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Abstract

The PECI is a single-layer solenoid wound from a 45 m long ITER-type NbTi dual-channel
cable-in-conduit conductor, designed to be representative of the one currently proposed for the
ITER PF1&6 coils. The PFCI, installed in the bore of the ITER central solenoid model coil
(CSMC) at JAEA Naka, Japan, and well instrumented from both the thermal hydraulic and the
electromagnetic points of view, has been successfully tested in June—August 2008. The test
concentrated on DC performance (current sharing temperature and critical current
measurements) and AC loss measurements. The results of the analysis of those measurements
are reported in the paper, with particular attention to the comparison with the PFCI short
sample, which was previously tested in the SULTAN facility. The evolution of the DC

performance of the CSMC is also discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The poloidal field conductor insert (PFCI) is the last in a
series of model and insert coils tested within the International
Thermonuclear Experimental Reactor (ITER) R&D framework
from the year 2000 on [1-5], and the first one using NbTi.
Since they operate in low magnetic field (<6 T), the ITER
poloidal field (PF) coils will use NbTi, instead of Nb3Sn, as
the central solenoid and toroidal field coils, thus reducing the
cost of fabrication [6]. The PFCI is a single-layer solenoid, see
figure 1(a), wound from a 45 m long ITER-type NbTi dual-
channel cable-in-conduit conductor (CICC), see figure 1(b),
representative of the one currently proposed for the ITER
PF1&6 coils [7]. An intermediate joint (IJ) connects the main
winding to a second piece of the same conductor, which is
called the upper busbar, see figure 1(a). The 1J was included

6 Author to whom any correspondence should be addressed.
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in the winding in order to test an overlap shaking-hand joint
as foreseen in the ITER PF coils, under the PF operating
conditions (i.e. axial and radial magnetic field variations).
The PFCI main winding and upper busbar are cooled by
two separate hydraulic circuits using supercritical helium at
nominal 4.5 K and 0.5 MPa inlet conditions.

The PFCI was fabricated by Tesla Engineering, UK,
starting from a cable produced in Russia by VNIIM/VNIIKP
and jacketed at ASG Superconductors, Italy [8]. Like its
predecessors, it was installed in the bore of the ITER central
solenoid model coil (CSMC) at JAEA Naka, Japan [9], see
figure 1(c). The PFCI instrumentation included thermometers
along the conductor, flow meters, pressure taps and different
heaters on the inlet piping, conductor and 1J, see figure 1(a),
as well as a series of voltage taps located along and around
the main winding, together with pick-up (PU) coils close to
the main winding and 1J for magnetization measurements [10].
The CSMC provides the nominal background field of 6 T,

© 2009 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-2048/22/8/085006
mailto:roberto.zanino@polito.it
http://stacks.iop.org/SUST/22/085006

Supercond. Sci. Technol. 22 (2009) 085006

R Zanino et al

UPPER TERMINATION

HEATERS

TS05H
ra

W N TERMEDIATE
JOINT

rsozn

P (Capillary} TS01H

LOWER TERMINATION

[XRTIRT

(a)

Figure 1. (a) Sketch of the PFCI with some instrumentation. (b) Cross section of the PFCI CICC (square SS jacket side ~ 50.3 mm). (c) The

PFCI being inserted in the CSMC bore at JAEA Naka in early 2008.

whereas the nominal operating current of 45 kA adds a non-
negligible self-field contribution, leading to a significant field
variation (~1 T) over the cross section of the conductor, similar
to that in the ITER PF coils.

As for other insert and model coils, a short NbTi sample
(PFCI-FSJS) made with the same conductor was tested before
the PFCI, in 2004, in the SULTAN facility at Villigen PSI,
Switzerland [11, 12]. The results of these tests were not fully
satisfactory from the point of view of the DC performance, as
sudden quenches (i.e. without a smooth voltage transition, at
least at the level detectable with the available diagnostics set-
up’) occurred prematurely whenever the transport current [
was above a certain threshold, resulting in a quench current
well below the value Igeak = [Ié“a“d(B;:,;l’i) x (# of strands)],
which was the minimum expected Ic from single-strand
performance (here Ié‘ra“d (Bl‘)‘éf‘l’]i) is the measured critical
current of the strand evaluated at the maximum peak field seen
by any strand in the CICC). The sudden occurrence of the
quench has to do with the large magnetic field gradient on the
cross section (at large 7) combined with the large |djc/0B]|
and n peculiar to NbTi (jc being the critical current density of
the superconductor and n being the exponent of the empirical
power law relation between electric field and current density),
resulting in an (average) electric field at the quench smaller
than the critical field E¢ (conventionally set at 10 £V m~"); the
premature appearance of the quench can be explained by a non-
uniformity of the current distribution on the conductor cross
section. While the short sample performance was considered
sufficient for the ITER PF coils after a design review [13],
it was obviously of principal importance to verify if the long
length at peak field and longer distance between the joint and

