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Abstract--Three Nb3Sn cable-in-conduit prototype canductors have
been manufactured in the frame of the European conductor
development programme for NET. They have bcen tested in the
FENIX lest facility beyond their operating condilions (current up 1o 4f)
kA, magnetic feld up 1o 13.5 T, Supereritical Tlelivm up 10 8 K). The
testing procedure is described and the test resulls are discussed, The
main object of the test is the measurcment of lemperature margin under
DC operation and the hydmulic pressure drop.

[INTRODUCTION

The cable-in-conduit conductor was identified by NET as 2
possibie candidate for the superconducting toroidal and poloidal field
coils of a tokamak [1). Construction of short lengths was started in
1983, accompanied by an extensive testing programme. One of the
final elements of these tess (the other being coupling loss {2] 10
confirm the suitability for the AC conditions experienced in a
iwokamak) was the operation of a lengih of full size conductor ar its
design conditions of ~40 kA current and [2.5 T field. The FENIX
‘ncilvy, whose construction at LLNU began in 1989 was offered for
this test [3]. Threc conductor samples were delivered in the period
' .90 and testing began in December 1991, The samples have
I tesied at fields up 10 i3.5 T. Cyeling of the conductor current for
5000 cycles has besn used 1o assess the 2ndurance behaviour.,

CONDUCTOR LAYOUTS AND MANUFACTURE

The major parameters of ihe three prototvpes cable-in-conduit
zonductors are listed in Tabie I Those produced by ABB have
dentical outer dimensions. but different cable structurz: one
:onductor has braided subcables (<] and :he other. toasther with the
ML prototype, has a purely stranded configuration (sce Fig. 2).

Tire basic Np3Sn strand was supplied in 1989 by TWCA (internal
:n. jelly roll) for ail the prototypes. The eritieal current density of the
sveral batches delivered 1o ABR and LM was very similar [5]. The
igh fic!d, non-Cu average Jc from all the strand batches used for the
anducior manufacture is reported in Fig. . The Jc periormance was
“e7 20 % higher than the speciiied value (600 A/mm?2 at [2.5 T, 4.2
). The hysteresis losses was, at ~| 3 Jiem3 non-Cy at 23 T, much

rger than allowed in the NET design. The residual resistance ratio
“RR) was low, i.e. about 85, before Cr plating.

The conduir of the pratotypes is austenitic stainless steai [6]. For
¢ LMI conductor, the JK 1 ste=] was used, extruded as an aversize
sllow profile {enit length ~4 m}), After buu welding the tubing units.
= cable is pulled through the jacket and a final compaclion is

vievad by rolling. For the prototype manufacture, 2 maximum
*gth of 17.5 m wag assembled by this way [7}. For the ARBD
*totypes, the jacket consists of (wo U profiles of 316 LN siezi, with
strolled N and C conient, delivered in units of 7 m. After burt
ieé - the U profiles, the cable is pressed between the twa halves
:'L:W laser beam provides ihe two longitudinal welds of the §
1 thick jacker wail [R]. The void fraciion is close to 45 % of the
‘fe space. The average hydravlic diameter s smaller for the LM
Juctor, consisting of thinner strands. The distribution of the voids
*nre homogencous in the hrajded Prototype {sce Fig. 3). For the
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TABLE |
MAIN PARAMETERS OF THE PROTOTYPE CONDUCTORS
ABB ABB EM-LMI
Braided Scanded
Average strand Je [A/mm2 non-Cu] 769 730 729
acl25 T, 42K, 0.0 uV/em
Average Cuinon-Cu 1.2% 1.23 1.23
Strand diameter [mm] 0.93 0.96 .78
Number of strands 609 367 s64
Total non-Cu eross section [tmm2] 181 184 185
Cable spacz cross section [mm2] 7R0) 780 804
He void fraction [S5] 43.6 3.6 44,0
He Area [mm2} 356 Mo 361
Steel jacket area {mm2] Tl 711 724
Jacket matedal vield 0.2¢, {viPa) IGO0 HOO 1000

at 4.2 K, after heat treatment

same strand diameter, the braided con figuration olfers 2 larger wetied
perimeter and iransversal stifiness [9].

