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TEST RESULT OF FULL SIZE 40 KA NETRTER CONDUCTOR IN THE FENIX TEST FACILITY
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.4bxrrac(.-ThVCCNb3SO cable-in-conduit prototype conductors havebeen manufactured in the frame of the European conductordevelopment programme for NET. They have been tested in theFIENIX test facility bcynnd their opcratittg conditions (current up to .11)kA. magnetic field up to 13.5 T. superchtical Helium up to 8 K). Thetesting procedure is described and the test results are discussed. Themain object of the test is the measurement of temperature margin underDC openicion and the hydraulic pressure drop.

INTRO DUCtON

The cable-in-conduit conductor was identified by NET as apossible candidate for the superconducting toroidal and poloidal fieldcoils of a tokamak (I I. Constntction of short lengths was started in1988. accompanied by an extensive testing programme. One of thefinal elements of these tests (the other being coupling loss 121 toconfirm the sttitability mr the AC conditions experienced in a:okamak) was the operation of a length of lull size conductor at itsdesign conditions of —40 kA current and 2.5 T field. The FENIXfacility, whose construction at LLNL began in 939 was offered forthis test (3!. Three cnnductor samples were delivered ill (lie period
- ‘-91 and testing began in December 1991. The samples have5. tested at fields tip to 13.5 T. Cycling of cite conductor curretit forSDPA) cycles has been used to assess the endurance behaviour.

CONDUCTOR LAYDtjTS AND MANUFACTURE

The major parameters of the three prototypes cable-in-conduitconductors are listed in Table I. Those produced by ABS havedentical outer dimensions, but different cable structure: one:o,tductor has braided suhcables [1] and the other. together with theEM-L,\ti prototype, has a purely stranded configuration (see Fig. 2).The basic Nb3Stt strand was supplied in 1989 by flVC,\ (internalit. jelly roll) for all the prototypes. The critical current density of thee’-’eral batches delivered to ASS and LMI was very similar (5]. Theh fle!d. non-Cu average c from all the strand batches used br thenductor manufacture is reported in Fig. I. The Sc performance wasvcr 20 % higher than the specified value (6f ,\/mm2 at 12.5 T, 4.2The hysteresis losses was, at —1.5 i/cm3 non-Cu at ±3 T, tuitchrger than allowed in the NET design. The residual resistance ratioRR) was low, i.e. about 65, before Cr plating.
The conduit of the prowtypes is attstenitic stainless steel 6]. ForLMF conductor, the JKI steel was used, extruded as an oversizelilow profile (unit length —4 nfl, After btttt welding the tubing units.cable is pttlled through the jacket and a final compaction isiteved by rolling. For the prototype manufacture, a maximum-gth of 17.5 m was assembled by this way (7). For the ASStotypes, the jacket consists of two U profiles of 316 LN steel, with-crolled N and C content, delivered in units of 7 m. After butt- the U profiles, the cable is pressed hctweea the two halves:1 ‘W laser beam provides the two longitudinal wclds of the 51 rhtck jacket wall 18!. The void fraction is close to 35 % of thespace. Thc average hydraulic diameter is smaller for he LNIIductor. consi. ting of thinner strands. The distribution of the voidsnre homogeneous in the braided prototype (see Fig. 3). For the

1Average strand Sc (A/tnm— non-Cu]
at 12.5 T. 4.2 K, 0.1 h.LV/cm

Average Cu:non-Cu
Strand diameter (mm]
Number of strands
Total non-Cu cross section (mm2)
Cable space cross section Imm2I
1-Ic void fraction [%1
ftc Area ImmZl
Steel jacket area (mni2j
Jacket material yield 0.2%, (MPaJ

at 3.2 K, after heat treatment

ASS ABS ENI-LMI
Braided Standed

769 730 729

1.28 .23 1.23
0.93 0.96 0,78
609 567 864
181 84 185
780 780 801
‘(5.6 43.6 34.9
356 3dQ 361
711 711 72
1100 1100 10(X)

same strand diameter, the braided configuration nifers a larger wettedperimeter and transversal stiffness (9].

THE FENIX SAMPLES

The samples prepared for the test in FENIX 1101 cottsi.ct ofstraight. paired conductor pieces. joined together at one end aidconnected to the FENIX busbar at the other end. ‘They have been heattreated as individual lengths wtth their own :ermir.ations and havebeen assembled after the heat treatment. Tae overall length (inciudingtermination) is 455 ii. From the electrical point of view they arecnnnected in series. but each leg is individually cooied. The feed tothe samples is chosen in order to get on each leg an enhancement otthe background field by he self fleld of the other leg. The repuisiveforce acting on the paired lengths is F = [B = 500 kN/m of conductor(1 = 40 kA and B = 12.5 T). This fOrce is reacted by thick steei

TABLE IMAIN PARAMETERS OF THE PROTOfl’PE CONDUCTORS
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STATUS REPORT ON A 0. 6rn bore Nb3Sn, WIND PND REACT, CICC SOLENOID.

A.BonitO—Oliva, A.Della Corte*, S.Parodi, G.Pasotti,
S.Patrone, R.Penco, R.Renzetti, N.Valle

ANSMADO cOMPONENTI Via N.Lorenii 8 Cenova, 1—16152 , Italy
* ENEA ORE Frascati, P.O.BOX 65, 00044 Frascati, Italy

Abstract—Ansaldo and ENEA have carried a±
the design of a Nb3Sn solenoid, 0.6 mbore, wound
with a ClOG conductor and manufactured with the

“wind and react’ technique. 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, cuench

behaviour and stress analysis are reported in the
paper. Inorderto checkthetechnologicalaspects
of the design, Ansaldo got experience on a 0.6 m
bore, 21 turns, model coil.

