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Abstract—The ITER Central Solenoid (CS) will be manufactured
by assembling a stack of six modules, which are under fabrication
by the US ITER organization and its subcontractors. The tests of the
first CS Module have been performed at the premises of the General
Atomics (GA) facility in Poway (US), in order to check compliance
to the ITER requirements. Among other tests, the magnet was sub-
mitted to exponential dumps of the transport current from different
initial values (10, 15, 20, 22.5, 25, 35, 40 kA) down to 0 kA. These
tests are aimed at conducting DC breaker commissioning of the test
facility and were used to measure the AC losses in the coil during
electrodynamic transients. This paper presents the results of these
measurements, along with a comparison with analytical computa-
tions of the losses in the magnet.

Index Terms—AC Losses, Cable in Conduit Conductors, Central
Solenoid, ITER project.

1. INTRODUCTION

HE losses in superconducting coils during electrodynamic

transients are of paramount importance for a correct dimen-
sioning of their cryogenic circuit. Several experimental, numer-
ical and analytical studies have been presented on this topic in
the recent years [1] - [8]. This paper focuses on the analysis of
electrodynamic losses in the first module of the Central Sole-
noid of the ITER magnet system [9], which consists of 40 pan-
cakes wound with a Nb3Sn Cable in Conduit Conductor (CICC)
[10]. The tests of the first module (CSM#1) were performed at
the premises of General Atomics (GA), in Poway, close to San
Diego (US) [11]. The AC loss measurements were performed
by de-energizing the magnet through exponential dumps of the
transport current, from different initial values, namely 10, 15,
20, 22.5 25, 35, 40 kA. The paper presents the results of these
tests, obtained by computing the heat deposited in the super-
critical helium of the cryogenic system with two methodolo-
gies, namely a calorimetric and an isochoric approach. It should
be noted that the AC losses in the CS JASTEC conductor, which
is the same used for the CSM#1, were previously measured in
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a straight configuration in the SULTAN facility (SPC, Switzer-
land) [12], and in a single-layer solenoid configuration (CS In-
sert, or CSI) in the CS Model Coil facility (QST, Naka, Japan)
[13], [14]. This paper presents a comparison between the exper-
imental data and the results of analytical models, based on pa-
rameters calibrated on these previous tests.

II. EXPERIMENTAL SET-UP

The CSM#1 consists of 20 double-pancakes cooled by super-
critical helium, as sketched in Fig. 1. The module is supported
by a 10 tons stainless-steel frame, positioned at the bottom of
the magnet.

The CSM#1 cryogenic circuit is equipped with several con-
trol valves: CV4 is located at the outlet of pancake #1; CV3 at
the outlet of the set of pancakes from #2 to #38, CV5 at the
outlet of pancake #40 and CV6 at the outlet of the coil frame.
The valve CV2 is a coil by-pass valve allowing the recirculation
of helium from the outlet of the cold circulator directly to the
outlet of the module.

The thermal-hydraulic instrumentation of CSM#1 is reported
in Fig. 1, and includes temperature, pressure and mass flow rate
sensors, placed in the cryogenic loop at the inlet of all the pan-
cakes and at the common outlet of pancakes from #2 to #39.
The helium at the outlet of pancakes #1 and #40 is used for the
cooling of the terminal joints; pressure and mass flow rate are
monitored downstream the In-Cryostat-Feeder and joint, whose
contributions are subtracted. The measurements of AC losses
are mainly aimed at assessing the electrodynamic losses in the
set of pancakes from #2 to #39.

The AC loss tests are performed at the beginning of the test
campaign (no electromagnetic cycles performed) by ramping
up the transport current with a slow linear ramp up to the peak
value, ranging from 5 kA to 40 kA. After an operation current
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flat top of a few hundred seconds, the magnet is discharged on

a resistor bank.
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Fig. 1. Sketch of the CSM1 instrumentation.

It should be noted that the AC loss tests themselves might affect
the contact resistances between strands, so that the conductor
properties may evolve during the test campaign. Given the
overall coil inductance of 795 mH and a resistor bank resistance
of 103 mQ), the nominal current dump time constant is ~7.8 s.

Two different configurations of the cryogenic loop were
adopted. For dumps from operation currents below (or equal to)
25 kA, the control valves are not operated, thus leaving the he-
lium circulator connected to the coil during the current dis-
charge. During the dumps from higher current values, such as
35 and 40 kA, the helium circulator is protected by opening the
control valve CV2 that connects the helium inlet line with the
helium outlet line, and closing the valves CV3, CV4, CV5 and
CV6 on the outlet line. This operation allows short circuiting
the circulator and bypassing the coil.

A typical set of signals recorded during an exponential dump
is reported in Fig. 2, which refers to the initial operation current
of 20 kA. The mass flow rate is shown in Fig. 2a. Due to the
large heat deposition, the total mass flow rate measured at the
outlet of the coil gets rather low for a few seconds and then it
recovers its nominal value. This initial drop is due to the pres-
sure rise in the cryogenic circuit, induced by the heat deposition
in the coil, which propagates throughout the entire circuit, thus
also increasing the outlet pressure (see Fig. 2(b)). The evolution
of the temperature at the coil outlet during the dump is shown
in Fig. 2(c). The frequent but irregular mass flow rate perturba-
tions (see e.g. Fig. 2(a) around 900 and 1500 s) are due to os-
cillations in the entire cryogenic loop not related to the tests an-
alyzed here.

