 923K

spl.923 =(Ll - LO) / Lo
LQ : initial length
L^ : final length

-The yield stress of the steel at 923K (reduced by the creeping at high temperature)

fML_AL^ (11-10)

ass.923 = °° 1
-ltool923K

From the tests on Sample with shoulders we obtain:

-The plastic strain of the steel at 300K

_ ( L 1 - L 0 ) - ( L 2 - L 0 ) _ L 1 - L 2£pl.300 f f

L2 : final length after dismanthiig of the tool

-The yield stress of the steel at 30 OK (reduced by the creeping)

Jss.3OO = \
+ -

A.
'loollOOK

- 1 2 2 -



And we obtain with an Invar tool: spl.923 = -0.41%
ass.923 = 28MPa

The theoretical differential thermal expansion ss/tool -T—-—T— = -0.43% is

nearly equal to the value of spl.923 and the residual yield stress at 923K is very small. These
results confirm the hypothesis of total steel plasticity during the 923K stage.

The 300K yield stress of 316MPa is lower than the parametric value 550MPa which
should give a 0.2% strain gain on the superconducting filaments. So, we have an important
plasticity at 300K with this 316L steel.
The results with the titanium tool have been perturbated by the plasticity of titanium during
the 923 K plateau. The titanium alloy TA6V seems not usable for this process.

TOOLING MATERIAL

We have seen that the result of this heat treatment process is depending on the quality
of the tooling:

-high yield stress at 923K
-high Young's modulus
-thermal expansion as low as possible between 300K and 923K

Molybden alloys as TZM fullfffl these conditions and give a supplementary increase of
the critical current by decreasing the strain value. Table 2 gives a comparison between the
estimated working values of the filaments strain on the TF conductor for different cases:

Table 2

SS jacket SS jacket SS jacket Incoloy jacket
freely reacted reacted with reacted with

Ti or Invar tooling TZM tooling

(estimated working -0.54% -0.34% -0.08% -0.34%
value)

FUTURE EXPERIMENTS

The partial results on straight steel samples confirms the model. This leads us to
proceed farther with a test program to qualify this heat treatment process. This program will
include:

-additional tests on a straight sample made with 316LN steel and use of better low
expansion material tool as Molybden alloy.

-characterization of actual 316LN jacket by carrying out tensile tests on the jacket
at 300 K and 923 K

-comparative tests on superconducting subsize straight samples jacketed with stainless
steel (see Table 1). One will be freely reacted and the other will be blocked in a low
expansion material tool during its heat treatment.



-final comparative tests on one layer coils using a (1+2)X3X4 subsize cable jacketed
with A316L. In order to have the capability to test such coils, the number of
superconducting strands will be limited to 12. The other strands will be made of copper.
These coils could be tested in the ALINE facility (CE Cadarache) which offers a solenoid
with a 300mm bore and a 9T background field. The tests will be done by increasing the
helium temperature to reach the critical current and emphasize the strain influence.

TF COIL SYSTEM

As concerns the advantage of incoloy on conventional stainless steel, even with no special
heat treatment, the particular case of the TF coil has to be considered-^.
As a matter of fact this advantage is not so determining for two reasons :
- the action of the differential thermal contraction has to be evaluated and compared for the
two materials only between 923 K and room temperature and the full differential thermal
contraction does not apply due to the limited section of the jacket (2 mm thick).
- the differential thermal contraction between room temperature and 4 K is the same

because it is then governed in any case by the stainless steel of the coil plates.

Table 3: TF coil reduced gain brought by incoloy jacket in case of a 2 mm thick jacket
(B=12.5T,T=4.75K)

e923K->300K
s300K->4K

shoop
s(working assumption)

AT margin
safety factor(stability)

hot spot temperature
current density in the cable

stainless steel jacket
-0.535%
-0.15%
+0.12%
-0.5%

2K

155K
43.8 A/mm2

incoloy jacket
-0.34%
-0.15%
+0.12%
-0.3%

2K

155K
46.2A/mm2

CONCLUSION

The process proposed for the reaction of stainless steel jacketed conductors theoretically
allows to reduce the final compressive stress of the superconducting filaments inherent to the
steel use. The strain increase should be greater than 0.2 % corresponding to a critical current
gain of about 40 %. Better results should even be envisaged by use of low expansion
material such as molybden alloys. The first experimental results confim the validity of the
modeL The next steps of this demonstration program will have to confirm the great interest
of classical stainless steel for ITER conductors.
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Abstract—One of the driving issues in the design
of superconducting magnets for application in
fusion is the response to electromagnetic
perturbations (i.e. AC losses) on characteristic
conductor lengths of several meters. The question
to be answered is whether the stability of the
conductor subjected to energy deposition over such
lengths wili be degraded compared to the values
measured for short initial heated lengths as the
analysis based on 1-D computational models tends
to indicate. Samples of subsize CICC's have been
built, with typical sample and heated length in the
range of 10 to 35 m. Tests on these samples have
started, and we report here on the first results of
this experimental campaign.

INTRODUCTION

The fusion experiments of the next generationfl] will
use Cable-in-Conduit Conductors (CICC's) for their
superconducting magnets. Design criteria have been
deveioped[2,3] which should guarantee the stability of the
conductor for the typical energy inputs predicted, e.g. due
to plasma disruption. One of the key parameters in these
criteria is the value and characteristics of the heat transfer
coefficient between the strands and the helium. Several
experiments on stability of CICC's performed in the
past[4-6] have shown that for energy inputs over short
lengths the energy margin of a CICC is comparable to the
total heat sink in the cable, i.e. mainly the helium heat
capacity up to current sharing temperature.

This result was attributed to heat transfer enhancement
due to induced flow and increased turbulence during the
energy deposition time. In the operating conditions of a
fusion machine, however, the energy inputs are relatively
uniform over lengths comparable and longer to those
which can be travelled by sound waves in the energy
deposition time, so that induced flow (at least in the
sense of development of a velocity profile along the
conductor length) has no time to establish. So far no
experiment was dedicated to exploring this regime, that
we call here long length stability, defined by the condition
that sound waves can travel during the pulse (and
recovery) time a lentgh shorter than the length subjected
to the energy deposition. Simulations in this regime tend
to show that there should be a degradation of the stability
margin due to two effects:

i) a lower heat capacity available, as the process
happens under constant volume rather than constant

pressure conditions;

ii) the lack of induced flow and thus a lower effective
heat transfer coefficient.

Once the relevance to the design of fusion magnets
was clear, an experimental programme for the
investigation of long length stability was started[7,8]. Two
samples were fabricated, using a Nb3Sn and a NbTi
conductor[7j. The design conditions for the sample were
scaled from the operating conditions of a typical CICC for
fusion. The main objective of the experiment was to verify
the location of the weli-cooled operation boundary (giving
a precise indication of the effective heat transfer
coefficient) and measure the stability margin. Here we
report on the first results from the Nb3Sn sample which is
presently in test at CJE. Cadarache. A second sample, in
NbTi, will be tested at ENEA Frascati.

THE NB3SN SAMPLE AND TEST SET-UP

The Nb3Sn conductor used for the sample winding,
shown in Fig. 1, is a 12 strands CICC with 3O4L stainless
steel jacket. The main characteristics of strand and
conductor are reported in Tab. I. The winding (main
characteristics also reported in Tab. I) is instrumented
with voltage taps along the length to monitor normal
length development. The voltage taps are denser at the
centre of the sample length, where a degradation of the
heat transfer could be expected because of helium
stagnation. The sample is equipped with a set of pick-ups
and compensation coils, respectively external and internal
to the solenoid winding, with the purpose to measure the
magnetization of the conductor. A maximum background

Manuscript received Ociober 16, 1994
Fig. 1. Cross section of the NlgSn conductor in the 304 L jacket before
heat treatment.



TABLE I
MAIN STRAND. CONDUCTOR AND WINDING CHARACTERISTICS OF THE

NB,SN SAMPLE

Strand data:
Diameter
Cu:non-Cu
RRR
Ic (9T, 4.2K,-0.25%)

Conductor data:
Strands
Void fraction
Wetted perimeter
Hydraulic diameter
Ic (9T, 4.2K,-O.75%)

Winding data:
number of turns
inductance
length

(mm)
(-)
(-)
(A)

(-)
(%)

(mm)
(mm)
(A)

(-)
(mH)
(m)

0.73
1.5:1
100*
156.5

1x3x4
42±1
24.5b

0.44
1345'

55
0.18
21.2

•Nominal or expected values
"Strands only

SAMPLE
TERMINATIONS SUPPORTING

STRUCTURE

PICK-UP
COMPENSATION

PULSED COILS

VfAIN COILS

Fig. 2. Assembly of the Nb3Sn coil in the test set-up, showing the 10 T
background magnets and pulse coil set. Also shown is the location of the
magnetization pick-up and compensation coils.

field of 10 T is provided by a NbTi solenoid cooled at 1.8
K. A second, coaxial superconducting solenoid set
provides a maximum pulsed field of 1 T. This pulsed coil
set is connected in anti-series in order to minimise the
inductance to the background solenoid. Operation of the
sample in the test well is possible at 4.2 K, 3 to 10 bars
and up to 0.2 g/s.

CRITICAL CURRENT MEASUREMENTS

The critical current was measured both on strands heat
treated together with the sample and on the sample itself.
The results are reported in Fig. 3. They show the critical
current (scaled by the number of strands for direct

comparison with the cable) measured on the co-reacted
strands and the corresponding fit obtained through the
expression of [9] (the coefficients for the fit are reported
in the inset, intrinsic strain assumed in the strand is -0.25
%). The dashed line gives the prediction for the cable Ic,
assuming a compressive strain of -0.75 % consistently
with the steel jacket. The measurement of the cable
critical current has not been fully completed, but the
results reported for the 9.2 T operating point show an
additional 10 % Ic degradation. This result must be taken
with caution, as the cable operates with a high current
density (of the order of 130 A/mm^) and in the ill-cooled
regime[2]. This has been evidenced reporting in Fig. 3 the
value of the limiting current[2] obtained assuming typical
values for the heat transfer coefficient h between 600 and
1000 W/m2K. The relatively large void fraction (around
42 %) could contribute to mechanical instabilities and
explain a quench current significantly below the critical
current.

LOSSES CALIBRATION

The energy input for the determination of the stability
margin of the coil is deposited inductively by a fast,
exponential discharge of the pulsed coil field. A general
problem of inductive heaters is the calibration of thf
deposited energy as a function of the field amplitude anc
the time scale. We solved this problem measuring for
each pulse the magnetization cycles of the conductor. The
losses are evaluated calculating the area of the
magnetization loop and using a numerical calibration. In
order to adjust and calibrate the measurement, the losses
were measured both with trapezoidal (linear field rise and
decrease) and exponential cycles (linear field rise and

8
o
CO

8
o

8
in

g

fit: Bc20m = 29 T
Tco = 18 K
CO = 8200 A/mm*2

I
cable

strain=-0.75

\ Y i 12 xlc strand I
! 1

10 12.5

B(T)

Fig. 3. Critical current of the NVjSn strand as measured and fitted with the
expression of (9] (scaled by the number of strands). Fitting coefficient are
given in the inset. Predicted Ic for the cable and measured quench current
at 9.2 T. Also indicated as shaded is the limiting current range for a
selection of h between 600 and 1000 W/m2K.
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Rg. 4. Losses deposited per cycle Q as a function of the inverse ramp or
discharge time XQ in the case of trapezoidal and exponential cycles,
field amplitude 0.66 T, background field 8.5 T. The extrapolation to zero
frequency (infinitely slow ramp) gives the hysteresis loss (thick line).

exponential dump). Field changes up to 0.66 T have been
used, with field ramp times (for trapezoidal cycles) in the
5 s to 30 s range and discharge time constants (for
exponential cycles) in the 21.6 ms to 217 ms range. In the
exponential cycles the field rise time was long compared
to the discharge time (= 3s).

The results of the losses measurement is shown in Fig.
4 and reported in Tab. I, for both the trapezoidal cycle and
the exponential discharge with amplitude 0.66 T and
background field of 8.5 T. The extrapolation of the total
loss Q to zero frequency (inverse of the ramp or discahrge
time) gives the hysteresis loss contribution per cycle Qh,
about 15 mJ/cc of strand. Relating this value to the strand
Jc at 8.5 T (around 750A/mm2 of Non-Cu), an effective
filament diameter of about 180 (im is found.

An equivalent time constant for the coupling losses
can be defined as a function of the rise and discharge
time T.rj> for the trapezoidal cycle:

4AB2
4AB

and for exponential discharge (with field rise much slower
than the discharge):

This effective time constant is shown in Tab. II and
Fig. 4. The evaluation at very low frequency is affected by
a large error due to the dominant hysteresis contribution.
This error is evident in the scattering of the results
obtained for trapezoidal cycles. Still, a trend towards
lower effective time constant is clear from Fig. 5, and
shows that -although the conductor was designed to have

a large coupling currents time constant- the energy
deposited tends to be limited as the field change becomes
faster. Two possible explanations for this limitation to the
deposited energy are (a)shielding of the coupling currents
or (b)saturation of the superconductor. We have so far no
clear indication on the dominating mechanism, but tests
at different field and operating current levels are foreseen
to resolve this issue.

STABILITY MARGIN

The measurements on the stability margin have been
performed setting an operating point of background field,
inlet temperature and helium flow, and firing the
inductive heater to discharge with a pre-set time constant.
Because of the self-limitation of the energy deposited by
AC loss mentioned in the previous section, only the low
stability region close to the critical current could be
investigated. The result of the measurements performed so

TABLED
E\"ERGY PER CYCLE DEPOSITED BY A TRAPEZOIDAL CYCLE OR

EXPONENTIAL DISCHARGE WITH AMPLITUDE 0.66 T AT 8.5 T
BACKGROUND FIELDF.

ID
(Hz)

0.033"
0.05a

0.1 a

0.2a

4.6b

10.8b

15.713

32.5b

46.3b

Q
(mJ/cm 3 )

15.8
16.4
18.7
21.5
36

43.9
48.5
60.1
64.7

T

(ms)
17.5
20.2
26.7
23.4
14
8.4
6.8
4.6
3.6

aTrapezoidal cycles
Exponential discharges

exponential

linear ramp

0.1 1

1 AID (Hz)

10 100

Fig. S. Effective time constant of the coupling losses in the cable deduced
from trapezoidal and exponential cycles. Field amplitude 0.66 T,
background Held 8.5 T.
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far are summarised in Figs. 6 and 7, where the energy
associated with recovery and quench events is plotted as
a function of the operating current for a background field
of 8 and 8.5 T. The expected limiting current, again for a
range of h between 600 and 1000 W/m^K, has been
reported on the plots, and appears to be substantially
below the apparent take-off in the stability margin curve.
This indicates that the assumption for its calculation
could be conservative.
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Fig. 6. Energy margin (recovery and quench energies) as a function of
operating current at a background field of 8 T. Also indicated is the
expected range for the limiting current. The thick line delimiting stable and
unstable regions is only intended to guide the eye.
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Fig. 7. Energy margin (recovery and quench energies) as a function of
operating current at a background field of 8.5 T. Also indicated is the
expected range for the limiting current. The thick line delimiting stable and
unstable regions is only intended to guide the eye.

CONCLUSIONS

A first analysis of the results of this test campaign has
so far confirmed that also for long length energy
depositions the location of the limiting current and the
extension of the well-cooled regime for CICC's can be
approximated by the known expressions[2,3].

A self-limitating mechanism in the coupling losses
energy deposition has restricted the actual testing range to
the vicinity of the critical current, thus preventing from
obtaining the full stability curve as desired. The
observation of this mechanism has been possible through
the on-line measurement of cable magnetization, a
procedure which is not normal practice in stability
experiments, but that we strongly recommend in order to
avoid difficult (and possibly wrong) extrapolation of
independent coupling losses measurements.

The careful examination of the AC losses results
indicates that in order to explore a wider energy margin
range the only viable solution is to increase the field
change on the sample, rather than work with higher field
change rate.

A final remark on the self-limiting mechanism is that
it actually improves the tolerance of the cable to fast field
change, a feature which is beneficial in the design of
CICC's for fusion applications.
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VI Magnetic field and eddy current calculations

In the framework of fusion by magnetic confinement, very accurate calculations are generally
needed to evaluate the magnetic field and the eddy currents developed in transients. This is
needed to dimension the superconducting cables as well as to evaluate the heat load on the
cryogenic parts of the machine. These calculations are usually performed in air and do not
require modelling any iron circuit involving difficult saturation effects.
Such tools have been developed in the Magnet Group and illustrations of these calculations
are given for a very precise characterisation of the TORE SUPRA and ITER magnetic field
map. Concerning eddy currents, the CORFOU code has been used to predict the heat
deposition in the plates of the TF model coil during a fast safety discharge which takes place
in case of a quench.
In addition the magnet group has collaborated with CREATE (University of Napoli, Italy) to
give a general estimation of the eddy current in the cryogenic parts of ITER during the field
transients.
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Through the CIEL project, the Euratom-CEA Association is currently preparing a major upgrade of the Tore
Supra in-vessel components able to sustain 25 MW of convective and radiative power up to 1000s plasma
discharge duration [1]. By this way, an accurate and reliable positioning of the future in-vessel plasma facing
components is required. To reach this goal, it is necessary today to determine accurately the torus reference
magnetic axis through a measurement of the exact toroidal field profile.
The accurate position of the 18 toroidal superconducting coils has been determined using MNR (Magnetic
Nuclear Resonance) probes that have a high sensitivity of 10"5 T. This new magnetic field measurement
method was coupled to an Optical Metrology System, in order to determine the exact location of the MNR
probes placed inside the vessel. Finally, through the 3D magnetic field code TRAPS, the radial position of each
coil was then calculated with a 0.1 mm accuracy. This operation was carried out during the last shutdown at the
end of 1997.
The paper describes the achievement, calculations and results of the magnetic field measurements that were
performed for the first time on a tokamak superconducting magnet. The high reliability of the MNR
measurement method was demonstrated.

