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Abstract—In this paper we discuss the predictive analysis
performed in support of the test program of the International
Thermonuclear Experimental Reactor (ITER) Poloidal Field
Conductor Insert (PFCI). A subset of the test program items was
considered, with particular emphasis on DC performance and AC
losses. The results and implications of the comparison of selected
predictions from different laboratories will be presented.

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

I. INTRODUCTION

HE International Thermonuclear Experimental Reactor
T (ITER) is going to be built at Cadarache, France, over the
next 10 years and it should then operate for another 20 years. So
far, three superconducting insert coils (single-layer solenoids)
were built and tested inside the bore of the ITER Central
Solenoid Model Coil (CSMC), at JAEA Naka, Japan, in order
to characterize the performance of selected conductors under
ITER-relevant operating conditions. The ITER Poloidal Field
Conductor Insert (PFCI) is presently under final acceptance at
Tesla Engineering (UK). It will be the first insert coil based
on NbTi [1], [2] and it is aimed at bridging the extrapolation
gap between its full-size short (~2-3 m long) sample, the
PFCI-FSJS, which was tested in 2004 at the SULTAN facility
in Switzerland [3], and the ITER PF coils, with particular
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relevance to the PF1 and PF6 (same cable layout but for the
Cu-nonCu ratio), which among the PF coils are those at rela-
tively higher field and, as such, the most critical.

The PECI is a single-layer solenoid, wound from about 50
m of a full-size dual-channel ITER cable-in-conduit conductor,
including an intermediate joint (IJ) located at relatively high
magnetic field. Itis cooled by supercritical helium at about 4.5 K
and 0.6 MPa and carries a current of up to 45 (52) kA in normal
(backup) mode, at 6 T peak external magnetic field. Details of
the experimental set-up and sensor location have been given in
[1]. The PFCI will be tested inside the bore of the ITER CSMC,
which provides the background magnetic field.

The results of the PFCI-FSJS test were not completely satis-
factory as, first, the joint resistance (~ 10 n{2) was far above the
ITER standards (1-2 nf2) and, second, a significant reduction of
the performances with respect to those of a single isolated strand
was measured at high currents (i.e., above ~25-30 kA), associ-
ated to a premature and sudden quench.

It is therefore essential, among other issues, to assess in a
full-size, long NbTi conductor, to what extent the single-strand
performances can be approached in a coil.

II. TEST PROGRAM

The aim of the test and the corresponding main test program
items have been already sketched in [1]. With respect to that,
most of the detailed scenarios have now been defined [4].

In view of the above-mentioned shortcomings of the PFCI-
FSIS test results, a major item in the PFCI test program is the
DC characterization of the conductor, for which current sharing
temperature (T cs) measurements will be performed, with a few
critical current (I¢) measurements to confirm the results. Con-
sidering the dramatic sensitivity of NbTi full-size conductors to
the current distribution at high transport current [3], [5], sev-
eral potentially mitigating mechanisms or conditions could in
principle improve the coil performances with respect to those
of the short sample, e.g.: 1) the joint/termination resistance im-
proved thanks to the addition of SnPb solder [1], which might
be accompanied by more uniform contacts between strand and
copper sleeve; 2) the larger distance between joint/termination
and peak field region, which gives the current distribution more
room to diffuse; 3) the longer length at peak field, which could in
principle help redistribution close to current sharing (although
the relatively large inter-strand resistance makes this redistri-
bution difficult [6], [7]). On the other hand, the magnetic field
gradient on the cable cross section turns out to be comparable
and large (~1 T at 45 kA) in the two cases.
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Another test program item, which recently received a lot of
attention, is the study of the dependence of the AC losses on cy-
cling electromagnetic load—10000 cycles being presently fore-
seen in the PFCI test program. Here the critical issue will be
to determine if the losses (after an initial decrease) tend to in-
crease again, as observed on both sub-size [6] and full-size [7]
NbTi samples measured in the Twente press, or else they satu-
rate at a relatively low level, as observed on sub-size samples
measured in SULTAN [8], i. e., under (body) force conditions
closer to actual operation than the (surface) load conditions of
the press.

