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From Short Sample to Coil DC Superconductor
Performance: ITER Central Solenoid Model Coil

(CSMC) vs. Good Joint (GJ) Sample
L. Savoldi Richard, N. Mitchell, and R. Zanino

Abstract—The problem of how representative a short Nb3Sn
conductor sample is for simulating conductor-in-coil conditions in
the ITER magnets is addressed here by considering the partic-
ular case of the Central Solenoid Model Coil (CSMC), tested in
2001–2003 at JAERI Naka, Japan, and its associated Good Joint
(GJ) sample (tested in 1999 in the SULTAN facility). While the
basic thermal-hydraulic conditions are interpreted from experi-
mental data by the M&M code, the sensitivity of the voltage-tem-
perature characteristics to mechanical effects (due to the strain
sensitivity of the Nb3Sn) is investigated by analysis. The results
are used to assess the errors to be expected in predicting coil per-
formance from measurements made on conductor samples.

Index Terms—Fusion reactors, ITER, modeling, supercon-
ducting coils.

I. INTRODUCTION

ONE OF THE crucial problems for the design of the large
high field superconducting magnets of the International

Thermonuclear Experimental Reactor (ITER), using su-
perconductors, is how to extrapolate from the performance of
an isolated strand to the performance of the superconducting
coil. The strand performances are typically measured on iso-
lated strands in controlled field and temperature conditions. On
the contrary, the performance of a coil, which is made by more
than a thousand strands twisted with a complex multi-stage pat-
tern, is measured in tests where the magnetic field has always a
significant gradient (order 0.1–1 T) on the conductor cross sec-
tion, and the temperature cannot be measured exactly at the lo-
cation where the superconductor critical condition appears first
[1], [2]. There is also usually a significant tensile strain due to
magnetic forces that is not present in a strand test.

The uncertainty in the extrapolation from strand to coil per-
formance can be covered by generous margins, but of course
this implies a cost penalty. Within the frame of the ITER ac-
tivities, it is proposed to bridge this extrapolation gap through
the test of short (few meter long) but full-size well-instrumented
conductor samples in dedicated facilities, e.g., SULTAN at Vil-
ligen PSI, Switzerland. However, the issue of how representa-
tive the short conductor sample is of the conditions of a (long)
conductor in an ITER coil is still under discussion. A possible
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TABLE I
MAIN CONDUCTOR PARAMETERS (FROM [9])

answer to this problem comes from the comparison of the per-
formances of the ITER Model Coils, namely the Toroidal Field
Model Coil (TFMC) [3] and the Central Solenoid Model Coil
(CSMC) [2], with those of the respective short samples (the
TFMC Full Size Joint Sample (FSJS) [4] and the Good Joint
(GJ) [5]) and strands—Europa Metalli (EM) LMI for the TFMC
and VacuumSchmelze (VAC) for the CSMC.

Here we concentrate on the comparison VAC vs. GJ vs.
CSMC. The strand performances are described by the inter-
polative scaling law from [6]. The analysis of the conductor
sample performance will be based on the experimental data,
while for the coil the analysis will be performed with the M&M
code [7], using in input the results of a new mechanical model
of the cable.

The comparison LMI vs. TFMC FSJS vs. TFMC has been
already presented in a companion paper [8].

II. ANALYSIS OF THE GOOD JOINT PERFORMANCE

The GJ sample [5] was made with two straight sections (leg
A and B) of the CSMC high field conductor, leftover after the
winding of the fourth layer of the CSMC (CS1.4). The two
identical conductor legs, jointed at their bottom with a hairpin
joint, were heat treated before joining. After the heat treatment,
which was comparable to that of the CSMC, leg B was bent
and re-straightened. The sample, cooled with supercritical he-
lium (SHe) at 1 GPa and 4.5 K, was tested in the SULTAN
facility in 1999 during three different test campaigns (length of
the joint reduced from the original 400 mm down to 320 mm and
to 280 mm). The main conductor data are reported in Table I.