1. INTRODUCTION

A primary toroidal magnetic axis determination was mechanically performed at the end of 1991,
using the references machined on the coil casings during their manufacturing. These references were
transferred inside the plasma vessel as specific targets. An Optical Metrology System (OMS) using
theodolites aiming to these datum's has led to the determination of a horizontal circle. The
corresponding vertical axis was then considered as the torus axis. The consecutive accurate
positioning of the Inner First Wall, has largely contributed to the achievement of long plasma
discharges duration (2 min.) on Tore Supra [2].
The CIEL project (Composants Internes Et Limiteur) consists mainly in a flat circular toroidal pump
limiter (R=2.5m) located at the bottom part of the vessel and a set of 6 inboard bumpers. The
actively cooled Toroidal Pump Limiter is designed to sustain a 15 MW convective power during
long pulses. A radial final positioning of the TPL, with respect to the magnetic axis, better than 0.5 mm is
expected [3]. The 6 bumper sectors will have to be positioned with the same accuracy, in order to sustain
homogeneously the high runaway energy deposition that occurs in case of plasma disruption.
Following an interesting experience performed on TFTR with MNR probes, an investigation was
carried out in the same way on Tore Supra, in order to determine with a high accuracy, the location
of the 18 toroidal magnetic coils through combination of both Magnetic Nuclear Resonance
measurement system and Optical Metrology System.

2. RADIAL GRADIENT OF THE TOROIDAL FIELD

For a convenient and accurate assessment of the MNR measurement campaign results, several
computations of the Tore Supra tokamak toroidal field inside its vacuum vessel were performed
using a 3D magnetostatic code. This code, TRAPS, was developed in 1993 to calculate the ITER
toroidal field taking into account the trapezoidal cross section of the toroidal magnet coils: The final
results obtained with a detailed modelling showed a 0.5T under-estimation of the maximum field
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value compared with the ITER D.D.R. documents. The TRAPS code was initially validated with the
EFFI code [4]. Pre-processors included in TRAPS allow easy calculations on a complete toroidal
magnet or plasma scenario assessment taking into account AC losses in the superconducting coils.
As far as the Tore Supra tokamak is concerned, a first calculation of the toroidal field inside the
whole vacuum vessel was performed on a rough (r, 9,2) meshing, with parameters relevant for the
CIEL project: conductor current I=1380A, toroidal field on plasma axis (r=2.40m) B,=4.20T. Table
1 gives the geometrical parameters of the Tore Supra tokamak toroidal magnet (the major radius
value corresponds to the theoretical positioning of the coil centres) and Figure 1 shows the radial
gradient of the toroidal field in the equatorial plane (z=0), respectively in the symmetry meridian
plane of the coils (q>=0, maximum field), in the symmetry meridian plane between 2 coils (9= 10°,
minimum field), and in the intermediate meridian plane (cp=5°, mean field values).

Table 1: Geometrical parameters of the Tore Supra tokamak toroidal magnet

number of
coils

nR=18

number of
turns per coil

nT = 2028

major radius

R = 2.443 m

inner minor
radius

a, = 1.1532 m

outer minor
radius

a, = 1.3803 m

toroidal
thickness

h = 0.25525 m

The magnetic field in the intermediate meridian plane is equal to the mean value predicted by
Ampere's law (B^r) = u0 nB nT I / 27ir), it is relatively homogeneous (there is no ripple effect) in the
region 1.80m<r<2.20m, but its radial gradient is much greater than in the high ripple region r>3m
(2.4mT/mm at r=2.043m instead of 0.4mT/mm at r=3.043m, q>=0).
Another field calculation was performed on a refined (r,z,(p) meshing in the high ripple-low radial
gradient region (around r=3.043m), with a reduced current value 1=250A corresponding to a
magnetic field B,=0.76T on plasma axis (r=2.40m). The magnetic field value and radial gradient at
r=3.043m, <p=0 (respectively 0.625T and 66uT/mm) are more convenient for the MNR probes that
don't allow a to high field gradient in the measured region. The result data file of the calculation
performed with the TRAPS code was stored for the measurement interpretation.

B(T) TFC2
TFC3

TFC1

1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6

Figure 1
Radial gradient of the Tore Supra toroidal field

(z=0, I=1380A)

Figure 2
Position of the MNR probes and theodolites

in the Tore Supra equatorial mid-plane
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3. DESCRIPTION OF THE MNR MEASUREMENT OPERATION

Four identical MNR probes were provided by the firm METROLAB [5] with a 0.3T to 1.05T range
measurement. The sensitivity of the probe is of lOuT. The first probe So, dedicated as the reference
one, was placed at a fixed constant position (R=3043mm) during all the measurement operation.
The 3 other probes were definitively fixed on an aluminium frame having a toroidal extension of
60°. The 3 probes S, ,S2 >S3, were placed at the right of 3 toroidal adjacent coils as illustrated on
figure 2. For each one of the six successive 60° measurement set-ups the support was bolted to one
of the 6 ergodic divertor coil casings. For safety reasons, the transfer of the probes supporting frame
to the next station was performed without any current in the TF coils. After achievement of the
current ramp-up to 250A, the reference field value, measured by So was recorded every minute. The
local measured field with So, and corresponding current are 0.624630 T and 249.852 A, that have to
be compared to the theoretical ones: 0.625 Tesla, 250 Ampere. For each-one of the 3 adjacent coils
concerned in a set-up, the magnetic field value was recorded 3 times during a 10 min. period. The 3
measurements performed on each coil led to the following dispersions (Smax.- Smin.), listed in
table 2. These results confirm the good stability of the probes MNR signal during the measurement
operation. In order to certify the reliability of the MNR measurement method, 3 set-ups were
reproduced one more time after completion of the magnetic field data acquisition for the 18 coils.
The recovery with the set-ups measured previously was very satisfying.

Table 2 : Dispersion on the 3 measured field values for each of the 18 coils

probe
Slmax-Slmin (uT)
S2max-S2min (p.T)
S3max-S3min (uT)

set-up 1
7
5
15

set-up 2
26
28
13

set-up 3
29
9
16

set-up 4
29
8
12

set-up 5
38
19
34

set-up 6
26
7
14

4. THE OPTICAL METROLOGY SYSTEM

The exact locations of the MNR probes were determined through the use of an Optical Metrology
System that consists in 3 equidistant units placed inside the vessel after the magnetic measurement
campaign (figure 2). The 3 theodolites are connected to a data acquisition computer. Datum balls
previously fixed accurately close to the active part of each MNR probe were aimed by the optical
units in order to determine the co-ordinates of the probe location with an accuracy of 0.05 mm. For
each dimensional set-up, the 60° supporting frame was replaced in the same initial position as for
magnetic measurement (re-positioning error < 0.1 mm)

5. CALCULATION METHOD OF THE TF COILS RADIAL POSITION

The TF coils radial position was estimated from the measurements results with the help of the
TRAPS code in 2 steps: using the output data file of the second calculation with TRAPS (I=250A,
each of the 18 coils at its theoretical position R=2.443m), the actual magnetic field (at reference
point z=0, cp=O, r=3.043m) is deduced from the measured value Bm(r,z,q>) for each coil with a
gradient method, then several iterative runs of the TRAPS code are carried out with reasonable radial
adjustment of each TF coil position to fit exactly the actual field value Bm0 with the result of the
ultimate calculation, for a current value consistent with the averaged Bm0, i.e. 249.852A.
For each of the 18 coils, the measurement point M(r,z,cp) is located near a point M^r^z^cp,) of the
grid used for the second TRAPS calculation (grid steps: Ar=lcm, Az=lcm, Acp=0.1°, extreme results
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illustrated by figure 3). On the actual measurement point, the TRAPS code would give B(r,z,cp) =
B(r],z,,(p,) + MM[.grad(B). The local gradient grad(B) is evaluated from a linear approximation, for
instance the radial gradient will be dB/dr = [B(r,+Ar,Zi,(p,) - B(r|,Z],(p,)]/Ar. The TRAPS code gave
B0=0.625T at reference point, so that the actual field value at this point is Bm0 = Bo Bm(r,z,cp)/
B(r,z,cp). The Bm0 values were found in the range Bmin=0.62386T (coil BT15), Bmax=0.62519T (coil
BT10). The TRAPS code showed that a 0.1mm radial displacement of one coil from the theoretical
position corresponds to a 22|TT local field error (at r=3.043m), which result was used for the initial
guess of the 18 TF coils radial position. After several iterations with the TRAPS code (due to the fact
that a radial displacement of one coil modifies slightly the magnetic field in the 2 neighbour coils), a
set of 18 radial displacements AR was found perfectly consistent with the measurements (the
differences between the ultimate TRAPS results and the Bm0 values were less than 10' T). The AR
values were found in the range -2.04mm (coil BT10) and +3.5lmm (BT15), with respect to the
theoretical value R=2.443m. The results (Bm0,AR) are illustrated on figure 4.

0,622

figure 3: Radial gradient of the Tore Supra
toroidal field in the measurement region

"=" rrn |*ii-.s«vr |

figure 4: Radial position of the 18 TF coils
with respect to the average magnetic circle

6. CONCLUSION

The exact location of each of the 18 Tore Supra superconducting coils was determined through a
promising MNR measurement method using both very sensitive probes and accurate Optical Metrology
System. The difference position of only 0.5 mm that is find today between mechanical axis (measured in
1991) and magnetic axis (98), is very satisfying. The knowledge of the exact radial position of the 18 TF
coils will allow a reliable positioning of future CBEL plasma facing components with an accuracy of
0.5 mm toward the magnetic axis.
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The ITER structures operating at cryogenic temperature suffer from heat deposition due to eddy current
circulation. The events leading to eddy current generation have been categorized and analyzed for a
typical FTER configuration and operational scenario. Prediction of the distribution of the energy
deposition in the various cryogenic components is shown and commented. The effects of poloidal plasma
current changes are also considered.

1 INTRODUCTION

During both normal operation (scenario and plasma control in the presence of disturbances)
and abnormal working conditions like disruptions eddy currents are induced in the metallic
structures of the ITER machine.

The effects are particularly severe for the cold structures of the magnet system, in case of fast
transients of the poloidal field embedding the structures (e.g. major plasma disruptions). The
ohmic power deposition might result either in extra requirements for the cooling system or even
in design constraints for some machine components.

Eddy current sources have been categorized as follows:
• reference scenario, where the energy deposition in the cold structures is determined by

variation of plasma current and rate and magnitude of current changes in the Central
Solenoid (CS) and the Poloidal Field (PF) coils.

• events of fast recovery of the plasma position in the vacuum chamber, through the action of
the feedback control on the PF coils: type, amount and frequency of plasma disturbances to
be rejected determine the energy deposition in the structure;

• events of loss of plasma control during burn, possibly resulting in a fast quench of the plasma
current: the rapidity of the plasma motion and the quench time of the plasma current are the
guiding parameters for the effects in the structures.

2 MODEL OF THE STRUCTURE
For the sake of consistency, all the results presented in the paper refer to same structure and

coil configuration, that has been analysed by means of the finite-element CARIDDI code [1],
implying a fully 3-D model of the regions where the eddy currents flow. Due to the long range
character of the electromagnetic effects, all the major metallic machine have to be
simultaneously meshed and treated. The solid model of the ITER machine structures [2], [3]
adopted for the analysis is shown in Figure 1. It is assumed that the structure is made of 20 equal
toroidal segments, each one possessing a poloidal plane of symmetry, which implies that only 9
degrees of the structure in the toroidal direction need to be meshed. The solid model includes the
First Wall and Back plate (FWBP), the Vacuum Vessel with ports ( W ) , the TF Coil Case
(TFCC) and Outer Intercoil Structure (OIS), the upper and lower Crowns, the PF coils and the



outer cryostat. Analysis of the upper and lower Pre-
load flanges, which toroidal symmetry is different
(each of them consists of 10 segments) has been
performed in two steps:(a) an equivalent but 9 degrees
and actual (18 deg) structures have been analyzed in
"stand alone" mode; (b) the equivalent (9 deg)
structures have been integrated into the solid model.

3 ENERGY DEPOSITION DURING
NORMAL OPERATING CONDITIONS

The normal operation scenario considered for ITER
is a 21 MA ignited plasma pulse lasting about 2200 sec
in total, where the plasma is initiated in 6 sec, ramped
up to full current in 145 sec, heated in 50 sec, burning
for about 1000 sec and finally ramped down in about
300 sec to the premagnetization phase of the following
pulse.

Most of the ohmic power due to eddy currents is
deposited in the cold structures during plasma
initiation/ramp-up (see Table I). The crowns are well
magnetically linked with the CS, which explains the
significant losses expected in that component.

A certain number of control events are expected to
occur during the plasma pulse. This gives rise to some
additional energy deposition, whose amount depends
on the nature, amplitude and frequency of disturbances
to be rejected by the plasma feedback control system.
The upper bound for eddy current losses can be
determined by defining a "worst possible" combination
of physically possible control events, whose single
effects are separately predicted. The results reported in
Table II refer to two typical control events, namely an
ELM - where a beta drop of 0.03 is recovered within
0.2 s - and a minor disruptions - where a beta drop of
0.2 and a li drop of 0.1 are recovered within 5 s and
100 s, respectively. In the Table the loss values are
given per an "averaged event". In "the worst possible
control scenario" ELMs are assumed to occur with lHz
frequency during 1300 sec of plasma presence, and there
plasma burn.

N U GR 135 97-11-19 W 0.1

Figure 1: Computational mesh of the ITER
conducting structures used for running
CARIDDI code; Vz of one of the 20
toroidal segments is meshed; assumed
torus resistances are 13.2 and 7.4
microOhm, for VV and FWBP,
respectively.

may be three minor disruptions during

Table I: Energy deposition

TF case
Crowns
Pre-loading
flanges
OISs:
Total

Plasma Init.
3.45
3.02
0.93

0.72
8.12

(MJ) in the
Rampup

5.41
1.72
0.33

2.45
9.91

ITER cold structures in the normal operarion scenario _,
SOF-SOB

0.91
0.17
0.03

0.53
1.64

Burn
0.22
0.07
0.02

-
0.31

EOB-EOP
1.72
0.37
0.04

0.75
2.88

Premagn.
0.39
0.35
0.09

-
0.83

Total
!2J0_

5/70.
1.44

4.45
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4 ENERGY DEPOSITION AFTER A MAJOR DISRUPTION

The very fast field variations associated with a plasma disruption cause large energy
depositions in the cryogenic structures. Active loss generation lasting not longer than 3 sec
results in a rapid temperature rise, for the structure cooling conditions are practically adiabatic.

As a reference for major disruption scenarios, we have assumed a loss of vertical stabilization,
causing a rapid movement of the plasma current centroid followed by the quench of a plasma
current of 21 MA lasting for about 300 ms (see Figure 2).

Large eddy currents are induced both by the movement and the current change of the plasma.
The associated heat is deposited at a maximum rate of about 40 MW in the cold structures, as
shown in Figure 3. The most relevant effect is just the current quench, as it also demonstrated by
an alternative study case, referring to a centered motionless current quench occurring on the
much shorter time scale of 25 ms. The power and energy deposition in the cold structures has the
same order of magnitude, due to the shielding effect of the first wall and vacuum vessel.

Table II shows the distribution of the losses in the components of the structure in comparison:
the reference scenario, control actions and major disruption. As a difference to the normal
operation (scenario and control action), during the disruption most of the energy is deposited in
the inner leg of the TF coil case.

In fact, in the major disruption case, the plasma field disappearance is responsible for eddy
current generation. The metallic parts laying in the inner and equatorial region of the torus such
as the inner leg of the TF, are exposed to a field variation of 2.6 T/s. Instead, during normal
operation, the field penetration from the PF coils is mainly responsible for the eddy current
generation, which are then mostly concentrated in the parts of the structure nearer to the PF coils
with maximum current change.

Apart from rapid plasma movements and current quench, a disruption is also characterized by
a sudden beta drop. The associated change of the poloidal component of the plasma current
(toroidal flux) induces eddy currents in the poloidally continuous conducting paths around the
plasma. Among these we recognize the vessel, the TF coil and the TF coil case. A simplified
lumped parameter model can be arranged [4] for the computation. It comes out that this effect
gives rise to eddy currents which are rather small when compared to the values coming from the
quench of the toroidal current. In the case of the reference major disruption, the energy
deposition in the TF case is about 40 kJ, which compares with about 30 MJ coming from the

Table II: Energy deposition distribution
(ELM and minor disruptior

Component

TFcase
Inner Leg
Upper curved
Lower curved
Outer Leg
TF Case (Total)

OIS
Crowns
Flanges
TOTAL

in the cold structures for the reference scenario, control actions
recovery) and in case of major plasma disruption.

leference scenario

kJ

1400
1500
3800
5400
12100

4450
5700
1440

23690

%

6
6

16
23
51

19
24

6

100

Control actions

ELM
J

60.0
28.2
45.8
271.0
405.0

162.3
56.8
2.2

626.3

%

10
5
7

43
65

26
9
-

100

Minor disruption

kJ

91.0
518.1
74.1
839.1
1522.3

400.9
670.1
24.7
2618

%

3
20

3
32
58

15
26

1

100

Major disruption

kJ

15200
1712
2684
8520

28116

4426
398
70

33010

%

46
5
8

26
85

14
1
-

100

-337 -



882

Figure 2: ITER reference major disruption driven by a
loss of vertical stabilization: time variation of the
plasma current and of the R- and Z-position of the
current centroid

Figure 3: Ohmic power deposition in the meshed part
of TF coil case + OIS (multiply by 40 to get 'otal
amount) in the case of the reference plasma disruption.

quench of the toroidal plasma current. Figure 4
shows the specific energy distribution along the
poloidal contour of the TF case.
5 CONCLUSIONS

The amount of heat deposition in the cold
structures, as well as its spatial distribution,
depends strongly on the nature of the events driving
eddy currents to flow. For normal operating
scenario, losses are of some concern during the
plasma initiation phase when 35 % of the total
scenario losses are generated in 6 sec.

Fast field variation of relatively low magnitude,
observed in course of plasma control actions is
responsible for significant heat deposition during
plasma burn (up to 30 % of the total loss value)
and therefore, frequency and categorization of
control events need careful assessment.