III. ASSESSMENT OF AC LOSSES FROM EXPERIMENTS

The computation of the energy deposited in the supercritical
helium during the dumps was performed according to two dif-
ferent approaches, namely a calorimetric and an isochoric
method.
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Fig. 2. On the left axes, evolution in time of (a) mass flow rate, (b) outlet

pressure and (c) outlet temperature during the dump at 20 kA. On the right axes
the current profile is shown.

A. Calorimetric Method

The calorimetric method is based on the integration over time
of the power deposited into the cryogenic fluid. The formula
used for computation is the following:

E = [ 0tue® - P O, e ()

— h(Pin(8), T (1))] = Py} dt
where M, Pous> and T,,,; are the mass flow rate, pressure and
temperature at the outlet, respectively, p;, and T, the corre-
sponding values of pressure and temperature at the inlet, / the
helium specific enthalpy as a function of pressure and temper-
ature. The time of integration spans from the instant just before
the beginning of the dump to the recovery of steady conditions,
i.e. after the He transit-time in the coil (~1500 s). The power Po
is an offset, calculated as the difference between the enthalpy at
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the outlet and at the inlet at a selected time t,, taken just before
the triggering of the current dump, as follows:

Py, = mout(to) ' [h(pout(to)i Tout(to)) Q)
- h(pin (to), Tin(to))

For the dumps from transport current values above 25 kA,
the aforementioned valve operation determines a drop of the in-
let pressure and remarkable variations of the mass flow rate,
which make this assessment not reliable.

B. Isochoric Method

Given the very fast pressure rise of the supercritical helium
embedded in the module during the current dump, an isochoric
method was developed. In the isochoric method, the heat depo-
sition is computed as follows:

Q = My [U(pfinalr Tx) - U(pinit' Tinit)] (3)
where my, is the helium mass in the coil (in this case equal to
263.7 kg); U is the helium internal energy as a function of pres-
sure and temperature; p;,;; and Ty,;; are respectively the tem-
perature and pressure at time t, before the dump; pying, is the
pressure immediately after the current dump and T, is the aver-
age temperature of the helium inside the module at the end of
the dump. This value is computed according to the isochoric
assumption of constant specific volume and hence of constant
density during current dumps. The temperature T, fulfils the
following relation:

p(pfinal' Tx) = p(piniti Tinit) “4)
where p is the helium density.

The large outlet pressure variation of the helium in the mod-
ule before and after the dump from 20 kA is shown in Fig. 2(b).

The isochoric method is based on the assumptions that a) the
energy is totally deposited in the He, b) the He mass is the same
at the two instants considered, c) the pressure and temperature
are uniform within the coil.

a) The heat capacity of the solids is negligible (at low tem-
perature) with respect to that of the He, i.e ~ 10° J/K vs. 106 J/K.
Also, the heat transfer between He and solids acts over a time
constant shorter than the time interval considered, i.e. ~ 30 s;
therefore the solid and He temperatures are very close.

b) The total He mass in the coil is ~260 kg. The measured He
mass exiting the coil during the dump (if the coil is not isolated,
i.e. when the initial current is below or equal to 25 kA) is ~1.5
kg. A similar contribution is entering the coil at its inlet, since
backflow only occurs for a few seconds. When the coil is iso-
lated, the helium is trapped inside the coil several seconds be-
fore dump starts, and circulation is restored about 10 s seconds
after the end of dump: in this case the helium is not escaping
the coil during the dump.

c¢) The pressure equilibrates at the speed of sound; consider-
ing ~150 m/s in the hydraulic channel, it takes a few seconds to
get equilibrium in the pressure, so that transient effects on the
pressure along the hydraulic channel are thus negligible. The
pressure drop along the coil (for the dumps without coil isola-
tion), is ~ 0.3 bar.

The application of the isochoric method to the computed re-
sults might lead to an underestimation of the deposited energy

of ~ 15 %. Note that this error is mainly due to assumption c),
while assumptions a) and b) give negligible error.