7 As the measured voltage is related to the weighted average (on the cable
cross section) of the electric field developed on the different cable elements,
and integrated between the voltage taps, any transition should be seen starting
smooth by ideal voltage taps, since at the single-strand level the transition is
obviously smooth. However, a fast electric field increase, associated with a
fast uncontrolled temperature increase at the strand level, is seen as a sudden
quench by the available diagnostics [12].

peak field peculiar to the PFCI versus the PFCI-FSJS could
improve the current distribution in the most critical conductor
region and, as a consequence, the performance of the PFCI
with respect to that of the PFCI-FSJS.

The PFCI was tested for about two months in 2008. While
the main test results are summarized in [7], this paper will
concentrate on the analysis of the two major items of the test,
namely:

e analysis of current sharing temperature (7¢s) and critical
current (/c) measurements, using available conductor
models in the different EU laboratories;

e analysis of AC losses in the main winding and in the 1J,
including an estimate of the error bar.

Preliminary results of the analysis of these two test items
were presented in [14].

Additional items of the test discussed in this paper include
the resistance of, and heat transfer in, the IJ and ramp-
rate limitation (RRL). Stability and quench tests were also
included in the test program but their analysis will be reported
elsewhere. Finally, as is customary in all previous tests of ITER
insert coils, the DC performance of the CSMC 1A conductor
was also re-tested, in a single reference scenario, and the results
will be reported here.

The results of the PFCI test improved on the reduced
performance shown by the PFCI short sample and more
generally provide a significant database for the ITER PF coils.
In particular, the tests confirmed that:

e the quench current was higher in the PFCI than in the
PFCI-FSJS. While sudden quenches still occur above a
certain current threshold, because of the comparable self-
field gradient on the CICC cross section, the PFCI could
operate in DC conditions with no premature quenches with
respect to its strand at peak magnetic field, as opposed
to the case of its short sample—an indirect indication of
improved current uniformity at maximum field along the
conductor length.
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Figure 2. Summary of DC performance: (a) short sample (data
from [11]) and (b) PFCI (data from [7]). The relative deviation
(Ic quench — Igeuk) / Igeak between the measured critical or quench
current and that resulting from all strands carrying the /¢ at
maximum peak field is reported in the scale on the right. Lighter
triangles imply degradation.

e the resistance of the IJ (and lower termination) was
much lower than in the case of the short sample thanks
to improved manufacturing: the result of the electrical
measurement [7] was confirmed calorimetrically, see
below.

e the AC losses in the PFCI main winding follow the similar
monotonically increasing trend with cycling as measured
on the Twente press after ~100 cycles.

e some degradation was observed in the PFCI conductor
performance at the maximum ramp rate allowed by the test
set-up, see below, as well as in the IJ DC performance [7].

2. DC performance

The criterion for defining /¢ and Tcs is an average electric field
(on the cable cross section) E = Ec, which is deduced by
dividing the measured voltage by the distance of the respective
voltage taps.

The results of both Tcs and Ic tests of the PFCI
(undistinguished, since they lead to essentially identical re-
sults) are summarized in figure 2, where they are re-
ported in the form of relative deviation of Icguench =
min{/c, Iguench} With respect to the collective strand-like be-

havior at the maximum peak magnetic field, i.e. with
respect to Igeak, and compared to the short-sample re-
sults.