We use the critical current tests at a background field
of 9 T and 11 T, performed during the first test campaign on
leg A, for the GJ performance assessment (the somewhat worse
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Fig. 1. GJ critical current as a function of the temperature at a background field
�11 T (open symbols) and �9 T. The average self-field (3:85� 10 � I )
has been accounted for in the evaluation of the strand performance.

performance of leg B [5] will not be analyzed here). The signal
from the voltage taps across the high field region, symmetrically
located with respect to the SULTAN field axis and 0.5 m apart,
is smoothed with a 10 pts moving average and base-lined to zero.
The electric field-transport current (E–I) characteristic is then
used to deduce , corresponding to an average electric field

.
The sample , measured at different temperatures, is re-

ported in Fig. 1, together with the strand , evaluated at the
average magnetic field (on the cable axis), and at a strain of

0.32% [2]. Note that the Durham interpolative scaling for the
VAC strand performance foresees an average of 631
at 4.2 K and 12 T fully consistent with the average of the
sample conductor, see Table I.

A clear degradation, with respect to the strand performance,
is present at all temperature levels, but it gets lower at higher
temperature (lower current). This degradation can be presented
in terms of the fitting parameter [2], [3], to be added to
the thermal and operational longitudinal strain on the supercon-
ducting filaments.

(1)

where is used in the evaluation of the critical current
. For the present it will be assumed that loads

applied to the cable from the jacket (whether operational or
thermal) appear 100% on the strands. This means that the cable
shows no flexibility due to bending [10], an approximation that
is discussed later.

Fig. 2 presents the correlation between and the
magnetic load. (considered uniform across and along the
conductor) is computed to best-fit the reduction of performance
in Fig. 1 at . As the load increases, the degradation becomes
higher. This confirms the behavior observed first on the later
Model Coil tests [2], [3], which went unnoticed at the time of
the GJ test.

The linear extrapolation to conditions with zero load would
allow in principle the estimation of the thermal strain , which

Fig. 2. Thermal plus extra strain as a function of the magnetic load, computed
at the average field, for the GJ (open circles) and for the CSMC (squares).

seems to roughly confirm the value assumed for the analysis
( 0.34% vs. 0.32%).

III. IMPROVED MECHANICAL MODEL

OF THE CSMC CONDUCTOR

Cables in curved jackets have an enhanced operating strain
once the circular geometry is taken into account, compared to
expectations based on the analysis only of the jacket behavior.
This is due to the outward movement of the cable within the
jacket combined with the relatively low longitudinal stiffness
of the cable compared to the supporting structures (mostly the
jacket). In a previous assessment, an analytical approach was
used to derive approximate values for this strain, which were
then used to reassess the coil superconducting performance [8].

As already discussed in [8] the nonlinearity of the displace-
ment-force dependence in these cables makes an analytical or
numerical approach difficult. Therefore the corrections to the
longitudinal strain arising from the transverse compression of
the cable to one side of the jacket [8] have been computed here
using an approach based on mechanical measurements of the
transverse modulus of the cable [11].

The overall transverse modulus (i.e., the slope of a line
joining the origin to the point on the curve) is shown in Figs. 3
and 4 as a function of displacement and transverse force, respec-
tively. To be consistent with the typical number of cycles experi-
enced by the CSMC, the data after 100 load cycles has been used
here. Besides the CS1 conductor, two samples of the TFMC con-
ductor (A and B) were also tested and the corresponding data,
see also [8], are shown in the plots (samples TFMC-A and B
are from the same cable to check variability). Fig. 4 shows that
the log-log plot for forces F 10 kN/m is linear (i.e., there is a
power law relationship between and F). Also quite striking,
the power law exponent is very similar for all 3 samples and is
quite close to 1. It is not clear if there is any significance to this,
but it allows a convenient assessment of the cable performance
under transverse loads.

The model presented here is based on the simplified scaling
developed from the finite element calculation [8] (with
inversely proportional to and the local radius of curvature).



RICHARD et al.: FROM SHORT SAMPLE TO COIL DC SUPERCONDUCTOR PERFORMANCE 801

Fig. 3. Transverse modulus of cables as function of displacement (with blocked
maximum cable relaxation) (data provided by University of Twente [11], [12]).
Modulus is overall value, stress/strain, not local d�=d".

Fig. 4. Transverse modulus of cables as function of load (with blocked max-
imum cable relaxation). Data provided by University of Twente [11], [12].

From Fig. 4 (and using the transverse stress instead
of F, with )

(2)

where A and p are fitting parameters.
An essential assumption in what follows is that the local be-

havior inside a cable at a given local stress is the same as the
overall measured behavior, as this allows the mechanical test
(external force) to be related to the magnetic loading case (dis-
tributed forces).