Finally, as a contribution to the assessment of the safety
margin for the ITER PF coil operation in varying fields, a
subset of the PFCI tests is planned using the JT-60 power
supply, including the ramp-rate limitation (RRL) tests analysed
below.

III. PREDICTIVE ANALYSIS

Predictive simulations have been performed on the basis of
the test program in the same flavor as for the PFCI-FSJS [9],
but for a more comprehensive set of tests. Magnetic field maps
and critical current scaling were taken from [1].

A. Tes/Ic Tests

1) Scenario: Two Tcg tests have been chosen at
Iprcr = 18 kA and Tppcr = 45 kA, respectively. For
both, B ~ 6 T(ICSMC ~ 21 kA), Tin(t =0 S) = 4.5 K,
pin(t = 0) = 0.6 MPa, dm/dt(t = 0) = 10 g/s and
dT/dt = 1 mK/s.

2) Models and Results: Five different models have been ap-
plied: N. Martovetsky (NM) [10], the THELMA code [11], [12],
R. Wesche (RW) [13], L. Zani (LZ) and E. Zapretilina (EZ) [9].

All of the models include i) the magnetic field gradient on
the cable cross section, which is the single most important in-
gredient driving the transition of full-size NbTi CICC [3] and ii)
the temperature gradient along the conductor. Different values
of heat transfer coefficient between helium and strand hg; e in
the range 200-1000 W/ m” K have been considered, but do not
appear to play a dramatic role.

Major differences among the models concern the description
of a non uniform current distribution and the inclusion of
temperature gradients (both solid and fluid components) on
the cable cross section—both features being peculiar to the
THELMA code. The THELMA code uses for this purpose a
nested discretization of the cable cross section going down to
the single strand level, with 18 cable elements (CE) and 7 fluid
channels (6 petals + hole) in total [2]. A lower and an upper
bound for current nonuniformity on the cable cross section have
been considered: the current imposed at the cable boundaries
in the most loaded strand (MLS), i.e., the CE corresponding to
a single strand that experiences the highest magnetic field, has
been varied from Iy1,s/Tave = 1 (resulting from the most op-
timistic assumption of uniform current distribution in the cable)
to Tmrs/Tave = 3.6 (most conservative assumption, supported
by measurements of the joint contact resistances performed at
CRPP [5]) and non-uniform current distribution in the other
CEs as computed by THELMA [12]. Note however that, while
the PFCI is equipped with Hall Probe heads to measure the
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Fig. 1. Predicted voltage-temperature (V-T) characteristics at 18 kA (a) and
45 KA (b), based on different models. The abscissa represents the inlet helium
temperature, the ordinates the total voltage on the main winding.

current non-uniformity at the petal level, which is expected to
be small, the current non-uniformity inside the petal and, even
worse, down to the strand level, is presently not validated.

The computed voltage evolutions during the T'cg scenarios
are presented in Fig. 1(a) and (b) for 18 kA and 45 kA, respec-
tively, as a function of the inlet He temperature (equal to the
temperature just downstream of the lower termination, if heat
generation and transfer there are neglected).

At Ippcr = 18 kA, a smooth transition is computed by sev-
eral predictors, see Fig. 1(a), with T'¢g in the range 6.35-6.55 K.
The practically sudden transitions predicted by LZ and (to some
extent) THELMA, which run away before a measurable voltage
is reached, could be due both to the large n value assumed (LZ)
and/or to the overestimation of local effects (THELMA) already
noted in the PFCI-FSJS analysis [12].

