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Abstract
The paper describes the results of studies for a NET toroidal field coil
conductor carried out at KfK-Karlsruhe. The conductor concept is based on
the same design principles as used in the Euratom-LCT coil, well proven in
all conductor tests and the domestic tests of the coil. These principles are
applied to the peculiarities of Nb35” for a rated current of 20 kA at 12 T,
taking into account ac losses and nuclear heating. A flat Nb3$n cable is
soldered to a surrounding CuNi tape after reaction. Around this rectangular
conductor core, Cu profiles are cabled on distance by the Roebel-process and
subsequently soldered onto the CuNi tape. The whole system is surrounded by
a steel conduit.

The conductor data result from electric, thermohydraulic and stability cal-
culations as well as mechanical evaluations. Expected fabrication processes
are discussed, and measurements on a first simplified subsize conductor mo-

del are presented.

Ein Al5 Leiterkonzept fiir NET-1I Toroidalfeldspulen

Zusammenfassung

Die vorliegende Arbeit beschreibt eine Studie liber einen Leiter fiir NET-
Toroidalfeldspulen, die am KfK Karlsruhe durchgefiihrt wurde. Das Leiterkon-
zept berubht auf denselben Konstruktionsprinzipien, die schon bei der LCT-
Spule angewendet wurden und alle Leitertests sowie den LCT-Spulentest er-
folgreich bestanden haben. Diese Prinzipien wurden den besonderen Material-

eigenschaften von Nb_Sn angepaf3t, fiir Strome von 20 kA bei 12 T, unter Be-
ricksichtigung der Wechselstromverluste und der nuklearen Heizung. Ein fla-
ches Nb3Sn-Kabe1 wird nach der Reaktion in eine CuNi-Hiille eingelotet. Um
diesen rechteckigen Leiterkern werden Kupferprofile verrobelt und nachtrag-
lich auf die CuNi-Hille aufgeldtet. Das ganze System wird noch von einem
Stahlmantel umhiillt.

Die technischen Leiterdaten wurden aus Berechnungen des elektrischen und
thermohydraulischen Verhaltens unter Stabilitatsbedingungen berechnet, er-
ganzt durch mechanische Analysen. Die zu erwartenden Fabrikationsprozesse
werden besprochen, und Messungen an einem ersten vereinfachten Leitermodell
in reduziertem Mapstab werden vorgestellt.
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Introduction

The use of Al5 conductors for the NET TF coils implies sufficient
confidence in the use of these materials, based on previous experi-
mental work. Meeting this goal is expected after increasing success
of the development programmes under progress now. On the other hand,
the information available so far is too incomplete to provide satis-
factory input data for the conceptual NET coil design. This study
represents therefore a first evaluation rather than a final design of
the conductors to be used in NET later on. Thus, modifications based
on the further development progress can be expected until the final

NET design will start.

Starting point for this study was the information collected in the
previous INTOR /1/ studies, the practical experiences in the
development of superconducting magnets, especially with the Euratom
LCT coil and the progress reached so far in the Euratom Programme

task M3 ("Development of High Field Composite Conductors").

As boundary conditions, the NET-II parameters have been used. Follow-
ing informations provided by the NET team have been taken into

account:

- the coil definition given in the note from February 2, 1984,

- the operation scenario given in the note from March 23, 1984,

- the preliminary stress analysis results given in the note from
March 23, 1984,

- the transient field distribution across the TF coils calculated by
N. Mitchell,

- the calculation of field and force distribution by M.V. Ricci,

- the neutronic calculations for heat and radiation energy deposition
by W. Daenner (NET/IN/84-067, 26.7.84).

The main data of these informations and additional calculations which

have been performed are described in the appropriate chapters.
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Starting point was the design principle previously chosen for the
conductor of the EuratomlLCT coil. This is very well justified by the
successful test of this coil in the TOSKA /14/ test facility in
Karlsruhe and the stability tests for the conductor. Thus, the
attempt has been made to keep the principles also for the AlL5

NET-conductor design. These principles are

- forced flow cooling for
-- ensured electrical insulation,
-- effective force transmission,
-- predictable thermohydraulics,

-- simplified winding fabrication;

- large wetted perimeter for a given hydraulic diameter to provide
optimal stability,

- mechanically fixed conductor strands to avoid disturbance energy
created by mechanical movement,

- strand separation or resistive barriers for reducing ac losses,

- steel reinforcement for force transmission and support of the large

hoop stresses.

The conductor design proposed in the earlier INTOR studies /1/ was
already based on these principles. As it will be explained in chapter
2.1, further investigations indicate that it might be rather
difficult to develop an economic fabrication process for this
conductor. Thus, it was concluded to propose a modified conductor
concept, still based on the above mentioned LCT experience. This
conductor concept will be described in the following together with
options for the fabrication processes which will need to be
investigated further. The calculations leading to the present

conductor concept and its dimensions are reported.

Based on the experimental results in the M3 task, two issues can be
concluded, nameiy the strand optimization and the influence of steel
reinforcement on the electrical data of the conductor. As will be
summarized briefly in chapter 6, the work on ternary alloying of

Nb}Sn showved the following results:
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- The strain related current density degradation is physically well
understood and can be reduced by ternary alloying,

- an increase of critical current is mainly of importance at high
fields (B> 11 T) and is related to an increase of the upper
critical field, B ,

~ quantitative imprgvements are practically independent of the kind

of ternary additions (Ti, Ta, Zn, ....).

Concerning steel reinforcement prior to reaction, the investigation
of several alloys showed that by use of Incoloy-type (series 900)

materials, perhaps in combination with molybdenum, optimal matching
of the prestrain is possible. These results are taken into account

for the present conductor design.

As a special item in the study contract, the problem of radiation
damage in magnets, especially in the superconductors stabilizing
materials and the insulation, has‘been treated. A survey on the
present state of the art has been carried out. It will be summarized
briefly in chapter 3.4 and is published in full length in two special

reports.

The NET-11/KfK Conductor Design

Influence of the LCT experience for the conductor design

LCT design principles

Based on the experiences during the LCT project several issues are
seen justifying to keep as much as possible the design principles
also for NET. These principles are already listed in chapter 1. The
experiences obtained above concern structural materials, conductor
behavior, fabrication steps, handling of reacted conductors, cooling

of large masses and coil stability behavior.

The fabrication experiences

The fabrication development of the LCT conductor provided information

on the following processing steps:
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- the Roebel technique for cabling of strands to a flat cable with
free space between the strands for He flow,

- soldering of a Roebel cable, just on the bottom of the strands, to
a solder cladded steel core,

- the wrapping up of the conductor with a steel conduit, welded

He-tight along the whole conductor length.
These techniques have been developed for 1000 m conductor unit
length. In addition, the inspection and quality assurance methods

(seee chap. 5.5) have been developed to a satisfactory level.

Experimental conductor and coil behaviour

Measurements on long length samples of the conductor were carried out
for testing the electric, mechanical and thermchydraulics behaviour.
By these results all calculation principles have been verified, as
e.g. in the HELITEX experiment /2/ all thermohydraulics data have
been provided. Major emphasis was given to stability measurements,
first on long length samples and finally at the single-coil tests in
the KfK facility TOSKA.
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Fig. 2.1-1: Example for stability measurements on the Euratom-LCT-
conductor: Critical energy E for localized transients
(5 cm long heater) as a Func%ion of He inlet temperature,
for different conductor currents at 4,7 T. The difference
between high He mass flow rate (m = 30 g/s) and stagnant

He (m = 0) is shown.
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Fig. 2.1-1 shows for example the stability measurements carried out
on a 3 m long conductor piece in the W7 conductor test facility /3/.
The critical energies for localized transients (about 5 cm length) at
different currents, without and with high He-mass flow through the
conductor, are plotted versus the He-inlet temperature. The curve for
29 kA is comparable to the conditions in the coil (ev8 T,8d4 K),
indicating a critical energy of about 1 J at 4 K, equivalent to 100
mJ/cm for the given experimental arrangement. This is the value
envisaged in the design. As shown by the coil measurements, the
actual disturbance level is certainly much smaller. Fig. 2.1-2 shows
the main stability results /4/. The He mass flow rate was kept very
small (12 % of the rated one) and the helium was heated up to 5.8 K
at the conductor inlet of one double pancake. Under these severe
conditions the coil was charged, operated and fast dumped without

deterioration of performance or stability. If one indicates the as a

Critical line
I[kA] Current
margin
Operqtlon/ Temnperature
point margin
0r
Astepty™ 23

Ustexy ™ 28

TOSKA
(self field )
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E |

i |

‘ |

| LCTF

3‘I8K 5'|8K { torus field)

|
0 Lypl— ’ — :
b > T [K]

Fig. 2.1-2: Stability margin of the EURATOM LCT-coil, based on mea-
surements in the TOSKA facility. With a He inlet tempera-
ture of 5,8 K and only 12 % of rated mass flow ml (m2 =
1,2 g/s) the coil remained superconducting in a fast dis-
charge, in spite of the stability parameter Ogtekly = 28
for these conditions. The stability margin as expected in
the LCTF-tests is also shown (The value of 11.4.kA

corresponds to the rated current in the LCTF).
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remaining stability margin for this operation in a I (T)-diagramme
as a triangle (shown in Fig. 2.1-2) andztakes into agcount the heat
transfer coefficient of only 0.015 W/em K (due to the small mass
flow rate of 1.2 g He/s) a Stekly stability parameter(&fof about 28
will result. Thus, the coil could be operated far below "cryogenic"
stability, indicating very small disturbance levels. Such small
levels could certainly only be provided by a rigid winding and coil
construction, only possible with forced flow conductors. for
comparison, Fig. 2.1-2 also indicates the available stability margin
for the tests at ORNL, which is a factor of about 9 higher due to the
conditions on current, field temperature and mass flow, thus
providihg sufficient margin for ac loss heating and extended

performance conditions.

2.1.4 Reasons for changing the concept since INTOR

As mentioned above, the Roebel process has been found as the only
suitable one for cabling of NbTi strands on distance to a flat cable.
As an extension the preliminary INTOR conductor design was thus based
on a Roebel process of the Nb_Sn strands. The direct transfer of the
LCT Roebel technique to Nb}Sn/CuSn strands has been analyzed now. The
mechanical processing of a bronze type matrix is quite different from
a copper matrix system. High bending forces are in general necessary
to bend a strand with a given geometry to a required precise
position. The high yield strength of the bronze matrix leads to a

high mechanical resistance against any deformation.

Table 2.1-1 summarizes the mechanical properties of Cu-Sn bronzes at
various temperatures. According to the data of this table, for an
achievement of similar fabrication conditions as in the case of LCT
cable fabrication (e.g. necessary bending forces of the strands), the
Roebel head should be processed at at least 400O C. The necessary
accurate process temperature must be determined by prior tests.
Processing of the Roebel head at about 4000 C will cause numerous
difficulties which must be solved prior to cable manufacturing, too.
These problems are :
- The Roebel system should be processed at ipert environment and at
about 4000 C,
- remote control of the adjustment system for the punching tools

during cabling,




Ultimate tensile
strength (MPa)

Materials Yield strength
(MPa)
LCT strand 350

Cu-10 Sn Bronze*)

half-hard at ambient 420
hard at ambient 553
hard at 250°C
hard at 300°C
hard at 350°C
hard at 400°C
hard at 500°C

Cu-13.5 Sn Bronze **)

40% areal reduction ambient 800
Heat treated 500°C/90 min 400
ambient
Heat treated 700°C/64 hrs. 165
ambient

* g Copper data sheets /5/
*¥7 Measurements at KfK

Table 2.1-1: The mechanical properties of different bronze materials at

various temperatures.

- sticking of copper-tin dust in the sensitive tool region of the

head,

- unknown problems by creep of the tool materials at this temperature
(a continuous process would be vulnerable),

- for the development of a new Roebel system full cable lengths
should be tested (at least with dummy Cu-13Sn strands) to avoid any

misleading information due to short lengths.
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According to the above mentioned points the application of Roebel
cabling to a Nb}Sn type bronze matrix conductor needs necessarily the
development of such a new Roebel head.

Therefore, the actual feasibility of a continuous Roebel process for
Nb_Sn/Cu-Sn strands cannot be guaranteed. This requires the develop-
ment of a new conductor concept described in the following chapters.
It will be shown later on that the Roebel process will nevertheless
be used in the NET-II/KfK concept, but for the Cu stabilization
profiles only, the Nb}Sn strands being cabled.

General description of the NET-II/KfK conductor

The NET-II/KfK conductor concept, designed for taking into account
nuclear heat as well as the ac losses induced by the poloidal fields
is represented in Fig. 2.2-1. The forced flow cooled conductor

consists of:

- a core comprising 36 Nb_Sn strands of 1.92 mm diameter, wound
around a thin insulating strip, calibrated and confined by a CuNi
electrical barrier,

- a cryostabilizing region composed of 26 Cu rectangular profiles

separated from each other by He channels,

- an external steel conduit,

- an insulator layer.