All results are given as a function of measured (jacket)
temperature in the high field region and peak magnetic field.
We see that for the PFCI, typically, the relative deviations
are positive, i.e. Icquench = ICpeak (large positive relative
deviations being an artifact of the small denominator Icpe”k
in the case of small currents, or of the large |djc/dT|);
in contrast, the short sample also shows significant negative
deviations (i.e. degradation). Both the PFCI and the short
sample exhibit limiting currents, above which no critical
current (smooth transition), strictly speaking, can be measured,
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Figure 3. Evolution of measured and computed (JackPot) voltage in
the case of two Tcs tests vs. TO3H signal: (top) run 53-01,

IPFCI = 6 kA and BCSMC =59T (bottom) run 35-01, Ippc[ = 55kA
and BCSMC =515T.

but their performance is different above this limiting current.
Whereas the strand itself is stable at the peak field value,
when tested on a barrel, in the PFCI Tcs and I tests, both
smooth and sudden transitions occurred, depending on the
current level: as an example, it can be seen in figure 3 that the
transition was smooth at ‘low’ current but sudden (within the
accuracy/resolution of the available diagnostics, see above) at
‘high’ current, which is a common feature of both the PFCI and
the short sample [11, 15]. Both the strand-like performance (in
the case of uniform current distribution) and the smooth versus
sudden transition at low versus high currents were anticipated
by the predictive simulations [16].

In order to analyze this phenomenon, a classical approach
can be followed as a first approximation, by assuming a
uniform current distribution among all strands, then computing
the average electric field across the cable cross section using
the magnetic field map, the measured strand critical current
and n value [17]. Two runs (25-1 and 45-1) have been checked
following this approach, one at high current (45 kA) and the
other at low current (18 kA). The computed T¢s is ~6.4 K
and ~6.5 K, respectively, i.e. within 0.1 K from the measured
Tcs in run 45-1 and Tyuench in run 25-1. These deviations
could be related to a possible current distribution imbalance,
to temperature gradients (ignored in the model) and/or to
thermometer accuracy. The major conclusion here is that if
we compute T¢s for a uniform current distribution we should
find a somewhat higher T¢s than the strand at peak field and
therefore higher than in the experiment (e.g. due to current
non-uniformity).

If we relax the assumption on uniform current distribution,
the recently developed model JackPot [18], accounting for the
precise strand trajectories in the spatially varying magnetic
field, substantiates why there can be an important difference
in performance between the test of a short sample and a coil,
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Figure 4. Profiles computed with JackPot along the cable length. (a) Top: maximum (solid line) and minimum (dashed line) magnetic field on
the CICC cross section for / = 40 kA; bottom: strand current distribution (normalized with respect to the average), for different cable
currents. The cable length is measured from the 1J hydraulic inlet, implying that the 1J is on the left side (small value of the abscissa) while the
bottom termination is on the right. (b) Same as (a), but now for the PFCI-FSJS (short sample). In this case, the cable length is measured from
the joint hydraulic outlet, implying that the bottom joint is on the left while the upper termination is on the right.

in particular for high currents. The model demonstrates that
the disturbing influence of the joints on the test results, as
observed earlier on a short sample of a similar PF cable and
attributed to a combination of non-uniformity and local peak
voltages [11], is practically negligible in the case of the PFCI.
The relatively large non-uniformity in the short-sample test
has been confirmed by transverse voltage measurements and
Hall sensor array analysis [19]. A good assessment of the
coil requires a priori the ability for sufficiently homogeneous
current distribution among the strands in the high field region,
and this condition is indeed reached in the PFCI, see [18].
Only near the joints does the current distribution remain
inhomogeneous beyond this level (see figure 4(a)), but since
the magnetic field in this region is sufficiently low, this does
not affect the overall coil performance in a serious way [18].
Two Tcs runs (35-1 and 53-1) were simulated with JackPot
and compared with the signal from VD_0910, see figure 3,
against the temperature measured at TO3H with correction for
magnetic field dependence, see [14]. At low current (upper
plot in figure 3), the simulation, based on measured strand [17]
and PFCI-FSIS joint properties, matches very well with the
measurement, with a difference of only 20 mK. At high current
(lower plot in figure 3), the start of a smooth transition is
visible, but rapidly evolves into a sudden quench, before the
electric field builds up the 10 uVm~! value. The take-
off appears ~0.15 K later in the simulation, which assumes
a constant and homogeneous temperature distribution in the
cable and does not take into account the detailed dynamics of a
quench; more specific analysis on this behavior is still ongoing.
Apparently, the transition processes in the cable at low and
high currents are different, and likely under the influence of
the large cable self-field gradient, possibly in combination with
the current non-uniformity. From that point of view, a slight

underperformance compared to the single-strand properties is
not surprising.