At Ippcr = 45 kA, the nature of the predicted transition
depends even more on the model used, see Fig. 1(b). A sudden
quench (whose mechanism was already discussed in [2]) is
predicted by THELMA and LZ, but the quench temperature
strongly depends on the assumption of current overload on the
MLS (THELMA). Under the optimistic assumption of homo-
geneous current distribution, the predicted best performance
foresees a sudden quench at ~6.2 K. The location of the initial
normal zone can be influenced by the actual evolution of the
inlet temperature in the experiment (ramp rates, temperature
ripples). For the overload Iniis/Iave = 3.6, a premature
sudden quench at ~5.7 K is computed by THELMA and this
is the predicted worst coil performance. The relatively large
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uncertainty in the prediction (~0.4-0.5 K out of a total margin
of ~1.5 K) is a direct consequence of the above-mentioned
sensitivity of NbTi full-size conductors to current distribution.
On the contrary, at 18 kA the overload has almost no impact,
because the field gradient on the cable cross section is pro-
portionally smaller. A similar threshold for the transition is
computed by RW, NM and EZ, but in their case the transition
is smooth. This difference may be attributed to the fact that in
THELMA (see above) the local Joule heating is not spread over
the whole cable but contributes in the first place to the local
temperature increase of the MLS. This drives the take-off of the
peak electric field on the MLS, before any noticeable average
electric field is present on the cable [2].

On the above-mentioned potentially mitigating mechanisms,
compared to the short sample, we may add from the simulation
that, in the PFCI, the longer distance between the lower termi-
nation and the peak field region allows indeed some diffusion
of the current profile, reducing the MLS overload by typically
~10-20% compared to the value imposed at the cable bound-
aries. On the other hand, as to the longer length at peak field, the
present condition of temperature gradient along the conductor,
combined with the high n and dE/dT values of NbTi, makes this
mechanism rather inefficient for current redistribution.

B. AC Losses

1) Scenario: Two scenarios have been chosen:

 Exponential discharge mode: Tppc1 = 0 kA, Tosme(t =
0) = 21.2 kA; time constant = 20 s; Ty, = 4.5 K.

o Trapezoidal mode: lppci = 0 kA, dBcesmce/dt
(up/down) = 0.5 T/s; flat top lcsme = 21.2 kA;
tﬂat top — 5 S, Tin =45K.

2) Losses in the Conductor: Models and Results: Three dif-
ferent models have been used for the AC loss computation: a
similar approach by B. Lacroix (BL) and EZ, and the THELMA
code. The analysis of BL is based on classical formulas for cou-
pling and hysteretic losses in a cable, characterized by a time
constant n7 = 20 ms and by an effective diameter deg =
5 pm, respectively, derived from short sample tests [3], [7]. EZ
has developed a model which includes also the effect of cy-
cling and load, mimicking the behavior of the cable apparent
time constant (n7), which is known from previous experiments
[7]. The approach to the modeling method was first described
in [14]. The model simulates three main tendencies of nr be-
havior: its dependence of field rate, loading history and applied
load. Also EZ accounts for hysteresis losses. On the other hand,
the THELMA code computes the coupling losses directly from
the simulated induced current loops in the conductor. The dis-
cretization of the cable cross section goes down to the last-but-
two cable stage [15], i.e., the 3 x 4 X 4 bundles, for a total of
30 CE. Intra- and inter-petal transverse conductances are taken
from short sample measurements [7] at N = 0 (virgin state)
and N = 10000 cycles. Hysteresis losses are not included in
THELMA.

Results are presented in Fig. 2. In the exponential scenario
[Fig. 2(a)], EZ predicts losses increasing with cycling, as the
model is based on the short sample results [7]. While the initial
magnitude of the losses along the whole conductor is compa-
rable, the decay computed by BL is faster than that by EZ. This
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Fig. 2. Predicted evolution of the power deposited in the conductor as a func-
tion of time, for different scenarios: exponential (a) and trapezoidal (b), based
on different models. In (a) the results of EZ are for two different numbers of
cycles NV, whereas in (b) N = 10000 is considered by EZ and two different NV
by THELMA.

could be attributed to the fact that, after a while, only hysteresis
losses (ox Jo x dB/dt) survive and the prediction by EZ stays
above BL who assumes a constant J¢ for B < 2.5 T.

In the trapezoidal scenario [Fig. 2(b)], EZ predicts at N =
10000 the same coupling loss as THELMA. However, note that
the THELMA result constitutes in principle a lower bound for
the coupling losses estimate, because intra-bundle losses (in-
side the 3 x 4 X 4 stage) are not included in the model. In the
virgin state, THELMA predicts a lower loss than at N = 10000,
roughly proportional to the lower contact resistance between
CEs measured in the short sample [7]. At low field (start and
end of ramp), hysteresis losses are important, see also above, as
confirmed by EZ predictions.