IV. ANALYTICAL MODELS

A. Coupling Losses

The analytical calculation of the coupling losses was per-
formed according to the Single Time Constant Model (STCM)
[15]. The study performed through the STCM extrapolates to
the CSM#1 the results of the analysis of the CS Insert [16], [17]
and that of the CS conductor in the straight configuration [12]
in the SULTAN facility [18]. In this model, the power per unit
volume (W/m?) is computed as:

Pcoup(t) = g (Bi(t))z 5)

where B; is the time derivative of the internal magnetic flux
density and T is the cable time constant. Further details on this
computation methodology can be found in [13]-[15]. The con-
ductor nt as derived from the analysis of the CS Insert test cam-
paign depends on the value of the initial current [13]. For the
calculations reported here, the value of nt is set to 570 ms, cor-
responding to the dump in the CS Insert from 37 kA [13]. The
value of nt was also derived from the aforementioned tests in
SULTAN, performed at background fields of 2 T and 9 T.
These tests allowed to derive an expression of nt for the con-
ductor in virgin conditions as a function of magnetic flux den-
sity, which also extrapolates correctly to the value of nt found
on the same conductor at the University of Twente at 0 T (nt =
573 ms). An additional term, also derived from the tests at the
University of Twente, accounts for the impact on losses of the

Lorentz force (I - B), thus resulting in the following expression:
nt [s] = 0.573 = 0.0179 - B[T] ©
+1.45107* (I - B)[kAT]

The results of the calculations performed by extrapolating with
a constant nt = 570 ms from the CS Insert test results and with
the variable nt described in (6) are reported in the next sections.

B. Hpysteresis Losses

The computation of hysteresis losses starts from the calcula-
tion of the penetration field B, [19] at each location of the
CSM#1:

_Ho AJc(B,T,€) desy

T

B @)

p

where A is the ratio betwen the non-copper area and the filament
area (A = 2.36), d. ¢ is the effective filament diameter (d,rf =
14 um) and J.(B, T, €) is the critical current density as a func-
tion of magnetic flux density B, temperature T and effective
strain €.

The hysteresis losses in the k-th turn, Pysi, are computed
with two different formulae depending on the value of the cu-
mulative field variation in that turn, ABy. In case ABy < 2B,),
the following formula is adopted [19]:

ABy
—) ®)

AB,% dBy
Phys,k = (Nstr Afil '%)m% - 3 Bp



where Ny is the number of superconducting strands (N = 576)
Asr is the area occupied by the superconducting filaments in
each 0.83-mm-diameter strand, and L« the length of the twisted
conductor along the k-th turn. Instead, if AB, > 2B, the fol-

lowing relation is used [15], [19]:
2 dBy,
Pyysik = (Nstr Agy - Lk)§ A]c(By, T, €) deff T 9).

C. Model results

The analytical calculations allow computing the loss distri-
bution in the various pancakes of the magnet. As an example,
Fig. 3 shows the hysteresis and coupling loss distribution in the
CSM#1 for the dump from 40 kA. The hysteresis losses are sig-
nificantly lower than the coupling losses in all pancakes. A ra-
ther good agreement is found between the data extrapolated
from the CSI test results and from the SULTAN tests (with the
variable time constant reported in (6)).
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Fig. 3. Coupling losses distribution in the CSM#1 during dump from 40 kA.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Losses in the frame

During the operation current dumps, the steel frame is also
subjected to a time varying magnetic field, which generates
eddy currents and related losses. A calorimetric analysis of a
series of six consecutive dumps shows that while 1.7 MJ are
deposited in the frame, only 50 kJ are deposited in pancake #1.
The total amount of heat deposited in the set of pancakes from
#2 to #39 is 1.75 MJ, which corresponds to about 44 kJ per pan-
cake. This result shows that even in pancake #1, the closest to
the frame, the deposited heat does not significantly deviate from
the values found for the other pancakes. It can therefore be con-
cluded that eddy current losses in the steel frame have a negli-
gible impact on the calorimetry of the set of pancakes from #2
to #39.

B. Losses in the coil

The experimental results of losses obtained in the dumps
from 10 to 40 kA are reported in Fig. 4. The losses computed
with the isochoric method are on average 25 % lower than those
found with the calorimetric procedure, which is acceptable con-
sidering the sensors accuracy and the assumptions involved in
both methodologies.

The losses computed with the analytical models are also plot-
ted in Fig. 4. The results based on the extrapolation from the
CSI tests and from the tests in SULTAN (see (6)) are in good
agreement with each other. Maximum differences of 13 % and
34 % (at 15 kA) are found between the computations from the
CS Insert data and the experimental results obtained with the
isochoric and the calorimetric method respectively.
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Fig. 4. AC Losses in the CSM#1. The experimental results obtained with the
calorimetric and the isochoric procedures are compared with the analytical cal-
culations from the tests of the CSI and the SULTAN sample CSJA6.
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VI. CONCLUSION

The tests of AC losses in the first module of the ITER Central
Solenoid were successfully performed through exponential
dumps of the transport current, starting from different values in
the range from 10 to 40 kA. The losses in the coil at the begin-
ning of the test campaign were estimated with both a calorimet-
ric and an isochoric method, finding a 25 % difference between
the results of the two methods. Although large eddy current
losses in the frame were also detected, these do not affect the
assessment of the losses in the superconducting coil.

Considering the significant scale-up from the short sample
tested in SULTAN (~ 4 m long conductor), and from the single
— layer solenoid tested in the CS Insert (~ 45 m), to the CS Mod-
ule magnet (~ 6 km), and the assumptions involved in the ana-
lytical models and in the derivation of the experimental results,
the agreement between calculations and measurements is
deemed satisfactory.
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