Figure 4(b) shows a simulation of a short sample with the
same settings as the PFCI (same joint and cable properties, a
peak field of 5.5 T and a temperature of 7.3 K). It appears
that, mainly due to its short length, the sample is unable to
redistribute the current as well as the PFCI does. As a result,
a number of strands are overloaded in the high field region
of the PFCI-FSJS, whereas the current is almost uniformly
distributed in the high field region of the PFCI. According to
the JackPot simulations, this is the explanation for the much
better performance of the PFCI, when compared to the PFCI-
FSJS.

3. Ramp-rate limitation

There have been two occurrences of an early quench at
5 kA s~! which can be interpreted as a ramp-rate limitation
of the PFCI. The operating conditions of those two runs
are compiled in table 1. Except for the 0.7 K difference
in temperature, all other parameters are quite similar. The
analysis of the measured signals reveals that, for both runs,
the voltage which shows early signs of abnormal activity is
VT56, located in the high field region. This voltage increases
~1.3 s before quench detection in run 148-1, and is already
saturating the acquisition channel during the plateau of run 58-
1. Indeed, the worst conditions for the conductor in run 58-1
are reached at the end of the ramp-up. Furthermore, the pick-
up coils signals did not reveal any abnormal activity in the 1J
during those early quenches, thus excluding a quench initiation
in the 1J.

Hence, it seems correct to conclude that, for both runs,
the quench initiated in the high field region during ramp-up, at
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Figure 5. (a) Measured conductor loss time constant in the short PFCI sample tested in the Twente press at zero load (from [20]);
(b) calorimetrically assessed time constant for the PFCI in the case of 4 T exponential coil dumps.

Table 1. Operating conditions and static properties of the conductor.

Run # 148-1 58-1

Nature of the test Ramp-rate test Cyclic test

Iesme (kA) 29.06 29.16

Ippr max (KA) 37.06 30

Bpax (T) 8.38 8.30

dI/dr (kA s™") 5 5

T = (Tix + Tour) /2 (K)  5.01 432

Quench detection During ramp-up ~ During ramp-down
Static Tes @ I, (K) 5.29 5.27

Static Ic @ T, (kA) 51.2 165.7

Iprcr ~ 30 kKA. When comparing these pulsed conditions with
the static properties of the conductor, we find that run 148-
1 shows a medium degradation of the performances (~0.3 K)
while run 58-1 shows a drastic deviation (~1 K reduction) from
the conductor’s static behavior.

4. AC losses

AC losses were measured on both the conductor and the 1J
using different test scenarios (exponential, trapezoidal, etc) as
well as in different phases of the tests (i.e. before, during and
after completing a series of about 9000 full loading cycles) [7].
The results of the conductor measurement are translated below
into a (single) characteristic coupling time constant nt, as is
customary (more sophisticated models include multiple time
constants [22] or account for Lorentz load and cycling [23]
based on the press measurements from [20], but they are
beyond the scope of the present paper). The PFCI test results
can then be compared with the measurement results from a
PFCI conductor short sample tested in the Twente press [20]
and/or from sub-size NbTi conductors tested in SULTAN [21].
The AC loss measured in the Twente press showed an initial
decrease from the virgin state value (~15 ms) down to ~10 ms,
followed then by a monotonic increase to ~30 ms after 10000
cycles and ~50 ms after 40 000 cycles (exact values depending
also on the load conditions), see figure 5(a).

As opposed to this, an earlier saturation of the loss was
observed in SULTAN tests of sub-size NbTi samples. Below
we describe the results of our analysis of the PFCI losses,
with particular reference to the calorimetric assessment of

A TOEH A

Thiout -y

Upper
Termination

Upper

Bus Bor(_-—-@'—ﬂ]ﬁ H E__.TCI:ILI‘I:

Intermediate
Joint

Moin
Winding

Termination

Figure 6. Sketch of the hydraulic circuits relevant for PFCI
calorimetry.

both conductor and IJ losses following 4 T dumps of the
CSMC performed at different stages during the whole PFCI
test campaign.