Using the computed AC losses as input, the temperature in-
crease AT at the main winding outlet, which will be the most
relevant measurable quantity for the calorimetric assessment of
the losses, has been computed: AT < 0.1 K for the exponential
discharge (BL, [16]) and AT ~ 0.25/0.3 K for the trapezoidal
pulse (BL/THELMA).

3) Losses in the Intermediate Joint: Models and Results: Re-
sults for the exponential discharge mode were already presented
and discussed in [1]. Here we concentrate therefore on the trape-
zoidal scenario. The model of D. Ciazynski (DC) is described in
[17]. In THELMA, the joint has been modeled considering the
six petals as individual cable elements, magnetically coupled
with each other and with the CSMC. The saddle and the sleeves
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Fig. 3. Predicted power deposited in the 1J as a function of time, for the trape-
zoidal scenario, and corresponding temperature increase across the joint, based
on different models (see text).

are modeled as resistive induced voltage generators, which de-
pend on the CSMC current. Details of the THELMA joint model
can be found in [18]. The results of the two models shown in
Fig. 3 are very close. The maximum He A'T" across the joint re-
sulting from the losses was computed with the Mithrandir code
[19] and is not negligible (~1 K, computed neglecting conser-
vatively the heat transfer to the colder busbar side). It repre-
sents at the same time a lower bound of the temperature jump
on the busbar side, raising the issue of a possible quench of the
joint/busbar in the RRL scenarios (see below), which will have
higher ramp rates and nonzero current in the PFCI. On the con-
trary, this estimate seems to indicate that the joint losses should
not be so important for the case of the ITER PF1,6 joints, based
on present scenarios which have max dB/dt ~0.25 Tr/s.

C. Quench Propagation

A quench will be initiated by the inductive heater. The sce-
nario studied here is: Ippcr = 45 kA, Icsme = 21 kA,
Tin(t = 0) = 5 K, dm/dt(t = 0) = 10 g/s,
pin(t = 0) = 0.6 MPa, 20 ms pulse. The simulation has
been performed with the Mithrandir code, which, however,
was validated so far only for quench propagation in Nb3;Sn
conductor inserts with a similar setup [20], [21]. In order to
account for the local nature of the sudden quench in NbTi,
the conductor n-value has been set to a very large value. The
boundary conditions are kept fixed, which usually leads to a
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TABLE 1
SUMMARY OF RRL PREDICTIONS

dB/dt

(T/S) nt (ms) Tmax (K) Bmax (T) Imax (kA)
20 5.7 7.4 26.0
2 40 6.3 6.3 22.1
100 7.3 4.1 14.4

slight overestimation of the quench speed. The whole conductor
becomes normal in ~6 s. In order to roughly account for the
premature nature of the sudden quench, notwithstanding the
uniform current assumption in Mithrandir, the temperature
margin has been reduced by 0.4 K, see Fig. 1. In this case, the
results show a much faster quench propagation—the whole
conductor becomes normal in ~3 s. In the two cases, the
computed Tyorspor before dump is ~60 K and ~40 K,
respectively.

D. Ramp Rate Limitation (RRL)

RRL tests of the PECI will have to be performed connecting it
in series with the CSMC, implying rather limited flexibility. The
most stringent scenario is defined by the following parameters:
dB/dt =2T/s, Tin(t =0s) = 4.5 K, pin(t = 0) = 0.6 MPa,
dm/dt(t = 0) = 10 g/s.

A single model (NM) was used for the predictions. It as-
sumes a uniform current distribution and computes the losses
as hysteresis losses in the filaments and coupling losses in the
cable. Coupling losses in the strands are ignored, since they
are included in the cable losses, which are taken from short
sample experiments [7], parametrically varying n7 between 20
and 100 ms. The generated heat is then used to compute the
temperature rise and to calculate the local I¢. When the trans-
port current is equal to the local I, it is defined as the maximum
achievable current I,,,,y. The results of the analysis are shown
in Table I. In view of the uniform current distribution assump-
tion, they represent sort of upper bound estimates for the PFCI
performance under these transient conditions.
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