Core

Steel
Conduit

\\\\\K\/\\\\\\\\‘

Insulator

o< Cryostabilizing
Region

Fig. 2.2-1: Schematic representation of the NET-II/KfK-conductor

2.2.1 The core
The core is composed of 36 Nb_Sn bronze processed strands of 1.92 mm
diameter, wound around a folded insulating strip (a thin Cu-Sn bronze
foil folded around an insulating ribbon, woven with very thin ceramic
fibres) of 0.5 mm thickness, which are enclosed in a CuNi barrier.
The Nb_Sn strands have an internal Cu stabilization, separated from
the bronze by a Ta barrier. The external part of the wire consists of
bronze, thus enhancing the electrical resistance between the Nb_Sn
filaments of two neighbouring strands, which are characterized in

Table 2.2-1.
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Superconducting material Nb}Sn (or (Nb—7Ta)38n)
External diameter (mm) 1.92

Bronze: Nb ratio 3.1:1

Cu 23%

Ta %

number of filaments in one strand ~56 000

filament size yLm) ~

twist pitch (mm) ) 50 .

JC (non copper) at 12 7/4.2 K (A/cm ) 4.2x104

JC (overall) at 12 T/4.2 K (A/cm ) 3.1x10

Table 2.2-1: Characterization of Nb}Sn strands

After being wound with a transposition length of 330 mm around the
insulation strip, the Nb_Sn strands are calibrated to the dimension
36.0x4.1 mm . Due to this very flat conductor design, the maximum
bending strain on the Nb_Sn strands will not exceed 0.13%, even at
the smallest curvature o% the NET-II coil, r ~ 1500 mm (see 3.3).
After calibration, the strands will not longer have a round shape but
will be compressed to a thickness of 1,8 mm (see Fig. 2.2-2), thus
allowing a distance of 0.1 mm between the calibrated Nb_Sn strands
and the CuNi barrier. This thickness has to be kept as low as
possible, in order to maintain the electrical resistance between the
Nb_Sn strands as high as possible. A solder material with

Q= 1.6x10 .Sum will be chosen.
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Fig. 2.2-2: Geometrical arrangement of calibrated Nb_Sn strands in the core.

The internal Cu stabilization (23% Cu) and the Ta barrier are

shown.
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The soldering of the CuNi barrier and the calibrated Nb_Sn strands
occurs after the reaction heat treatment. It should be %entioned that
after calibration, a certain amount of voids (~5-8 mm ) at the
inside of the core (between the strands and the insulating strip)
will subsist. The latter are not considered as being relevant, due to
their geometrical locationé If necessary, this void cross section
could be lowered to ~2 mm by further deforming the Nb}Sn strands to
a thickness of ~» 1.7 mm. An alternative approach would consist of
assembling the whole core, i.e. insulation strip, Nb}Sn strands and
CuNi barrier, prior to the reaction heat treatment. This would have
the advantage of avoiding the soldering procedure, but the intimate
contact between the calibrated Nb_Sn strands and the CuNi barrier
would be more problematic. At the present state of knowledge,

preference should thus be given to the first solution.

Cu stabilizer and He channels

Following the principle of using He channels as perfect electric
insulating barriers between Cu stabilizers, the cryostabilizer

section is formed by 26 Cu profiles of rectangular cross section
(3.6x2.2 mm ), separated by the channels each 1 mm wide (see Fig.

2.2-3). The Cu profiles must fulfill the following requirements:

a) they consist of high conductivity copper with sufficient
mechanical strength for transmitting the transverse mechanical
stresses of 55 MPa (Fig. 3.3-1) without being mechanically
deformed,

b) they have to be soldered to the core (more precisely to the
Cu-Ni) in order to ensure current and heat transfer. A high
quality soldering process is required in order to avoid both,
mechanical movements during operation and contact between two
neighbouring Cu profiles. The latter could eventually lead to
the blocking of He channels: the situation can be eased by
cutting small slots of 1xl1 mm on the narrow face of the Cu
profiles after each few meters,

c)  the rugosity of the wetted Cu profile surfaces should be
increased by mechanical procedures, thus increasing the total

cooling surface,
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The forces acting on the core during the operation of mounting the Cu
profiles on the core must be minimized for preventing any damages to
the Nb}Sn strands. This is accomplished by using the Roebel techni-
que, previously employed for the construction of the Euratom-LCT
coil.

The Roebel process inherently comprises the risk of contacts between
two neighbouring Cu profiles at the corners of the core, which would
seriously enhance ac losses. This can be avoided by choosing an
appropriate transposition length for the Cu profiles, i.e. around

1 m /6/. An alternative would consist in mounting the Cu profiles
parallel to the conductor axis: This would of course be somewhat
easier than the Roebel technique, which, however, has a considerable
advantage: with a transposition length of 1 m, the Cu profiles are
automatically kept in place after each half turn around the core,
i.e. all » 40 cm. This causes an excellent lateral anchorage of the
Cu profiles, which could never be obtained if the latter were

parallel.

The steel conduit

The steel conduit has several functions:

- to provide a vacuum-tight enclosure for the flowing He,

- to withstand the hoop stresses due to Lorentz forces, maintaining
the strain during operation around 0.2%,

- to transmit (partly) the radial forces towards the central vault in
the 16 coil assembly

- to avoid mechanical movements during operation,

- to withstand the high He pressures (> 100 bar) developed after a

possible quench.

A particular care must be given to the assembling of the core with
roebled Cu profiles and the steel conduit, which must occur without
any irreversible damage for the superconducting strands. The required
absence of forces between steel conduit and Nb}Sn strands in the

mounting phase excludes
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- any subsequent calibration step,

- any one-step wrapping procedure of the type used for the NbTi
Euratom LCT-coil.

In the present design, preference has thus been given to a steel

colduit formed by 4 tapes of 2.45 mm thickness, which are brought in

position around the Cu profiles and then laser-beam welded at the 4

corners (see section 5.3).

2.2.4 The insulation

The insulation consists of tapes of polyimides (PG-10CR), which are

wrapped around the steel conduit up to the thickness of 0.5 mm.
Between two adjacent conductors, the total distance of 1 mm is
considered to be sufficient for preventing electric arcs due to the
high voltage (PG-10CR is able to withstand breakdown voltages of
several tens of kV per mm). The mechanical behavior of such an

insulation under irradiation is described in 3.4.

2.3 Characteristic data for NET-II/KfK conductor

-
(mm ) (%)
Total Cross Section: 47.5 x 18.2 861 100
Nb}Sn + bronze, 36 x #1.92 76 8.8
(without the 23% stabilizing Cu)
Cu, in the strands 24
Cu profiles 26x(3.6x2.2) 206} 26+
Ta 4 0.5
He channels 115 15.3
Folded strip (32.4 x 0.5) 16 1.9
CuNi barriers 33 - 3.8
Steel conduit 287 33.4
Insulation 65 7.5
Solder + voids 35 4.1

Table 2.3-1: Characteristic geometry data for NET-II/KfK conductor
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Table 2.3-2: Summary of NET-II/KfK conductor characteristics

Conductor Units

Core
Strand
Superconducting material
Processing
Number of strands
Strand diameter mm
Bronze/Nb ratio

Stabilization of strands

Number of filaments in strand

Size of filament }xm
Twist pitch mm )
JC (non copper) at 12 T/4.2 K A/cm2
J (overall strand) at 12 T/4.2 K A/cm
Tgansposition length of strands

around strip mm
Strip

Thickness of folded insulating
strip mm

Materials and arrangement of strip

Cable
Dimensions of core after calibration mm X mm
Solder material
Barrier material

Barrier thickness mm

Bronze process

Nb}Sn (or (Nb—7Ta)38n)

36
1.92
3.1 1

internal Cu (23%),

separated from the

bronze by a Ta (4%)
barrier

~ 56.000
~4
50
4
4.2 x 10
4
3,1 x 10

330

0.5

Cu-5n bronze foil
folded around an
insulating ribbon
woven with very
thin ceramic fibres

36.0 x 4.1
Bi alloyed Sn solder
CuNi
0.4
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Table 2.3-2: continued

Units
Cryostability region
Stabilizer
Material Cu profiles (half-hard)
RRR 150
Profile dimensions mm X mm 3.6 x 2.2 (vith slots
(~30.5 mm) for He passage
Distance between profiles mm 1.0
Transposition length m 1.0
Solder material Bi alloyed Sn solder
Cooling channels
Dimensions mm X mm 3.6 x 1.0
Reinforcing material 316LN
Arrangement conduit
Thickness mm 2.45
Fabrication Laser tack welded
Insulator material PG-10CR
Insulator thickness mm 0.5
Conductor properties
Critical current KA 30 (at 4.2 K and 12 T)
Operational current KA 19.85
Total cross section of conductor mm X mm 47.5 x 18.2 = 861
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Table 2.3-3: Coil characteristics with NET II/KfK-conductor

TF Coil

Number of TF coils 16
Operat. current density kA/cm2 2.305
Total current per coil MA 7.938
Axial coil width m 0.757
Radial coil thickness m 0.455
Mean winding length m3 25.56
Winding volume per coil m 8.8
Length of inner winding m 24.08
Kind of winding double pancake
Number of pancakes per coil 16
Number of turns per pancake 25
Length of conductor per pancake m 650
X-coordinate of coil center line m 2,27
X-coordinate of windig facing the plasma m 2.495
AC-losses per pancake W 23.4
Nuclear heat per pancake W 31.2
Static losses per pancake W 10
Flow losses per pancake W 15
Additional static losses per coil casing W 140
Bulk helium temperature K 4.7 ... 6.2
Helium mass flow per pancake g/s 5
Initial helium pressure bar 6
Pressure drop bar2 3.1
Peak heat flux into He W/cm 0.5

Conductor strain due to hoop stresses <2.5x 10
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Design procedure

Critical current density

The present concept is based on a critical current value of 30 kA at
12 T and 4.2 K, the operating current being 20 kA. The Nb}Sn strands
used for this study are produced by Ehe‘brgnze route. At 12 T, a
non-copper current density of 4.2x10 A/cm is used, which can be
guaranteed by the industry. The average core current density of

31 A/em  leads to a conductor critical current of 46 kA at 12 T and
4.2 K. This provides sufficient safety with respect to possible
additional effects, such as transverse mechanical loading or slight
strand damage during the fabrication and winding process. In the
following a guaranteed critical current of 30 kA is assumed.

The variation of J with the magnetic field is represented in

C
Fig. 3.1-1.
T T T T T T I
2 | 7
I bronze processed
= Nb,Sn wires
x 64 hours/700°C
£ \
o | \ best value ‘ .
| N\
U L
— \Xguaranteed value
1L -
23%Cu
05~ N NS e 7
(Nb -7Ta);Sn
0 ] f t ! ! ! !
6 8 10 12 14

B(T)

Fig. 3.1-1: J wvs. B for binary bronze processed Nb_Sn strands. J

c o
represents the values without and with the 23% internal

Cu, respectively.
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At the highest fields in the coil, ~» 11 T, the critical current
density of binary Nb}Sn vires is just equal to that of Ta alloyed
Nb}Sn vires, while at lower fields, JC of binary Nb}Sn is higher. At
present, it cannot definitively be said whether preference should be
given to binary or alloyed Nb_Sn wires, the fipal decision being
influenced by the state of prestress acting in the conductor. This
wvill only be known after the first measurements on small-scale
conductors having the same or a very similar configuration to the
NET-II/KfK design. Since both, binary as well as alloyed Nb}Sn can be
produced industrially by the bronze route at comparable costs, the
decision can easily be postponed to a later stage when complete

stability calculations are available.

Field distribution

The KfK-conductor concept aims at an internally cooled conductor for
pancake windings. In its design, advantage can be taken of the
decrease of peak field from the inner to the outer layers of the
pancake, which corresponds to enhanced critical and current sharing
temperatures and reduced magnetoresistance in the stabilizing copper.
For the conservative design of a single type of conductor, in which
no grading of material composition is foreseen in any direction, the
radial decrease of the maximum field B encountered around the peri-
meter and along the azimuthal extent of a coil layer must be used
(Fig. 3.2-1):

A
B(r') = max B(z’ = const., vy, vp) , where
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Fig. 3.2-1: Coil and current setup for calculating peak fields in the TFcoil

layers 0= r’ < 1, The PF currents are taken at the end of burn

in the NET II single null divertor case.
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r’ measures the radial position of a layer in the winding with

r’= 0 at the inner surface of a TF coil (facing the plasma), and

r’= 1 at the outer surface. The field values were calculated with
EFFI /28/ for 16 identical TF coils and a set of PF coils
approximating the Single Null Divertor configuration of NET-II (Fig.
3.2-1) with currents at the end of burn. Fig. 3.2-2 shous g(r’) for

two variations of TF coils:

2
a) Cross section of Ay = 70 cm by Ar’= 63 cm at <j> = 1,8 kA/cm ;
b) Cross section of Ay = 71.3 cm ByASr’z 46.6 cm
at <j> = 2.4 kA/em .

The radial position of the inner face of the straight leg is at

R = 2.495 m in both cases. Case b) is very similar to the reference
coil case with the proposed NET II/KfK conductor.

% decreases strongly with r' as long as the peak field occurs in the
central pancake of the TF coil, flattening off to an almost constant
level when % occurs in the edge pancakes at higher r'. In this
region, the further decrease of the toroidal field is offset by an
increase of the PF components. It is not expected that the picture
would change significantly if the PF coils were moved closer to the

plasma in case of the radially thinner coil.