The uncontrolled rapid plasma current quench
occurring in a major disruption is responsible for
the maximum energy deposition. The time scale is
such that the structure conditions are practically
adiabatic, which allows simple computation of
expected temperature increase. A major plasma
disruption is expected to bring the inner leg of the
TF case to an average temperature of about 10 K
(starting from 4 K before disruption) with local
peak up to 13 K at midplane; a lower thermal
increase is expected for the remaining structures.
Relatively high temperature of the TF case
becomes an important issue for the design and
operation of th; superconducting TF coils, for the
heat load transferred to the TF conductor must not
lead to the coil quench.

Figure 4: Specific ohmic energy deposited in the TF
coil case by the poloidal current induced by the beta
drop of 0.9 associated to the reference major disruption:
conductors represent discretization of the inner side of
the TF coil case, numbered anticlockwise starting from
the innermost equatorial point.
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ABSTRACT

In the frame of the EDA (Engineering Design Activity) phase
of ITER (International Experimental Thermonuclear
Reactor), a superconducting model coil is being built in the
european industry. This model coil is representative of the
toroidal field system of ITER [1]. About one kilometer of a
typical 60 kA cable-in-conduit conductor will be used to
build this coil. The winding-pack is made of pancakes of
conductors inserted in stainless steel plates. The whole
winding-pack is enclosed in a stainless steel casing. This coil
pioneers new technics for superconductivity such as: 60 kA
conductors at high field, forced flow cooling, Nb3Sn as the
superconductor, high current connections. This coil will be
tested at Karlsruhe in the test stand facility TOSKA. The
results of the tests scheduled in 1998 will be very important
to assess and validate the choices made for the design of the
ITER magnets. As a preparation of these tests, the behaviour
of this coil under transients has been studied using the code
CORFOU which has been developped in the eighties in the
frame of the french tokamak Tore Supra. It calculates eddy
currents with the thin shell approach, which enables to cover
already a lot of transient problems in electrotechnics.

A new version of CORFOU has been developped these last
two years to integrate it within a more general CEA code
CASTEM 2000. The main interest of this integration is to
simplify and rationalize the use of such a code, which is
traditionally not easy, and moreover to complete naturally the
eddy current calculations by mechanical and thermal analysis
which are of great importance. The main features of this
integration are described. This new version of CORFOU is
applied to the TF model coil safety discharge (dissipation of
the stored magnetic energy in a resistor, in case of a quench,
to limit the temperature increase in the magnet): the eddy
currents induced in the passive structures are computed, the
ohmic power deposited and total ohmic heating are deduced.
The numerical results are validated with an analytical model
(L-R circuits equations with mutual effects).

INTRODUCTION

The Engineering Design Activity (EDA) period of ITER
(International Thermonuclear Experimental Reactor) is now
entering its last phase. Seven large objects will be built and
tested to demonstrate the validity of the technical choices for
this fusion machine. ITER is a reactor aimed to demonstrate
the scientific and technological feasibility of fusion energy.
Two of these objects will be superconducting. Europe is in
charge of building the Model Coil of the Toroidal Field
system of ITER (TFMC). The aim of the TFMC is to drive
the conductor development and to demonstrate the coil
manufacturing feasibility bases on the full scale
requirements.

One of the major features of the TF coil system is that the
conductors are inserted in a system of radial plates which
carry the loads helped by a case which contains the whole
coil. The TFMC as it is shown in Fig. 1 is representative of
this structure. The main characteristics of the TFMC are
presented in Table 1.

turns radial plates

casing

winding-pack —

Figure I: perpective view and cross section view of the
TF model coil



Safety discharge

In case of a quench which means the disappearing of the
superconductivity in some place of the coil, a safety
discharge is triggered which dumps the magnetic energy of
the coil into a set of resistors. The time constant of this
discharge is adjusted such as to limit the temperature increase
inside the conductor to a value less than 150 K.

During this phase, in a kind of transformer effect, currents
are induced in parallel in the plates and in the case. These
currents in the plates by Joule effect generate heat which is
transferred to the conductor after the diffusion through the
insulation around the conductor. As a consequence this
discharge can induce a quench inside the magnet before the
complete extraction of the energy. This problem is
complicated by the very near presence of another
superconducting coil embedded also in a stainless steel
casing. The tests of the TFMC at Karlsruhe in the test stand
facility TOSKA will help to evaluate this effect and check
the electrical models which are presented hereafter.

Table 1: main characteristics of the TF model coil

The self inductances Lc, Ld, the mutual inductances Mcd, M,•cd. l v l b c

Current
Magnetic field

Dimensions
Number of turns

Number of pancakes
Self inductance

Magnetic energy
Weight of superconductor

Total weight

80 kA
7.48 T

(9.64 T with the LCT coil)
2.692 mx 3.792 mx 0.773 m

98
10

24 mH
79.4 MJ

4.2 t
31 t

ANALYTICAL MODEL

In order to obtain a preliminary evaluation of the Eddy
currents in the passive structures of the TFMC, analytical
calculations have been performed while the code CORFOU
was under development. In this theorical model, we
considerer two electrical circuits, the casing (total current Ic),
and the set of disks (total current Id), coupled in parallel with
the coil turns. The set of disks and the turns are modelized by
rectangular cross sectionnal conductors with uniform current
density. We assume that the exponential ramp-down of the
TFMC solenation is not pertubated by the Eddy currents in
the passive structures. The circuit equations read:

Lc dlc/dt + Mcd dld/dt + R,. Ic = Mbc/x e"'

Ld dld/dt McddIc/dt+RdId= Mbd/Te"

(1)

(2)

and Mbd are predicted with Bashenoff formula applied to non
circular cross-sectionnal conductors [2]. For a non magnetic
conductor enclosing a plane figure of area S and perimeter p,
if Log(D) is the averaged logarithm of the distance between 2
points of the conductor cross section (the so-called geometric
mean distance), the inductance of the circuit reads:

L = u0 p/2n [Log(2S/p) - Log(D) - (3)

The geometric mean distances of rectangles and the function
O are tabulated, p and S correspond to the mean radius of the
bent parts of the TFMC (rm = 0.9775 m), and for the coil and
the set of disks, the dimensions of the rectangular cross
sections are taken on the external tangents. For the self
inductance of the casing and for the mutual inductances,
Log(D) is calculated with the help of different expressions of
the formula (4) giving the geometric mean distance of the
sum of the areas S, and S2:

(S, + S2) Log(D,+2) = S, Log(D,) + S, Log(D2) (4)

As far as the coil is concerned, formula (3) gave a predicted
value of the self inductance Lb' = 2.766 uH (for one turn). A
verification with a 3D code gave Lb = 2.917 uH. The relative
difference is small enough (typically 5 %), but all the self and
mutual inductances have been corrected in the ratio LJ Lb'.
The resistance values have been calculated taking into
account the detailed cross sections of the casing and of the set
of disks. They are consistent with the perimeter p and the
total weight of the two objects. The general solution of the
system of equations (l)+(2) can be written as the sum of
vanishing exponential terms (the subscript i reads for c or d):

C e -l/T (5)

The individual time constants of the casing and of the set of
disks (Lc/Rc and L/Rj) are respectively 0.104 s and 0.102 s,
and the global time constants (taking into account the mutual
effect) are then a = 0.192 s and (3 = 0.014 s. The coefficients
Ai; B; and C; have been calculated for different values of the
discharge time constant T, and the total ohmic heating in the
casing and in the set of disks, j R,. Ic

2(t)dt and I Rj Id
2(t)dt,

have been derived from (5). These results will be discussed
in the last section and compared with the CORFOU results.

CALCULATIONS WITH THE CODE CORFOU

The code CORFOU has been developped in the eighties to
study the effects of plasma disruptions on the passive
metallic structures of the French tokamak Tore Supra
(unstabilities in the plasma can drive its current down to zero
in a few milliseconds, which for instance induces Eddy



currents up to 1 MA in the vaccum vessels). CORFOU
calculates eddy currents in metallic structures which can be
assimilated to thin shells (thickness small compared with the
skin depth of the phenomenon). The mathematical
formulation with a current function of the three-dimensional
problem (reduced to a two-dimensional one by the thin shell
approach) and its numerical resolution (finite elements
method with linear test functions) have been presented in [3].

Integration in the code CASTEM 2000

CASTEM 2000 is a CEA finite element code which is able to
solve most of the mechanical and thermal problems in 2D or
3D geometries. The first phase of the integration of
CORFOU in CASTEM 2000 was the development of
routines which enable to use the mesh generator of CASTEM
2000 as a CORFOU preprocessor. CORFOU abilities to deal
with topological problems (holes, entangled loops or
triedrons) have been enhanced by an easier definition of the
appropriate boundary conditions and Kirchoff laws. A
convenient visualisation of some CORFOU output (current
densities on the meshing) and a mechanical evaluation taking
into account Laplace forces due to eddy currents have
become easier as well.

The second phase, which is under way, is the translation into
CASTEM 2000 operators of CORFOU elementary tasks
(resistances and inductances matrix assembly, resolution with
a semi-implicit time scheme). This requires the definition of
new material proporties including the resistivity tensor, and
the development of a new model with appropriate test
functions. The electrical boundary conditions and symetries
will be progressively taken into account, and in the future, it
will be possible to perform coupled calculations with Eddy
currents evaluation, stress and thermal analysis.

Modelization of the safety discharge

To study the electromagnetical effects of the TFMC safety
discharge with the code CORFOU, we have defined a model
taking into account the structure of the objects with a
meshing topology as simple as possible: The 98 TFMC
conductors are modelized by 6 horizontal «race tracks» (four
of them modelize 20 conductors, and the last two ones
modelize 9 conductors). The stainless steel disks are
modelized by 5 additionnal «race tracks». For all these 11
elementary structures, which are shown in Fig. 2, the
boundary conditions on the current function T are the same:
T = 0 on the inner border and T = \ (to be computed by the
code) on the outer border. The total solenation in the TFMC
is then YX{ (l<i<6) and the total current in the set of disks is

The thick casing is modelized by a surface topologically
equivalent to a torus, the cross section of which is a rectangle
with length and width equal to the mean dimensions of the
casing cross section. Then, the boundary conditions are: a
jump ±A.', along an horizontal turn (2^', is the total current
in the casing) and a jump ±X%_ along a vertical cross section.

The simulation of the discharge is split into two phases: an
external uniform vertical field variation dBz/dt is applied to
induce the solenation in the TFMC model, then this field
variation is set to zero, and the solenation ramps down while
Eddy currents are induced in the passive structures.

During the first phase, the (resistivity/thickness) tensor q/e in
the pancakes is adjusted so that the whole TFMC model has
a time constant equal to the expected one of the discharge, T.
The appropriate solenation is obtained by adjusting the
dBz/dt value. In the passive structures, "n/e is set to a quasi-
infinite value to keep Eddy currents close to zero.

During the second phase (with dBz/dt = 0), r]/e in the passive
structures is set to its technological value (for stainless steel,
we assumed r\ = 0.5 10"6 Qm at T = 4.2 K), but r|/e in the
pancakes is not modified, so that their currents ramp down
exponentially with the time constant T.

I

Figure 2: mesh of the pancakes and of the set of disks

RESULTS

The time constants which are foreseen for the TFMC safety
discharge justify the thin shell approach assumed in the code
CORFOU, even for a 80 mm thick casing: with stainless
steel, the skin depth will be greater than one meter for T = 4 s.
Faster discharges are scheduled, to test TFMC high voltage
insulation, with a reduced current, probably I = 30 kA and at
worse T = 0.1 s, but even then, the casing thickness is 3 to 4
times smaller than the skin depth.

A simplified meshing of the pancakes and the disks (with
only 256 nodes and 256 triangles) has been used at first to
control the behaviour of the code CORFOU with many
boundary conditions. Upper-lower symetry and order of
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magnitude of the predicted eddy currents were correct, so
that the model could have been refined and completed with
the mesh of the casing: It consists in 770 nodes and 1056
elements: 264 triangles for the pancakes, 440 triangles for the
disks and 352 triangles for the casing. For the current rise, we
have set rj/e = 2.1786 10"7 Q in the 20 conductors «race
tracks», r)/e = 4.2364 10'7 Cl in the 9 conductors «race
tracks» and dBz/dt = 1.12 T/s to obtain a global time constant
x = 4 s ± 0.002 s, and I = 80 kA ± 5 A in each conductor after
a 30 s ramp-up.

Different discharge time constants have been studied with
both the CORFOU code and the analytical model, the main
results are presented in Table 2 (theorical values are given in
Italic). For x = 0.1 s, the initial current in the TFMC is only
30 kA. A visualisation of the eddy currents in the casing is
shown in Fig. 3.

Table 2: Maximum eddy currents and total ohmic
heating in the casing and in the set of disks

T(S)

0.1
4.
5.
10.

Idmax(MA)
COK¥.(th.)
1.097(0.791)
0.185(0.173)
0.150(0.142)
0.011(0.073)

Icmax(MA)
CORF///!.;

0.9X5(0.809)
0.204(0.181)
0.166(0.148)
0.087(0.077)

Wd(MJ)
CORF.(tk)
4.45(4.48)
2.09(2.17)
1.69(1.75)
O.S6(0.91)

WC(MJ)
CORF///!.;
3.27 (3.26)
1.14(1.63)
1.40(1.31)
0.12(0.66)

Figure 3: eddy currents in the casing, x - 4 s, t = 0.1 s

There is a very good consistence between numerical and
analytical results for global results such as the total ohmic
heating (relative differences in the range 1 to 10 %). As far
as instantaneous results are concerned, the analytical model
gives a good estimation of the currents time evolution after
typically 0.5 s, but at the beginning of the discharge, the eddy
currents in the passive structures ramp up quicker than it was
predicted by simplified theory. Actually, they have a
noticeable influence on the TFMC current discharge which is
accelerated by mutual effect. This phenomenon is shown in
Fig. 4 for leasing, while the long scale time variation of the
ohmic power is shown in Fig. 5.

0 01 02 03 04 05 05 07 08 0.9 1

Figure 4: Comparison of the eddy currents in the
casing computed by CORFOU and predicted by theory

Figure 5: Ohmic power in the casing and in the set of
disks computed by CORFOU (discharge with x = 4)

CONCLUSION

The safety discharge of the ITER TF Model Coil has been
studied with the code CORFOU, and the results of the eddy
current calculations have been validated by an analytical
model. For the nominal discharge (time constant x = 4 s),
maximum eddy currents up to 0.18 MA in the set of disks
and 0.20 MA in the casing are foreseen (more than 2 MJ of
total ohmic heating in the disks, nearly 3 % of the stored
magnetic energy). After 1 s, the temperature in the stainless
steel will be greater than 20 K. which will induce a quench in
the coil by diffusion through the insulation.
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VII Fusion machines with superconducting magnetic systems

Although it was originally applied to magnets for fundamental research and high energy
physics, superconductivity has now invaded the sphere of fusion magnets.
A review is presented of the existing fusion machines with superconducting systems as well
as of the planned projects. Special emphasis is given to the TORE SUPRA superconducting
toroidal field system which has been successfully operated for 12 years and a paper is devoted
to losses characterisation in operation for this machine.

The last period has been particularly active with the redefinition of ITER.
What is the most appropriate magnetic system for a fusion machine taking into account a
given set of objectives ?
The magnet group has taken part in this debate by presenting two recent papers introducing
the code " ESCORT developed to help this optimisation approach.
The first concerns possible use of NbTi associated to forced flow superfluid helium cooling at
1.8 K for a non nuclear Tokamak dedicated to long pulse operation.
The second concerns the comparison of a copper system and of a superconducting system for
the magnetic system of a Tokamak less ambitious than ITER at Q=5.
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Abstract—A study was undertaken to outline a long pulse D-
T tokamak dedicated to plasma physics close to reactor
conditions but still operating at limited values of fusion
power (Piusion=200 MW) and amplification factor. Such a
machine would not reach ignition and would not envisage a
programme of irradiation of materials with high fluence. This
makes it possible to slacken the technical constraints, in
particular those related to the consequences of the irradiation
of structural materials and of the magnets.
Under inductive operation, the factor of amplification Q
(Prusion/Ptieating) was selected equal to 5, as a minimal value,
making possible to have a significant heating power by the
alpha particles. The duration of the current flat top would be
about 500 s. Under these conditions, and taking into account
an operation life of about 700 hours in D-T mode, an
optimisation of the parameters of the machine was carried
out. using superconducting magnets. The selected design
criteria, as well physical as technological, are those of ITER-
FDR. for which a large agreement exists in the scientific
community. The magnet system design is described in detail.
In parallel, another machine concept with copper magnets
was studied for identical plasma parameters. The data base
for copper steady state magnets is lighter than for
superconducting magnets. Nevertheless, after having
explored the aspects concerning thermohydraulics,
mechanics, neutron irradiation and energy, the use of copper
did not appear to be impossible.

Index terms—tokamak, superconducting, copper

i. INTRODUCTION

Concerning the next step in fusion programs, the size and
the cost of the machine are very depending on the
objectives.
A machine "M2" is presented that is less ambitious than
ITER. The design approach is described, focusing on the
magnet system, which drives many aspects of the whole
project.

II. OBJECTIVES OF THIS MACHINE

A study was undertaken to outline a long pulse D-T
lokamak dedicated to plasma physics close to reactor

conditions but still operating at limited values of fusion
power (PfUS1On=200 MW) and amplification factor.

The next stage would have, as its main vocation, the study
of plasma physics in a " reactor " perspective, in
particular :
- The physics of alpha particles, barely explored in TFTR
and JET. In this machine the alpha power would be in the
same range as that of the additional heating, in other terms
a Q of 5 in inductive, mainly depending on the operating
modes (with or without current generation, density and
temperature profiling,...).
- The control of stationary discharges, with an operation at
thermal equilibrium versus all the profile diffusion times
(temperature and current density). This results in a length
of impulsion in the range 500 to 1000 seconds.
However, compared to the ITER objectives, this " next
stage " would give up the ignition and some of the
technological objectives, more particularly the neutronic
irradiation tests of the materials. From this point of view,
no objectives in terms of fluence will be specified. This
would allow, if the plasma conditions arc similar, a
reduction of the construction costs, obtained by less
restrictive choices of the materials and significant
reductions on the dimensions and the stored magnetic
energy.

