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Modeling of Thermal-Hydraulic Effects of AC Losses
In the ITER Central Solenoid Insert Coll Using the
M&M Code

Roberto Zanino, Laura Savoldi Richard, and Elena Zapretilina

Abstract—buring 2000, AC losses and the effects of possible [ 2] 200% >
L . . . 21X @Xs o T
ramp-rate limitation (RRL) were investigated on the International T 2 Choke s
Thermonuclear Experimental Reactor (ITER) Central Solenoid ; PT PIT PIT]
Insert Coil (CSIC), at JAERI Naka, Japan. The CSIC was mounted 1 %ﬁ\ %
T T

inside the bore of the ITER Central Solenoid Model Coil (CSMC), i
at the maximum field of about 13 T and experiencing the largest |
magnetic field variations. The thermal-hydraulic response of the i
coil to different transport current scenarios was assessed by mea- I

I
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:
mass-flow rate. Here we implement in the M&M code a detailed T
general model of AC losses, which is being validated for the first _L E TTATT B
time. The resulting tool is then applied to the analysis of two CSIC Co SR 4—5%4 Q—ﬁg—‘
tests, with different ramp-up of the transport current followed by Tt : i :
the same dump, and used to qualitatively assess the major thermal-

hydraulic effects of AC losses in the coil. Fig. 1. Schematic view of the CSMECSIC hydraulic circuitZ’, P, andF
indicate temperature sensors, pressure taps, and flow meters, respectively.

suring the temperature increase and pressurization of the super-
critical helium (SHe) coolant, together with the evolution of the

[~ CSMCSTR Top |3
[ CSMC STR Bottom [=I

Index Terms—AC losses, computational thermal-hydraulics, fu-
sion reactors, ITER, superconducting coils.
Il. EXPERIMENTAL SETUP

|. INTRODUCTION The CSMC and CSIC tests are already described in detail

elsewhere [1]-[3]. While AC losses were investigated using a

A C LOSSES are an essential item in the design and opeggsnqard trapezoidal cycle [3], the largest effects of these losses
tion of superconducting magnets, because the associgfede clearly seen in the RRL tests, where the stability of the
heat source can lead to initiation of a normal zone and, possikig\ic and CSIC conductors was tested under high rates of field
to quench propagation in the superconductor. As a consequenggiation (actually even beyond the original goal of 0.4 T/s) up
a significant part of the tests [1]—[3] performed during 2000 op, 13 T, using the power supplies of the JAERI tokamak JT-60
the ITER CSIC, at JAERI Naka, Japan, was devoted to assessmg

the intensity and effects of AC losses. _ The CSIC is well diagnosed from the thermal-hydraulic point
The CSIC is a Nb3Sn single-layer solenoidl40 m long, ¢ yiew (see Fig. 1): the response of the coil to different sce-

wound one-in-hand and positioned inside the bore of the ITER jos of transport current variation can be assessed by mea-

CSMC, at the maximum field 0£13 T. The conductor is of the suring the temperaturel™ and pressure #” increase at the

cable-in-conduit type with a thick square Incoloy jacket, and thjet center and outlet of the conductor, together with the vari-

dual-channel structure typ|c§1I of ITER [1]. , ation of the SHe coolant mass-flow rate at the inlet and outlet.
In or(_jer to assess th(_a major thermal—_hydraullc effects of Aﬁmwholecryogenic circuit (parallel) of CSIECSMC, shown

losses in the CSIC, we implement here in the M&M code [4], & Fig. 1, will play an essential role in the assessment of the

validated tool already used for thermal-hydraulic analysis of ”ﬂﬁermal-hydraulic effects of AC losses in the CSIC.

ITER Model Coil experiments, a model for AC losses, already

used for the predictive analysis of the ITER magnets [5], but
validated here for the first time.

lll. M ODEL
A. Thermal-Hydraulic Model
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(cable layout, strand diameter, Cu : non-Cu ratio, cross sections,
Ry " etc.), measured values of the noncopper critical current density
ﬁ_‘/ (at12 T, 4.2 Kg = —0.25%) and of the hysteresis loss energy
for a standard£3 T) pulse. For the CSIC witness strand, these
are 685 A/mmM and 92 mJ/cr respectively. The effective
filament diameter estimated using these two characteristic

8 conductors
in the IM

T B e values, and used for the hysteresis loss assessment, is about
= ;E_=Nl[{e§tfeﬁhanger 5-5.2 um. The hysteresis losses in the CSMC and CS Insert
== | Fepipe conductors were measured during very slow current ramps
o 1 P =Pump (~1 kA/min). During relatively fast test pulses (i.e., for dB/dt

' > 0.3 T/s) the total losses in the CSIC are dominated by the
‘E) FP :HTM coupling component.