For further design work, two straight lines are used to approximate

the field dependence shown in Fig. 3.2-2:

A 10.7 - 7.9 r" for 0 {r” £ .59
B(x") [1] =
6.5 -0.8r" for .59 {r’< 1.
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Fig. 3.2-2: Peak field in a TF coil layer vs. the relative radial position

of the layer.
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Mechanical Stresses

Bending Stresses

The core is assumed to be wound up and reacted with a minimum radius
R = 1.5 m. When the core is deformed to a radius R, the strain & at

0
a distance S from the neutral bending axis is

& = _tg(l/R - 1/R ).

0

Supposing that the neutral axis remains in the core centre, the
maximum distance of the Nb_Sn from the neutral axis is about 2 mm.
The maximum strain arises in the straight part of the TF coil
(R :06):

E=+2mm (-1/1.5m) = F 0.13%

These strains have to be considered in addition to the strains caused

by Lorentz forces during operation.

Mechanical Stresses during Operation

The conductor is mainly subjected to 2 loads:

- the axial tension (hoop forces) and a

- the pressure on the flat side of the conductor.

The value of the hoop forces is about 64 MN per coil, the value of
the axial force acting on a single conductor thus being around

160 kN. Due to bending by out-of-plane forces and other effects,
however, some conductors may bear a 50 percent higher force (240 kN).
For the calculation of the axial conductor strain the following

Young’s moduli are assumed:

steel: 210 GPa
core: 120 GPa
copper: 120 GPa
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The stiffness in winding direction is 106 MN, the overall Young’s
modulus of the conductor ~123 GPa.

The mean axial strain becomes € = 160 kN/106 MN = 0.15%,

and the maximum axial strain wiTl be

£ =€ x 1.5 = 0.23%, but not in the straight part of the TF

_ max m
winding.

The total strain does nowhere exceed the permissible value, about

0.35%, given by the prestrain in bronze-processed Nb}Sn.

In the straight part of the TF coil the Lorentz forces are taken by
the vault cylinder. The overall maximum pressure on the flat side of
the conductor is subjected to some 55 MPa (see Fig. 3.3-2). The
resulting strain in the Cu-profiles and in the core is nearly the

same as in the short faces of the steel conduit, i.e. < 0.06%.

vault winding
sector

p/MPa

4 4B/T

-10.5

Fig. 3.3-2: Pressure increase in the straight part of a TF winding.
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The influence of transverse pressure on the critical current of Nb_Sn wires

is still to be investigated. The pressure enhances the axial strain

by Ae = D 0.06% = 0.02% (Q = 0.33: Poisson ratio)
ax

With the radial strain 0.06 % the stress in the steel conduit (short faces)
of the conductor becomes 126 MPa. The insulation is also partly loaded with
this pressure, but this is not critical, for it can withstand compression

stresses exceeding 200 MPa.

3.4 Radiation Effects and Nuclear Heating

3.4.1 General Effects

Superconducting magnets are composed of different materials having a

very different behavior under low temperature irradiation conditions.

These materials are:

- superconducting materials, e.g. NbTi, Nb}Sn

- stabilizing materials, e.g. Cu, Al

- structural materials, e.g. stainless steel, solders,
- insulating materials, e.q. GFF epoxies, polyimides,

- coolant He.

In the superconducting materials, irradiation processes change the
metallurgical structure by creating defects and/or defect clusters.
This has a profound effect on the "overall" properties of interest
for the magnet designer. These properties, the transition tempera-
ture, T , the upper critical magnetic field, B , and the electrical
resistiSity,?, have finally a combined effect gn the current
carrying capacity, J .

Irradiation of stabifizing materials considerably changes their
resistivity by creating lattice defects and transmutation products.
Mechanical properties are also changed but only at high doses.
Irradiation of structural materials at doses considered as
representative for superconducting magnets seems to have no influence

on their properties and will therefore not be considered.
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The mechanical and electrical properties of insulating materials are
not only affected by neutrons but also by gamma rays. The atomic
processes caused by neutron or gamma irradiation are very different,
but lead finally to the formation of chemical bonds between chains
(cross-linking) and the fracture of the polymer molecule (chain
scission). Additional and/or resulting effects are the formation of
double bonds (unsaturation), gas evolution by dissociation of small

side molecules from the polymer, and reactions with the environment.

The coolant He may be influenced by permeating gases, created in
nuclear reactions, e.g. hydrogen, which freezes out and may lead to

channel blocking.
A summary of the effects is given in /7/ for superconducting and
stabilizing materials. /8/ will describe the behaviour of organics in

a neutron and gamma radiation environment.

Conclusions for Superconductors

Some conclusions for the radiation behaviour of NbTi and Nb}Sn can be

drawn as follows.

a) Al5 high field superconductors are more sensitive to irradiation
than NbTi. The influence of neutron irradiation on T and B is
very small for NbTi. At a dose of 1019 n/cm2 (E > O.E MeV),CT of
NbTi is nearly unchange? \uhilezTC for Nb}Sn is decreased by agout
60 %. At a dose of 3x10 n/em (E > 0.1 MeV) (this fluence is the

actual design value), T for Nb}Sn is decreased by about 10%.
c

b) A fluence of the order of 1019 n/cm2 (fission spectrum) produces
only up to 20 % reduction of the critical current of NbTi in
fields up to 6 T. The same dose, however, reduces the critical
current for Nb}Sn by about 95 % (specially prepared singlelgore
Nb_Sn specimens were reported to show no degradation at 10
n/em (E > 0.1 MeV), but single core Nb_Sn conductors are not

relevant for fusion magnets /10/).
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c) Irradiation data for Nb}Sn with additives are not available so

far.
It is recommended to assume as design dose for the supercon-
ductors NbTi and Nb_Sn used in fusion magnets a neutron fluence of

18
3 x 10 n/cm .

3.4.3 Conclusions for Stabilizing Materials

The low temperature radiation data on the resistivity changes of the
stabilizers Cu and Al show that for a fluence of about 10 n/cm2

(E > 0.1 MeV) the radiation-induced resistivity in Cu is equal to the
room temperature value. Al reaches that value even for smaller
fluences, e.g. 3 x lO19 n/cm2 (E > 0.1 MeV). These values cannot be
tolerated, because they would lead to the design of huge magnets.
Therefore a tolerable value must be determined and a periodic warming
up of the magnets must be foreseen to anneal partly or if possible
totally the resistivity induced at low temperatures by radiation. At
room temperature Al anneals completely out, but Cu retains 15 % to
20% of the radiation-induced resistivity. Therefore repeated
annealing experiments with interim exposures to neutron irradiation
at 4.2 K are needed to remove the biggest uncertainty in specifying

the amount of Cu in the cross section of the conductor.

A tolerable value of the resistivity enhancement before the first
anneal seems to be in the order of 20 % to 40 % of the initial
resistivity value. The value eventually chosen is always a design
compromise between operation time (or neutron fluence), amount of Cu

in the cross section of the conductor and number of annealing cycles.

The radiation data reported until now are usually valid for magnetic
fields up to 6 T. The behaviour at high fields and also at high doses

can only be predicted by extrapolation.
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For high field applications an assessment of Al and Cu should be

made, because the magnetoresistivity of Cu is much higher than that
of Al. A general conclusion is that with rising magnetic fields the
importance of Al as stabilizing material increases. In the present

study, Al was excluded due to its poor mechanical properties.

Conclusions for organic insulators

The neutron and gamma radiation tends to degrade mechanical and
electrical properties of organic insulators. Thermosets are
ordinarily used as magnet insulation materials filled with glass or
carbon fibre fabric (GFF, CFF respectively) as reinforcer. Since the
composition is the manufacturer’s secret, it is very difficult to get
a reliable data base for organics. So, curves for materials
properties versus fluence have to be understood as broad bands.

Nevertheless, several general conclusions can be drawn:

- organic materials are in general more sensitive to nuclear
radiation than other substances, due to their complexity,

- the applicability of the data obtained from small laboratory
specimens to large scale devices is uncertain,

- in the radiation regime where organic materials withstand
mechanically, the electrical properties practically do not alter,

- materials based on epoxies typically begin to show serious .
reduction _in mechanical properties for doses between 10 and 10 Gy
(10 - 10 rad), while those based on polyimides show about an
orggr of gagnitude improvement (10 Gy corresponds to about

10 n/cm ).

Assuming a 25% decrease in mechanical properties as tolerable at the
end of the useful life in a fusion reactor, glass fibre reinforced
epoxy can be used at a dose of 2x10 Gy (2x10 rads) in the case of
G-10 CR and at a dose of 3x10 Gy (3x10 rads) in the case of G-11
CR. The tolerable dose for polyimide based organics is an

order of magnitude higher, and therefore to date preference is given

to these materials.
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3.4.5 Nuclear heating

According to W. Daenner /9/ the absolute value of the peak power
density p is about 0.3 mW/cm . The average power density across
the inboa?g coil cross section is thus in the range of 0.043 mW/cm
while the corresponding value on the outboard side is lower by a
factor of 5. The values are calculated using preliminary data for
coil composition (10% superconductor Nb_Sn + Bronze, 30% stainless
steel, 30% copper, 20% Helium, and 10% insulation) and using a shield
vhich was not optimized. The curve of Fig. 13 in /9/ for the nuclear
heat power density on the inboard side is approximated by an

exponential function
p=p . exp(-x/A) (1)

vhere p is the peak value on the inboard side, x the actual
max

thickness of the winding measured from the inboard side and A the

decay length.

The result is
3
p = 0.3 mWem . exp (-x/9.03 cm) (2)
For values x/A > 1,
P.T=p .7\, (3)

vhere p is the average nuclear power density and T the overall radial

coil thickness.

The radial coil thickness in /9/ is assumed to be 0.63 m. During the
conductor design process the coil geometry was changed leading to a
new coil thickness of T = 0.47 m. Using equation (3) and the decay
length of N=9.03 cm an average poger density of 0.058 mW/cm is
found. The new coil volume is 8.8 m . Therefore the total nuclear
heating power in a TF coil is 500 W or 31 W in each of the 16
pancakes. This value is an upper limit because it didn’t take into
account any decrease along the circumference of the winding from the

inboard to the outboard side.
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3.4.6 Radiation hot spots

5.5

3.5.1

The use of neutral beam injectors with long and broad ducts and/or

some vacuum piping causes paths for intense radiation streaming.

These '"radiation hot spots" may seriously affect the local magnet
performance and can drastically change the materials properties in
certain winding regions. Therefore careful analysis has to be
performed to identify the weakest regions of the radiation shielding

for the superconducting fusion magnets.
AC losses

The NET burn scenario

The NET burn scenario is not yet fully evaluated. For this study,
four different stages are considerd: Start up: 15 s; burn phase:
200 s; ramp down: 15 s, and down turn: 15 s. The total cycle time is

T = 250 s.

The loss energy is generated only during the start up and the ramp
down time.

" The plasma disruption energy dissipated in the TF coils is not yet
considered. It will depend on the blanket and shield time
constants.

" Plasma position control needs are not yet defined for NET-II. We

therefore want to address a word of warning.

A word of warning

The main difficulty for the cryogenic loss estimation is the still
unknown loss contribution in the TF coils due to plasma position
control fields. If a considerable induction change rate will be seen
by the TF coils, there will be a loss generation during the burn
phase too, which could dramatically‘increase the overall cryogenic
losses. If the mean plasma position control field would be 1% of the
mean PF coil induction and the control frequency f = 5 Hz, the
coupling losses/m would be higher than the losses due to the field
rise during the start up phase. The losses could come close to the

heat removal capacity of the present conductor design.
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For the present NET-II design, mean PF coil induction values
transverse to the TF coil perimeter B and parallel to the TF coil

— n
perimeter Bt are given in Table 3.5-1.

— 2 N 2,2
1B 1() 5507 B @) B (")
n n t t
outside 0,82 1,06 0,8 1,17
middle 0,63 0,6 0,68 0,77
inside 0,49 0,38 0,63 0,58

Table 3.5-1: Mean values of the PF coil induction

Due to the field dependence of the stabilizer resistivity and the
dependence of the induction on the TF coil circumference, coupling
and hysteresis losses locally may be increased by a factor of 10

compared to the average value.

53.5.2 Hysteresis losses

The hysteresis losses have been calculated considering the local
variation of critical current, PF coil induction and the ratio of
critical current to transport current.

The mean loss energy is

q = 62 mJ per meter.

These losses can be neglected in this study.
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3.5.3 Coupling losses due to the transverse PF coil induction

The eddy current losses in a complex conductor configuration as shown
above can only be calculated by some simplifications. The conductor
consists of several components having different geometric
arrangements and just so different electrical properties. Thus the
conductor is in reality an electromagnetically and galvanically
coupled system of inductive loops. For a first estimation of losses
the attempt will be made to treat the problem by a simple formula and
a convenient averaging of the different electrical properties. The
released eddy current energy in a homogeneous system, penetrated by
the linear increase or decrease of the transverse field&B, can be

described in general by the following expression /21/

2
_(B) @
E \V4 Dou.(e]
FoT
Herein means the time constant of the system, T the time period of

field change with T >> , and V the volume occupied by the system,

e.g. the conductor. Since the conductor has mainly a rectangular
geometry the time constant of a slab geometry is a very appropriate

approximation

(ZCNO Q02
¢ T*

1 is a characteristic length, in twisted superconductors half of the

c
twist pitch 1 respectively the transposition length in a cable, and
S;is the resigtivity. Thus in a complex conductor configuration the
task is shifted to find a good approximation for the average re-

sistivity.