This machine would also provide the proof of the
feasibility of fusion by the validation of :
- the availability of fusion energy at a significant power
level (several hundreds of Megawatts) with an acceptable
efficiency.
- the safety conditions.
As far as its operation is concerned, this next machine
would be experimental with D-T shot campaigns being
performed after parameters are adjusted in D-D operation.
If we assume a total per year of 1000 shots of 500 seconds
(with a cycling ratio not larger than 10 %) for 15 years.
with 1/3 of the shots in D-T. and a neutronic flux at the
wall of 0.5 MW/nr, we would obtain a fluence of 0.04
MWy/m2, much less than that foreseen tor the different
versions of ITER. The cumulated operating time would
then be of 2000 hours, of which 700 hours in D-T
operation mode.

Authors affiliation:CEA Cadarache, F-13108 St Paul Lez Durance, France



HI. DESIGN BASIS AND PERFORMANCES

In the following paragraphs, we describe the way to get to
the smallest machine generating a plasma satisfying the
objectives presented in the preceding section. The idea to
consider also a copper machine was suggested by Ph.
Rebut. For both concepts i.e., superconducting magnets or
copper magnets the vault solution is chosen for the toroidal
field system (TF), closed on an integrated support
cylinder, associated with an independent central solenoid.
This is done with the help of a code (ESCORT). Some
major aspects of the calculation method are presented and
discussed in the following paragraphs.

A. Optimization of the Tokamak Dimensions

According to the objectives a preset of the main plasma
characteristics is established : Plasma shape, minor and
major radius, plasma magnetic field.
For the plasma field, we calculate the field B ^ in the
superconducting winding corresponding to the plasma
considered by taking into account the ripple. Then we
calculate the thickness of the toroidal coil, for the
maximum current density possible at B ^ which allows the
generation of the field Bmax while meeting the mechanical
constraints. The dimensions of the external leg are then
calculated to ensure the constraint of maximum ripple at
plasma edge.
• Having thus obtained the available radius for the
central solenoid, we can then design the poloidal coils and
calculate the maximum reserve for the poloidal flux. After
subtracting the flux necessary for the current ramp-up, we
can calculate the duration of the plateau corresponding to
the operating point determined in the preceding stage.

• If this duration is inferior to 500 seconds, we must
choose a larger dimension and repeat the algorithm above,
until we obtain a plateau of 500 seconds.

The machine thus obtained is therefore the smallest
machine meeting the imposed physical and technological
requirements.

B. Current Density in the Cable

Superconducting conductor

The shape of the cable is that selected for ITER : 6 petals
around a central hole which allows helium to circulate with
a low pressure drop.

The design criteria selected, are those of ITER. Typical
current densities according to the superconducting material
and the operating temperature are presented in Fig.l
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Fig.l Available overall current densities in CICS as a function of the
superconducting material and of the operation temperature

Copper conductor

OFHC copper doped with Ag (2% to 5 %) is used. In this
case, the typical current density achievable in the winding
pack is in the range of 8-10 A/mm".

C. Mechanics

Winding pack

Concerning the toroidal field system the primary
constraints are the largest in the conductor at the last row
of conductors in the winding pack, just at the level of the
support cylinder. It is possible to distinguish two main
mechanical constraints : the centering constraint and the
hoop constraint. Approximate formula can be given for
these constraints [3] :

r; +2r' - 3 r : r )
- r1)2 f

Bl
hoop

K_

F2//0

T[ average radius internal TF leg
r2 average radius external TF leg
re internal radius internal leg of TF winding
r; external radius internal leg of TF winding
Bmax maximum field on TF winding TF (at re)
8 winding thickness
F structural ratio in the winding pack
/ amplifying factor (transmission of the centering force
only through the structural material).



=aTresca < yield

For the superconducting magnet concept, the structural
part is done partly by the square jacket surrounding the
cable and partly by the stainless steel casing surrounding
the winding. In this case the maximum for <JTresca is in the

range of 600 MPa-700 MPa.
For the copper magnet concept the structural part is done
by the copper itself. The maximum<7Tre!ca typically assumed
in machines such as JET is 160 MPa [4] .

Support cylinder

The external radius r'i of the support cylinder can be
determined from the external radius r; of the winding pack
through the following formula.( aTresca =700 MPa)

T =T ,
op ink! mC

,2 _ 2 / j _ ^ centering x

J Tresca

D. Shielding

In view of the operating modes considered in section II and
of the neutronic shielding needs, it is possible to consider
two options for the toroidal field system of the machine
corresponding to the plasma parameters.

copper magnet for which the shielding is designed to
limit the cumulated irradiation on the insulation and
can be thinner.

superconducting magnet for which the shielding is
designed to limit the thermal load on the conductor
and the size of the associated refrigerator

Assuming a shielding thickness and a typical attenuation
length in stainless steel of 0.09 m, the residual neutronic
power density Wres "behind" the shielding system is :

W() being the power density "before" the shielding system.

Refrigeration system

The dimensioning power of the refrigeration system is
driven by Wres corrected by the cycling ratio (10 %) of the
shots and a factor taking into account the spacing between
the external legs of the Tokamak.

Superconducting Winding

The power W|in deposited per unit lenth of conductor in the
winding can be deduced from Wres. In a conservative
assumption all this power can be considered as absorbed by
the innermost turn of the TF system at high field. The
operating temperature of the superconducting material Top

is deduced from the inlet temperature Tinlel:

1 hydraulic length of the innermost turn
Cp specific helium heat capacity
m helium mass flow rate

iv. FULLY SUPERCONDUCTING MACHINE M2S

The main choices for the magnet system of M2S are as
follows :
- The vault concept is chosen for the toroidal field system.
- The toroidal field system is made of double pancakes
stacked without plates.
- The central CS solenoid is independent from the toroidal
field system. The quantity of steel is very dependent on the
number of cycles in the life of the Tokamak.
- All the conductors are circular cables inserted in a square
steel jacket.
-The CS and the Toroidal magnet are made of Nb3Sn (with
a margin of 1 K) and the poloidal system is made of NbTi
(with a margin of 2 K)

Table I
M2 Major Tokamak Parameters

Major radius R(m)
Minor radius a (m)

Aspect ratio A
Plasma elongation • >J5

Plasma triangularity • 95

Plasma Field B, (T)
Duration of current plateau (s)

Cycling ratio in D-T

Amplification factor Q
Fusion Power (MW)

Power density on the first wall
(MW/m2)

Plasma current (MA)
Available radius for the

central solenoid (m)

5.0
1.43
3.5
1.63
0.35
5.43
500
10 7r

5
210
0.31

9
1.76

Table II
M2S Toroidal Field system main parameters

Maximum field Bm;ix (T)
Conductor Current (kA)

Stored Energy (GJ)
Superconducting material

Inlet Temperature (K)
Length of the innermost pancake

turn (m)
Thermal shield thickness including

casing (m)
Attenuation factor W(/Wres of the
neutronic shield (winding radius)

11.3
40
19.7

Nb3Sn
4.5
25

0.7

2387
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Magnet thickness including internal
casing and support cylinder (m)

0.81

v. COMPARING COPPER MAGNETS AND SUPERCONDUCTING

MAGNETS FOR M2

M2S and a fully copper version of M2 (M2C) can be
compared.

A. Comparison of Radial Build Design

While keeping the same plasma parameters of M2, the
radial dimensions for a toroidal magnet in superconductor
(M2S) and in copper ( M2C) are summarized below, in
Table III :

Table III
M2S and M2C : Comparison of radial build elements

Element

Plasma R
Plasma internal

boarder
Scrape off layer
Blanket + V.V.

Vacuum gap
Internal casing

Winding
Support cylinder

Vacuum gap

M2S
Radius

(m)

5
3.57

3.42
2.82
2.67
2.57
2.09
1.86
1.76

Thicknes
s(m)

1.43

0.15
0.6
0.15
0.1

0.48
0.23
0.1

M2C
Radius

(m)

5
3.57

3.42
3.22
3.17
3.07
2.04
1.81
1.76

Thicknes
s

(m)

1.43

0.15
0.2
0.05
0.1
1.03
0.23
0.05

It turns out that the available radius for the central solenoid
is the same for both versions, the larger section of the TF
winding of M2C being compensated by the lighter
shielding. This equivalent situation makes easy the
comparison of both versions. It is to be noted however, that
the stress in the copper of the central solenoid of M2C is
around 250 MPa which requires a special copper alloy.
For a total shielding (blanket and Vacuum.Vessel (V.V)
and internal casing) of 0.3 m thickness in M2C, doses on
the conductor remain below 108 Gy, corresponding to
roughly 10'3 dpa. The mechanical and electrical properties
of copper are therefore not modified by irradiation.
However this irradiation level of dose requires the use of
mineral insulators.

B. Estimate of Electrical Power Needs during Burn

Concerning the TF system, the electrical power can be
considered as nil in the case of superconducting coils. This
is not the case for the poloidal circuit because of the need
to control the field to ensure equilibrium and stability.A

power of 400 MW can be estimated to perform this
function.
The impact on the network is significant, especially in the
case of the all copper machine. It is likely that this
machine could be built only in a few specially selected
sites.

Table IV
Electrical power needs for the two options

M2 version
TF system

PF system
resistive losses

PF : control
Additional

heatings
Simultaneous total

M2S
0MW

0MW

400 MW
150MW

550 MW

M2C
900 MW

500 MW

400 MW
150MW

1800MW

C. Cost Estimate

In a first approach, the cost of M2S has been evaluated to
about 1675 MEuros. and the cost of M2C about
1500MEuros. This difference of cost is only partially
covered by the additional operating cost of the TF, CS and
PF copper coils of M2C during the 2000 hours of
operation. This cost can be evaluated to approximately 97
MEuros in the case of a plant based in France.

vi. CONCLUSION

M2S benefits from the experience of the Euratom-CEA
Association, acquired on Tore-Supra and during the R&D
actions for the definition of the ITER superconducting
coils. The design of M2C is certainly less established. It
requires 1800 MW which is available only at selected sites.
The cost estimate for both machines (M2C and M2S) are
quite in the same range. Both solutions seem feasible for a
realisation of M2.
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Abstract— The operational performance, during the last 10
years, of the toroidal field (TF) system of the Tokamak TORE
SUPRA based at CEA Cadarache, has demonstrated that
superconductivity associated to superfluid helium is a reliable
and realistic option for fusion by magnetic confinement. This
solution is now widely used in cryoelectricity. With superfluid
helium associated to Cable in Conduit Superconductor (CICS),
new paths can also be opened for cryoelectricity and especially
for fusion. The operation at FZK of the EURATOM LCT coil
at 1.8 K and 11 T has also demonstrated, that the use of
Niobium-Titanium can be extended up to very high fields. In the
frame of the Large Hadron Collider program (LHC) at CERN,
relevant commercial NbTi composites from different companies
have been extensively characterized at 1.8 K between 9 and 11
teslas. Based on this characterization, practical considerations
on conductor design criteria in superfluid helium are presented,
discussed and compared to design criteria in supercritical
helium. The operating temperature has an important impact on
the cost of the system and can be determinant in the choice of
the superconducting material. Some economical evaluations are
given on the basis of a reference TF magnet concept.

I INTRODUCTION

Superconducting magnets are considered as being requisite
for the operation of a future fusion reactor. All systems which
work on long pulse duration (> 30 s) or eventually in steady
state comprise superconducting magnets at least to generate
the toroidal field. Two tokamaks, Triam, and Tore Supra [1],
[2], [3], have now an operating experience exceeding
10 years. The stellarator LHD at NIFS (Japan) is in the phase
of the first plasmas, while the modular stellarator W7X at IPP
(Germany) is under construction. In Korea, China, and India,
three tokamaks with superconducting magnets are in design
phase. The R&D of the ITER collaboration is culminating in
the assembly and the testing of the two superconducting
model coils (CSMC and TFMC).

The cooling of those machines is in general provided by
helium boiling at 4.2 K at atmospheric pressure or by
supercritical helium in forced flow at 5-10 bars and about
4.5 K. For attaining high field levels, Nb3Sn is considered as
the necessary material, while in Tore Supra the option was,
more economically, to use NbTi with an original subcooling
method at 1.8 K and 1 atmosphere. Of course, the two
solutions are not exclusive of each other, as it is of a great
interest to subcool helium, to take advantage of a noticeable
increase in the critical current densities.

Manuscript received September 15, 1998.

In Fig. 1, it can be seen that operating at 1.8 K grants a
gain of about 3 T for NbTi and about 1.5 T for Nb3Sn.

Operating in subcooled superfluid helium brings another
stringent advantage in terms of stability. As a matter of fact,
even in static conditions (no flow) the heat transfer coefficient
is very high (only limited by the Kapitza resistance), which
means that the whole enthalpy of the helium can be available
irrespective of the velocity of the flow [4].

Based on winding concepts with CICS, superfluid helium
can readily be used in forced flow to remove the average heat
load. Various studies show that NbTi magnets can be
operated up to fields of 11 T, which pushes the step in cost
for the need of Nb^Sn to higher field values.

II.STATUS

The breakthrough of the use of pressurised superfluid
helium stems from the results of the development program
preparatory to the construction of Tore Supra [5], [6], [7],
[8]. After 10 years of operation of Tore Supra, it is confirmed
that routine operation at 1.8 K is no special burden. This
solution has also been retained by CERN, for cooling the
magnets of the accelerator LHC. Recently, a striking
performance was achieved at FZK, with the test of the
Euratom-LCT coil cooled with a forced flow of helium at
1.8 K [9], [10]. The coil could be energised up to the critical
current (corresponding to 11 T), which also demonstrates the
high efficiency in stability provided by superfluid helium. In
the frame of the European Fusion Technology program,
studies were led to assess the use of superfluid helium and
NbTi as back up solutions to Nb3Sn for the coils of NET [11].
Experiments were also performed in a test facility of CEA
Grenoble, to prove the appropriateness of single phase
superfluid helium flow in complex CICS. No special
singularity could be observed. The modelization of the fluid
thermohydraulic properties can be well represented by
standard codes, with the inclusion of a longitudinal
conduction given by the Gorter Mellink function [12].

III. SPECIFITIES OF DESIGN CRITERIA FOR SUPERFLUID HE

COOLING

A. NbTi Critical Current Data Base at Low Temperature

Data about NbTi critical current densities at temperatures
less than 4.2 K are very scarce except around 1.8 K. The
present study is based on results obtained at 1.8 K from
commercial superconducting mutifilamentary strands, in the
frame of the LHC program [13].



Nb3SnJc(4.2 K)
£=-0.25%

Nb3Sn Jc(1 8K)

E=-O.25%
NbTi 1.8 K (from LHC
program)
NbTi 2 8 K extrapolated
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Fig. 1. NbTi, Nb3Sn : influence of 1.8 K operation on critical current
densities increase

The multifilamentary composites and their performances
are similar to what is required for fusion magnets.

Practically, the curves Jc(B) at different temperatures are
parallel and the curve Jc(B,T) can be deduced from the curve
Jc(B, 1.8K) using a shift AB in field defined as :

AB=Bc20[(l-(l.S/TjJ)-(l-(T,Tj')]
Bc20=14.5T Tc0=9.2K
Jc(B,T)=Jc(B+AB,1.8K)

This data base is presented in Fig.l ; Jc(B) at 2.8 K is
representative for an operation at 1.8 K with a typical 1 kelvin
margin. It is compared to the same characteristics for
commercial internal tin Nb3Sn (strain : -0.25%) : in the range
of 10 T-l 1.5 T, NbTi is quite competitive with Nb3Sn.

B. Stability in Superfluid Helium

As usual the ratio Cu/nonCu in the strand is calculated such
as to satisfy the Stekly criterion. The situation is in this case
much better than in supercritical helium because the heat
exchange, even in the case of very low fluid velocities, is only
limited by the Kapitza resistance with an equivalent heat
transfer coefficient about ten times higher.

W(T) : current sharing heat flux generation
Q(T) : Kapitza heat flux exchange
pcu copper resistivity, x : Cu/nonCu ratio,

diameter, a wetted perimeter ratio, a=400, Top

temperature.

d : strand
: operating

^atr-T^a/d

W(T)<Q(T) VT : Stekly criterion

25000 -

•Kapitza heat flux
exchange Q

-current sharing heat
flux generation w

3.0 3.3 3.6 3.9

Temperature (K)

4.2 4.5 4.8

Fig.2. Stekly criterion : Q(T) is tangent to W(T)

In practice W(T) is not as linear as represented in Fig.2.
Three effects can affect the linearity of W(T) as a function of
temperature. The non linearity of Jc(T) between 1.8K and
4.2K and the « n value » both increase stability, while the so
called size effects, associated to a temperature gradient in the
strand depending on the heat flux, are detrimental to stability.
This temperature gradient, which can be substantial below
4K, is in relation mainly with the filamentary zone and with
the coating if any. These considerations can affect the strand
design. The Stekly criterion is fulfilled when the heat
generation W(T) is below Q(T), as presented in Fig.2. In the
practical case under consideration, W(T) is tangent to Q(T) at
a temperature below Tcs.

NbTi : A large part of the copper can be included in the
strand itself with high copper ratio with little additional cost
(which is not the case for Nb3Sn)[14]. This feature can help
to overcome the stability problem related to current
imbalance in CICS. A possible operation even near critical
current may be envisaged for the involved strands. Typically,
in this case, the copper to non copper ratio has to be around
5, for a design at 10.5 T.

Nb3Sn : More conventional copper ratios around 1 are
sufficient to envisage operation close to critical current for
designs around 13 T.