A convenient and common way to assess the coupling losses
in a coil is to employ the effective time constamtrj. How-
ever, a definition of the time constant for a multistage cable is
not so obvious. It ranges from a scaling coefficient, which value
quench tests in the CSIC [8], [9]. However, in the case of longe#n be found from the linear part of the loss vs. frequency (field
time-scale transients as those considered here, the role of allthte) plot, to a function combining several dominant time con-
other channels, hydraulically in parallel with the CSIC, may bstants interacting by shielding with weighted volume fractions
very important, so that the Mithrandir model may be insuffif12]. An accurate prediction ofir value for a cable is even
cient, and M&M is needed. more complicated. Estimations efr were carried out during

Different models with increasing sophistication of the series of loss measurements performed with short samples of
hydraulic circuit have been used here, from an open singfEER sub- and full-size cables and ITER relevant coils before
conductor with experimental inlefp(and 7") and outlet {') the CSMC/CSIC test campaign. The following tendenciesrof
boundary conditions, to a closed circuit including the hydraulisehavior were observed.
parallel of the CSIC, and of 8 conductors representing the four
innermost layers of the inner module of the CSMC, as shown
in Fig. 2. (In this case, also the thermal coupling between the ITER-relevant field rates (from 0 to 1—2 Hz frequency)
CSIC and its superconducting busbars is taken into account.) [12]. In other words, the apparent time constant ap-
In comparing the two approaches it may be said that the peared to be “field rate dependent” [13], [14].
experimental boundary conditions are simplest in principle, — It was found [12] that the losses in a cable loaded with
but may in practice turn out to be too coarse (low sampling mechanical pressure (or Lorentz forée< B) were

rate data) or too noisy (high sampling rate data). On the other gradually decreasing with the number of loading cycles
hand, the full circuit model allows a more detailed analysis of until they finally settled at a certain level.

the effects of the hydraulic parallel, as well as a validation of  __ £\ af the “settled’s remained “transverse load sen-
the predlct|vecapat_)!l|t|es of the computational tool, although sitive”: the larger was the transverse force applied, the
some of the quantities to be modeled, e.g., the mass flow rate higher were the losses produced by a conductor under

Fig. 2. Hydraulic circuit model adopted in the M&M simulations.

— A single time constant could hardly give a good ac-
curacy of loss assessment over an extended range of

evolution, can be very sensitive to parameters like the volume a pulsed field [12].

O.f th.f? matlmfoldst n tthe circuit, which is in turn affected by To a certain extent all the above-mentioned effects were seen

significant uncertainty. during the CSMC and CS Insert test [3]. Depending on the test
conditions, the estimatedr values for the CSIC range from

B. AC Losses Model 15 ms [15]—relatively fast pulse with the Insert carrying no

current, to over 50 ms [3]—relatively slow discharge and rather

The approach to the CS Insert AC-loss modeling is very sifjigh current/field level.
ilar to the one described in [10], but the model is being validated T coupling losses are simulated here with a singte
here for the firsttime. The model is a simplified version of a codgowever, two approaches are suggested. The first approach is
used for the ITER magnets [5], [11]. The conductor AC 0SSgg find a value ofvr that would give a good fit for the total loss
are treated as the sum of two components—hysteresis and Gisrgy generated over the considered field pulse. As the se-
pling, each of which can be assessed independently. The M@gred test conditions here are “relatively fagB(/dt ~ 1 T/s)
netic field B is computed at a representative number of poingg|| current pulse” the probabler figure should be around
placed over the coil length (one point per turn in the case §_30 ms. The second one is an attempt to introduce a certain
hand). Then the code analyzes field evolution and conductarfynction,” which would reflect the major tendencies of the
operating conditions (transport current scenario, conductor tegparentnr behavior: field rate and transverse load depen-
perature, which can vary both over the coil length and with timgence. This is supposed to give a better picture of loss evolution
and the filament strair) at each observation point, for the comyring the test pulse. For the first try we use the following
putation of the loss components. simple model:

The experimental database, provided by strand/cable manu-
facturers gives, in addition to the conductor geometrical data nt(t) = ky(force) x ko(load history) x 27(x)
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wherek; andk, are correction coefficients responsible for the sl @«
applied transverse load and the conductor load historyr aag "
is a function of the field rate (T/s). The transverse load coef-
ficient can be written as

T T
- Current (kA) H

O AC loss CSIC (W/m)

* AC loss CSMC (W/m)

k1 =0.5{1 4 [I(t) x B(¢)]/[Imax X Bmax|} . ° 9;
0 10 20 30 40 50 60
wherelax X Bmax = 13 T % 46 kA = 600 kN/m. The “load A

history” coefficient §-) for the given case can be taken as 1 °°[| o Ex. o)
Finally, ther(xx)-function can be written as