The inductive electromagnetic voltage forces screening currents in
general parallel to the axis of the conductor having components in
the normal conducting matrix (mainly perpendicular to the conductor
axis) and in the superconducting paths. A general simplified flow
pattern of the screening currents through the normal conducting
matrix is given in Fig. 3.5-1. On the basis of this pattern and the
geometric sizes of the whole conductor arrangement the individual
resistances were calculated. The resistivity values of the different

components used here for the calculation are
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Fig. 3.5-1: The expected flow pattern of the screening currents in the
NET-II conductor

The total resistance for all the parallel currents was then evaluated
and finally expressed in terms of resistivity for the overall conduc-
tor cross section excluding the steel case. This results in a resi-

stivity value of

-8
<§> = 4.33 , 10 Sm

leading to a time constant of

T =81 ms.

assuming a transposition length of 33 cm. These fundamental mean

electric properties of the cable and the characteristic data of the
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2_.1/2
magnetic field varying linearly in time, ((< B >) = 0.82 T, and

T =15 s) lead to losses for the increasing field of

P — 'AB (C’ = 98 m W per meter
/1: /Ao -r*z.\y/

The losses in a pancake containing 650 m of conductor amounts to

P = 63.8 Watt

p
Regarding the full trapezoidal field cycle and the repetition rate
the mean eddy current losses for the transversal field component
are

= 7.7 Watt

A loss contribution from the superconducting strands and the stabi-
lizing copper profiles can be neglected because the time_constants
are small in the range of 10 s, respectively 2.6 . 10 s leading
to losses nearly two orders of magnitude smaller than for the cable.
The importance of the CuNi resistive barrier for reducing the eddy
current losses can be seen from the average resistivity without a
barrier

=11 10 am

That value would lead to more than three times higher losses.

3.5.4 The necessity of the folded insulating strip

In order to give an impression of the necessity of the core insu-
lation, the losses are calculated, assuming a hypothetical CuNi strip

of 0.5 mm thickness, which is not insulated The losses are given by

'xzy// ES (;2*f> - <f +{5

| T TETsC Azo

vhere 2H is the width and C is the thickness of the core. The effec-
CH)* 4

tive conductivity - =——jg calculated taking the geometry of

Fig. 2.2-3:

2 £
%*é - 4.96. 40 1
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The losses per unit length would result as P /L = 2,58 W/m. A

c
reliable insulation of the core is therefore mandatory.

Losses due to the tangential poloidal induction

The TF coil is exposed to large tangential induction change rates.
The superconducting cable and the stabilizer both are long solenoids
wvith turn numbers of L/1 = 650 m/0.33 m = 1625 and 650/1 = 650
respectively. The tangengial induction change rate induces voltages
between the turns of the windings which cause transverse currents
through the matrix and thus losses. The geometry is taken from Fig.
2.2-2. The effective area which is exposed to the changing field is
considered as A = (5.1+3.6)x37 mm and the length of the current path
as 1 = 2x(5,1+3,6+37) mm. The effective conductivity of the matrix
results to ES/gé 4,95 . 104J2:l wherefS = 8.7 mm andl? taken from
3.5-3.

The mean value of this induction change rate is Bt = 0.84 T . The

losses are given by 5 o
a o B A S
L%t 8

and result as Pt/L = 0,21 mW/m, which is negligible.

The tangential induction change does not cause net superconducting
currents flowing through the power supply, because the net flux swing
with respect to the power supply is zero in the tokamak configura-

tion.

Resistive barrier and electrical stability

It is to be exbected that the resistive barrier between the super-
conductor and the stabilizer will not impair the electrical stabili-
ty. A few experiments with resistive barriers have given no indica-
tion for a reduction of electrical stability /29/. The resistive
barrier enhances the transfer length of the current transition from

the normal conducting superconductor into the copper stabilizer, as

S? cn
Qog!'_?“i‘m E]

given by
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wherej?i_is the resistivity of the CuNi barrier andgﬁ\that of the
bronze matrix and d is the diameter of the superconducting strands
and c the thickness of the barrier. The transfer length in the cable
is about 2 mm. Because of the transient existence of a normal
conducting zone the heat production in the transfer region and the
heat flux density along the conductor will be a reasonable measure
for a comparison with experimental results. This heat flux density is

given by

= . .1
qtr -g?bronze Jo o

It amounts in the NET-II conductor to

q = 443 W/cmz.
tr
In an experiment with a resistive layer of brass (0.25 mm thick), a
transfer length of 0.42 mm was evaluated. Up to a heat flow rate of
q = 467 W/em no influence on the recovery behaviour was observed
inrthat conductor /29/. The expected heat flux density and the
experimental one are nearly the same so that the recovery in the

NET-II conductor should not be impaired by the resistive barrier.

Summary of the loss calculations

The loss calculations have been carried out without considering
plasma position control losses. These losses might completely change

the picture. For this study we can neglect the hysteresis losses.

The coupling losses in one hydraulic channel during one pulse of

T = 250 s yield:

P =650m . 98 mW/m . 30/250 . 3 = 23 W
p

The factor 3 reflects the differences between measurements and

calculations for the Euratom LCT conductor /3/.

The total coupling losses in all 16 TF pancakes are thus 368 W.
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Cryogenic layout

The internal coolant flow has to meet two requirements:

- removal of the total heat load,

- stabilization of the superconductor.

This must be done under the constraints of

. tolerable cross section area of the winding,

. acceptable friction losses.

The optimization of such a system would imply the variation of many
parameters, not only of the fluid parameters such as flow rate and
operational conditions, but also the variation of the total set-up of
the conductor, mainly the layout of the cryostabilizing region. A
consequent optimization of such a system might be possible by

iterative heuristic processes only.
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Helium flow in a heated channel

Pressure and temperature in a heated flow of a compressible fluid are

given by /11/ 2-6 GQ_ . 4 q- & Q |
dp $I D (Cp-n*(®)
dz _@* (1)
A o Ck+ (s‘ﬂ
and 1} q :143(§21q9
4T _ GD(Cp- 'vz(Z) D "
de A - gi (K +ﬁ‘~0>
with
&P 1\' + K
-

I

The used symbols are:

length coordinate (m),
pressure (Pa),

friction factor,

o —h T N

mass flow velocity (kg/(mz.s)

density of the bulk fluid (kg/m ),

hydraulic diameter,

coefficient of expansion,

compressibility )
heat flux from the wall to the fluid (W/m ),
specific heat (J/kg .X)

flow velocity (m/s),

o < 0O n X ©W O

specific enthalpy (J/kg)

The coolant channel under consideration is a system of many equally

sized rectangular ducts. The overall hydraulic diameter is by

definition
D=t Phe
B Pre (3)
wvhere A . is the helium flow area, Phe is the wetted perimeter, and
the mass flux is .

"
& = A TSV
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The permanent heat load is

q. = d - (5)

2 Pre
wvhere dQ/dz is the heat load per unit length (see 3.7.4).
The configuration of the present coolant channels is similar to that
of the Euratom-LCT conductor (helical ducts with many interconnec-
tions)). Measurements on the LCT conductor show that the friction

factor is approximately twice the value of a smooth tube /12/ which

is given by Arp et al. /1/,

-0.2
f = 0.046 . Re . (6)
(0]

In the NET-II conductor design,
Fo=2.f (7)

[0}

is used. The helium state equation

S = 9™ (®

as well as the transport quantities such as viscosity and thermal

conductivity are given by computer codes /13,14/.
Herewith, the numeric integration of (1) and (2) yields temperature
T=1(Zm T, p., D, da/dz) (9)
i i
and pressure
p=p(Z,m T, p, D, di/dz) (10)
it i .

of the fluid. Other quantities of interest such as Re, Pr and the

flow velocity are also computed.
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Forced flow heat transfer

For safe operation of the magnet the temperature of the bulk fluid,

T , must have a sufficient margin, DT, from the critical temperature,
T, of the superconductor. This safety margin,AT, depends on the
pﬁilosophy of stabilization and of protection of the coil. A

conservative design may be based on the Stekly criterion

I 9
C:<{ = Cwo - {1‘
Ace pe e (=T

The upper limit with T =T (T = surface temperature of the
stabilizing copper) ang c%{;tw: 1 is used in the calculation.

The heat transfer coefficient, h, is a complex function of flow
velocity, coolant channel geometry, helium state and heat flux. For
small heat fluxes to single phase forced flow it may be calculated
from the Dittus-Boelter correlation

0.8 0.4
Nu = 0.023 . Re . Pr
DB

and from the definition of the Nusselt number
NU = hD/A (13)
when )\is the thermal conductivity of the bulk helium.

Measurements of heat transfer of supercritical helium at forced flow,
however, show deviations from formula (12) to both higher and lower
values /15,16/. Both effects are described by the empirical formula

of Giarratano /5/, i.e.

0.8 0U el
NuG = 00256 - Re Pr (TW/’Q) (14)

More recent investigations /17,18,19/ show that this formula predicts

too high values close to the transposed critical line. Therefore, the
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more recent correlation of Yeroshenko and Yaskin /6/ with

0.8 _ oM 2
Nu, =003 By (2 VE 03)
Yy Y089 +02 + A7
is used, where
P- 1 ’ﬁ) (T, = 1) (14)

and

e 0.28
(Elego)™ | oo @ fop >4

i
i

(15)

4-' ) lb‘ is/éP)b <<"4

T describes the mean specific heat of the laminar boundary layer

\

E — Hw" Hb (16)
Tw-Tp

This formalism has also been implemented into the computer code and
it calculates the local temperature, T , of the copper surface for

v
the Stekly condition (11). (The local resistivity of copper is given
in 3.7.)

In Fig. 3.6-1 the ratio of this Nusselt number to that of the Dittus-
Boelter correlation is plotted vs. the quantity\p. The dashed curves
at l_ﬁ*E_B describe only qualitatively the enhancement effect

which becomes the more pronounced the more the critical point of the
helium is approached. More accurate quantitative data are given in

Tab. 3.6-1, rows 12 and 16.
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Fig. 3.6-1: Correlation for turbulent heat transfer to supercritical helium

/16/.

Numerics

The numeric analysis is based on the corresponding program HEHT
(Version 1974) of V. Arp (NBS) which uses a modified Runge-Kutta
procedure to integrate the differential equations in a duct with
circular cross section. This program has been modified for the
hydraulic cross section of the present conductor design. Further, the
NBS helium subroutines /13/ have been replaced by the recently
updated Oxford subroutines /14/. Those subroutines are written in SI

Units. Thus it becomes more comfortable to modify the main program.
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fFinally, the mentioned heat transfer correlations have been
implemented with a new subroutine to evaluate the surface

temperature.

An example of a numerical run is shown in Tab. 3.6-1. The inputs data
are: inlet pressure and temperature (PATMI, TI), total hydraulic
length (ZMF), flow rate (GS), helium area (AFLOW), wetted perimeter
(SAR), total current (AMP) and copper area (ACU). The quantity JDIR
describes the direction of the flow (- 1 for inlet at low field and

+ 1 at high field). The output list contains both, the parameters of
the bulk fluid (P,T,RHO,...RE,H (Dittus-Boelter heat transfer
coefficient)), and the data of the thermal boundary layer (DELT =
TW-T, TW, Nu/Nu and PSI which are caused by the local Ohmic losses,
QOHM, in the stgbilizer.

The surface temperature TW is one limiting quantity (TW < T ). The
c

other is the friction loss which requires the work

mAp

W e = GS (P(0) - P(L)).

rooS

This quantity should be much smaller than the steady heat

load (@ DQ/DZ . L).

Overall design

Ground rules

In addition to the numerical data for superconductor properties,
environmental conditions and thermohydraulics of liquid helium
presented in Sections 3.1 to 3.6, the following ground rules are set

for conductor optimization:

- Cabled core of Nb Sn strands surrounded by a highly resistive
conduit (e.q. CuNg) to reduce ac losses, a cryostabilizing region
of Cu profiles and forced flow supercritical helium, and a steel
conduit with outside insulation to carry the bulk mechanical loads.

The material composition of the conductor is not graded.
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- Winding the conductor into a number of identical pancakes. They are
assembled into a coil of rectangular cross section in agreement
wvith the spatial constraints of NET-II. The centering forces are
carried by a central vault situated radially inward of the TF
coils.

- Pancakes are operated in parallel for the LHe-circuit. The channel
length is given by the conductor length of a pancake. Flow losses
occurring in a pancake (Pflow =m AP/S ) are kept below 25 % of
losses due to nuclear heating, ac losses, and heat conduction and
radiation from outside. This leaves a reasonable margin for pumping
efficiency and heat exchanger design.

- In normal operation, the helium temperature must remain below the
"ecurrent sharing temperature", T (B,I), which is the critical
temperature of the Superconductoﬁ at the local field and at full
operating current.

- The conductor should be fully stabilized against "local"
disturbances: the temperature of the metal surfaces which are
directly cooled by helium must not exceed the critical
temperature of the superconductor, T (B,I = o), even if the full
operating current is carried by the gtabilizing copper. This means
()(::l for the Stekly criterion. The disturbance is considered
"local" and "transient" as long as its total heat input does not
change the bulk properties of the helium. This assumption can be
Jjustified based on the operational experience of the Euratom/ LCT
coil and on the fact that even at low temperatures the heat
capacity of metals becomes significant at sufficiently high
temperature differences tolerable in a Nb Sn coil (for instance,
the heat capacity of steel is 130 mJ/cm between 5.5 K and 10 K).