C. Available Energy in Superfluid Helium

In Helium II, the energy available between Top and Tx can
be calculated applying the method presented in [8], and used
for the dimensioning of TORE SUPRA : each strand of the
CICS can be considered as situated in front of a transverse
channel whose length dch:inne| is very small. According to the
void fraction of the cables (0.36), the length of the channel
can be evaluated at around 0.1 mm.
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Fig.3. Available overall current densities in CICS as a function of the
superconducting material and of the operation temperature. (Safety
discharge time constant: 15 s taken into account for hot spot criterion)

Due to the outstanding conduction properties of helium II,
and to the small value of dChannei which is favourable, nearly
the whole energy of the channel is available for strand
stability [8]. The amplifying factor depends on the ratio
(She/Ssup) of the helium section on the superconducting strand
section area in the cable. For a given void fraction, this ratio
is affected by the percentage of pure copper strands. As an
example, for an operating temperature of 1.9 K :

)= 226 (She/Ssup)

In spite of the low temperature excursion between Top and
Tv the available energy on the whole coil section is quite
large and comparable to the energies considered in the design
of other Nb3Sn ITER cables in supercritical helium.

The energy is fully available as long as no transition of the
superconductor takes place, which implies an additional
condition for the duration 9 of the heat deposition and the
associated power.

E/G<a(Tcs
3-Top

3)4/d

Application for a typical case :
TCS=2.9K(IK margin) E=226mJ/cm3 d=0.8mm
Top= 1.9 K The minimum time duration for this energy

deposition, corresponding to the maximum power, is 6.5 ms
which is quite sufficient according to the order of magnitude
of the perturbations expected in large size tokamak magnets.
In addition to these criteria, the hot spot criterion of a safety
discharge determines the overall amount of copper in the
cable(with additional copper strands).The achievable cable
current densities, and their range of application are presented
in Fig.3, as a function of the temperature and of the materials.

IV. COOLING

The favored option for the conductor together with the use
of superfluid helium is the CICS. This solution is well
adapted to high current associated to high voltage during
safety discharges.

500. 1000. 15O0. 2000. 2500. 3000. 3500 4000.

Fig.4. He II Pressure-enthalpy chart

The helium is circulated through a coil hydraulic module,
driven by a pump. The coil module, a pancake, requires an
intermediate He injection plug if the electrical module is a
double pancake.

It has been demonstrated that no specific difficulty is
encountered in such a process.

As it is presented in Fig.4, the power P,oad that can be
removed, in relation with the enthalpy H and the helium mass

flow m is written :

Pload=mAH with AH=H(Toutlel,Poutlet)-H(Pinkl,Tinle[)

The limitations are mainly in relation with Toulit.t which is
set below Tx. They are also in relation with the decreasing
effectiveness of the increase of the mass flow. As a matter of
fact the increase of mass flow rate is automatically associated
to an increase of the pressure drop which is an intrinsic factor
of the decrease of the available enthalpy (Fig. 4).

This observation has some consequences in the cable
design and especially in the dimension of the central channel
of the CICS which has to be large enough to limit the pressure
drop.

Such a concept is well adapted to low loss magnets which
is the case of the toroidal field magnets of thermonuclear
tokamaks. In this case,, the heat load is mainly driven by the
neutrons and the shielding thickness has to be adapted
accordingly.

The thick case of the magnet is cooled at 4.5 K to absorb
the heat radiation from 77 K and part of the neutron heating
load. It is insulated from the winding by a thin layer of
polymide alumine, a low thermal conductivity material (as
developed for TORE SUPRA).



V. APPLICATION TO A TOKAMAK MAGNET CONCEPT VI. CONCLUSION

The actuality and the economical advantages of this
concept are such that it is now considered as one of the
options for the magnet system of ITER at reduced cost [14].

This concept is also being envisaged by CEA in a design
exercise of a non nuclear plasma physics machine as referred
as M1U. This machine could be dedicated to long pulse
operation and advanced plasma physics. The overall
dimensions would be such that it could take place in the same
building as TORE SUPRA. The conceptual design of M1U
with D shape NbTi TF coils, relies on the existing successful
1.8 K operation of TORE SUPRA and introduces the CICS
concept developed during the EDA phase of ITER. It is
estimated that using Nb3Sn instead of NbTi, for the same
magnet size, would lead to a 43% increase of the overall cost
of the magnet system.

The mechanics is based on the vault system and a winding
pack of square jacketed conductors in a thick casing. The
main characteristics of the system are presented in Table I.

The central solenoid would operate in pulsed mode and
could therefore be conventional (copper).

A view of this machine is presented in Fig.5.

TABLEI

MAIN PARAMETERS OFMIU

Major Plasma radius
Minor plasma radius

Magnetic field at plasma centre
Plasma current

Number of TF coils
TF coil magnetic Energy

Inner space plasma-TF coil casing
Maximum field on TF conductor

Conductor current
TF discharge time

Conductor size
Operating temperature

Temperature margin for design

3.m
0.83 m
5.3 T

5.6 MA
18

3.8 GJ
0.57 m
10.4T
15 kA
15s

25.lmmx25.lmm
1.9 K

IK

Superfluid helium cooling of windings can provide
significant advantages. In addition to the gain in operational
field, high heat capacity of helium is made fully available.
Experiences of relevant size have already demonstrated the
applicability to fusion magnets (Tore Supra and EU-LCT). It
is proposed to combine superfluid helium cooling in forced
flow with CICS similar to those developed for ITER. This
method combined with a separate cooling at 4.5 K of the TF
coil reinforcing casing (which conveys most of the heat load)
does not show any particular difficulty. The investment cost
of the refrigerator per kW at 1.8 K is about twice the
investment cost for 4.5 K [15]. In total, it is expected to
provide a significant reduction in the magnet cost for Nb3Sn
and also to give access to high field (1 IT) for NbTi.
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G3

Superconducting magnets for thermonuclear
fusion

J-L Duchateau

G3.0.1 Introduction

Although it was originally applied to magnets for fundamental research and high-energy physics,
superconductivity has now invaded the sphere of fusion magnets.

In fact, confining very hot deuterium-tritium plasmas, thanks to high fields, now appears to be the
most promising way to control thermonuclear fusion and produce a new kind of energy. Because of the
huge size of these magnets, superconductivity stands out as the obligatory path for sparing the power
inputs of future plants.

Superconducting magnets are considered for the main confinement field of these machines for both
torsotrons/heliotrons and Tokamaks. Three existing Tokamaks (T15, Tore Supra and Triam) operate with
superconducting magnets at the toroidal field system.

In addition, superconducting magnets are also now considered for poloidal field systems, control
magnets and the ohmic heating coils of Tokamaks.

Today no project of magnetic confinement fusion of significant size exists without involving
superconducting magnets. The most outstanding project is of course the ITER project (International
Thermonuclear Experimental Reactor), in which Europe, the United States, Japan and the Russian
Federation work together to perform ignition on a Tokamak. The engineering design phase of this project
has started and will take six years.

The design of these magnets is particularly difficult to achieve. Simultaneously a very high current
(50 kA), a very high voltage (5 kV) and a high field (13 T) are required, pushing engineers to develop
new kinds of conductor. In fact 1500 t of Nb3Sn wires, cabled in a so-called cable-in-conduit cooled by a
forced flow of helium, will be necessary in projects such as ITER. This is really a challenge and will, if
successful, definitively ensure the industrialization of Nb3Sn. Until now, in spite of its high critical fields
and temperatures, this superconductor has not been as widely accepted as Nb-Ti in important projects.

G3.0.2 Superconductivity for fusion

G3.0.2.1 Why fusion?

As a consequence of economic growth and population explosion, world energy demand continues to rise.



1262 Superconducting magnets for thermonuclear fusion

Fusion, in contrast to fission, cannot at present be considered as an energy source. It might become
commercially available around the middle of the 21st century.

In the future it appears that the capability of supplying large energy demands will be limited to three
major sources: coal, fission and fusion. Coal reserves seem sufficient for 200-400 years depending on
consumption, but considerations of economic independence and also of CO2 and SO2 emissions may limit
its massive use in Europe.

As regards fission, commercially exploitable uranium reserves are estimated to be sufficient for about
60 years at the current rate of consumption. This capability could be multiplied by about 50 by the use of
fast breeder reactors (Colombo 1990).

In competition with fission, as a possible major source of energy, fusion offers environmental
advantages. Neither long-life radioactive wastes, nor actinides, are produced by fusion. Operating with a
very limited quantity of tritium in the hot region (a few grams), the fusion reactor is basically unable to
generate catastrophic uncontrolled chain reactions.

The actual mineral reserves of lithium may be equated with about 1500 years of available energy for
humanity, but the possibility of a deuterium-deuterium reaction being exploited in the distant future or the
extraction of lithium from seawater makes fusion appear to be a virtually inexhaustible source of energy.

However, fusion has still to demonstrate this virtual capacity. No doubt the technical results of fusion
in the next 20 years will help to place this source of energy among the other, including the renewable,
sources.

G3.0.2.2 The way to fusion

The binding energy per nucleon is a function of the nuclear mass. Nuclear energy can be produced in two
ways: by breaking heavy nuclei (fission) or sticking light nuclei together (fusion) (figure G3.0.1).

The fusion deuterium-tritium (DT) reaction is the easiest to achieve

D + T ->• He4(3.56 MeV) + n(14.03 MeV).
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Figure G3.0.1. Binding energy per nucleon as a function of the atomic weight.
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The main objective is to reach the ignition regime in which a thermonuclear industrial plant can operate.
In this regime, the energy of the a particles (He4) is sufficient to compensate the losses; for example

it keeps the plasma at its operating temperature without an external power source. The neutron energy is
thus available to produce the net energy of the plant.

Consideration of the energy balance leads to the well known Lawson criterion (Adam et al 1987). If
the temperature T is in the range 10-20 keV and 108-2 x 108 K

nx > 1020 (irT3 s keV)

where n is the plasma density (particles per cubic metre), r the confinement time (seconds) and T the
plasma temperature (keV).

Confining very hot low-density plasmas by high magnetic fields is one of the ways to control
thermonuclear fusion.

The temperature is increased by the Joule effect associated with a current induced inside the plasma
and by additional means such as neutron beams and high-frequency electromagnetic waves.

Fundamental considerations of plasma stability lead to increases in the size of the machines, the
magnetic field and the plasma current.

Deuterium can be produced in significant amounts from water but tritium does not exist in nature and
has to be produced in reactors from the lithium of the blankets surrounding the hot region by capturing
the neutrons of the DT reaction.

G3.0.2.3 Magnetic configuration

As has been seen, thermonuclear plasmas require very high (10-20 keV) temperatures for large plasma
volumes. Only magnetic fields may be used to balance the pressure associated with these temperatures.

The basic idea of magnetic confinement is that, to a first approximation, a plasma particle travels
along a field line. Classically it can be considered in fusion machines that these field lines are established
on magnetic surfaces. If these surfaces cross the in-vessel wall, particles must be prevented from hitting
this wall by means of magnetic mirrors.

Historically, investigations on magnetic confinement have produced, with more or less success, many
different systems. It has to be pointed out that magnetic confinement fusion research is an outstanding
example of international cooperation. In practice, worldwide the main emphasis has been put on toroidal
machines with major funding given to Tokamaks.

(a) Tokamaks
This machine was discovered in the mid-1950s at the Kurchatov Institute in the former USSR. In the 1960s,
this kind of machine had provided excellent results in comparison with alternative magnetic configurations.
Nowadays thermonuclear reactions are nearly reached in large Tokamaks such as JT60 in Japan, TFTR in
the USA and especially JET in Europe—JET as the world's largest Tokamak has provided a significant
contribution to progress in Tokamak physics.

In toroidal machines, the basic confinement line fields, curved and closed along a torus, are produced
by coils external to the plasma (toroidal field coil). In addition to that, to prevent the vertical thermal drift
of the particles, a rotational transform of the field is necessary. Field lines are helices.

In Tokamaks this rotational transform is produced by a huge current circulating in the plasma itself
(figure G3.0.2). This current mainly arises thanks to a central solenoid acting like the primary of a
transformer, the plasma being the secondary.

The central solenoid is only one part of the poloidal field coil, the other part is made of large diameter
so-called ring coils which play a role in the plasma equilibrium.
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Transformer
core

Line of force of resulting
magnetic field

Figure G3.0.2. Presentation of a Tokamak.

(b) Stellarators
In this second kind of toroidal machine, the rotational transform is produced not with plasma current but
only by helicoidal external windings. The state of the art in this case is less advanced than for Tokamaks.
The main interest in these machines lies in their intrinsic capability of steady operation in comparison with
the pulsed mode of Tokamaks and the absence of disruptions classically associated with Tokamak plasma
currents.

A sketch of Wendelstein VII-X, an advanced stellarator design of the IPP-Euratom Association
approved by Euratom, is presented in figure G3.O.3. The magnet system is superconducting using a

Figure G3.03. Sketch of the basic configuration of Wendelstein VII-X. The lines on the plasma surface indicate the
magnetic field lines and meridional sections respectively. Courtesy of Max-Planck-Institut ftir Plasmaphysik.
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forced flow Nb-Ti cable-in-conduit with a maximum field on the conductor of 6.2 T (Sapper et al 1993).
The jacket material is made of a special aluminium alloy which will be hardened after winding at a
moderate temperature. It will be built at Greifwald in Germany.

A similar concept is the torsatron concept illustrated by the construction at Nagoya in Japan of the
Large Helical Device (LHD). The on-site winding of the two superconducting helical coils composing the
main magnetic system started at the beginning of 1995 and will take 18 months (Imagawa et al 1995).
In phase I of the project the conductor will be cooled by a helium bath at a temperature of 4.4 K. The
maximum field in the coil is 6.9 T and the total stored energy is 920 MJ.

(c) Mirror machines
A word has to be said about mirror machines which were one of the important approaches to magnetic
confinement before 1980 but seem to have been left aside.

The simplest magnetic mirror is produced by two parallel solenoids with current circulating in the
same direction. This basic configuration has to be complicated for plasma stability, to keep the field
minimum on the plasma. One of the possible configurations is the famous baseball configuration (see
figure G3.0.4(a)) allowing a field increase in every direction with only one coil having a tennis-ball-seam
shape. One of the most important superconducting systems in the world has been assembled in the USA
to build the mirror machine MFTF-B. However, this machine has never been put into operation because
of cuts in the fusion programme. For this machine the Ying-Yang configuration (figure G3.0.4(b)) has
been preferred (Wilson 1983).

Figure G3.0.4. (a) A baseball coil; (b) Ying-Yang coils. Reproduced by permission of Oxford University Press.

G3.0.3 Superconducting Tokamaks

It has taken a long time for plasma physicists to accept superconducting coils in their Tokamaks.
While admitting the long-term necessity of superconductivity for fusion the tendency was to delay this

technological mutation as far as possible. Difficulties in achieving high current densities in the presence
of cryostats, instability and losses of superconductors under fast changing fields, uncertain reliability and
industrial availability of high-field superconductors were severe drawbacks which explain this cautious
attitude. At the beginning of the 1980s, the increasing size of the Tokamaks, and their associated longer
plasma burn time pointed out, in the first stage, the competitivity of superconducting toroidal field systems
in comparison with the complicated previous machines with copper coils and flywheel generators.

Thereby and logically two large devices have been built in the last few years: Tore Supra in Cadarache
and T15 at the Kurchatov Institute in Russia.
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Besides these two machines a smaller machine Triam has been built at the Kyushu University in
Japan where it has been operating successfully since 1986.

G3.0.3.J Opening the way: the Large Coil Task experiment

In the framework of an important international task to prepare for the introduction of superconducting
magnets into fusion experiments, six superconducting coils forming a torus were assembled and tested in
1986 at Oak Ridge National Laboratory (Beard et al 1988).

Even if, since then, the fusion requirements for superconducting coils have been drastically increased,
imposing larger sizes, higher current and higher fields making NbsSn quite compulsory, the Large Coil
Task (LCT) stands out as a major milestone for fusion technology.

Each of the six coils had a 2.5 m x 3.5 m D-shaped bore, a current between 10 and 18 kA, and
was designed for stable operation at 8 T. This level of field was reached on all the coils corresponding
to a maximum total stored energy reached of 600 MJ (see table G3.0.1). As an ultimate test, the six
coils reached the maximum field of 9 T. A total stored energy of 944 MJ was achieved, but the test was
terminated at this level by the dump of the torus caused by the resistive heating of the Westinghouse
(WH) coil and subsequent quench. The six conductors, which can be considered to a certain extent as the
predecessors of the modern conductors for fusion, are presented in figure G3.0.5.

Table G3.0.1. Presentation of the six coils of the LCT experiment.

Name of the coil
and design

EU Euratom
WH US—Westinghouse
GE US—General Electric
GD US—General Dynamics
JA Japan
CH Switzerland

Design
current
(kA)

11.4
17.76
10.50
10.20
10.22
13

Cooling

Forced flow
Forced flow
Helium bath
Helium bath
Helium bath
Forced flow

Superconductor

Nb-Ti
Nb3Sn
Nb-Ti
Nb-Ti
Nb-Ti
Nb-Ti

Self-
inductance
(H)

1.57
0.75
1.81
1.81
2
1

Extensive experience has been accumulated on cooling down, hydraulics, quench detection, stability
and mechanics.

G3.0.3.2 Triam

The construction of Triam-1M (Nakamura et al 1989) started in 1982 and this Tokamak was put into
operation in 1986 at the Kyushu University in Japan. One of its major features is to operate with a peak
field of 11 T on a superconductor, which is not so far from the ITER requirements.

The whole machine is situated in a vacuum tank (figure G3.O.6) of 4 m diameter and 3.6 m height.
The poloidal coils except the ohmic heating coil are situated inside the toroidal field (TF) coils.

The toroidal field system is made of 16 D-shaped coils. Pool boiling conditions associated with
monolithic Nb3Sn surrounded by copper and aluminium sections (figure G3.0.7) ensure steady-state
cryostability.

The main toroidal field system features are presented in table G3.0.2.
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Figure G3.0.5. The six conductors of the LCT experiment. Reproduced by permission of Elsevier Science BV.
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Figure G3.0.6. The Tokamak triam-lM. Courtesy of Kyushu University.
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Figure G3.0.7. Cross-sectiona! view of the Triam-lM conductor. Reproduced by permission of E'sevier Science
Publishers Ltd.