4.1. Calorimetric evaluation of conductor and 1J losses

The assessment of the AC loss is in principle straightforward,
but very delicate in practice. With reference to figure 6 we
may note that steady state 0D energy balances can be written
separately for the main winding®, the IJ and the upper busbar,

8 Other choices of thermometers are available in principle for the assessment
of Qwinp, namely the pairs (TCin, TO3H), giving the loss in the lower half of
the main winding, and (TO3H, TO4H), giving the loss in the upper half of the
main winding, both of which could be assumed to be ~Qwinp /2. However,
these alternative choices were not used because the corresponding variation
| Ahinitial — Ahginal| is larger (compare 45 J kg~! when TO4H and TCin are
used, with, for example, ~65 J kg_] if TO4H and TO3H are used, see figure 7).
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Figure 7. Evolution of measured enthalpy differences of relevance
for the calorimetric assessment of AC losses. Case of run 74-02.

respectively, as follows:
Owinp = (dm /dt)conalh (PT_out, TO4H) — h(PT_in, TCin)
+ gAZo4—in]
Qn = (dm/dt)conalh (PT-out, TCout) — h(PT_-out, TO4H)]
+ (dm/dt)pys[h(PT_BB, TOSH) — h(PT_BB, Tlin)]
Ogpus = (dm/dt)pys[h (PT_BB, TlJout)
— h(PT_BB, TO5H)] + (dm /dt)p;[~(PT_in, TO6H)
— h(PT.in, TCin)]

where the single terms have the dimensions of a power (W),
dm /dt is the mass flow rate, & is the He enthalpy, all pressures
and temperatures being measured functions of time; g Az is the
contribution of potential energy (not included in [14]), which
is non-negligible in view of the elevation difference between
pressure taps at the inlet and outlet of the main winding
(whereas it is negligible between the inlet and outlet of 1J and
busbar, and therefore not included in Qy and Qgus). Qwinp,
strictly speaking, includes the loss in the lower termination,
but this is considered negligible in view of the very low field
there (Bz/Bﬁeuk < 0.1). The total (hysteresis 4 coupling)
energy loss Eong (J) of the main winding conductor can then
be obtained by integrating Qwnp in time; the integration of
Q1 gives the energy loss Eyy (J) of the 1J and the integration of
Owmnp + QOu + Ogus gives the total loss E (J).

The evolution of the enthalpy differences Ak needed for
the calorimetric estimation above is shown in figure 7 for the
case of a typical 4 T CSMC dump. It may be noted that, while
Ah =~ 0 both at the beginning and at the end of the transient
in the case of the facility sensors (TCin and TCout), Ah #
0 when we consider any combination based on conductor

thermometers. Also, for the same pair of sensors, Ahipitial,
at the beginning of the transient, is different from A#hgp,, at
the end, with the only exception being A (PT_-BB, TOSH) —
h(PT_BB, TlJin), which may be related to the fact that the field
correction for TOSH is less significant.

To address these issues we correct TO4H and TOSH in such
a way that h(PT_out, TO4H) — 2(PT_in, TCin) 4+ g Azp4—in and
h(PT_BB, TOSH)—h(PT_BB, TlJin) vanish at a given time t =
t* in the absence of sources (the so-called ‘enthalpy offset’).
The choice of ¢* is delicate for TO4H, as the corresponding
Ah is different before and after the dump, see above. If
we use as offset Ahgna, we notice that [2(PT_out, TO4H) —
h(PT_in, TCin) + gAzos—in] becomes > 0 before the dump,
therefore the AC loss will be somewhat overestimated and this
will constitute the upper bound of our estimate for Qwinp.

We now consider an alternative estimate of the losses
in the winding, using only the inlet/outlet temperatures and
assuming the 1J losses split equally between the two 1J halves,
namely

Pt — (dm /d)eonalh (PT_out, TCout)

— h(PT_in, TCin) + g AZouin] — 3 Qu.

Although Q¥ =
equally between the two 1J halves, we can use Q;F,II'I:ID to get
a lower bound for Qwmnp as follows. Also the estimate of
the 1J losses suffers of the uncertainty on the TO4H correction.
However, in this case we can offset the enthalpies both at the
end of the transient (as suggested above for the winding) and
at the beginning of the transient, as done in [14]. In the latter
case, the issue of when to cut the integration time can be solved
by using the time when the enthalpy difference vanishes on
the other (busbar) side of the 1J, which is not affected by the
problem of the different A/ between the beginning and end of
the transient, as discussed above. We then use the upper bound
for Qy; in the expression of Q:};‘&D above, which then provides
a lower bound to the main winding losses.