THE FeNIX SAMPLES

The samples prepared for the test in FENiX [10] consist of
straight, paired conducior plecss. joined iogether at one erg and
connecied to the FENIX busbar at the other end. They have been heat
treated as individual lengths with their nwn terminations and have
bezn assembled after the heat geatment. The aversall length (incivding
termination) is 4.65 m. From the clecirical point of view they are
connected in series. hut each leg is individually cooled. The ie=d :0
the samples is chosen in order to gt on 2ach leg an snhancament of
ihe hackground [feld by the self field of ihe other ieg. The repulsive
forcz acting on the paired lengths is F = B = 300 kN/m of conductor
(I =40 kA and B = 12.5 T). This force is reacted by thick stesl
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5 800 ¢
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Fig. I Averagz enitical current density of ail the sirand haiches
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STATUS REPORT ON A 0.6m bore Nb,;Sn, WIND AND REACT, CICC SOLENOID.
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S.Patrone, R.Penco, R.Renzetti, N.Valle
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Abstract—hansaldo arxd ENEA have carried out
the design of a Nb3Sn solenoid, 0.6 m bore, wound
with a CICC conductor and manufactured with the
"wind and react” technigue. The solenoid will be
tested in the SULTAN facility (PSI,villigen,CH)
where, in operation condition, will be subjected
to a magnetic field of 12 T on the inner radius,
with a current of 6 kA. An accurate description,
including critical energy calculation, gquench
behaviour and stress analysis are reported in the
paper. Inorder to check the technological aspects
of the design, Ansaldo got experiencecna 0.6m
bore, 21 turns, model coil.

I.INTRODUCTION

Ansaldo Componenti and ENEA have develo a
design of a Nb3sn "wind and react" solenoid -4
The main parameters of the coil and the cable are
reported in Table 1.

Table 1. MAIN CHARACTERESTIC OF THE MAGNET

COOLITKG FORCED FLOW SUPERCRITICAL HELIWM (Pir=10 bar, T=4.5K)
OPERATION CURRENT 6000 A

MAX . CONDUCTOR FIELD 127
MAX.DLMP VOLTAGE 500 v

COLL PARAMETERS

INHER DIAMETER 604 mm
EXTERNAL DIAMETER 1020 mm
AXTAL LENGTH 388 mm >
WINDTHG OVERAL OURRENT DENSITY 25.5 A/mi
WMBER OF TLRNS 285

HUMBER OF LAYERS 13

NUMBER OF INTERLAYER JOINTS 2

CONDUCTOR PARAMETERS

STRANDS TYPE

JACKET MATERIAL

STRANOS DIAMETER

EXTERNAL JACKET DIMENSIONS
TOTAL CONDUCTCR LENGTH

INT, TIN DIFFUSION Nb3Sn, CHREME PLATED
STAINLESS STEEL 316LN MDIFIED
0.78 mm
13.8x 13.8 m?
745 m (in3 different pieces)

The coil will be tested in the SULTAN test
facility (P.S.I.,Villigen,CH) at its nominal
current (6KA) and in a total field up to 127T.

Due to the coil characteristics a preliminary
development phase was requested in the project.

InFig. 1 it is reported a conceptual flow chart
of the work. It can be seen that, in order to test
all the necessary tecnologies, the design,
construction and test of a model have been
carried out.

At present we are going to start with the
costruction of the coil itself.
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A general overview of the work done is presented
in this paper.

DEVELOPMENT | | VERIFICATION CONCEPTUAL
PROGRAM CALCULATIONS COIL DESIGN
MODEL COIL
DESTGN
| 12T COIL [
MODEL COIL DESIGN |
MANUFACTURING
AND TESTS
[ sitiation
f———— at July 92
12T COIL
CONSTRUCTIO

2T COIL TEST i

Fig.l Flow chart of the project program
II.DEVELOPMENT PHASE

In the development phase we concentrate our

work mainly on the following aspects:

- interlayer electrical joints and coil
terminations development

- choice of insulation type

— optimization of the bonding between the jacket
and the impregnation resin

~development of a technology allowing the removal
of the coil mandrel after the impregnation.

A.Joints development

As the coil will be tested in an external

magnetic field, the electric joints will be
subjected to a field higher than 7 T.
Several intermediate dummy models have been
manufactured and analized during this phase; at
the end, we have developed two different designs
for the interlayer joints and coil terminations.
In order to test the designs two shorter
superconducting models of the coil terminations
and interlayer joints have been manufactered and
tested. The results were very satisfactory.
Extrapolating the experimental data we expect on
the final coil an interlayer joint resistance less
than 1.8.*107 Ohm (at B=10 T) and a termination
resistance less than 2.*10°° Ohm (at B=8 T). For
mo:é‘e detailed information about this phase see
ref.[3].



B.Cable-insulation bonding

The design request was a shear strength higher
than 80 MPa at T = 77 XK. In order to get this
value, different techniques were explored.
Several tests at room temperature and 77 K were
performed at Ansaldo. The results obtained with
the final technoleogy were:

o = 52 MPa at 300K
g = 88MpPaat 77K

C.Insulation choice

Since the coil has to be subjected to a
reaction heat treatment (175 h at 210 °C, 96 h at
340 °C and 200h at 650 °C) after the winding, the
insulation must be able ¢to support high
temperatures.

After a preliminary analysis we decided to use
the R type fiber-~glass. The main problem
encountered in using this kind of insulation was
the burning of glass tape finish during the heat
treatment. A special technology was developed by
Ansaldo in order to desize the tape after the
winding. In order to test this technology an array
of 10 x 10 straight insulated conductors was
manufactured. The array was desized, heat treated
and impregnated. Then, the insulation between
adjacent conductors was tested up to 5 KV c.c.
applying an external pressure of .22 Kg/:rmz on the
array in order to simulate the magnetic pressure.
An insulation resistance higher than 2 Gohm was
found between the conductors.