Gil 0.3.3 T15

The Tokamak T15 was completed in October 1988 at the Kurchatov Institute in Moscow and the first
shots with plasma were produced in December 1988.

T15 is the largest Tokamak using NbjSn (react and wind process) as a superconductor for the toroidal
field system.

The toroidal field system is made of 48 circular coils located in pairs in stainless steel cases and
shared through 12 assembly modules (Alkhimovich 1991).

The main parameters of T15 are presented in table G.3.0.3.
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Table G3.0.2. Main characteristics of the Triam toroidal field system.

Major plasma radius
Minor plasma radius
Plasma current
Number of coils
Coil bore
Peak field on winding
Conductor current
Critical current at 11 T
Stored energy
Winding configuration

0.8 m
0.12 m x 0.18 m
1.7 MA
16
0.44 x 0.67 m2

11 T
6202 A
9600 A
76 MJ
3 gradings
6 double pancakes

Table G3.03. Main parameters of the T15 toroidal field system.

Normal regime Forced regime

Major plasma radius (m)
Minor plasma radius (m)
Plasma current (MA)
Field on plasma axes (T)
Maximum field on conductor (T)
Conductor weight (t)
Current (A)
Stored energy (MJ)

2.43
0.7
14
3.5
6.4
90
3900
370

2.43
0.7
2.0-2.3
4.5-5
8.4-9.1
90
5000-5600
620-760

(a) Conductor
The cable is made of 11 twisted superconducting bronze wires. These wires are jacketed by a copper
structure in which two helium channels are provided (figure G3.O.8).

Normal operation at 4.5 K has not yet been possible due to cryogenic problems with the helium

Figure G3.0.8. T15 conductor: 1—copper; 2—Nb3Sn in a bronze matrix; 3—cooling channels. Reproduced by
permission of Elsevier Science Publisher.
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liquefier.
Moreover, it seems that a resistive voltage distributed along the turns of some coils exists in the toroidal

field system. The origin of this voltage, already observed in the Nb3Sn LCT coil of Westinghouse, might
be related to the strain degradation during winding after the reaction. Resistive losses of around 50 W are
produced in this process in each coil.

In spite of this, the nominal current 3.9 kA has been reached in transients and quite normal operation
is possible at 3 kA at a temperature of 9 K (Alkhimovich 1991).

G3.0.3.4 Tore Supra

This Tokamak (figure G3.0.9) is practically the same size as T15. Tore Supra's first operation took place in
1988 at the Cadarache Nuclear Centre (France). At that time a conservative approach was taken with the
conductor, based on the very industrial Nb-Ti coupled with quite new and less established one atmosphere
Hell cooling (Turck 1995).

(a) Presentation of the Tokamak
The main characteristics of Tore Supra are presented in table G3.0.4.

• G *

Figure G3.0.9. The Tokamak: Tore Supra.
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Table G3.0.4. Main characteristics of Tore Supra.

Major plasma radius
Minor plasma radius
Toroidal field at plasma centre
Plasma current
Plasma bum time
Repetition rate
Refrigeration power at 80 K

4.5 K

1.75 K

2.25 m
0.70 m
4.5 T
1.7 MA
30 s
4 min
40 kW
650 W
+100 Ih"1

300 W

In principle devoted to long-pulse operation in 'next step' relevant plasma conditions thanks to its
superconducting coils, Tore Supra takes a specific part in the Euratom fusion programme. 30-200 s cycles
currently allows the study of significant long times of confinement, density profiles, plasma heating of
different kinds, impurity control and plasma instabilities. Moreover, Tore Supra brings precious information
and significant experience on the operation of superconducting coils in the fusion environment.

(b) The conductor
The conductor and its characteristics are presented in figure G3.0.10 and table G3.0.5. The manufacture
of this conductor (40 t) has been equally shared between two companies: Alsthom Atlantique and
Vacuumschmelze.

Figure G3.0.10. Tore Supra conductor (AISA version).

The basic choice has been to take better part of Nb-Ti by operating the coils in a superfiuid helium
bath at 1.8 K and atmospheric pressure (Claudet bath). The other choice could have been NbaSn in a
helium bath at 4.2 K and atmospheric pressure but the industrial development of this superconductor,
though far better as concerns the critical properties, was judged not sufficiently advanced at the time of
the design (1979) and of the go-ahead (1981).

In fact at 1.8 K, the critical current density of Nb—Ti is in the same range as the critical current density
of Nb3Sn (4.2 K). In addition, superfiuid helium offers outstanding properties for heat conduction which
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Table G3.0.5. Main features of the Tore Supra toroidal field system conductor.

Material
Composition
Dimensions
Filament diameter
Number of filaments
Specified critical current
at 9 T and 4.2 K
Operating temperature

Nb-Ti
Nb-Ti 29%, Cu 64%, CuNi 7%
2.8 mm x 5.6 mm
23 urn
11000

1400 A
1.8 K

allows the enthalpy between 1.8 K and Tk (3 x 105 J m~3) to be fully available to stabilize the conductor.
For the nominal field and current values (9 T and 1400 A) the conductor satisfies stability requirements

of two kinds.

(i) In the case of a sudden temperature increase caused by an accidental perturbation the conductor can
recover after a heat deposition increasing the temperature of a whole pancake up to 15 K.

(ii) In the case of a plasma current disruption the conductor is subjected to variable fields around 0.3-0.7 T
(parallel and transverse) with an associated time constant limited by the steel casing to 10-20 ms.
The conductor does not at any point reach a temperature higher than 3 K.

(c) The toroidal field system
The main parameters of the Tore Supra toroidal field system are presented in table G3.0.6. The 18 coils
composing the toroidal field magnet have been manufactured by an Italian company: Ansaldo. They
are designed to form a complete and rigid torus after assembly, only the weight is transmitted to room
temperature through six legs. Each cold winding is encased in a strong stainless steel casing which provides
most of the mechanical strength.

Table G3.0.6. The main parameters of the Tore Supra toroidal field system.

Plasma major radius 2.25 m
Operating current 1400 A
Toroidal field on plasma axis 4.5 T
Maximum toroidal field 9 T
Toroidal field coil mean diameter 2.6 m
Weight of conductor 45 t
Total weight 160 t
Total magnetic energy 600 MJ

Figure G3.0.11 shows one module of |th of the magnet. Besides the strength, the thick casing acts as
a separate vacuum envelope around each coil, as a barrier against a possible helium leak and as a magnetic
shield against fast field variations (20 ms time constant).

A cutaway drawing of the coil in figure G3.0.12 shows the 4.5 K cooling channels in the casing,
along with the other elements of the coil. To ensure the thermal insulation of the 1.8 K vessel from the
4.5 K case, a new insulating material has been developed, using alumina powder as a filler in a poiyimide
matrix.
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Figure G3.0.11. One module of the Tore Supra toroidal field system.

(d) Normal operation and protection
The superconducting toroidal field system stands out as one of the major utilities of Tore Supra. It is
operated fully automatically daily thanks to a control computer. The toroidal field is routinely increased
within half an hour in the morning for the whole day. A great deal of attention has been paid to the design
of the safety system in order to ensure reliable operation (Duchateau et al 1991). This aim has been
achieved mainly by doubling critical components and ensuring quench detection through five independent
detectors. In addition the daily automatic check of the system before starting it every morning makes
major electronic failures visible when the system is not in operation.

In the case of quench a fast discharge of the energy is triggered by the safety detection system.
During this discharge the voltage across any coil does not exceed 500 V. The time constant of the current
in any coil except the quenched coil is 120 s. As concerns the quenched coil, a particular circuit has to
be considered because of the increase of the resistance of this coil. In a kind of autoprotection mode the
time constant of this coil is thus around 20 s.
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1. Tiuck casing
2. 4.5 K channels
3. Polyamidc-alumina

chocks
4.1.8 K vessel

(thin casing)
5. Ground insulation
6. Glass-epoxy chocks
7. Spacers
8. Superconductor

Figure G3.0.12. Sketch of a superconducting coil of the Tore Supra toroidal field system.

(e) Status after eight years of operating experience
The first cooling down of the machine took place in April 1988. In the first phase it was decided to operate
the whole machine with a reduced toroidal field (2 T) in order to get enough information on the behaviour
of all systems and on synergistic effects before increasing the field to the nominal value.

In November 1989 the current was increased step by step up to 1455 A corresponding to 4.5 T at the
plasma axis and to 9.3 T on the conductor with no accommodation.

The superconducting magnet of Tore Supra is one the largest superconducting magnets in operation
in the world. By its long and successful operation it has demonstrated that superconductivity is a good
solution, and even perhaps the only solution, for magnetic fusion. The main exploitation problems are
related to the electrical pertubations brought to the quench detection system during heating by means such
as neutral beams or the radiofrequency ion cyclotronic wave. These perturbations can trigger a dump of
the system which means a typical shut down of 2 h. As an example, five dumps of the system occurred in
1995, none of them being related to a quench of the magnet. The total number of cycles for the current
is presented in table G3.0.7.

Table G3.0.7. Number of cycles performed on the superconducting coils of Tore Supra.

Cycling range (A) Number of cycles performed

0-600
600-900
900-1200
>1200

278
118
280
445

11471 poloidal shots have been performed since 1988 with a plasma current established for more
than 1 s. The achievement in 1996 of several shots with a duration longer than 1 min must be emphasized.
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Two of them have even lasted 2 min with a plasma current of 0.8 MA. Thanks to its superconducting
toroidal field system, it is envisaged that in the near future Tore Supra will be able to perform very long
1000 s shots comparable to ITER shots. The conceptual design associated with this next operation phase
is ready and the associated necessary transformations are under discussion.

G3.0.4 Future fusion machines: the increasing importance of superconductivity

G3.0.4.1 Superconductivity, an obligatory path for future Tokamaks

The anticipated increase in size of future Tokamaks, in projects beyond JET, TFTR and JT60, is such that
the use of copper coils will no longer be possible. This is evident from table G3.0.8.

Table G3.0.8. Energy demands in different Tokamaks.

Toroidal field
stored Energy dissipated Pulse Electric
magnetic during a pulse duration power

Name Period energy (GJ) (109 J) (s) (MW)

JT60
(Japan)
TFTR
(USA)
JET
(Europe)
Tore
Supra
(Europe)
ITER
(international
project)

85

82

83

88

98

2.85

1.36

1.45

0.6

100

8.67

2.4

5.4

—

—

38

6.8

60

Steady
operation

Steady
operation

250

380

280

0.5

25

The advantages of the superconductivity approach have become more apparent with time. Certainly
the difficulties with the industrial production of NbsSn, for instance, are present in the minds of everybody
but what will be gained in return then is:

(i) a considerable efficiency increase thanks to the decrease in the energy consumption;
(ii) a natural and easy steady-state regime;
(iii) an increase in current density which means size and cost reductions.

A word has to be said about possible use of high-rc superconductors in the future for fusion
applications. All the constraints of superconductors for fusion have to be fulfilled and in particular the
following: high Jc at high field, addition of a normal metal for stability and protection, maintaining quality
under stresses in tension and in compression and under irradiation. None of the high-7"c superconductors
seems to fulfil these conditions at present. Besides, it is to be noted that operating at high temperature,
80 K for instance, will not result in such an important energy gain (0.5 MW is in balance for instance for
Tore Supra).

Simplification of the internal cryogenics, suppression of shields and decrease of the refrigerator cost
will certainly be associated with the use of such materials and that has to be taken into consideration.
Nevertheless high-7"c superconductors might see their first application in fusion systems in more restricted
places such as the numerous current leads of the toroidal field system. A recent acceleration in the use
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of a certain kind of high-7"c material can be pointed out. Multifilaments of bismuth oxides have been
developed by several companies (Sheahan 1994) by the so-called powder-in-tube method. No application
of these materials at 77 K can be envisaged, but their behaviour in the range 20-30 K at very high fields
makes them very attractive potentially for fusion applications.

G3.0.4.2 ITER

11 September 1992 stands out as a major milestone along the path of international co-operation on fusion.
Delegations from the four ITER parties, the European Community, Japan, the Russian Federation and the
USA, decided to initiate the ITER Engineering Design Activities (EDA), a phase which was to have a
duration of six years. The information developed during this ITER EDA phase will provide the basis
for future decisions on the construction of ITER, a reactor aimed at demonstrating the scientific and
technological feasibility of fusion energy for peaceful purposes.

The budget for this phase is one billion dollars. Three EDA co-centres of equivalent importance
have been chosen. The centre of Naka in Japan is of major interest for superconductivity because all the
activities concerning superconducting coils are managed from there. The European Euratom Associations
have already taken an important part in the ITER design, taking advantage of the work developed in
the framework of the Next European Torus (NET) project (NET 1993). All these European laboratories
continue to participate actively in the EDA phase. One of their major contributions during this EDA phase,
as concerns the superconducting magnets, is the design and testing (in relation with the industry) of the
toroidal field model coil as a representation of the toroidal field system of ITER. Another model coil, the
central solenoid (CS) model coil, is in the charge of Japan and the USA.

This project is a real challenge. For the first time superconducting conductors will have to carry very
large 40-60 kA currents at high fields (12-13 T) in both the toroidal field system and the central solenoid.
For the first time superconducting magnets will have to sustain a 5 kV voltage to ground routinely. This
current and this voltage are of the same order of magnitude as those of the stator of the large electrical
generators associated with nuclear plants.

(a) Nb3Sn or Nb-Ti
In recent years, the general trend towards increasing fields up to 13 T has made compulsory the choice of

n as the basic superconductor material both for poloidal field coils and for toroidal coils (table G3.0.9).

Table G3.0.9. Nb-Ti and Nb3Sn: critical parameters.

Ternary Nb3Sn
s = -0.3% Nb-46.5% Ti

rc(HT)(K) 10.42 4.12
rc(12T)(K) 9.09 2.65
Bc2(1.8 K) (T) 25.5 14.1
5c2(4.2 K) (T) 23.2 10.9

As can be seen from figure G3.O.13 (Turck 1991), the critical current densities available around 13 T
with Nb3Sn (typical modified jelly roll (MJR) strand) are well above those available with Nb—Ti. Moreover
the critical temperature and fields presented in table G3.0.9 emphasize the advantage of Nb3Sn as concerns
stability.

Nb-Ti is quite competitive up to fields of about 11 T, taking into account that this material has
advantages as regards losses (very low effective diameters), residual resistivity ratio (RRR) and of course
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Figure G3.0.13. Nb-Ti and NbjSn critical current densities at 4.2 K and 1.8 K.
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Figure G3.0.14. Sensitivity to strain for a typical Nb3Sn strand.

costs. But beyond 11 T the choice is M^Sn or no fusion project at all. One of the difficulties related
to the use of NbsSn is the necessity of using huge furnaces to react coils for typically three weeks, at
temperatures of around 650 °C to form the Nb3Sn phase. The question of insulation under these conditions
has not been completely solved. Another difficulty is that M^Sn, unlike Nb—Ti is very sensitive to strain.
This sensitivity to strain is pointed out in figure G3.0.14 for a typical MJR strand. This strain appears
during the cooling phase after the reaction due to the differential thermal contraction of the conductor
components (Cu, bronze, Nb3Sn, stainless steel). This strain is typically —0.2 to —0.3% for a basic strand
but can be up to —0.7% for a strand embedded in a conductor because of the large section of stainless
steel tightly bonded to the strands.

About 1500 t of NbsSn will be present in the magnetic system which is certainly a very important
new step for superconductivity, but a large place still exists for Nb-Ti (about 500 t) in the machine for
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the external poloidal field coils due to the very low price of the material (a factor of five cheaper than
NbjSn) and of the magnet manufacture.

Moreover, the forced-flow cable-in-conduit is the only type of conductor possible for ITER and
experience with such conductors is, so far, not so important.

No doubt, in the case of success, the impact of ITER will be very great on other topics such as energy
storage and, more generally, the production of large fields in large volume.

A sketch of the machine is presented in figure G3.0.15. All the data given hereafter have to be
considered as very preliminary (ITER 1995).

UPPER CROWN
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CYL IHDER
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LOWER
CROWN LATCH

LOCATIONS

Figure G3.0.15. A 3D view of the ITER magnet systems. Courtesy of ITER.

(b) The toroidal field system
The ITER toroidal field system is made of 20 coils forming a complete torus. Considering one turn of
a magnet, a very particular problem of this system is to find the convenient shape leading to no bending
stresses on the turn. As the toroidal field and thus the perpendicular force vary all along the turn, the
radius on each point has to be adjusted to find the so-called bending-free D-shape.

General data concerning the toroidal field magnet are presented in table G3.0.10.
The conductor has a circular cross-section and is pancake wound embedded in stainless-steel-insulated

reinforcing radial-grooved plates. Each of the 20 coils is taken inside a stainless steel case which in addition
to the plates resists the hoop stress. The out-of-plane forces created by the poloidal field system are resisted
by an outer intercoil structure placed between the coils and the outside of the machine and by a crown
torsion cylinder. In contrast to the case of Tore Supra, the toroidal field system is mechanically linked to
the central solenoid which supports the toroidal field centring forces. As concerns the coil manufacture,
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the wind and react process is used. Each layer of conductor can be reacted independently. The electrical
dry insulation is added during the assembly phase after the reaction.

(c) The central solenoid
The central solenoid is made of one simple block. It is layer wound which makes it possible to grade and
install the joints between layers outside the coil at the top and bottom. This allows some increase in the
overall current density and some gain in the available flux swing. This also makes it possible to save on
the use of superconductor.

General data concerning the central solenoid magnet are presented in table G3.0.11.
The conductor is a circular NbsSn cable in an externally square-shaped jacket.
The heat load of the inner layer is particularly high as this layer sees all along its length the maximum

field variation. The situation is diffrent in a pancake organization where, due to the decrease in field along
the pancake, the heat load associated with the field variation is not so high. This layer will be wound four
or six conductors in hand to reduce the cooling length and the pressure drop.

The central solenoid operates in pulse mode. Its capacity to accept several consecutive shots has to be
carefully studied in relation to the heat deposition as a function of time and the residence time of helium

Table G3.0.10. Major data of the ITER toroidal field system.