- The average current density should be optimized.

Number of Pancakes and Windings

With a total coil current of about 8 MA and an operational current of
about 20 kA, the total number of windings is about 400. They can be
provided in i pancakes of j turns each, giving a total coil width

W =1i.wv and radial thickness T = j+-h , where v and h are the
wvidth ang height of a conductor. The NE?—II geome%ry impgses a 16

coil TF-system and a radial position of 2.495 m for the inner surface
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of the straight legs of the TF coils. Thus, for rectangular winding,
the condition holds that

T
W 5_—5(2,495 m-T)-0.03m

with 0.03 m taken as the minimum distance required between the

vinding packs of two adjacent coils.

As it seems advantageous to have T as small as possible (small
cooling channel lengths, more space for vault), the numbers of
pancakes and windings are determined by the conductor dimensions
only. An example: v = 5 cm, h = 2 cm implies 14 pancakes of 28

c c
turns each.

Conductor dimensions

The considerations for determining the conductor dimensions start out
by looking at the core. The basic strand dimension of 1.92 mm # is

an upper limit for avoiding a degradation of critical current density
due to bending strains. Together with the folded insulating strip of
0.5 mm, soldering material of 1/10 mm and a CuNi conduit around the
Nb}Sn cable, a core height hC = 5.1 mm results. The width of the
core, v , depends on the actual critical current and possibly on the
Stabiliging and reinforcing problem. With a Cu content of 23% in the
Nb_Sn strands, the average volume fraction of copper in the core

amounts to

fYZ = 12.7%,
Cu,core

The number and dimensions of the stabilizing copper strands, roebled
around the core, can be approached with arguments of cooling and
fabrication:

- The roebling process of the copper profiles depends on their aspect
ratio A (height/width). Industrial experience favors A = 1.6, in
particular for avoiding contacts between adjacent profiles at the
Roebel transitions.

- Helium cooling must provide sufficient mass flow in order to keep
the bulk helium temperature below the current sharing temperature
T, and it must also provide sufficient mass flow density (or

s
helium flow velocity) to achieve a large heat transfer coefficient
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between metal surface and bulk fluid. This means that the total
helium channel cross section should be kept as small as possible to
increase the mass flow density at a given total mass flow.
Fabrication arguments dictate a lower limit for the width of the
helium channels, w (w = 1.0 mm is chosen).

He ™ He

To summarize, for further considerations the following parameters are
fixed:

Core height h = 5.1 mm,
Copper content in core (volume fraction) f&gZiecore = 12.7%,
Aspect ratio of copper profiles = 1.6,
Width of helium channels W = 1 mm.

He

The purpose of the Copper profiles is to provide stability during a
local normal excursion which is governed by the Stekly equation

2
A =1 with
pmet Cu /(ng)
pm t: cooled perimeter of conductor,
e
| : operational current,
O’ =0’(B): conductivity of copper,

q: permissible heat flux density into helium.

Using N for the number of copper profiles to be used, very simple
geometric arguments give:

2
A = NAw_ =+ . h o W R 1
Cu Cu "ku, core core core (1)
= N, (2A + R 2
pmeta] ( wCu wHe) (2)
(h + 2Aw_ ) x (w + 20 ) =W . h (3)
core Cu core Cu core core

These equations can be combined to give a form
2 2
flw )N -g(w ).N=1/(0q) (4)
Cu Cu

which allows the calculation of widths and heights for different g

and w_ , in particular the calculation of w .
Cu core
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The final step is now a determination of the thickness t ¢ of the
s

steel conduit the inner perimeter of which is given by

p = 2.(w + 2w +h + 2 Aw_ ). (5)
St core Cu core Cu

With a vault being used to take the centering forces, we assume that
each conductor has to carry the average hoop forces of 160 kN in the
densely packed winding at a tolerable strain E:Of 0.2%. For a rough
first layout only the core area at a Young’s modulus E of 120 GPa
and the steel area at a Young’s modulus E . of 210 GPangg used to
contribute to the strength because the highly conducting copper will
be subjected to radial pressure by the build up of the centering

forces:

160 kN = & (v . h . E + .t . E 6)
Ei core core core pSt St St) (
from which t  is derived. Adding 0.5 mm thick insulation around the

s
steel conduit, we now get

Vo= w +2wv_ +2t +1mm and
c core Cu St

(7)

h =nh + 20w + 2t 1 mm.

c core Cu St
Fig. 3.7-1 shows the relevant gimensions in dependence on wCu for
heat flux densities of .3 W/em , .4 W/cm , and .5 W/em into the
helium. It should be mentioned that the product h . w and therefore
also the average current density is essentially igdepeﬁdent of v
It is hence possible to choose the conductor with the least width
permitted by the critical current limit in the core giving the
advantages of least ac losses and a minimum length for the helium
channels. The procedure described can be maintained when certain
constraints such as strain, core height, or aspect ratio of the

copper profiles are altered.
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3.7.4 Conductor performance

The main performance data of the NET-II/KfK conductor are summarized
in Fig. 3.7-2. They are represented as four temperature curves along

the 650 m length of conductor in a pancake:

- The critical temperature T of Nb_Sn is approximated by
A c
T [K]: 17 -B/(2 T) for the field region of concern (6 to 11 T as
c

given in 3.2).

~ The "current sharing temperature" T , i.e. the critical temperature
S
at the operational current I = 20 kA, is again approximated by a
simple interpolation which is sufficiently accurate for a rough

design in a limited parameter range:

A : T
T =T¢ (@) T TG D) {T;@)—Q.'ZK] with

A A
I (B) .B=30KA . 12 T = const.

c

- The bulk helium temperature T is calculated with the program HEHT
c

(see 3.6) taking into account helium flow losses at twice the fric-

tion coefficient of a straight tube, nuclear heating losses, time-

averaged ac losses, and evenly distributed static loss of 10 W per

pancake due to heat conduction and radiation from outside.

In accordance with 3.4.5 and the final conductor dimensions, the

nuclear heating losses along the coil are given by

P (z) = 0.26 W/m . exp (-z/120 m) with
n

z: coordinate along the length of conductor, starting at the

inside.

The decay length of 120 m corresponds to five inner turns with a

total radial thickness of about 9 cm.

In accordance with 3.5.7, the time-averaged ac losses are taken as

23.4 W per pancake or 36 mW per meter of conductor. Higher ac
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losses are encountered in the outer windings close to the

PF coils. Therefore, a 3:1 variation of losses per meter is

"

\/ /
T(K) | / , ‘ Te
}

Stability Margin ' . / 4
/ /

AA" g

2 XAXNX)

10
w
] 1
8 -]
Operatlonal Margm
\llx_ \h\ T
6 - A
A_ ~
0O 10 200 300 400 500 600 _p z(m)

Fig. 3.7-2: Bulk helium temperature T , current sharing temperature T ,
S
critical temperature T , and metal wall temperature T along the
conductor in a TF coil pancake
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assumed along the length of conductor. Including 15 mW per meter of
static losses, one obtains

S%-: P(z) = 0.015 W/m + 0.018 W/m + 0.036 W/m z/650 m.

The inlet temperature of the helium (4.7 K) is chosen to simplify
the design of the cryogenic system and may be altered in a more
detailed design. For reliable operation, Tb(z) < TS(Z) is required.
- The wall temperature T is again calculated by HEHT, taking into
account the heat transger characteristics into forced flew helium
as described in 3.6. The power density in copper in case of a
"local" and "transient'" normal conducting disturbance depends on
the location in the winding due to the copper magneto-resistivity:

B -10
S (8 = (1.08 + 0.46 x 1T )x 10 Lm.
Cu 1T

The low field resistivity corresponds to a residual resistivity
ratio of }58; at the peak field of 10.7 T, the resistivity amounts
to 6 x 10  SLlm. The conductor is designed to give a heat flux q of
0.5 W/cm2 into helium with the peak resistivity value. With the
field profile of Fig. 3.2-2, the resistivity dependence on z is

given by

600 - 0.6 z 10728 for 0 <z < 364 m

|~

(z) =
Seu 380 . 10725 for 364 < z < 650 m

The wall temperature T is finally calculated by
v

2

1% . Q,(2)
T,(z) = T, (2)
v’ bt/ Acy Pret

h(z)

The stability criterion chosen for a "local" and "transient"

disturbance requires T (z) < T (z).
] c

Fig. 3.7-2 shows that the required conditions for operating

temperature and stability against small disturbances are fulfilled.
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In fact, compared to NbTi-conductors such as used in the LCT-coils,
there are additional safety factors in terms of critical current,
operating temperature, and probably even stabilization and Stekly
parameter. However, they should only be built into a conductor design
if more experimental evidence has been collected on conductors of
this type and if the limits posed by mechanical loadings and safety
(hot spot temperature, discharge voltage, quench detection) can be

assessed more accurately.

The thermohydraulic parameters of helium flow are listed in Table
3.6-1 in addition to the key data of Fig. 3.7-2 as an example of the
information obtained by the HEHT-program. The helium input parameters
(initial temperature, initial pressure, mass flow) are selected to
meet the operational and stability criteria at the least demanding
values from the point of view of crygenic technology: Initial
temperature of 4.7 K, initial pressure of 0.6 MPa, pressure drop to
0.29 MPa, mass flow of 5 g/s. With the heat losses assumed, the
helium is in the supercritical state all along the conductor. The

15 W which is

tolerable in view of 31 W of nuclear heating, 23 W of time-averaged

flow loss in a pancake amounts to P = m ZSp/f%
L e
ac-losses, and 10 W of additional static losses.

The conductor would also be capable of operating at higher losses.
For a first glance, total losses of 250 W in one pancake were assumed
(PN = 200 W, Pac = 50 W). They can be handled at Ti = 4.7 K,

p. = 0.95 MPa, Ap = 0.65 MPa, m = 8.5 g/s which results in flow
lésses of about 40 W per pancake. In this case in which the nuclear
losses outweigh the others, it may be advantageous to have the helium
inlet at the outside to remove the bulk heat close to the outlet.
This shows that nuclear heating losses of at least a factor of 5
higher could be tolerated at the expense of more complicated and
costly cryogenics. Alternatively, larger ac losses can be conceived,
e.g. to cope with a demanding vertical position control system or to

remove the CuNi barrier between the core and the cryostabilizing

region of the NET-II/KfK conductor.
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The safety discharge requirements are usually summarized by the "hot
spot criterion" ,
Tmy

2
A « 2 1 ' 'Z‘ T
A et Amar - P Se. €0

42K
with A = Area in conductor cross section,
jC = Operational current density in copper after a quench:
u !
j = I/A
Cu Cu .
lt = Discharge time constant:¥'= 2 W/ (U-1) with W = stored

energy, U = discharge voltage
Density, specific heat, resistivity.

5 c.o

It is assumed that the other metals have the same specific heat as
copper. For T = 100 K and constant magnetoresistivity contribution
of 5 x 10_1QLP§Xto the resistiv{%y %f czpper of RRR = 150, the right
hand integral amounts to 4 x 10 A s/m .
With 1= 20 kKA, A =650 mm° and A_ = 230 mn° we get

met Cu

2w o M gy v

R - /(U ) =15 s or U=
2W/(1-U) =15 s or \J T PERCTOTY

Discharge voltages of the same order are used in LCTF, and much lar-
ger voltages are required for PF coil systems. Even this most conser-
vative hot spot criterion turns out to be manageable. If cold end
effects and transverse heat conduction are additionally considered,
several seconds are available to discover and identify a disturbance

in a coil as a "quench".
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3.7.5 Pressure rise during the guench

The pressure rise in a long channel is often calculated by use of the
formulae given in /20/. They assume that the channel is heated at a
constant rate, and pressure builds up due to heating and decays due
to a mass flow out of the ends. This pressure rise would be largest
in the center of the channel. The conditions of /20/ are not
applicable in our case because with the quench protection system, no
constant heating source is available. Instead the LCT experiments
have shown that during such a fast discharge only 2 percent of the
stored energy, W, were dissipated in the coil. A similar number
results if one assumes that a pancake is completely normal conducting
at a temperature of 70 K during the safety discharge. Its resistance

would be

9Cu(70 K) x L 1.5 x 1077 Sum x 650 MmO

Acy 230 mm?

R =

This is roughly 2 % of the value of the discharge resistor of 290 m
for 5.8 kV at 20 kA.
Therefore, another approximation for the quench'pressure should be

used for the NET coil.