000000
6= Comp. (out) | - - oocooocoooo‘oooooooopoooooooooboco 3]
—— Comp. (cnt)

55

T = Tint + To X exp(—x/a) 5

wherer;,; = 5 ms corresponds to the time constant at a “ver~ s

Temperature(K)

: w ) - . ; . : | ®
high frequency,’a = 1 T/s, andr is a fitting parameter. b - - - : B )
C. Coupling Between Thermal-Hydraulic and AC Losses 101 . T e
Model - §

The coupling between the two models must have in prir
ciple an iterative structure, as the hysteresis losses depend
the strand temperature, whose evolution is in turn due to tt
total losses. However, in view of the above-mentioned limite o 1 2 0 2
weight of hysteresis vs. coupling, this feedback is not too stron,,. Time ()
Therefore, we proceed as follows: a first space and time depgn— (a) Measured trans . .

. . . 3. port current scenario, and computed losses in the
dence of the losses (W/m) is computed with the AC losses Co(dz%ter of the CSIC and of the “average” CSMC conductor. (b) Computed and
using a “reasonable” guessed evolution of the temperature pr@asured CSIC temperatures. (c) Computed and measured CSIC pressures.
file along the conductor; then, a full transient (up to the selected

final time) is computed with M&M, using the just computedr mp-up, as well as the overshoot&f,,., near the beginning

losses as the driver; new AC losses are then computed using& fhe dump, are both not captured by the simulation, possibly

temperature evolution computed by M&M at the previous iter?ﬁdicating that the AC loss model might be inadequate during
tion, and the full transient is re-computed with M&M using th(?hese phases

new losses. These two steps are typically enough for conver- he second thermal-hydraulic effect of AC losses on the
gence, loss power variations between iterations being restric@ IC is to induce a repartition of the helium flow among

to the second or third digit for the case at hand. the different parallel channels, based on their different losses
and hydraulic characteristics. Let us first of all consider the
evolution of the sum of the inlet mass flow rates in@BMC

We begin with the analysis afhot 301-1a RRL test per- inner module conductorsG{ M), its counterpart in the outer
formed on July 20, 2000, in a sense the most performing pulseddule G£*), and the total inlet mass flow rate in the system
shot of the CSIC test campaign. The CSIC and the CSMC we¥&!%"), as shown in Fig. 4(a). Itis clearly seen that strong losses
connected in series, and the transport curdenias increased in the inner module, where the field is higher, lead to a strong
at a rate of~4.1 kA/s (equivalent talB/dt ~ 1.2 T/s) up to reduction of GIM and this, with a possibly approximately
a maximum current 0f44.3 kA, see Fig. 3(a). As the plateawconstantGt?t, leads to a strong increase 6£>M in the first
was reached the CSMC quenched and aftes delay a manual phase of the transient. As to tSIC,the evolution of its inlet
dump of the current was performed, but no quench was reveatadss flow rateG$ >/ is shown in Fig. 4(b). After a small,
inthe CSIC. Here we shall restrict our analysis to the first minugmost unnoticeable reductiot$,51¢ increases in the initial
of the CSIC transient, covering the whole current pulse, so thatase of the ramp-up, somewhat contrary to intuition, and only
thedirect effects of AC losses can be observed. eventually it starts decreasing as expected, because of the losses

In the AC losses model we user (t) in the CSIC, with in the CSICitself. The initial increase of$/°’¢ is due to the
nty = 100 ms (equivalent tair ~ 30 ms= constant in terms strong decrease @i/} at GI°! constant, as is confirmed by
of total energy deposited), whiter = 50 ms= constantis used the fact that in this phase the helium temperafff€’ is also
in the CSMC [3]. (For the “average” CSMC conductor the fieldhcreasing [see Fig. 3(b)], possibly because of mixing with the
map of layer 1 is used.) The computed time evolution of tHeot helium being expelled at the inlet of the innermost CSMC
losses near the center of the conductors is shown in Fig. 3(a)ayers. However, in this phase of the transient viaeiations

The first thermal-hydraulic effects of the AC losses in thef the CSIC inlet mass flow rate (of the order of 1 g/s) come
CSIC strands are the heating of the conductor components &mn differences of much larger quantities (of the order of
the resulting pressurization of the SHe. A comparison betweerl00 g/s), see Fig. 4, and as such they are rather sensitive to
computed and measured temperatures and pressures is showrtiernal factors.
Fig. 3(b), (c), respectively. The qualitative evolution is correctly Toward the end of the ramp-up, a strong change in the slope
reproduced by the code, although the “final” values are soma-G¢ /¢ is observed (synchronous with the above-mentioned
what overestimated. The overshootgf, near the end of the overshoot inp.;,.) and backflow at the CSIC inlet is revealed

— Exp. (cnt)
= = Comp. (cnt)

50 60

Pressure (Pa)

IV. RESULTS AND DISCUSSION
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ig. 5. Evolution of CSMC parameters. (a) Computed and measured inlet

Fig. 4. Evolution of the mass-flow rate. (a) Measured totals at coil inl?
emperatures. (b) Computed and measured inlet mass flow rates.