Number of turns per coil 192
Current per conductor 60.2 kA
Self-inductance of a coil 1.03 H
Total inductance 56.1 H
Total stored energy (24 coils) 101 GJ
Maximum toroidal field at conductor 12.7 T
Maximum voltage to ground ±5 kV
Number of pancakes 14
Overall height 18 m
Overall width 12.2 m
Weight of cable 57 t
Weight of jacket 14 t
Total weight 675 t

Table G3.0.11. Major data of the ITER central solenoid.

Number of turns
Maximum field at conductor
Current per conductor
Flux at outer radius/equatorial plane
Self-inductance
Total stored energy
Maximum voltage to ground
Height
Inner radius
Outer radius
Weight of cable
Weight of jacket
Total weight

3356
13T
39 kA
233 Wb
16.2 H
12.3 GJ
±6.3 kV
12.12 m
1.919 m
2.700 m
257 t
462 t
1350 t
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inside the considered layer which depends on the mass flow rate.
For the coil fabrication, the huge size of this magnet means careful preparation is required. The wind

and react process is used, in separate layers or in groups of layers. The best solution is to insulate the
winding after reaction.

(d) Conductor
(i) General outlines. Very high current (about 40 to 60 kA), associated with high voltages to ground (about
5 kV) and high fields (12 to 13 T), is required for fusion applications. Only forced-flow cables-in-conduit
seem able to sustain with reliability this high level of specification through high wetted perimeters, local
mechanical reinforcement and safe insulation. It is to be noted that such a concept does not have a very
long history in comparison with the classical bath-cooled conductor, but in the framework of the fusion
programme significant experience has now been accumulated both in conductor design and tests and in
coil fabrication and tests.

As concerns the fabrication of the conductor, one possible way of making it is to draw a circular
bundle of conductor through a stainless steel jacket, hundreds of metres in length. The conductor is
manufactured in two steps: a cabling process followed by a jacketing process. One of the most difficult
problems to solve is the additional compressive strain induced on the superconductor during heat treatment
by the differential thermal contraction between strands and jacket (Steeves et al 1984). This compressive
strain might be kept at a limited value (>—0.5%) in the case of stainless steel if the void fraction is
sufficiently high (around 40%), i.e. with a mechanical bond of bad quality between the jacket and the
strands which is not compatible with the required mechanical quality of the cable. Other ways to keep this
compressive strain at a low value are under investigation. One way of solving the problem is to use as the
reference material for the jacket Incoloy 908 whose thermal contraction matches the thermal contraction
of M^Sn better than stainless steel. It is to be noted, however, that no real industrial experience exists
for this material.

Two prototypes of conductors manufactured by ABB and LMI have been successfully tested in the
Fenix test facility of Lawrence Livermore Laboratory (USA) (Bruzzone et al 1993) (figure G3.O.16).
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Figure G3.0.16. A 40 kA conductor developed in the framework of the NET programme: (a) ABB conductor; (b) LMI
conductor. Reproduced by permission of Elsevier Science Publisher.

In 1993, a new kind of conductor developed by CEA and manufactured by Dour Metal Industry was
tested in the Sultan test facility of the Paul Scherrer Institute (Switzerland) (Bessette et al 1992), which is
now the devoted facility in Europe for such kinds of test (figure G3.0.17).

One can notice:

• the circular arrangement of the bundle of conductor protected by a stainless steel wrapping which
prevents any deformation after cabling and acts as a protection during transport; this shape allows it
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Figure G3.0.17. A 40 k.A conductor developed in the frame of the NET programme CEA—Dour Metal Industry
conductor. The sides of the white square are 40 mm long.

to be drawn through the jacket during the fabrication phase; the jacket is fabricated and leak tested
in a preliminary' phase;

• the central hole, which may prevent any severe blockage of helium due to metallic particle
accumulation and ensure a low hydraulic pressure drop;

• the six-petal arrangement forming a vault without any extra support, each petal being surrounded by
a stainless steel wrapping to cut out large coupling currents and keep the overall cable time constant
at a low level.

The conductor design chosen by ITER is in fact very close to this concept. Different grades of
conductors have now been designed for use in different parts of the machine. The conductors of the model
coils of ITER, very representative of these conductors, are presented in figure G3.0.18 (Okuno etal 1994).
The fabrication lines for these conductors are now in operation. In Europe two companies are involved
in this activity; EM-LMI for the cabling and Ansaldo for the jacketing. About 6 km of conductor will be
fabricated for the central solenoid model coil and 1 km for the toroidal field model coil.

SJPERCONOJCT/NG
CABLE

Figure G3.0.18. Conductors of the ITER model coils. Reproduced by permission of Elsevier Science BV.
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(ii) Available cable space current density. The composition of the conductor inside the jacket, i.e. the helium
section, copper section and noncopper section, has to be adjusted such as to maximize the available cable
space current in relation to the design criteria which have to be fulfilled.

Hot spot criterion. In the case of a transition to the normal state, the increase of temperature until the
complete extinction of current must be limited to about 150 K

r°° fT""A C(T)
/ J2(t)dt= \ ' dT

Jo Jo P(T, B{t))

where J is the overall current density in the cable (A mm"2), p the equivalent resistivity of the cable
{£l m), C the equivalent heat capacity of the conductor (J m~3 K"1), T the conductor temperature (K) and
B the magnetic field (T).

Well cooled criterion. The critical energy, that is to say the maximum energy input acceptable by the
conductor without losing superconductivity, can be very high, nearly the energy sink of the helium section
of the conductor if this criterion is fulfilled, which is typically more than 500 times the enthalpy of the
materials. That is the main interest of the cable-in-conduit concept

pJ2 < 4hfia(Tc - Tb)/d

where d is the composite diameter (m), a the wetted perimeter coefficient, Tc the critical temperature (K),
Tb the bath temperature (at the end of a shot) (K), fi the safety coefficient necessary to take advantage of
large critical energies and h the heat transfer coefficient (W m~2 K"1).

This critical energy has to be kept at least greater than the energy which appears in the case of
a plasma disruption (time range: 100 ms) and greater than the typical mechanical energy release (time
range: a few milliseconds). The question of the helium energy sink to be taken into account is always a
source of discussion and controversy. It is of course very dependent on the thermodynamic process being
considered. In view of the very long length of the cooling channel which is submitted to variation in the
disruption field (more than 100 m), our opinion is that the internal energy (isochore model) of helium must
be taken into account for this evaluation which leads to far smaller values than the enthalpy at constant
pressure which is sometimes considered.

Evaluation of Tb. The evaluation of Tb is not so easy to perform; it has to be done at any place and time.
A typical current variation in the central solenoid coil is presented in figure G3.0.19 together with the field
at the inner layer of the central solenoid coil. The greater part of the losses appears at the beginning of
the shot when the field decreases from 13 T to — 6 T corresponding to a temperature increase greater than
2K.

The calculation of the helium temperature at a given time and location must take into account the heat
deposition and its repartition along the layer from the beginning of the run. This calculation is complicated
by the two helium channels whose hydraulic properties are very different. Several hydraulic codes have
been developed which help to solve this problem.

Temperature margin.

where Tcs is the current sharing temperature.
Both Tcs and Tb are functions of the location along the channel and of the time. The difference

between Tcs and 7j, has to be kept higher than, typically, 2 K; this is the safety margin. In particular,
for the central solenoid, which operates in pulsed mode, the temperature increase accumulation must be
avoided. The transit time of the helium across the channel is a very important characteristic: it will take
about 2000 s for the helium flow to travel across the centra! solenoid inner layer which is also the time
duration of an ITER pulse.
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Figure G3.0.19. Description of a central solenoid cycle.

(e) Strand

(i) Nb-jSn strand. As a result of the high field specification, the only possibility for fusion at high field is
to use Nb3Sn wires. A lot of work has been done recently (ABB 1988, Bruzzone et al 1995, LMI 1988)
to estimate whether the industry would be able to supply in large quantities Nb3Sn strands fitting fusion
specifications regarding hysteresis losses (between 200 and 600 mJ cm"3 nonCu for a ± 3 T cycle), RRR
(>100), JnonCu (between 600 and 700 A mm"2 at 12 T and 4.2 K) and unit lengths (>3 km). So far the
situation is not very clear, even if major improvements have appeared. The fabrication of the model coils
will help clarify on large quantities what the real available strands are.

The possible processes. Three kinds of process are in competition for producing the NbsSn strand.

• The modified jelly roll (MJR) strand.
Much experience has been accumulated on this strand both in Europe and in the USA. Significant

lengths of cabled 40 kA conductors have been manufactured and tested, using this material. A typical
strand produced by the Teledyne Wah Chang Company is presented in figure G3.O.2O. There is no
bronze in the strand during its fabrication. During the three stages of heat treatment the tin diffuses
from the 19 central cores to form the bronze (first two stages) then the NbsSn from the niobium
mesh (last stage). The copper shell is protected from tin pollution by a vanadium barrier. Large unit
lengths and high current density (650 A mm"2 at 12 T) are currently associated with this material
in relation to high hysteresis loss and high effective filament diameter (~35 ^im) due to bridging.
Vanadium has now been abandoned for a double tantalum and niobium barrier.

• The bronze route strand.
This is the oldest process. A typical strand produced by Vacuumschmelze is presented in

figure G3.0.21. The tin for the filaments is provided from a bronze matrix existing before the
reaction. Pollution of the pure copper shell is prevented by a tantalum barrier. The difficulty of
drawing large unit lengths, including important hard bronze parts, now seems to have been overcome.
Critical current densities are smaller than for the MJR process (550 A m~2 at 12 T) but very small
effective diameters can be achieved (5 fim < deff < 10 /zm). The quality of this product is certainly
very homogeneous and perhaps more controlled than the other processes.
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Figure G3.0.20. A 0.73 mm MJR strand produced by Teledyne Wah Chang, Albany as pan of the NET development
(used for the CEA 40 kA conductor).

Figure G3.0.21. A 0.81 mm bronze strand produced by Vacuumschmelze for the central solenoid model coil
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The internal tin NbsSn strand.
A typical strand produced by EM-LMI is presented in figure G3.0.22. The arrangement is very

similar to the MJR strand. The anti-diffusion barrier is made of tantalum. In principle, the MJR
strand and the internal tin strand are supposed to present the same kind of result but less practical
experience exists with this wire.

Figure G3.0.22. A 0.73 mm internal tin strand produced by EM-LMI for the toroidal field model coil.

The critical current. The critical noncopper current density can be very well represented by the following
law (Summers et al 1991)

Jc = co[(l - (l - B/BC2)
2

~ T/(3TC0))
-as")

for ternary

= 18 K

a = 1250 for s > 0 (tensile)

-vO.333

BC20m = 28 T

a = 900 for s <: 0 (compressive).

Tc can be numerically calculated as the value giving 0 for Jc

The n value. During the current-sharing regime the current-voltage (I-V) characteristic can be modelled
in the form: V = aln. Low n values have sometimes been seen in the past and are not acceptable,
due to the resulting high power dissipation at low cuaent in coils made of long lengths of conductor.
Specifications of the n value of around 20-30 are assumed and seem to be met without difficulties.
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Residual resistivity ratio (RRR). Low RRR (20—4-0) values are periodically pointed out, in particular in
chrome plated strands. These poor RRR values are not very well understood. They appear after long
duration heat treatments and may be related to pollution coming from the Cr bath or, which is worse, even
from leakage through the anti-diffusion barrier. This has important consequences as concerns stability and
protection.

Chrome plating. The strands will be chromium plated with a 2 /xm thick layer to prevent sintering of the
strands during the heat treatment. As a result of its well known mechanical hardness, the chromium is
also assumed to limit the area of the contact surface between two neighbouring strands in the cable, thus
reducing the coupling currents between these two strands. This role is not completely understood and may
depend on the quality and the nature of the chrome plating which can greatly vary from one vendor to
another.

The strand diameter. Much experience has been accumulated in cabling strands with diameters in the
range 0.7-0.8 mm. Lower diameters lead to an increasing number of stages in the cable and thereby
increasing costs. Larger diameters make stability considerations more difficult and may be connected to
breakage during the cable manufacture.

(ii) Nb-Ti strand. The Nb-Ti strands which could be used for the external poloidal field coils of ITER
are very similar to those used for accelerator magnets. No new developments are in principle needed.
The only specific point which is requested is a thin external cupro-nickel layer which helps to limit and
control the time constant of these large cables. This strand is available in standard production. The very
low achievable filament diameter (5 fim) is an advantage in pulsed operation. Such a wire produced by
GEC Alsthom is presented in figure G3.0.23.

Figure G3.0.23. A 0.8 mm Nb-Ti strand produced by GEC Alsthom for fusion applications.
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I LA SUPRACONDUCTION ET LA FUSION

L'histoire de la fusion et de la supraconduction ne se sont croisées que récemment. Si les
premiers aimants supraconducteurs de la physique des particules élémentaires datent du début
des années 70, il a fallu attendre la fin des années 80 pour voir apparaître les premières
grandes réalisations dont la plus significative est certainement TORE SUPRA, le tokamak
français du CEA basé à Cadarache. Les raisons de ce délai sont à trouver dans la difficulté de
réaliser des conducteurs supraconducteurs à haut champ pouvant supporter des variations de
champ rapide.
La filière de la fusion par confinement magnétique constitue par essence un champ privilégié
pour les aimants supraconducteurs. Dans cette filière qui pourrait représenter à terme une
nouvelle source d'énergie, des plasmas à haute température portés à l'ignition sont confinés
par des champs magnétiques puissants. Par ailleurs le chauffage de ces plasmas est assuré en
partie par chauffage ohmique c'est à dire par la création par décharge d'un solénoïde central,
d'un très fort courant dans le plasma.
La croissance des tailles de ces machines et la durée des tirs à réaliser ont rendu inéluctable à
terme l'introduction de la supraconduction pour tous les systèmes magnétiques de la fusion.

Ouvrant la voie à cette mutation technologique , un système de 6 aimants supraconducteurs de
600 MJ a été testé au Laboratoire d'Oak Ridge en 1986 et une petite machine TRIAM en
Nb3Sn fonctionne depuis 1986 à l'Université de Kyushu au Japon. La construction de deux
grandes machines de tailles similaires a été terminée à la fin des années 80 : T15 le tokamak
russe à bobinages au Nb3Sn qui connaît de gros problèmes d'exploitation et TORE SUPRA le
tokamak français à bobinages au NbTi.

II TORE SUPRA

Le fonctionnement de TORE SUPRA a démarré en 1988 . Pour le conducteur une approche
conservative a été faite consistant à utiliser Le Niobium Titane grâce à une réfrigération à très
basse température à l'hélium superfluide.

1) Présentation du Tokamak
Les caractéristiques principales sont présentées Tableau 1

Tableau 1
Caractéristiques principales de TORE SUPRA

Grand rayon plasma
petit rayon plasma
champ toroïdal au centre du plasma
courant plasma
durée du plasma
taux de répétition
Puissance de réfrigération à 80K

à 4.5 K

àl.75K

2.25m
0.70m
4.5T

1.7MA
30s
4mn

40kW
650W

+1001/h
300W



2) Le conducteur

Le conducteur et ses caractéristiques sont présentées en Tableau 2. La fabrication du
conducteur (40 tonnes) a été également répartie entre deux compagnies : GEC ALSTHOM et
VACUUMSCHMELZE.

Tableau 2
Principales caractéristiques du conducteur de TORE SUPRA

Matériau
Composition
Dimension

diamètre du filament
Nombre de filaments

courant critique
(9T.4.2K)

température de fonctionnement

NbTi
NbTi 29% Cu 64% CuNi 7%

2.8mmx5.6mm
23 um
11000
1400 A

1.8 K

A 1.8 K la densité de courant critique du NbTi est du même ordre de grandeur à que la
densité de courant critique du Nb3Sn à 4.2 K.

De plus l'hélium superfluide de part ses propriétés remarquables de conduction thermique
permet au conducteur de profiter entièrement de son enthalpie entre 1.8 K et Tk. A 1400 A et
9T le conducteur satisfait des conditions de stabilité de deux genres :

-en cas d'augmentation de température brutale le conducteur peur récupérer après une
dissipation de chaleur portant une galette entière au dessus à 15 K

-En cas de disruption du plasma le conducteur est soumis à une variation de champ de l'ordre
de 0.3 à 0.7 T en une constante de temps de l'ordre de 10 à 20 ms limitée par le boîtier épais.
Le conducteur ne dépasse pas 3 K en aucun point..

3) Le système de champ toroïdal

Les bobines supraconductrices de TORE SUPRA constituent un des plus grands systèmes
supraconducteurs en fonctionnement au monde.
les principaux paramètres de TORE SUPRA sont présentées en Tableau 3. Les 18 aimants
composant le système ont été fabriqués par ANSALDO. La conception mécanique en fait un
tore rigide et seul le poids est transmis à la température ambiante par 6 pieds. Chaque bobine
est prise dans un boîtier épais qui donne la tenue mécanique et établit un écran thermique à
4.5 K. Les bobines sont dans un boîtier mince qui enferme l'hélium superfluide à 1.8K.
(Fig-D
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Tableau 3
Principaux paramètres du système de champ toroidal

Champ maximum
diamètre moyen d'une bobine

poids du conducteur
Poids total

énergie magnétique

9T
2.6m
45t
160t

600 MJ

4) Système de protection et fonctionnement

Le système de champ toroïdal supraconducteur de TORE SUPRA, par son bon
fonctionnement ces 6 dernières années fait la démonstration que la supraconduction est la
bonne solution et même l'unique solution pour le confinement magnétique des plasmas.
C'est un des composants principaux de TORE SUPRA. Il fonctionne journellement grâce à un
système de contrôle commande. Le champ monte en 30 minutes chaque matin et reste
généralement établi pendant toute la journée. Le système de détection est constitué de 5 sous
systèmes indépendants à base de températures, pression tensions et courants de masse. C'est
un système électronique. Son intégrité est contrôlé automatiquement chaque jour avant le
démarrage par le système de contrôle commande.
En cas de quench l'énergie de l'aimant est extraite vers un banc de résistances. Pendant cette
décharge rapide du courant la tension aux bornes des bobines ne dépasse pas 500 Volts. La
constante de temps du courant est de l'ordre de 120 secondes sauf pour l'aimant qui transite
qui se d décharge en environ 20 secondes. Cette accélération est auto induite par l'apparition
dans l'aimant de la résistance caractéristique de l'état normal.