D.Mandrel Removing

Due to the heat treatment process, there are no
possibilities to use the usual paints to avoid
the gluing between coil and mandrel during the
potting by epoxy. We tested several techniques in
order to reduce this bonding. At last we found a
solution that guarantees a bonding strength
between winding and mandrel, after impregnation,
less than 5 g/mm2.

ITI.COIL DESIGN

In Fig.2 it is represented the half of the
Sultan facility where the coil will be mounted.

The coil is composed of 13 layers with 22 turns
for layer. It will be wound with 3 single lengths
of cable respectively 236m, 227 mand 261 m long.
Two interlayer joints will be then present in the
coil. They will be placed outside the winding: in
fig.3 it is shown the position of joints and
terminations in the coil. In order to support them
a stainless steel flange 20mm thick have been
foreseen for both coil sides.

The thickness of insulation for each turnwill
be 0.72 mm; between the layers an extra thickness
of insulation of 0.28 mm will be used. The
thickness of the ground insulation will be 3 mm.

Since quench propagation measurements will be
carried out on the coil, 12 voltage taps will be
mounted on the first layer turns. The voltage taps
consist of 0.05 mm thick stainless steel strips
welded on the jacket.

The c¢oil cooling scheme is subdivided in 3

parallel circuits. The input and output of the
helium will be in correspondence of the coil
terminations and interlayer joints. All the
joints and termination will be cooled in series
with the coil.

B00mm

6T COIL

¢ 1050am
@ 2000mm

Fig.2 Sultan facility coils configuration.

INTERLAYER JOINTS
COIL

TERMINATION

Fig.3 Coil interlayer joints and terminations
configquration schematic view.



IV.VERIFICATION CALCULATION

Averification analysis of the final design has
been carried out. In particular we have analyzed
the problem of the gquench evolution in the coil
and the mechanical behaviour of the winding.

A.Quench evolution analysis:

The quench evolution has been analgzed using

amodified version of the Arp's code 1.

The modification regards:

- possibility to consider the existence in the
cable of two types of copper strands with
different RRRs.

- possibility to take into account the heat
capacity of the jacket.

In particular in our version it is posaible to
define a diffusion time of the heat in the
jacket. From theoretical calculations it comes
out a diffusion time of 0.1 sec.;in our
calculations a conservative value of 0.5 sec. wase
used. We considered a single hydraulic circuit
corresponding to the five internal layers of the
coil. A uniform field of 12 T was considered.

We fixed a maximum pressure of 30 bar at the ends

of the circuit; in the real situation two 16 bar

safety valves are present.

For the pessimistic case of an istantaneus
transition of the 5 layers we obtained a max.
temperature of 35 K and a max. pressure of
226 bar.

B.Stress analysis

Stress analysis of 12 T CICC coil have been
performed for both the normal operaticon and the
quench phase.

The FE ANSYS code rev. 4.3 has been used for the
calculations.

I- Normal Operation
The finite Element Mcdel consists of a cross
section of the winding with the support flanges
and the ground insulation. In this model the
whole winding is considered with equivalent
elastic properties obtained fromthe mixture law.
The total axial Lorentz force acting on the magnet
igs 1.1 MN while the total radial force is 6.45
MN/rad. The results are the following:
-~ maximum Von Mises stress: 127 MPa on the medium
plane of the intérnal surface of the coil
- maximum radial stress: 3.2 MPa in the middie of
the cross section
- maximum hoop stress: 117 MPa on the medium plane
of the internal surface
- maximum shear stress of the ground insulation:
8.1 MPa
- maximum radial displacement: 0.36 mm on the
medium plane of the coil
- maximum axial displacement: 0.18 mm

2= Quench phase

The load condition studied is due to maximum
pressure reached during the guench inside the
jacket: 226 bar.

Two different positions of the conductors in
the winding have been analyzed:

- in contact with the s.8. flange
- on the external surface of the coil

The results are the following:
-Maximum Tresca stress on the steel jacket:670 MPa
(on the external conductors of the model)
-Maximum Tresca stress on the steel jacket:265MPa
{on the internal conductors of the model)
-Maximum shear stresa of the turn
insulation: 16 MPa.

The peak stress in the jacket is lese than the
yield stress (1000 MPa) and the insulation can
easily support the shear stress.

V.MODEL COIL MANUFACTURING AND TESTS

In order to test the designs concepts we
manufactured a model coil with the actual NbiSn
cable.

The model coil has the same inner diameter of
the real coil but it has only 3 layers of 7 turns
each. All the other design paremeters (insulation
thickness, etc.) are the same as the real coil. In
the model winding both an interlayer joint and an
electric termination are present.

We used the same winding line and manufacturing
methods that will be used for the final coil.

In fig.4 it is shown the coil during the
winding and in fig.5 the finished model coil.