I. INThODUCTION

Ansaldo Componenti and ENEA have developed a
design of a Nb3Sn “wind and react” solenoid’6
The main parameters of the coil and the cable are
reported in Table 1.

Tab’e 1. MAIN CHARACTERISTIC OF THE MAGNET

.ING FD FLWS.PERCRITICAL HELIUI (PimlO bar, T6.5K)
ERRTIO4 O.RENT omo A
1Y.XT FIELD 12 T
RA).D.W VaTAGE 5 V

IL PARAMETERS

INNER OIN€TER
TERRAL OIWETER
IAL LENGTH
WIFING vERAL WRRENT DENSITY
IU’SER OF URNS
MJIBER OF LAYERS
F&NBER OF INTERI.AYER JOINTS

ca4DucTo PPRETERS

STkA)JDS TYPE
JADZET MATERIAL
STRAIDS DINETER
EXTERNAL JAOCT DIi€Nsias
TOTAL WCXT LENGTH

The coil will be tested in the SULTA11 test
facility (P.S.I.,Villigen,cH) at its ncminal
current (6KA) and in a total field up to l2T.
Due to the coil characteristics a preliminary

developtent phase was requested in the project.
In Fig. 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,

A general overview of the work done is presented
in this paper.

II. DEVEIDP2€NT PHASE

In the develonent phase we concentrate our
work mainly on the following aspects:
— interlayer electrical joints and coil
terminations developient

— choice of insulation type
— optimization of the bonding between the jacket

and the impregnation resin
— develonent 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 durciny 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 l.8.*109 Ohm (at 3=10 T) and a termination
resistance less than 2.*l09 ohm (at 3=8 T). For
more detailed information about this phase see
ref. E 3).

r DEVELOPMENT
PROGRAJ4

L
VERIFICATION
CALCULATIONS
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Fig.l Flow chart of the project program
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B.Cable—insulation bonding

The design request was a shear strength higher
than 80 MPa at T = 77 K. In order to get this
value, different techniques were explored.
Several tests at roan temoerature and 77 K were
performed at Ansaldo. The results obtained with
the final technology were:
a = 52 ?a’aat 300K
a 86I.aat77K

C. Insulation choice

Since the coil has to be subjected to a
reaction heat treatment l75hat 210 °C, 9Ghat
340 °C and 200h at 650 °C) after the winding, the
insulation must be able to suppert 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 S XV c.c.
applying an external pressure of .22 Kg/nt2 on the
array in order to simulate the magnetic pressure.

( An insulation resistance higher than 2 GoI’n was
\-. found between the conductors.

D.Mandrel Removing

Due to the heat treatment process, there are no
ssthilities to use the usual paints to avoid
the gluing between coil and mandrel during the
petting by enoxy. 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 S g/m2.

III.IL DESIGN

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

The coil is cocnpesed of 13 layers with 22 turns
for layer. It will be wound with 3 single lengths
of cable respectively 23Gm, 227 m and 2Glm 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 pesition of joints and
terminations in the coil. In order to surt them
a stainless steel flange 20m thick have been
foreseen for both coil sides.

The thickness of insulation for each turn will
be 0.72 ran; between the layers an extra thickness
of insulation of 0.28 m will be used. The

i— thickness of the ground insulation will be 3 rn.
Since quench propagation reasurnts 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 ran thick stainless steel strips
welded on the jacket.

The coil cooling scheme is subdivided in 3

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

Fig.2 Sultan facility coils configuration.

Fig.3 Coil interlayer joints and terminations
configuration schanatic view.



IV.vERIFICATION CALCULATION

A verification analysis of the final design has
been carried out. In particular we have analyzed
the probli of the quench evolution in the coil
and the mechanical behaviour of the winding.

A.Quench evolution analysis:

The quench evolution has been analzed using

a ntdified version of the Arp’s code

The irodification 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 possible to
define a diffusion time of the heat in the
jacket. Fran theoretical calculations it ccxtes
out a diffusion time of 0.1 sec.;Ln our
calculations a conservative value of 0.5 Sec. was
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.
tanperature of 35 K and a max. pressure of
226 bar.

B.Stress analysis

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

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

1- Normal Operation
The finite Element Model consists of a cross

section of the winding with the suppo flanges
and the ground insulation. In this ndel the
whole winding is considered with equivalent
elastic properties obtained fran the mi.xture law.
The total axial Lcrentz force acting on the magnet
is 1.1 21W while the total radial force is 6.45
e2/rad. The results are the following:
— maximum Von Mises stress: 127 NPa on the medium
plane of the internal surface of the coil

— maximum radial stress: 3.2 KPa in the middle 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 è9a

— maximum radial displacement: 0.36 union the
medium plane of the coil

— maximum axial displacement: 0.18 nm

2— Quench phase
The load condition studied is due to maximum

pressure reached during the quench inside the
jacket: 226 bar.

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

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

The results are the following:
—Maximum Tresca stress on the steel jacket :670 lWa
(on the external conductors of the irodel)
—Maximum Tresca stress on the steel jacket:265 ?9a
(on the internal conductors of the ndel)
—Maximum shear stress of the turn
insulation: 16 HE’a.

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

V.NODEL IL MMxwAcrUaING NW TESTS

In order to test the designs concepts we
manufactured a ntdel coil with the actual Nb3Sn
cable.

The model coil has the sane inner diameter of
the real coil but it has only 3 layers of 7 turns
each. All the other design parereters (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 sane 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.

Fig.5