5) Bilan après 6 ans de fonctionnement.

En Novembre 1989 le courant a atteint une valeur de 1455 A correspondant à 4.5 T sur le
plasma et 9.3 T sur le conducteur.
Les principaux problèmes d'exploitation sont liés au parasitage du système d'exploitation par
certains moyens de chauffage du plasma. Ce parasitage peut provoquer une décharge rapide
qui interrompt l'exploitation pendant un temps de l'ordre de deux heures. En tableau 4 on
donne un bilan concernant ce phénomène sur les dernières années. Un programme de travail
existe pour s'affranchir au maximum de ce parasitage.



Tableau 4
Bilan des décharges rapide sur TORE SUPRA

année de fonctionnement
1989

1990 j
1991
1992
1993
1994
1995

Nombre de décharges rapides
1 (vrai quench de la bobine BT4du à une

disruption violente du plasma)
3
3
6
3
7
5

IIIITER

De tout temps la collaboration internationale a été très forte en matière de fusion par
confinement magnétique. Le succès de la filière « tokamak » est peut être du en partie à cette
collaboration. Le 11 Septembre 1992 a marqué cependant une accélération forte de ce
processus avec le lancement de la phase EDA (engineering design activities) du projet ITER
(International Thermonuclear experimntal reactor) qui durera 6 ans. Ce projet qui rassemble le
Japon, la Russie les Etats Unis et l'Europe se fixe pour but la construction d'un grand
tokamak devant atteindre l'ignition. Le centre de Naka au Japon est celui qui pilote la partie
du projet concernant les aimants supraconducteurs. De nombreux laboratoires européen dont
le notre prennent une part active à ce projet, 7 objets de grande taille représentatifs des
principaux composants doivent être construits pendant cette phase et l'Europe est responsable
d'un des objets : la bobine modèle du système de champ toroidal dont notre laboratoire a fait
la conception et dont la commande vient d'être passée à un consortium industriel européen.

Ce projet constitue réellement un défi industriel. Pour la première fois des aimants
supraconducteurs devront passer des courants de 40 à 60 kA sous de champs de l'ordre de 13T
avec des tensions par rapport à la masse de 5 kV. Le conducteur retenu est un câble à
refroidissement forcé à base d'un millier de brins au Niobium Etain. Il n'existe pas
d'expérience importante dans ce type de technologie. On présente en Figure 2 un cable de ce
type conçu et testé par notre équipe.

1) Niobium Etain ou Niobium Titane

La croissance des champs magnétiques sur le système de champ toroidal et le système de
champ poloidal a rendu indispensable le passage au Niobium Etain (environ 1500 tonnes). Le
Niobium Titane conserve pour des raisons de prix et de facilité de mise en oeuvre une part
importante pour les bobines de champ poloidal externes. (500 tonnes).
Le Tableau 5 explique les raisons de ce choix.
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Tableau 5 :NbTi et Nb3Sn : parametre critiques

Tc(llT)
Tc(12T)

Bc2(1.8K)
Bc2(4.2K)

Nb3Sn ternaire
(e=-0.3%)

10.42K
9.09K
25.5T
23.2T

Nb46.5%Ti

4.12K
2.65K
14.1T
10.9T

Une des difficultes lies a 1'utilisation du Niobium Etain est la necessite de reagir les elements
de bobines dans des grands fours pendant des durees de 1'ordfe de 3 semaines. Un autre
probleme est la sensibilite du Niobium Etain a la compression qui peut apparaitre au cours du
traitement thermique a cause de la contraction thermique differentielle entre les composants
du conducteur. (Cu, Bronze, Nb3Sn, acier).
L'isolation des conducteurs n'est pas encore decidee. Typiquement eile pourrait inclure une
couche de materiau a role de dielectrique comme le Kapton et une couche resine epoxy qui
viendrait occuper les vides et assurer un bon support pour le conducteur. L'influence du
rayonnement pour le choix des materiaux est a prendre en compte particulierement pour le
systeme de champ toroidal. L'isolation serait installee apres le traitement thermique.
Le systeme de connexions a ete particulierement etudie par notre equipe. On s'oriente vers un
systeme a deux boites (twin box) dans lequel chacune des extremites est enfermee dans une
boite composite comprenant une partie acier soudee au boitier du conducteur et une partie
cuivre pour la jonction electrique entre les deux boites.

2) Le systeme de champ toroidal

II est compose de 20 bobines (Tableau 6). L'interet pour un plasma allonge a conduit a cette
forme en D des bobines avec la recherche d'une forme ideale visant a minimiser la flexion sur
le conducteur. la force de tension longitudinale est reprise par le conducteur et le boitier la
force de compression radiale est traite par 1'insertion de plaques radiales. Le tore est pousse
par la force centripete vers le solenoide central vers lequel il s'appuie. Les couples de
renversement lies aux variations de champ poloidal sont supported par un systeme de

. goupillages entre les bobines.

Tableau 6
Principales donnees du systeme de champ toroidal

(une bobine)

Nombre de tours par bobine
Nombre de galettes

Courant
Inductance d'une bobine

Champ maximum
Tension par rapport a la masse

Hauteur totale
Largeur totale
Poids de cable

Poids de la bobine

192
14

60.2 kA
1.03H
12.3 T
±5kV
18m
12.2m

57 tonnes
670 tonnes
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3) Solenoids central

Le solenoi'de central (Tableau 7), dans sa conception actuelle, est fait d'un seul bloc. II est
bobine en couches afin d'autoriser l'utilisation de plusieurs gammes de conducteurs. Les
joints sont situes en partie basse et haute a environ 1.5 metres de la bobine dans les regions de
bas champ.

Tableau 7

Principals donnees du solenoi'de central

Nombre de tours
Nombre de couches

Courant
Inductance

Champ maximum
Tension par rapport a la masse

Hauteur
Rayon interne
Rayon externe
Poids de cable

Poids total

3356
14

39 kA
16.2 H
13 T

±6.2 kV
12.12m
1.919 m
2.700 m

257 tonnes
1350 tonnes

Le systeme magnetique d'lTER est pvesente en Figure 3.

CONCLUSION

Le domaine des aimants supraconducteurs pour la fusion est certainement marque
actuellement par Ie projet ITER ; si ce projet voit le jour, il marquera notarnment
1'industrialisation du Niobium Etain. Deux autres machines a confinement magnetique de
,grande taille sont actuellement en construction : le stellarator europeen W7X et le torsatron
japonais LHD.
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The toroida! field system of the French tokamak TORE SUPRA is cooled by superfluid
helium. A particular behaviour has been observed during safety discharges in one of
the 18 coils (BT13) of the system, in relation to a higher level of He II temperatures.
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taking into account a campaign of safety discharges performed in Summer 1993.
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Introduction

The basic choice for TORE SUPRA1 has been to take
advantage of NbTi by operating the coils in. a superfluid
helium bath at 1.8 K and atmospheric pressure (Claudet
bath). The other choice could have been Nb3Sn in an
helium bath at 4.2 K and atmospheric pressure but the
industrial development of this superconductor, though far
better as concerns the critical properties, was judged to be
not sufficiently advanced at the time of the design (1979)
and initiation of the construction (1981).

In fact, at 1.8 K, the critical current density of NbTi is
in the same range as the critical current density of Nb3Sn
(4.2 K) at 9 T, which is the highest field on the conductor.
In addition, the superfluid helium offers outstanding proper-
ties for heat conduction which allows the enthalpy between
1.8 K and TK (3 x 105 J/m3) to be fully available to stabilise
the conductor.

Description of the hydraulic circuit and the
temperature sensors

The hydraulic circuit of TORE SUPRA is presented in Fig-
ure 1. The conductors are submerged in the He II bath and
there is no helium circulation. The cooling tube constituted

*To whom correspondence should be addressed (Tel: 33 442
25 46 08; Fax: 33 442 25 49 90).

successively by the vertical junction and the horizontal
junction situated outside the coil is connected to two differ-
ent hydraulic circuits:

• the current lead hydraulic circuit
• the heat exchanger circuit

For obvious safety reasons no temperature sensors are
installed inside the coil itself. The only available tempera-
ture sensors are:

• Tvi installed on the vertical junction available only on
coils BT13, BT16 and BT17;

• Tex installed on the heat exchanger; and
• Tc] installed at the top of the current leads.

A geometrical description of these circuits is presented
in Table 1.

Any transient heating inside the coil is transmitted to
these hydraulic circuits through Gorter Mellink
conduction-diffusion.

Presentation of the thermal behaviour
observed in coil BT13

During the reception tests of the system in 1989, several
safety discharges were triggered to test the safety system
with higher and higher levels of current: 250, 600, 800,

Cryogenics 1998 Volume 38, Number 5 513
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To!

Figure 1 He II hydraulic circuit of TORE SUPRA magnets

Table 1 Geometrical characteristics of TORE SUPRA HE II
hydraulic circuit

Hydraulic circuit

Vertical junction
Horizontal junction
+ connection to the heat

exchanger
Horizontal junction
+ connection to the current lead

circuit

Length

1.6 m
5.8 m

6.8 m

Section

37 cm2

37 cm2

37 cm2

1000, 1250 and 1450 A. During this phase the coil current
was decreased by extracting the magnetic energy through
a dump resistor, with a typical time constant around 100 s.
Due to losses, hysteretic as well as coupling, the coils
experience significant heating which is visible through the
temperature increase of Tcl, which was the only temperature
sensor available at that time apart from Tex. This heating
is an increasing function of the current level.

It turned out that the temperature increase associated
with coil BT13 was clearly the highest of them all, though
acceptable up to 1250 A. Eventually, starting from 1450 A,
a quench was induced in that coil, which resulted in no
particular damage in the coil. In fact, it was possible to
increase the current again in the coils after recovery of the
cryogenic system.

A possible explanation of this heat dissipation is the elec-
trical effect of a turn to turn resistive short circuit near the
internal radius of the coil, at high field. It should be noted
that large parts of TORE SUPRA conductors are bare to
exploit the advantage of He II cooling.

Taking this hypothesis (whose associated schematical

circuit is presented in Figure 2), the equation in the short
circuited loop can be written:

d/ dL

= I + Ic

where:

M is the inductance of the short circuited tum with the
rest of the coil
Ls is the self-inductance of the short circuited turn
Rs is the resistance of the short circuited part
Rcc is the resistance of the short circuit
/ is the current in the rest of the coil

coil dump resistance ( I)

AAA

short circuited
inductance

(i S )
non short circuited
coii inductance

short circuit ,. »
resistance ( ICCj

Figure 2 Electrical representation of the defect inside BT13
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/cc is the current in the short circuit
/s is the current in the short circuited part
T is the discharge time constant

Two main effects of this resistive short circuit can be
described.

1. Large overcurrent in the short circuited part. Supposing
Rs = 0. As soon as the fast discharge is triggered
(instantaneously if the self-inductance of the turn is
neglected) a large current /s0 is induced inside the short
circuited turn which may quench the turn if the critical
current is exceeded.

(1)
TKCC

2. Heating inside the resistive short circuit. Overall dissi-
pation:

W -
2Rccr

and initial dissipated power:

p = :
* cc

(2)

Figure 3 for BT13 and BT16. The duration considered
for this evaluation is fixed by the time at which the
temperature reaches a maximum.

Wthcrm is the energy received by conduction into the
coil from the 4.5 K thick casing surrounding it. The
power associated with this energy is constant and
equal to 7 W during all the transient.

W = w — W,
vvcc yvj "'losses

where W,osscs is the energy due to the hysteretic losses and
coupling losses which can be (nearly) evaluated theoreti-
cally for a given discharge.

If the coil is sound, Wy = Wlosses which can help to check
the validity of the calculation.

One of the difficulties of the calculation is that if the
temperature variations obtained on carbon sensors are
known with a great precision (better than 1 mK), there is,
on the contrary, a large uncertainty in the absolute value
(more than 10 mK). This is quite classical for carbon sen-
sors.

For Wcond evaluation, 7"vj is scaled just before the transi-
ent to Tex such that:

rvj = rcx + 5

to take into account the heat flux associated with Wlhcrm in
the dc operation.

This model can be confirmed by a detailed thermal analy-
sis of the behaviour of the coil during a discharge.

Thermal evaluation of the energy dissipated
in coil BT13

During a thermal transient the energy W, dissipated inside
the coil can be written as:

Wj = Wcoi] + Wcmi + Wzry - WlhSTm

where

Wcoi] is the enthalpy increase inside the coil during the
transient. This energy is evaluated from the initial and
final temperature of the helium inside the coil which
is supposed to be isothermal;

Wcry is the enthalpy increase inside the cryostat of the
current leads. This is evaluated from the initial and
final temperatures of the cryostat;

Wcond is the energy removed by conduction during the
transient. This is evaluated using the code HESUT.
This code gives an integration of the heat flux flowing
through the helium channel to the heat exchanger. This
is done using the time evolution of 7vj and 7ex. As an
illustration the time evolution of 7"v: is presented in

Experimental results

A campaign of several discharges was undertaken during
Summer 1993 to evaluate the energy dissipated. As an illus-
tration, the main temperature results obtained for a dis-
charge started from 1250 A are presented in Table 2. The
losses evaluation for this discharge are as given below:

Ws = 9050 J
Wcoil = 5870 J

Wcry = 634 J
Wtherm = 7rmax = 2165 J

In Figure 4 it can be seen that the losses measured in
BT16 and BT17 are not very far from the theoretical total
hysteretic and coupling losses. Taking average values of
the heat dissipated in BT16 and BT17 and subtracting from
the measured losses in BT13, it is possible to extract the
estimated defect losses in BT13. In Figure 5 the losses
evaluated for BT13, BT16 and BT17 are presented. The
level of loss in BT13 is clearly higher than in the other
coils. In Figure 6 the estimated defect energy for BT13
is presented.

Discussion

From capacitive discharges at room temperature, it is poss-
ible to point out some different behaviours in the BT13 coil
in comparison with the other coils. Taking into account the

Cryogenics 1998 Volume 38, Number 5 515 - 3 9 3 -
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Figure 3 Time evolution of 7"V1 for BT13 and BT16 in a safety discharge initiated from 1250 A

500.
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sob1;6

Table 2 Typical experimental temperature results obtained
from a discharge starting from 1250 A (initial and final points
of the transient)

f = Os

rex(K) 1.7088
Tvj(K) 1.7116
7"coi,(K> (calculated) 1.7119

12000

= 373 s

1.7585
1.7944
7.7979

model presented in Figure 2, the capacitive discharges lead
to a value of 50 /JSI for Rc.

Starting with this value, it is possible to evaluate from
Equation (1) (M = 16 mH, T = 130 s) the discharge current
from which the current /sOmax in the short circuited part
reaches the conductor critical current at 7\. In Figure 7 it
can be seen that the critical current is reached at 1250 A.

The application of the model in order to estimate the
defect energy from Equation (2) is not completely satisfac-
tory.

Hysteretic losses

Coupling losses

Hysteretic+coupling

• Ifffiosses
• BT17 losses

200 1400400 600 800 1000 1200

Discharge current (A)

Figure 4 Heat dissipated in BT16 and BT17 in comparison with the theoretical coupling and hysteretic losses

• BT13
ABT16
• BT17

200 400 600 800

discharge current (A)

Figure5 Heat dissipated during discharges in BT13, BT16 and BT17

1000 1200 1400
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Figure 6 Estimation of defect energy for BT13 as a function
of current
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Figure 7 Current induced in the short circuited part of the coil
as a function of the field on the conductor at the beginning of
the discharge

of time is clearly higher. This is quite visible in Figure 3
and is in relation to the high level of the dissipated energy.

Conclusion

The very simple model presented here cannot describe
completely the experimental results, especially at 1250 A
where the influence of a partial quench of the turn should
be added. At least it has been possible to build a thermal
evaluation of the defect by a calorimetric method. This
method has been possible in He II and could not have been
worked out at 4.2 K.

A conservative method to operate at higher current could
be to decrease the dump time constant, by using a different
cabling arrangement for the dump resistor. In this case, it
is possible to adjust (in Figure 7), the slope of the current
in the short circuited turn to increase /sOmax to the desired
value. The price to be paid is the increasing temperature of
the hot spot.

Fortunately, in the end this has not been necessary. On
average there is about one shut down of the TORE SUPRA
every year. During this phase, the magnets are warmed up
at room temperature and cooled down at the end of the
period. In 1995 after this thermal cycling, it turned out that
the defect disappeared and that the thermal behaviour of
BT13 in transient was comparable to the other coils, which
is a change since the initial operation in 1989.
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• The defect energy up to 1000 A is more in relation with
a short circuit resistance of 250 ;uX2, the curve presented
in Figure 6 can be fitted with a curve proportional to
the square of the discharge current.

• The energy dissipated at 1250 A is clearly outside this
fit presenting a far higher value. This means that this
discharge has a different nature with a probable quench
of the short circuited turn. In this case the expression
(1) cannot be applied and the resistance of the partially
quenched turn in parallel with the short circuit resist-
ance, has to be taken into account (270 fi£l for a totally
quenched turn at 4 T). This parallel resistance has a lim-
iting effect on the defect energy.

The particular nature of this discharge is confirmed by
the different behaviour of the temperature increase in com-
parison with the discharges started from a lower level of
current. The rate of the temperature increase as a function

Appendix

Description of code HESUT

HESUT2 enables the solution of the one-dimensional heat
flow problem through a channel with a finite length /.

where x is a space variable, t is time, T(x,t) is the tempera-
ture, q(x,t) is the heat flux and W(x,t) is the internal heat
source.

The code can solve the problem taking into account dif-
ferent kinds of possible boundary conditions. In our case,
the time evolution of the temperature at both ends of the
channel is known and the heat flux along the time is
deduced.

Cryogenics 1998 Volume 38, Number 5 517
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