The resulting calorimetric estimates of the AC loss for
the reference CSMC exponential dumps from 4 T (Tqump ~
5.6 s), with Ippc; = 0 kA, are presented in table 2. In order
to separate coupling and hysteresis losses, recent results of
strand measurements performed at CERN were used [24] (as
a reference, a model based on classical formulae [25] with
effective filament diameter det = 9.8 pum gives ~500 J,
roughly independent of cycling and not too far from the
CERN measurements). The nt range was computed using min

Owmp exactly if the 1J losses are split

(Ecoupt) = min(Esinn) — Enyst, where Ey results from the
time integration of Q%’;ID, and max (Ecoup) = EwinDp — Ehyst,
respectively.

It was seen that the conductor losses increased with
cycling until quench events brought the conductor back or
close to virgin values, but then values close to those before
quench was recovered again after further cycling. A similar
phenomenon was observed earlier in measurements with the
Twente press, with a noticeable increase of the interstrand
contact resistance and consequently a decrease of the coupling
loss [26]. Although speculative, it is not unlikely that a
quench event leads to a small mechanical distortion of the
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Table 2. AC losses in CSMC exp dumps from 4 T (Tgump ~ 5.6 s, Iprci = 0 kA).

Ewmp min(Ei;EiibD Miy_axial My _ragial
Run # (# of cycles) (@) Ey ) (@) (au) (au) Epy J)  nt (ms)
054 (before cyclic tests) 1060 1305-1295 840 16.5 9.22 600 9-17
063 (~430) 1530 1730-1540 1495 16.2 9.63 655 32-33
066 (~1000) 1610 1795-1455 1295 655 24-36
069 (~1700) 1890 1715-1455 1650 655 37-46
071 (~2800) 2075 1695-1440 1810 9.82 655 43-53
074 (~4000, before quench test) 1940 1750-1450 1580 10.03 655 35-48
119 (after quench test) 940 1560-1350 670 610 2-12
134 (~9000, before high field quench) 2225 1860-1490 1950 655 49-59
PFCI, run# 86_01
r Y 6
—O— Pick-up signal
_ CSMC Field
e | | —
Elp O R TR B 2
= ! ! S >
& I I 2 .2
H | | 9 £
Z e
& : ! Z
| | )
| | s -
. . -3
40 50 60

Figure 8. Time-integrated pick-up signal and trapezoidal CSMC
field pulse.

strand locations in the cable, eventually changing the spatial
interstrand contacts leading to higher contact resistances until
further cycling again causes a decrease.

In view of the fact that the cycling test was stopped at
~9000 cycles as planned, because of time restrictions in the
duration of the campaign, we cannot say if the losses are
already saturating or could still increase, as observed in the
case of the short-sample tests in the Twente press.

4.2. Evaluation of conductor and 1J losses from magnetization
measurement (PU coils)

The signal from the conductor PU coil may be useful for
confirmation of the conductor magnetization and thus the
conductor AC losses in terms of coupling and hysteresis
components.  For the coupling loss, the multiple time
constants’ nature [22] associated with the complex cabling
pattern in large CICCs may be the explanation of the long
decay time of the coupling currents at the end of a trapezoidal
run. In figure 8 the PU signals from sensor IPF_VC_01 (middle
of the winding) and the CSMC field are plotted versus time.
When the CSMC trapezoidal field pulse is completed, there
is still a significant decay of the magnetization, interpreted as
a decay of coupling currents associated with large loops. A
similar decay occurs at the end of the rise of the field but
the plateau is too short (&3 s) to allow a full relaxation of
the induced currents. The low pass filtering of the PU coil
signals by the PFCI instrumentation is probably too severe for
the higher harmonics to allow detection of short time constants
(around several tens of ms). A simple two-time-constant fit to

T T T T — . T T
1] Z 4 & 2 10 12 14 16 12 20
CSMC Current (kA)

Figure 9. PU Magnetization loops of the 1J during a CSMC
trapezoidal field pulse at 18.2 kA: axial direction (dashed) and radial
direction (solid).

the decaying signal after the field pulse gives time constants of
about 2 s and about 12 s.