-57-

Two pessimistic assumptions can be made:

- the energy 0.02 W (W = stored energy) is dissipated only into one
hydraulic path (one pancake),

- the helium within this path is heated at constant volume (both ends

closed).
This process heats the coil to the temperature T which is given by
max
T
max
M C + M C ) dT = 0.02 W

. He V,He Met Met
0

Assuming the total stored energy W = 1100 MJ and the metallic and
helium masses of M e 11.2 kg/pancake and M ¢ 3200 kg/pancake,

e Me
respectively, the resultant temperature becomes

T o 80K
max

During isochoric heating the helium pressure would increase to

P o 200 bar

max
Ihis shows that the quench pressure will not be a serious problem if
the system is actively quench protected in such a manner that a fast
discharge is initiated as soon as a predefined resistive voltage is

exceeded in any single pancake.
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Cooling needs and refrigeration

The 16 pancakes of the coil will be cooled in parallel with a mass
flow of 5 g/s each. Taking into account heat loads according to
chapter 3 inlet conditions of 6 bar and 4,7 K are proposed. The high
critical temperature of the superconductor permits use of a 4.5 K/1.3
bar LHe bath for heat exchange with the supercritical helium. This
gives the advantage to realize easily positive pressure inside the
wvhole cooling system and to exclude air contamination problems.
Supercritical cooling of the coil at a low pressure level with a
pressure of 6 bar at the inlet of the coil keeps small the necessary
‘refrigeration capacity due to helium operating conditions close to
the "Inversion-line" (boundary between negative and positive JT
effect). So the mass flow of 5 g/s in the pancake is sufficient to
keep the temperature at the outlet of the coil below 6 K (5.7 K). At
low pressure levels a refrigeration configuration with a closed
secondary loop and a cold helium circulator in comparison to a direct
cooling with the refrigerator flow becomes attractive: Beside the
operation flexibility "independent" of the refrigerator mass flow and
the "hydraulic" decoupling of the coil system from the refrigerator

an acceptable overall cooling efficiency can be expected (Fig. 4.-1).

This first calculation of the refrigeration capacity necessary to
cool the coil has been done for a cooling system with a closed
supercritical secondary loop using a LHe-pump and a LHe heat
exchanger bath for thermal coupling with the primary loop. The
cooling capacity must be sufficient to remove the heat loads and
amounts to approx. 2.2 kW at 4.5 K (Fig. 4-2).
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| Refrigerator

cold box
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Fig. 4-1: Cooling principle with the refrigerator and the closed secondary
cooling circuit for the coil




-60-

The calculation is based on cautious assumptions for the efficiencies
of the cold He pump and the current leads (extrapolated from first 10
kA-LCT-experiences). A safe calculation of the heat load due to
thermal insulation and mechanical support demands for a detailed

engineering design of the coil system and cryostat.

At the operating conditions indicated (see also Fig. 4-1) the
transposed critical line is only crossed near the outlets of the 650
m long pancake-cooling channels under stationary conditions and may
be under transient normal conducting zone conditions. Density wave
oscillations due to large expansion effects in the coolant can be
avoided according to experimental investigations at NBS Boulder with

a heated circular pipe /22/.

Cooling down of the coil has to be done directly with the refrige-
rator mass flow in a temperature controlled manner mixing warm gas of

the compressor with cold gas of the coldbox.
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Fig. 4-2: Heat loads of the coil to be refrigerated
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5. Fabrication steps

A detailed study of the fabrication steps for each component of the
conductor shows that a multitude of details have still to be opti-
mized by experimental investigation, actually under work at KfK. In
the following, more precisions about the fabrication steps of various
conductor components is given, demonstrating the feasibility of each

one of these components based on the present state of the art . In

practice, economical aspects will lead to a combined processing of
various steps rather than to the independent processing of each step,
thus creating additional difficulties. An example of such combined
processing is the "roebling" of Cu profiles on the core without
damaging the reacted Nb_Sn strands. In this case, a careful analysis
of the working data collected during the fabrication of the Euratom-
LCT coil was necessary before an optimistic consideration of the

problem was arrived at.
5.1 The core

The internal core consists of the folded insulation strip, the Nb}Sn

cable and the CuNi barrier.

5.1.1 The folded insulating strip

The function of the folded strip is the same as in the Euratom/KfK
conductor: it must ensure a high resistivity between the two Nb}Sn
strand layers, thus leading to considerably lower ac losses. This is
achieved by cabling the 36 Nb}Sn strands around a strip with a high
resistivity between the two flat surfaces. For this purpose, a very
thin (~0.1 mm thick) foil of stainless steel or Cu-Sn bronze is
folded around an insulating ribbon, woven with thin ceramic fibers.

Such "flexible" ceramic tapes are commercially available.

Own experiments show that these tapes withstand the reaction heat
treatment without major damage. Further experiments have to be done
in order to ensure that the deformations arising during the

calibration operation do not degrade the insulating properties.
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5.1.2 The Nb Sn cable

2
36 circular Nb_Sn strands of 1.92 mm diameter (see specification in

3
2.2) have first to be cabled with a transposition length of 330 mm

around the central strip.

A serious problem when cabling this assembly is the "spring" effect
of the bronze, which is even present after a recovery annealing at
~ 500 C. Previous experiments have shown that the problem is
considerably reduced by a plastic deformation of the strands just
after cabling. Prior to the reaction heat treatment, the assembly
folded strip + Nb}Sn cab%e is thus calibrated to the external

dimensions 4.3 x 36.0 mm .

At this stage, the thickness of the strands would be 1.8 mm, leading
to the deformed shape shown in Fig. 2.2-2. The effect of the intimate
electrical contact between neighbour strands is attenuated by the

-8
high resistivity of the external bronze (98 = 3.2 x 10 Sxm).
T

At this level, the remaining voids to be filled by solder occupy 4.1%
of the total cross section (Table 2.3), the distance between the flat
bronze surface and the CuNi barrier being 0.1 mm. The present
calculations have been performed with these dimensions, although a
slighty stronger reduction by calibration, leading to a smaller
"lost" cross section, occupied by solder and voids would also be
possible. If necessary, the content of the voids between Nb_Sn
strands and central strip could be lowered to <1 % of the conductor

cross section.

The most delicate operation is the reaction heat treatment and the
following manipulations. Experiments at KfK with prereacted Nb}Sn
vires for the HOMER facility have shown that the positioning during

the reaction heat treatment has to be extremely careful.

In order to keep the Nb_Sn strands together as close as possible a
strong mechanical guidance must be provided during the reaction heat
treatment. For this purpose, the assembly strip + Nb}Sn for each
pancake (~ 650 m length) would itself be wound to a pancake of 3 m

internal and 5 m external diameter (R = 1.5 m, see Fig. 3.3-1).
)
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The winding of this pancake would be very tight: in order to prevent
contact between the Cu bronzes of two neighbouring turns (sintering!)
a steel tape with ceramic insulation has to be inserted. The most
important problem in building a reaction furnace of gxt 6000 mm
consists in ensuring a good temperature homogeneity, of AT = + 10 C.
The thickness of the furnace could be adapted to the number of
pancakes to react simultaneously, and could reach e.g. 500 mm for 4
pancakes. During the reaction heat treatment, the pancakes have to be

set horizontally, in order to equalize the gravity effects throughout

the whole cable length. An important point is the guidance of the
reacted Nb_Sn cable after leaving the furnace: a smooth movement

through well-defined leading rails is required.

The technique illustrated in Fig. 5.1-1, where the Nb}Sn strands are

reacted on a horizontal spool (R = 1.5 m), straightened and wound

A) Prior to Reacc):tion

Nb3Sn calibration W )

——p cable L ,
C N
36 x 192 @ A\ Reaction Spool
41 x%36.0 (Horizontal)
B) After Reaction
| \V\ Laser-Tack
cali- . Weldi
bration  CuNi siding
Wrapping l
L N\N
solder
bath 4.3x36 5.1%37.0
20 Final Core
. Dimensions

Fig. 5.1-1: Production line for the core (all dimensions are in mm)
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again to the final coil size has been applied in several systems,
e.g. in Japan for the cluster test facility (TMC-I and TMC-II) and at
KFK (Homer). It can thus be considered as feasible, the only really
nev condition being the large coil size. In all these cases, the
really important bouhdary condition to fulfill is the strictly

synchroneous movement of both, the spool with the reacted Nb}Sn and

the NET pancakes, thus necessitating very careful control.

The CuNi barrier
The CuNi barrier between the Nb Sn strands and the Cu profiles is

soldered to the former after the reaction heat treatment. The CuNi

barrier being very thin (the design value is 0.4 mm), the wrapping
operation is expected to be possible without damage for the reacted
Nb_Sn strands. Since no calibration can occur on reacted Nb_Sn
strands, the surface of all four CuNi sides must be very smooth in
order to permit the soldering of the Cu profiles with low solder
thickness, < 0.1 mm. This can only be realized if the operation of
mounting the CuNi barrier immediately preceeds the Roebel process,
i.e. the cable is maintained straight during the operations following

unvinding of the reacted Nb}Sn spool.

After unwinding the reacted spool, the Nb_Sn cable is driven through
a solder bath and is subsequently driven through a rectangular die-
block with the dimensions 4.3 x 36.2 mm . For this purpose, the
temperature of the die (a ceramic die for preventing reaction with
the solder) decreases gradually in the drawing direction, the inlet
being at a temperature slightly above the melting point of the
solder. This operation is mainly necessary for filling the external
voids (shown in Fig. 2.2-2) with solder. The solder thickness between

the strand surface and CuNi being in each case < 0.1 mm,

The CuNi barrier is mounted starting with two CuNi tapes with dif-
ferent widths, 36.2 mm (long side of the core) and 46.4 (long side +
2 short sides of the core). The broader tape is deformed to an U
shape of the final core dimensions, 5.1 x 37.0 mm and is placed
around the calibrated Nb}Sn cable. Simultaneously, the narrower CuNi
tape is placed on the top of the conductor (see Fig. 5.1-2), after
vhich both tapes are laser-tack-welded with one weld spot each few

centimeters. This operation is necessary in order to ensure a precise
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. CuNi barrier
Rounded Corner

51| || Nb3Sn
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= 37.0

Fig. 5.1-2: Detail of core fabrication

positioning of the external core dimensions during the following
soldering procedure of the Cu profiles on the core. In order to avoid
contact between molten CuNi and the solder at the weldments, the
corners of the Nb_Sn cable could be rounded off during the

calibration procedures (see Fig. 5.1-2).

The cryostabilizing region

The cryostabilizing region, situated between the core and the steel
conduit, comprises 26 Cu profiles, separated by He channels. The Cu
profiles (3.6 x 2.2 mm cross section) are mounted by the Roebel
process with a transposition length of 1 m (see Fig. 5.1-3). From the
Euratom LCT coil, it is known that the Roebel process allows to
maintain such small distances as 0.9 mm between the Cu profiles (1.0
mm for NET-II). The longer transposition length (1 m compared with

40 cm for Euratom LCT), was chosen for avoiding electrical contacts

between neighbouring Cu profiles at the corners, which would lead to
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seriously enhanced ac losses. The aspect ratio 1:1.6 for the Cu
profiles has been chosen especially for meeting the Roebel require-

ments.

Fig. 5.1-3. The Cu profiles after roebling around the core.

The mechanical deformation resistance of the Cu profiles will be
similar to that of the Cu-NbTi strands in Euratom LCT. An important
difference, however, concerns the surfaces of the Cu profiles which

have to be treated in the case of NET-I1I/KfK conductor.

a) the narrov sides are plated with solder prior to roebling (ev 0.05
mm thickness). This thickness permits optimal soldering after this
process, avoiding solder bridges between neighbouring Cu profiles,

wvhich would again lead to enhanced ac losses.

It has to be noted that since the broader sides of the Cu profiles
are not solder coated, they are soldered to the core at its

broader surface only, covering 88% of the total length.

b) the broader sides of the Cu profiles can be treated by sand-
blasting or other processes in order to increase the surface. The
present calculations have been undertaken without this beneficial
effect, which would result in an enhanced safety margin or even in

a larger overall current density.
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The steel conduit

The considerable thickness, 2.45 mm, of the steel conduit for NET-II
requires a particular type of conduit fabrication. This thickness
causes some problems which can be summarized as follows with respect

of U-shaping of the conduit:

folding of a steel tape to an U-profile results always in rounded
of f edges at the corners of the profile.

the necessary radius at the corner increases with the thickness of
the tape material

the decreasing of the U-profile height sets fabrication limitations
the rounded off edges are disadvantageous for the transverse
transmitting forces. Bending stresses may result with such rounded
of f geometry in the conduit material, which should be avoided

The U-profile fabrication must be integrated in the assembly line
of the cable production. A non-integrated fabrication means that
the U-profiles must be spooled, which may result in additional

geometrical distortion of the U-profile configuration.

Out of these points the search for an alternative way was indispen-
sable. The solution as given below (see Fig. 5.3-1) is independent of
conduit thickness, the thickness limitation being only given by the
requirement of a distortion free welding process. It could even be
employed in a conductor and coil design which carries the centering

forces and does not require an additional vault.

B
C
3. C
B

Fig. 5.3-1 Fabrication of steel conduit with tapes A, B and C.
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The fabrication of the individual tapes A, B and C with exact
tolerances is possible. The joining C to B can be done by EB tack
velding (as in the case of Euratom/LCT coil) or by laser beam
velding. Today, the latter one is considered as being more economic,
because out of welding. The tapes A and B/C can be spooled on and off
in standard way without any distortion. Therefore an integration of
the fabrication steps in the cable production is not necessary. The
wvelding of the positions 1, 2, 3 and 4 can be done by laser
processing, which allows welding of I-type joints. It follows that
the core will be carefully treated during this operation. In
particular, tapes C protect the conduit interior during the welding
process. The NET-II/KfK conductor with the weldments of the steel

conduit is shown in Fig. 5.3-2 (similar to Fig. 2.2-3).

26x% Cu Stabilizer (36x 2.2) thSn strands

{071.92% 36)

He Channels (3 6x1.0)

Steel Conduit

18.20

insulation
CuNi Barrier
% Insulation Stri
N P
~
<
& =
o i '
[
o
5 O A AR
RRATRRIORAER A —
3
32.40
3700 e 2.45
41,40 5
47.30 -

Fig. 5.3-2. NET-II/KfK conductor, showing the weldments of the steel

conduit.