(CSV_FRT_CB40XB), at inner module (IM) inlet and at outer module (OM
inlet. (b) Computed and measured at CSIC inlet and outlet.

bythe flow meter. This change in slope is not observed in othe “[ °
similar CSIC shots with lower ramp rate (e.g., shot 250-1 ¢ s
0.4 T/s, see below, or shot 255-1 at 0.6 T/s), and can hard
be explained in terms of normal coil operation. It might be re
lated to different phenomena appearing at high ramp rate. /
the losses go to zero during the current flat t6;> ' recovers, ob—
and then decreases again because of the losses inthe CSIC a
ciated with the current dump. The outlet mass flow @fg; '
is also shown in Fig. 4(b) and quickly increases up to saturatic
of the signal.

The computed evolution off¢5'¢ and of GC5/C is also

mn out

shown in Fig. 4(b). Although most of the qualitative feature:

e

P

ss flow rate (g/s)

of the transient are recovered, one cannot claim a quantitatif / — Eﬁﬁi fi?ﬁt))
s _agm . - B = = Comp. (In, M
agreement. The compute>/“ shows an initial reduction v =" Comp. (aw)

. . . -20 L
(overestimated with respect to the experiment) due to the loss e < S
in the CSIC, then increases, as discussed above for the experi-
mental signal, until the losses in the CSIC do not prevail agaifig. 6. Shot 250-1. (a) Measured transport current scenario, and computed
Ieading to a further reduction (underestimated with respect' ses in the center of the CSIC conductor. (b) Computed and measured mass
. . . flow rates.
the experiment). We see a change in slope in the mass flow

rate reduction but far smaller than measured. The modelqualita-d th . bet 4 and ted (with
tively reproduces the dump phase of the transiéft’ /¢ com- and the comparison between measured and computed (wi

. : " i | boundary conditions, but otherwise the same
uted using experimental boundary conditions (not shown %perlmenta " I .
P g exp y ( ) nput parameters) mass flow rates is shown in Fig. 6(b). It is

qualitatively similar (also in the disagreement with the eXDEIJi on that the much lower losses during the ramo cause a much
ment) to that obtained from the full circuit model. The computed aller reduction 6E2CS1C which is 2“ e rodpced by the
GCSIC appears to strongly underestimate the measured valugy ucti in_» WHICH 1S W produ y

out . . CSIC .
and we cannot explain the curious asymmetric behavior m cg_de, without change in slop&;,;;™ increases again very

sured with respect to the inlet. strongly and somewhat unexplained, see also [10]. The strong

The measured and computed transients at the inlet of the “ér\])-et backflow due to the_ Io_sse_s during the dump is also v_veII
erage” CSMC inner layer conductor are compared in Fig. produced by the code, indicating that most of the unexplained

Both the computed’ [see Fig. 5(a)] and the computet[see e'atur_es during the ramp-up of shot 301-1 should indee_d be
Fig. 5(b)] are in qualitative agreement with the average of t eecuhar to the fa;tlB/dt. The.central temperature evolution
corresponding values, measured at the inlet of the innerm %?t shown) is a little underestimated by the code.

CSMC layers.

To assess what of the previous qualitative features may
be related to the very fast ramp rate, we have also analyzed\ detailed model for AC losses has been implemented in the
shot 251-1,a RRL test completely analogous to shot 301-M&M code and the resulting tool has been applied for the first
exceptdB/dt ~ 0.4 T/s is much slower. The correspondingime to an analysis of the most performing CSIC pulsed shot
current scenario and computed losses are shown in Fig. 6(&gld ramp-up rate~1.2 T/s, followed by a fast manual dump

V. CONCLUSION AND PERSPECTIVE
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with time constant 09 s). The main thermal-hydraulic effects [5]
of the AC losses are qualitatively reproduced by the code, while

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 13, NO. 2, JUNE 2003

guantitative agreement is very difficult to obtain particularly for
the mass flow rate. By comparison with a low&B/dt shot

it was shown that some qualitative features and difficulties for [7]
the modeling appear indeed related to the high field rate, while

G$ 51 was reproduced.

We plan to apply the same tool to the analysis of the thermal-
hydraulic effects of AC losses in the CSMC, and to the analysis[g]

of the so-called “big” quench of the CSIC.

The authors thank Y. Takahashi for several discussions arndi]
Fig. 1.
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