The plots in figure 9 show the IJ magnetization according
to the axial and radial field directions (with respect to the
coil) during a CSMC trapezoidal field run: the axial field
amplitude is 3.6 T and the radial field amplitude is 1.2 T; the
ramping up and down times are both equal to 17 s. Note that
the magnetization values at maximum current are uncertain
because of the too short plateau duration. One can clearly
see in this figure a series of so-called ‘flux jumps’, i.e. fast
decreases of the magnetization which likely correspond to
overload and local quench of strands inside the joint due to
high screening currents induced by the field change in the
joint. This phenomenon was anticipated from measurements
performed on sub-size joints. PU coils were used to diagnose
these instabilities, which cannot be identified by calorimetry
because of the too short timescale of these sudden events;
indeed, only a decrease of the losses when increasing the ramp
rate can be measured by calorimetry [27].

Although the modeling is not yet able to compute directly
the energy loss from the areas My of the magnetization curves,
the proportionality of these areas with the energy loss already
allows relative estimations between runs (see table 2), to be
compared with the calorimetric estimates. It should be noted
that there is some disagreement in the variation of 1IJ AC
losses from virgin to cycled, with respect to the calorimetric
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Figure 10. Set-up for the measurement and assessment of heat transfer through the 1J.

estimates, see above, but both estimates then saturate during
cycling.

5. 1J resistance and heat transfer

The 1J resistance has been evaluated calorimetrically in
different runs, with different transport current and different
background field. At zero external field and Ippc; = 52 KA (run
#015-01), the computed resistance turned out to be ~1 n2 on
the main winding side and ~1.4 n€2 on the upper busbar side,
giving ~2.4 nQ2 in total, which is much lower than the value
measured on the short sample and in good agreement with
the electrical estimation given in [7]. The similar significant
reduction with respect to the short sample values is also
estimated for the bottom termination (which underwent as
well as the IJ an improved manufacturing procedure for the
PFCI), whereas the top termination resistance is estimated to
be relatively high (~6 n2).

Also the heat transfer between two jointed conductors
through the joint itself has been the subject of other
investigations in the past, for different joint types and
geometries, see [28, 29]. The problem is of some interest
because, in view of the large mass/area of Cu, the joint is
typically a relatively good heat exchanger, but the absence of
temperature differences between the two jointed conductors
cannot always be guaranteed.

The heat transfer in the IJ was measured in three runs
by using selectively either the resistive heaters upstream of
the busbar channel (runs 93-01 and 94-01) or the resistive
heater upstream of the main winding (run 95-01), in a series
of steps allowing steady states to be reached with different
operating conditions. In principle, the resulting global heat
transfer coefficient H, which assumes constant properties (e.g.
¢p) and negligible axial heat conduction in the joint, could
be straightforwardly evaluated calorimetrically starting from
the measured temperatures upstream and downstream of the
1J in the two jointed conductors and applying the following
formulae:

Qtransfer = HAATIm

Table 3. Contributions to the IJ energy balance in different runs.

Power from Power to main
Run # busbar (W) winding (W)
093-01 0.69 1.27
1.71 2.77
3.04 5.16
094-01 0.13 0.62
0.77 2.40
1.43 4.40
095-01 —2.55 —2.47
—5.65 —5.84
—-9.17 —10.16
(TO4H — TC,y) — (T1J;, — TOSH)
ATlm =

(TO4H—TCouw)

In ‘T o5

where Qansfer 18 the power transferred across the joint, A is
the heat transfer area and the mean logarithmic temperature
difference ATy, refers to a co-current heat exchanger, as is the
case in the PFCI 1J.

However, it turns out following the strategy highlighted in
figure 10, which is based on a similar approach as described
above for the calorimetry of AC losses, that only run 95-
01 allows a sufficiently accurate reconstruction of the energy
balance through the joint (i.e. the condition that the power
released by the heated conductor equals the power received by
the non-heated conductor, both being equal to Qganster), S€€
table 3. The fact that TO4H-TCin increases (not shown) even
when, as in runs 093-01 and 094-01, the main winding side is
only indirectly heated, possibly due to heat conduction from
the 1J, is a good candidate to explain the inadequacy of the
above calorimetric estimate in these two cases. Therefore, we
shall restrict our considerations in the following to run 95-01.

The results of our analysis are summarized in table 4. The
global heat transfer coefficient HA ~6 & 1 W K~! for this
run, with a slightly increasing trend likely related to slightly
increasing Prandtl (and Reynolds) number at increasing Qheater-
It may be noted that the heat transfer efficiency Qranster/ Oheater
is remarkably constant at ~10%, independent of the heating
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Figure 11. Comparison of measured voltage—temperature
characteristics of CSMC conductor 1A in different test campaigns
over the last eight years.