Material choice for the steel conduit

Taking the results of mechanical calculation the compressive stress
in the conduit section (A) is 130 MPa. Cryogenic structural

materials such as 316 LN can easily withstand this compressive force.
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The tensile yield strength of 316 LN is 1100 MPa at 4 K, a high
safety margin is therefore already existent. The laser beam
weldability is also already demonstrated (see also Chapt. 6.3). It
follows that this material, already used in the Euratom/LCT coil, is

suitable for steel conduit fabrication.

The insulation

The insulation tapes (PG-10CR) will be wrapped around the steel
conduit. After the wrapping process organic polyimid /30/ resin will
be applied in order to keep in place the insulating tapes during
pancake winding. Between pancakes, insulation plates of the same

insulation material are foreseen.

Quality control considerations

For obvious reasons the ultimate proof for the sound performance of a
fabrication length of a superconductor at operational temperature
cannot be given prior to cooldown and operation of the magnet into
which the conductor is wound. No complete and continuous conductor
test at superconducting temperature seems to be technically and
economically conceivable. Concerning for example the current carrying
capacity, critical current measurements are performed on short
samples, taken from each end of a conductor length. For high current,
high field conductors like the NET-II conductor even this procedure
seems to be prohibited due to the involved cost and time. This fact
is not so unsatisfactory for cabled conductors as it would be for
monolithic conductors, because of the possibility of current sharing
between the strands in case of some damage of a few individual
strands. Cable critical currents probably will only be measured on
some samples and the routine critical current measurements will be
restricted to the strands.

Above described situation is most pronounced for the critical current
but is of course also true for other electrical properties (e.g.
residual resistivity of the stabilizer) and for the mechanical
properties. A carefully worked out quality control system is there-
fore required to guarantee a constant quality of the conductor over

its whole length.
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As for the superconducting strands much progress has been made with
respect to continuous quality especially by those manufacturers
producing wires for nuclear magnetic resonance spectroscopy (NMR) and
imaging (MRI), mainly for NbTi but also for bronze route Nb_Sn
conductors. The magnets built for this application are opergted in a
persistent mode so that wires with very constant properties are
required to avoid any resistivity (e.g. due to inhomogeneities or
broken filaments) and to allow for low field decay rates. The key to
the reliable fabrication of such conductors is to find out and to
control the relevant influence parameters. Examples are the strict
specification and control of starting materials (Nb, CuSn, Ta, Cu)
with respect to chemistry, homogeneity, cleanliness, surface
conditions and electrical and mechanical properties in conjunction
with the control of the process parameters during fabrication of the
conductor. Examples for powerful non-destructive tests are ultrasonic
inspection and eddy current testing for the starting materials and
for the strands at intermediate and final dimensions. As the require-
ments on homogeneity and low resistivity are much smaller for the NET
conductor than for an NMR conductor, it seems that the established
quality standard for the bronze type Nb}Sn strands is more than

adequate for NET application.

Leaving apart for the moment the reaction treatment for the formation
of the Nb_Sn as well as the handling of the reacted conductor with
the brittle Al5 phase, most of the envisaged subsequent manufacturing
steps are essentially state of the art and are proven by the
successful operation of magnets with flat cables and especially the

Euratom/LCT coil:

- fabrication of the flat cable ("Rutherford" cable)
- solder filling of the cable
Roebel-type application of the stabilizing elements including the

cortinuous soldering process

Corductor sheathing and final seal welding

The procedures developed to assure the constant quality of these
cabled and sheathed conductors consist mainly in the control of the
relevant process parameters like conductor cleanliness, fabrication

speed, temperatures, forces and geometry. They seem to be also
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adequate for the NET conductor. The same is true for the established
methods to determine the parameters of the intermediate products and
the final conductor (geometrical dimensions, leak tightness,
hydraulical properties). Samples taken from the ends can be used to
verify directly some important performance characteristics not

accessible by continuous test methods (e.g. by bending tests).

As already indicated above, there still exist two fields where more
experience is required before an adeguate quality control system can
be established. The first aspect is related to the reaction treatment
of the Nb_Sn conductor in the required large quantities (e.g. control
and homogeneity of the temperature-time cycle). The second concerns
the handling of the brittle Al5 material in an industrial environment
during all subsequent conductor fabrication steps and during coil
fabrication (e.g. degradation due to straining and establishment of
adequate safety margins). At present, the knowledge in these fields
increases gradually with the ongoing development projects but will be
significantly enhanced for conductors with NET-relevant size and

geometry.

Approximate costs

At present, it is very difficult to predict with some accuracy the

production costs of a conductor which is not well developed yet. For

the special case of the present conductor concept it is helpful that
some fabrication steps are similar to those in the Euratom/LCT
conductor, where the costs are known.

Another uncertainty still subsists about the costs of the Nb_Sn

strands, where first numbers from industry have just been obtained.

Thus following cost breakdown for the conductor can be given:

a) Conventional materials/ amount/conductor costs/conductor
components unit length (kg/m) unit length (DM/m)
Steel conduit 2,0 20
Cu profiles 2,0 40
CuNi tape 0,3 45
Ceramic ribbon 0.065 12

117 DM/m
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b) Ng}Sn strands
A specific price of 60 DM/kAm at 12 T is quoted for standard
strands with about 25% Cu as fabricated by the bronze route. If
one takes into account a 25% price reduction for the huge amount
of strand material needed for NET, the costs for the strands of

the conductor under investigation in this study will be
60.-- DM/kAm . 30 kA . 0,75 = 1350 DM/m

c) Manufacturing costs

Each one of the two major steps, namely

- cabling of Nb_Sn strands + reaction + soldering and covering
with CuNi, and

- Cu profile roebling on the core + soldering + encapsulation by
the steel conduit,

is individually roughly equal to the LCT manufacturing process.

This process had costs of about 500 DM/m, so that for the NET

conductor at least 1000 DM/m must be calculated.

d) Total conductor costs

In addition to the items a) - c) about 10% additional costs should

be considered for further quality assurance and inspection. Thus
the total costs of the NET-Al5-conductor will be in the order of

2700 DM/m
This corresponds to specific costs of 0.09 DM/Am, which has to be

compared with 0.056 DM/Am for the Euratom/LCT conductor (NbTi, 8 T

only) and seems therefore reasonable.

Conductor Development and Test with KfK Facilities

The requirement of high critical currents in a NET conductor,
combined with the presence of a strong reinforcing structure has
raised the question about the highest limits attainable with Nb}Sn.
The study of these questions is part of an extended material research

program at KfK.
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Optimization of the Nb Sn strands

In the last years, various additives to Nb}Sn have considerably
increased J in the field range above 11 Tesla. The question of
interest wag to know what additive would cause the highest increases
of J . For this purpose, a series of Nb_Sn wires with different

o
additives has been prepared by the bronze route.

The wires contained 19 or 361 cores, and the geometrical dimensions
vere chosen to be identical, in order to obtain a meaningful
comparison. The critical current densities of these wires (taken for
the Al5 layer) are presented in Fig. 6.1-1 for fields up to 23 Tesla
/23/. It is seen that the best J values for the three additives Ta,
Ti and Ni + Zn are almost identigal up to the highest measured fields
(Ti, Ta and Ni were added to the Nb core, Zn to the Cu bronze). It is
seen that J of binary Nb_Sn wires exceeds that of ternary wires at
fields beloﬁ 11 Tesla. The maximum field in the actual NET design is

thus just situated at the crossover between both curves.

. Nb3Sn wires
: @ Nb/Cu-13Sn 700/64
0O Nb-0,6Ni/Cu-10Sn-3Zn  750/64
? ¥ Nb-16Ti/Cu-13Sn 750164
+ Nb-75Ta/Cu-135n 750/64
34 [composition in wt%}
[heat treatment *C/h}
%
< 2
Te]
.=
%
Z0
.
© 14
O A3 J LI B Ll T

6§ & 10 12 % 16 18 20 22 24
B(T] e
Fig. 6.1-1 Critical current densities in the Nb_Sn layer as a
function of the magnetic field for a series of 19 core

vires with and without additions /23/
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The corresponding extrapolation of the upper critical magnetic field,
B * shows clearly an increase from 21 T to 24 - 25 T, i.e. of 3 - 4

c2
Tesla, independent of the nature of the additive /23/.

The effects of additives on J and B ) of Nb_Sn wires can be under-
c c
stood as follows: Nb_Sn is a perfectly ordered system (the order

parameter was recently determined at KfK to S = 1), and the

electrical resistivity, just above T ,Q , is very low: 16x10 Sm.
The additives act as a small perturbgtiog of this perfectly ordered
state, leading to a reduction of the electronic mean free path and
thus to an 1ngreaee off? Recently, an increase up to

_P ™~ 35 x 10 m was found /24/, which is sufficient to explain the
observed increase in B*z. Since Bé nu'F - X g? and TC

and ¥ are essentially unchanged by the eFFect oF additives, the
increase ofl? is mainly responsible for the enhancement of B*Z.

The increase oﬂp in fully reacted Nb Sn filaments with and without

additives is represented in Fig. 6.1-2.

L T T T T

185+ : 4
O—
—_— o
E 18'0 - @/D_ v % P
z v
T 175F 1
50} v )
' AV
LOF 3Ti -

| g
1Ni O/ATG

30t a
o 26Ta

E
[®)
g 20} N§/ST° _
g

heat treatment

10+ 0 750°C/160h
© 800°C/70h
0 _]_\\‘ 1 e I ' o

0 1 2 3 b S
nominal.core composition [at% additive]
Fig. 6.1-2 Residual resistivity and critical temperature for

unalloyed and Ta, Ti and Ni+Zn alloyed Nb_Sn filaments as
a function of nominal concentration of core additive for

0
heat treatment at 750 C /24/.
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The independence of the chemical nature of the additive on the en-
hancement of J leads to an important conclusion, which also holds

c
for Nb}Sn vires prepared by other techniques than the bronze route:

- It is not longer necessary to search for newv additives. It seems

that the highest limits of J at high fields as caused by additives
c

in Nb_Sn wires have been reached. Further improvements can only be

reached by improving the pinning mechanism.

There are indications that the newly developed "internal Sn
diffusion" technique leads to considerably higher values of J around
11 T. Further, it is not known whether pinning in alloyed Nb gn can
be improved: at present, it is too early to decide between binary or
alloyed Nb}Sn (with Ta or Ti as possible additives) for the NET-II
conductor. This will also depend on the results of stress sensitivity
of J in NET-like conductors, where the measurements will not anly

c
comprise axial, but also transversal stresses.

Strain behavior of J in Nb Sn wires
C D

J vs. & for alloyed Nb Sn wires
2

Tﬁe effects of precompression on the critical current density, J , of
Nb}Sn vires are known up to 23 T. At 12 T, the decrease of JC ofca
bronze-processed binary Nb Sn wire with E = 0.3% is of the order of
30%. For alloyed Nb_Sn wires, the decreasemof J with precompression
wvas found to be smaller with respect to that engountered for binary
vires. A research program, undertaken at KfK in order to determine
the effect of alloying on the stress sensitivity of J vyielded the
results shown in Fig. 6.2-1 /23/. ©
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Fig. 6.2-1: Strain dependence of J binary and ternary Nb}Sn vires

/23/. ©

It is seen that the strain sensitivity of ternary Nb_Sn wires is
reduced when compared with that of binary Nb}Sn, which is mainly a
consequence of the enhancement of B* (The reason for the variation
of J with the strain is due to hydgostatic and nonhydrostatic
presgure gradients, which also cause crystallographical changes in

the originally cubic Al5 structure).

The effect of a simultaneous reaction heat treatment of reinforced
binary and ternary Nb_Sn wires /25/ is shown in Fig. 6.2-2. In
particular, the precompression resulting from austenitic steel is
0.9%. Again, the strain sensitivity of J 1is smaller for ternary

c
Nb}Sn vires.
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Fig. 6.2-2: Strain dependence of J in reinforced binary and ternary

c
Nb}Sn wires (austenitic steel) /25/.

In order to reduce the precompression on the Nb}Sn filaments, we have
replaced the steel by Inconel or by Mo (see Fig. 6.2-3). For Mo, it
wvas found that the whole precompression was compensated, in virtue of
its very low thermal expansion coefficient /26/. Obviously, a con-
ductor without any precompression would exhibit higher J values but
would not be very useful since the Lorentz forces would gut the

filaments under a tensile load, possibly causing filament fractures.

f

1500 r‘;::;—SS=EMEOJh96_
Lo g47
Tn
1000 INCONEL:?.,, =053%]|
' 2 070
_ Ten
leg
500} En=0% & i
B=1.3T
0 L 1 i
0 05 ¢, 10 15
€(%) —b=

Fig. 6.2-3: J vs. E for the same Nb_Sn monolithic wire after
C
reinforcement by steel, Inconel or Mo (TZM is essentially

Mo with 0,5% Ti and traces of Zr and C) /26/.
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For this reason, we have tried to substitute the amount of steel by
a certain volume fraction of Mo. As a result, it has been possible to
obtain reinforced wires with exactly the same degree of precompres-
sion as in the unreinforced state, i.e. without any loss in J . An
independent development is the use of magnetic materials, as %ncoloy,

having the same thermal expansion coefficient as Nb}Sn.