The transverse stress is given by

(3)

where is the current density (c is the equivalent cable
width, assuming a square cable with the same cross section),
and x is the transverse (radial) coordinate in the cable, measured
from the inboard surface.

is the local strain

(4)

Fig. 5. Extra strain contribution in CSMC conductor 1 A @ 46 kA.

where is the transverse displacement

(5)
is the force (N/m) at which the transverse overall modulus

is in the Twente data, and r is the cable radius (i.e., the total
distance from inboard to outboard surface is 2r). From Fig. 4,

. Thus, the dependence of on the local value of BI
is rather weak, being to the power 0.182. However the variation
of from inner surface to outer (where ) is almost linear
(power 1.182). This reflects the very low modulus as low loads
are applied to the cable.

There is also a permanent settlement in the cable over the
first few load cycles that can be seen in Fig. 3. This is presum-
ably due to plastic deformation of the strands. However, there
is no data available on how this permanent settlement varies
across the cable section. A variation that is proportional to the
elastic part of the displacement has been assumed, on the basis
that local plasticity occurs immediately with any mechanical or
magnetic loading, due to the initial thermal stresses [10].

Using these expressions it is possible to find the resulting lon-
gitudinal strain anywhere in the cable.

(6)

where R is the local radius of curvature and is the local
transverse displacement. The longitudinal modulus should be
included for a complete analysis. However, the cable is so
flexible compared to the jacket that its longitudinal stiffness
makes only a small contribution to supporting the transverse
magnetic load (i.e., if only the cable supported the magnetic
loads without the jacket the radial displacement would be much
larger than ).

Equation (6) can be used to calculate the extra strain in the
CSMC cable section, as shown in Fig. 5, compared to the jacket
operating strain.

IV. ANALYSIS OF THE CSMC PERFORMANCE

The re-assessment of the CSMC performance using the new
mechanical model and local has been performed with the
M&M code under the assumption of uniform current distribu-
tion [8], using the same setup as in [2] for the three current levels
of 46 kA, 40 kA and 30 kA. Since the Durham scaling [6] over-
estimates the average on the CS1.1 conductor, see Table I,
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TABLE II
SUMMARY OF THE RESULTS OF THE CSMC PERFORMANCE ANALYSIS

the critical current density fit has been rescaled by a factor of
0.94 in order to account for this effect.

The results, in terms of and n-value (exponent
in the conductor E-j power-law characteristic [2]) are re-
ported in Table II as a function of the average magnetic load

at the location y along the conductor where the
current sharing temperature is reached for the first time,
together with the value of at 10 ), for the
different runs. In Fig. 2 the total strain is reported as a function
of the magnetic load (computed as current average field
at the location were is reached first). If compared to the
previous analysis performed with the Summers critical scaling
law and reported in [2], the slope of the linear best-fit of the
computed points is 40% lower. Including the strain profile
(5), (6) on the conductor cross section results in slightly more
negative than if a uniform value of the strain is assumed.

From any monotonic extrapolation of the best-fit curve in Fig.
2 back to zero load, it is clear that the thermal strain, appears
here to be lower than the quoted value of 0.32% (in the case
of linear extrapolation, 0.14%).

This is obviously physically unlikely, so we need to look for
an explanation in our original assumptions. The most obvious
of these is that the strain (both from differential contraction and
operation loads) is not transmitted 100% to the cable. Recent
work [13] suggests that a cable ‘equivalent flexibility factor’
of 80% would be appropriate. This would affect the curves in
Fig. 2: the CSMC line would become less steep and the expected
thermal strain would be .

V. SAMPLE VS. COIL COMPARISON

Coming to the comparison between the sample and the coil
in terms of total strain, form Fig. 2 one can see that the sample

appears to be conservative, with respect to the coil, at least in
the range of magnetic load of the CSMC tests. The loss of per-
formance of the CSMC shows, however, a somewhat ( 50%)
higher slope than for the sample.

The difference in the slopes would be reduced with a re-
duced jacket—cable strain bonding [13]. However the overall
high level of the CSMC performance is not explainable unless,
e.g., differences in the nominally similar heat treatment were as-
sumed. The possible role of current nonuniformity in the seem-
ingly different performance of coil vs. sample (Fig. 2) will be
addressed elsewhere.
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