Table 4. Heat transfer efficiency of the 1J in different operating
conditions (run 095-01).

Qtransfer (W) Qhealer (W) ATlm (K) HA (W Kil)
2.5 23.5 0.475 53
5.7 58.9 0.906 6.3
9.7 105.0 1.35 7.2

power level; this is expected from simple heat exchanger
theory for this fluid and for the given mass flow rates [30].
In comparison with the previous assessment of the SS-FSJS
joint, operating also as the co-current heat exchanger [28],
the heat transfer efficiency turns out to be smaller in the
case of the PFCI 1J. This picture appears consistent with the
larger electrical resistance of the latter, if compared to the
former (0.84 n2—1.34 nQ2 @ 2 T and 7 T, respectively, quoted
in [31]).

6. DC performance of the CSMC 1A conductor

As for all other ITER insert coils [2, 4, 5], the standard T¢g test
of the CSMC conductor 1A at Icsmc = 46 kA was conducted
at the end of the PFCI test campaign. The result of this test in
terms of measured V-Tin characteristic is reported in figure 11
and compared to the similar characteristics measured during
the previous test campaigns (CSIC in 2000, TFCI in 2001, ALI
in 2002). It may be seen by eye that some degradation occurred
during the series of campaigns and in particular also between
the last CSMC test in 2002 and the PFCI test. However, in the
case of the PFCI test the CSMC current was raised only a few
times up to 32 kA (50% of I x B) and only once at 46 kKA. There
was therefore no real ‘cycling effect’ on the CSMC, compared
to the previous tests, so that the cause of this last degradation
is somewhat obscure.

In order to analyze and quantify the degradation, the
same approach was applied, based on the M&M code [32],
which was already used for the 2000-2 campaigns [33]. Two
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S - - -Comp.¢ =-0.26%
~ 0 4t extra
< V| —Comp.e_, =-0.27%
@ extra
g -.-.Comp. €otra = -0.28%
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Figure 12. Performance assessment of CSMC conductor 1A at the
end of the PFCI test.
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Figure 13. Degradation of performance of CSMC conductor 1A over
the years.

free parameters—the conductor n index and the additional
(typically compressive) strain €exya On the filaments, needed
to reproduce the conductor performance, were used. A
parametric study was thus conducted, giving as optimumn ~ 5
and &exyra ~ —0.27%, see figure 12. If compared to previous
degradation assessments, it can be seen that the degradation
in both parameters has also continued with the PFCI test, see
figure 13.

Summarizing, with respect to the first test campaign in
2000, the CSMC (conductor 1A) performance appears to be
slowly but steadily degrading with time:

o Tcs@46 kA, 13 T decreased from ~7.21-7.30 K to
~6.92 K —~ 0.3-0.4 K loss;

® eonductor decreased from 9 to 5.
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7. Conclusions and perspective

The good overall results of the PFCI conductor DC tests are
being interpreted by the models suggesting less than 0.15 K
deviation from the ultimate performance expectation based on
the single-strand properties. The improvement with respect to
the short sample is explained by improved uniformity of the
current in the high field area.

Calorimetric analysis of AC losses qualitatively confirms
the trends of conductor nt with cycling as observed on the
PFCI short sample tested in the Twente press. The estimated
upper bound after 9000 cycles is nt ~ 60 ms, which is well
below the allowed 100 ms.

The low resistance (~2.4 n2 @0 T) and heat transfer
efficiency (~10%) of the PFCI Intermediate Joint have been
assessed calorimetrically.

The slow but steady degradation of the CSMC (conductor
1A) performance, already noted during the tests of previous
ITER insert coils, appears to be confirmed by the test
performed during the PFCI test campaign.

Only two pulse current tests (at 5 kAs™') were
performed on the PFCI. They showed some significant
degradation of the conductor performance compared to its DC
performance, which can be related to the so-called ramp-rate
limitation (RRL). However, these two tests did not give fully
consistent results regarding the associated quench temperature.
Unfortunately, due to an operating voltage limit of 1 kV [9], no
exhaustive tests could be carried out on this topic. However,
this is not considered by ITER IO as a cause of major concern
for the PF conductor design because the pulsed operation range
for the PF coils is far from this possible RRL [34].

Stability and quench propagation tests, as well as the
degradation of the IJ DC performance, are still the subject of
analysis and the results will be reported elsewhere.
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