Facilities at KfK
A problem arising in NET-like conductors is how the different

components, e.g. steel, Cu (the ratio Cu:Nb}Sn is quite high, > 3:1
in Table 2.3-1), CuNi and the soldering operation at ™ 200 C will
influence the value of J as well as its strain sensitivity. The
answer can only be givencby JC vs.éi measurements on these

conductors.

An unique measuring device has been developed at KfK for measuring

JC VS. E:up to forces of 10 kN, currents of 3000 A and gagnetic
fields of 14 T on wires with cross sections up to 30 mm . A 5 kN
strain rig /26/ is schematically represented in Fig. 6.2-4. In the 10
mm gap, fields up to~214 T can be reached. The 10 kN, 3000 A strain
rig (see first results in 6.3) is 19 mm thick instead of 9 mm. In a

20 mm gap, the J 'vs. & measurements can be performed up to
c

12.7 T.

Capacitive
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s

~
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dINJt] Load Frame
A
A
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ovable 3 {movable) .
Pull Frame {7 \
% :
é‘? " Sample ﬂ
4 Il
: i Support
SC Current [«
Lead [} '
: Lower Contact
|

/ {fixed) i

- p—b8mm.. jgp,m
Fig. 6.2-4: The 5 kN, 1500 A strain rig /26/.
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Actually, an even larger strain rig is under construction, with the
design values 100 kN and 10 kA. This device will be used for charac-
terizing subscale NET conductors with cross sections well above

2
200 mm wup to 14 T.

Fabrication of conductors on the basis of Nb Sn strands
P

The realization of the future NET conductor requires practical ex-
perience of the individual fabrication steps. To cover this point KfK
started an appropriate programme to investigate the relevant fabrica-
tion steps, necessary during the assembly of the NET-conductor. It
vas thought that the best way to learn as much as possible on the
industrial feasibility of such large size complex conductors was to
fabricate various subsize models, showing at least one NET-relevant
point each. In the following the Nb}Sn subsize conductor Model NR is
briefly discussed (see Fig. 6.3-1).

SS.316Ti  Laser weld , half hard Cu
N . / He channel
{

— //L J) 05"
2] | 4Ll's

[

VA
Pb sold/er/ 20 | 12

6.65 /

[ 11
12

Cabled Nb,Sn

2
Fig. 6.3-1: A subscale conductor (12x5 mm cross section) with
NET-like configuration, actually tested at KfK (NR)
(7 Nb}Sin strands and 5 Cu wires, @ 0.4 mm).
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6.3.1 Description of the individual elements

- Nb}Sn Superconducting cable
This is a commercially available Al5 superconducting cable,
composed of 12 strands, five strands of stabilizing copper and 7
strands of bronze processed Nb_Sn wire. The strand dimension is 0.4
mm. The 12 strands are cabled on a stainless steel core of 0,25 x

1,8 mm, thus giving a cable of 2,5 x 0,9 mm.

- Copper block
The copper block is chosen as a mechanical stiffener. It shall also
simulate the electrical stabilization and the cooling channels. It
is drawn to the required dimension on a standard draw bench
(lengths of ~ 5000 mm). The helium channels and the Nb_Sn cable
slit were prepared by machining. It is possible to draw such a
shape stepwise, but for the short test pieces it seemed to be more

economical to use the machining process.

- Conduit
The conduit of the conductor is fabricated with two U-profiles of
the material AISI 316 Ti (German Werkstoff Nr. 1.4571). The
U-profiles were completed within the common industrial practice
(DIN 17.118 and DIN 59.413) with guiding and folding rolls in
lengths of ~/7000 mm. |

6.3.2 Assembly of the elements to a conductor
The length of the finished conductor was fixed to be ~s500 mm. This

length was the minimum nécessary size to measure I vs. & in magnetic
field environment of ev13 Tesla. The assembly bégaﬁ by cutting the
Nb}Sn cable in pieces of 500 mm length and placing them between S5
Jjacks. The protection against sticking was achieved by means of
commercial available ceramic band foils.

The reaction to Nb_Sn was performed under high vacuum and 100 h at
7UOOC. The slit in the copper block was cleaned with solder flux and
a layer of solder was processed in the slit by indirect heating. The
reacted Nb}Sn cable was igserted into the slit which was finally
filled with solder at 220 C. The two U profiles were cleaned and

placed in the weld position in a special gripping arrangement.
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The main requirements for the 0.5 mm thick weld joint are given in

the following:

~ A weld process with minimum heat input, thus without any damage of
the already soldered section (temperatﬁre rise in solder during the
velding should be less than the melting point of the solder).

-~ A wveld process with minimum distortion of the conductor shape after
welding

- sound and helium tight weld seam.

According to the above requirements the laser weld process is the

most suitable one, because of its high energy density and low heat
input in the adjacent material. The melting of solder joint during
welding limits the classical TIG welding process.

The results of the first laser weld procedure can be summarized in

the following:

- Nd-Yag — 120 W laser working equipments are able to weld the 0.5 mm
thick stainless steel conduit. But the process itself with
0.1m/min welding speed is too slow for a later industrial adoption

-~ CO_-laser processing in continous wave mode seemed to be the most
suitable one

- Sound welds could be achieved with a CO -laser working station of
53 kW capacity. The optimal beam power was 1500 Watts. The welding
speed was in this case 6 m/min. This high speed resulted in low
heat input with negligible temperature increase of the materials
copper and Nb_Sn core. Precise guiding rolls to keep the material
motion in exact position and clean conditions are a top requirement
to achieve helium tight weld seams.

- The conduit of NET-II type conductor is weldable by laser beams
with 2-3 kW working power. Material thickness in this case will be
~2-3 mm and therefore need of such high beam power is necessary

- In actual production a subdivision of the laser beam from one
working station is possible. Simultaneous welding of two or four
wveld seams with one station is the common standard

- The conduit of NET-II type conductor with its 2.45 mm thickness
(~3 mm wveld penetration) and I-type joint is only weldable by
laser beams (not considering the EB welding process) and the

associated vacuum problems).
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Test of conductors Different qualification tests on conductors are a

primary need prior to the end design of the coil. For the
establishment of engineering data following tests can be done in the

already existing facilities at KfK:

- Uniaxial stress vs. strain

- Bending tests parallel and perpendicular to the wide side of the
conductor

- Fatigue response of the winding pack (insulation damage)

- Compressive tests on conductors and conductor packs with different
grouping of the conductors. Modulus determination. Hysteresis of
stress vs. strain

- Lap joint tests of stabilizing copper

- Helium tightness

- Mechanical behaviour of the weld zone

- Uniaxial strain vs. J in magnetic field

- Compression of the coﬁductor and its strain vs. J behaviour in
magnetic field ¢

- Conductor ac losses

- Helium flow response of the conductor

- Conductors degradation after the various fabrication steps
(handling)

- Response to neutron and gamma irradiation

- Quality assurance development

- Insulation tests.

2
Critical current measurements on the 12 x 5 mm subscale conductor

The Nb_Sn conductor represented in Fig. 6.3-1 was measured under two
differgnt aspects, without the external gteel conduit (NRO, 4x11 mm )
and with the steel conduit (NR1, 5x12 mm ) after a reaction of 64
hours at 70000. A comparison of the critical current values (Fig.
6.3-2) shows no essential difference between 6 and 12 T. The Kramer
plots yield Bz =19.8 T, i.e. 1 T less than for Nb}Sn vires. The
conductor NR1 shows slightly larger I values below 6 T, which is not
understood, but is rather irrelevant.CThis could be correlated to the
fact that the conductor NRl was annealed 20 minutes at SODOC in order
to soften the Cu. This operation was rendered necessary by the

limited force of the actual tensile machine, i.e. 10 kN. After this
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heat treatment, the highest measured strain at 10 kN was  0.43% (see
Fig. 6.3-3). The uncertainty is of the order of + 0.1%, and will be
lovered in the future by using improved strain gauges, in particular

capacitive gauges, which are field-independent.

From these first measurements on conductors with such large cross
sections (it should be noted that the total cross section of 60 mm
is small with respect to NET dimensions, but is rather large for J

c
vs. € measurements), the following conclusions can be drawn:

a) Adding an external steel conduit after reaction by laser welding
two U profiles does not affect J in the range between 6
and 12 T. ©

b) The value of J (max) was not attained with the present tensile
machine, in spgte of the measured strain of 0.43 + 0.1%. This
means that the precompression is slightly enhanced with respect

to the original Nb}Sn + bronze and Cu or Cu + Steel.

| i | 1 1} i |
Ie
(A)
2000 Nbasn conductor |
64 hours /700°C
NRO NR1
1500 - -
1000 = -
A NRO, without Stee
500 Lx11 mm? -
o NR1,with steel
5x12 mm?
0 | ] | | | 1 1

0 2 4 6 8 10 12 14 BI(T

2
Fig. 6.3-2: J vs.B for the subscale 12 x 5mm Nb}Sn conductor with and

c
without steel conduit
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2
Fig. 6.3-3: J vs. € of the 12 x 5 mm subscale Nb}Sn conductor with the
c
steel conduit (NR).

A correct interpretation of these results needs further
measurements on the initial wires and on the Nb_Sn cable without
Cu. Nevertheless, these first experiments demonstrate the
usefulness of measuring J wvs. £ for characterizing even complex
Nb_Sn conductors. It is rgmarkable that the applied strain caused
an increase of J from 575 to 717 A, i.e. 24%, which is markedly
higher than the Salues measured by Ekin at 10 T /31/. This shows
the expected effects after bending or after transversal force

application will be considerable.
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Investigations on heat transfer and thermo-hydraulics

The thermo-hydraulic operational conditions of a Nb_Sn Sn coil differ
in several aspects from that of NbTi which have been studied
intensively during the development of the forced flow cooled LCT

coils. Some of those differences are:

- Higher possible operational temperatures. This permits the
operation in such a pressure/temperature rahge wvhere friétional
pressure drop is associated with temperature drop. This range,
howvever, is close to the transposed critical line of the coolant.
Here, the data of heat transfer and coolant flow are rather shaky.

- Higher heat flux during stabilization. The deviation of heat
transfer models from conventional correlations proves to be an
important parameter for the design of the conductor and of the

coil. More reliable data are necessary.

To make those effects and others better predictable, they should be
studied more detailed in configurations which are relevant for large

coils,

Mainly two test facilities are available for such investigations. The
HELITEX facility has been used for the thermohydraulics studies of
the LCT coils /2/. This set-up is shown in Fig. 6.4-1 and the main
parameters are listed in Tab. 6.4-1. This facility can be used for

various investigations such as

- simulation of the whole test loop including pumps, heat exchangers
and control units '

- evaluation of the friction loss at operational conditions

- thermohydraulics stability

- cool down

- quench pressure.

More detailed investigations on heat transfer will be done with a new
apparatus, HelIP/FF-Kryostat. This apparatus has been designed mainly

for heat transfer investigations of forced flow superfluid helium
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HeII). But it can also be operates at higher pressure and temperature
conditions, namely close to the transposed critical line. The
dimensions of the samples to be tested may of about 0.2 m diameter
and 1 m height. Flow rates of about 1 g/s and cooling powers up

to 10 W are available.

Furthermore, computer studies on forced helium flow with transient
heat loads will be continued. The programme YAQHEL /2/ has been

developed for such purposes. It will be modified to describe the

conditions of the coil under consideration.

Fig. 6.4-1: The forced flow test facility, HELITEX.
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Control dewar

Inner diameter
Height

Volume

LHe content

Max. pressure

Object cryostat

Inner diameter
Height

Operational parameters

Temperature

Pressure
Refrigerator loop

Helium pump loop
Mass flow rate
Refrigerator loop

Helium pump loop

Maximum heat load at 4.2 K

1050 mm
2580 mm
1500 1
850 1

6 bar

2500 mm
2450 mm

1.8 - 300 K

1 - 20 bar
10 bar

st
i

0.5 - 20 g/s
0.5 - 150 g/s

300 W

Tab. 6.4-1: Parameters of the HELITEX test facility
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Conclusions

A Nb}Sn conductor for NET-II TF coils with a maximum field at the coil
winding up to 11 T has been designed.

Starting point for the conductor concept was the design philosophy for NbTi
TF conductors, well proven by the Euratom/LCT coil in all conductor tests
and the domestic tests of the coil. Its principles are forced flow cooling,
large wetted perimeter for a given hydraulic diameter (to provide optimal
stability), mechanically fixed strands (to avoid micromovements), strand
separation (for small a.c. losses) and steel reinforcement (for hoop stress

support).

A conductor concept based on these principles but taking into account the
pecularities of Nb_Sn was developed for a rated current of 20 kA at 12 T. It
consists of a flat Nb_Sn cable, soldered to a surrounding CuNi tape after
reaction. Around this rectangular conductor core Cu profiles are cabled on
distance by the Roebel-process and subsequently soldered at the bottom onto
the CuNi tape. The whole system is surrounded by a steel conduit. The
present conductor data results from electric, thermohydraulics and stability
calculations as well as mechanical evaluations and takes into account
nuclear heat. Expected fabrication processes are discussed too. The
fabrication should be possible within the capabilities in European industry.
A cost estimate for the conductor indicates that the specific costs of a
NET-II 12 T conductor (per Ampere x meter x Tesla) are very similar to those

of the LCT conductor.
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