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Coupled Thermal-Hydraulic/Electromagnetic
Analysis and Interpretation of the Test Results of the
ITER TFPRO2 OST1 Conductor

Roberto Zanino, Fabrizio Bellina, Member, IEEE, Pier Luigi Ribani, Member, IEEE, and Laura Savoldi Richard

Abstract—The THELMA code is used to study the coupled
thermal-hydraulic electro-magnetic problem of the current and
temperature distribution inside the TFPRO2 Nb3;Sn SULTAN
sample, which was tested in 2007. The code computes self-consis-
tent voltage and temperature values both on the jacket, where they
are measured, and inside the cable, where they are more directly
representative of the conductor performance. The measured
temperature gradients, related to non-uniform Joule heating at
the joint and in the high-field region, as well as to non uniform
current distribution, are reasonably well reproduced by the model,
together with the voltage-current characteristics.

Index Terms—Fusion reactors, ITER, SULTAN samples, super-
conducting magnets.

I. INTRODUCTION

HE performance of several different Nb3Sn cable-in-con-

duit conductors (CICC) for the International Thermonu-
clear Experimental Reactor (ITER) Toroidal Field (TF) coils is
being tested in the SULTAN facility at Villigen PSI, Switzer-
land [1], using short conductor samples ~3.5 m long; a part
of these tests was specifically devoted to the EU samples
TFPRO1 and TFPRO?2 [2]. One of the test issues so far is how
the current distribution in the cable may affect the results in a
way peculiar to the SULTAN configuration rather than to the
coil; in turn, this current distribution is increasingly related to
the temperature distribution inside the cable, as the quench is
approached. The THELMA code is best suited to study this
coupled problem, as it combines an electromagnetic model
of the cable [3], including a detailed description of the jacket
[4], with a multi-solid multi-channel thermal-hydraulic model
of the CICC [5]. THELMA was validated for several types
of transients and superconducting materials in short samples
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[6]-[8]. In particular, the code computes self-consistent voltage
and temperature values both on the jacket, where they are
measured, and inside the cable, where they are more directly
representative of the conductor performance. While the cur-
rent distribution effects for the ITER TF reference conductor
sample are parametrically studied with THELMA in a com-
panion paper [9], and the left leg of TFPRO?2 is studied in [10]
from a purely electromagnetic point of view, here we concen-
trate on the right leg of TFPRO2, where a strand produced by
Oxford Superconducting Technology (called OST1) was used
[11]. The choice of this sample for our analysis is related to
the fact among others that TFPRO2 was very well diagnosed,
in terms of both temperature and voltage traces at different
locations along and across the conductor. Our aim here is to
assess the role of thermal-hydraulics on the interpretation of
the conductor test via the self-consistent computation of tem-
perature profiles along and across the conductor together with
the voltage evolution, and the comparison with experimental
results.

II. EXPERIMENTAL SETUP

TFPRO?2 is a SULTAN sample with standard configuration.
Two different short ITER TF conductor samples (legs) are con-
nected at the bottom of a vertical layout through a joint (~0.42
m long) and are electrically fed through terminations (~0.35 m
long) at the top. The dual-channel CICC has the central channel
blocked from the joint inlet up to ~1.5 m downstream.

Details about the conductor layout can be found in [1]. The
electrical diagnostics include voltage taps and voltage rings (Sj,
Sc), as shown in Fig. 1(a). The standard thermal-hydraulic diag-
nostics foreseen for the SULTAN tests [1], consisting mainly of
a set of thermometers positioned on the jacket, were enhanced
in the so-called TFPRO?2 re-test as detailed in [12] and shown
in Fig. 1(b). Of relevance here are the inlet helium temperature
Ti,, the temperature T4 measured downstream of the joint and
just (~250 mm) upstream of the SULTAN magnetic field peak,
the temperature T6 measured about one pitch length of the last
cabling stage (L,) downstream from T4, and the temperature
T8 measured ~ 1/6 Ly, further downstream. Each of these sen-
sors “Tx” has a corresponding “Txa” sensor located at the same
axial coordinate, but opposite azimuthal location.

Current sharing temperature (7¢s) and critical current (I¢)
measurements were performed during the tests, to assess the
conductor DC performance.
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Fig. 1. SULTAN electrical (a) and thermal-hydraulic (b) diagnostics for the TFPRO2 re-test (courtesy of P. Bruzzone).

Fig. 2. THELMA discretization of the TFPRO2 cross-section.

III. INPUT AND ASSUMPTIONS

Simulations in this paper are performed considering the
strands grouped in the 6 petals, which in the jargon of the
model define 6 cable elements (CE), see Fig. 2. From the
electromagnetic point of view, the jacket is discretized in 12
jacket elements [4]; from the thermal-hydraulic point of view,
6 hydraulic channels (one for each petal) + 1 Jacket, thermally
coupled through the following heat transfer coefficients (all
W/m2K), similar in value to those reported in [13]: 100,
between He and CE; 50, between He and jacket; 50, between
He in adjacent petals (advective heat transfer between them
being neglected, for the sake of simplicity). Each of the CICC
components has a different temperature in the model, which is
a function of the coordinate along the CICC and of time.

The measured inlet temperature in the right leg T, (¢) (ac-
counting for the difference between the measured inlet temper-
atures in the two legs of ~30 mK in the baseline run at 4.5 K
[12]) and transport current I (¢) are used as boundary conditions.
It should be noted that using this boundary condition for 7},

in the simulation setup amounts to neglecting heat transfer be-
tween the two legs through the joint, and this is fully justified
only if the inlet temperatures in the two legs are the same, which
is not necessarily true to the high accuracy requested here. The
analysis of a single leg therefore introduces some uncertainty
in the computed temperatures downstream of the joint. For the
run that we are considering here, the heat transfer can be esti-
mated from the raw signals as leading to an additional increase
of ~60 mK with respect to the temperatures computed by the
model downstream of the joint. In the simulation, the pressure
Pin 18 set at 10 bar, which is in the measured range, while pqt
is set such as to reproduce the measured mass flow rate of about
2.5 gfs.

Only the cable is considered in detail in the electromagnetic
model, while the joint and termination are represented by stars
of resistors; the resistance of these resistors in parallel gives the
correct (measured) value of joint and termination resistances
and their spread corresponds to the non uniformity of the elec-
tric contact between each petal and joint/termination. With ref-
erence to the CE numbering in the Figures below, we use the fol-
lowing values (all n{2) for the joint star: (4.65, 4.20, 4.77, 5.36,
5.64, 6.42), and for the termination star: (5.44, 6.50, 7.43, 8.24,
6.83, 5.38). Following the same strategy as in [10], these values
have been chosen such as to find the best fit of the voltage sig-
nals at the voltage rings Sc, Sj, and at the voltage taps V4V 10
(high field region), V1V2 (joint) and V12T (termination), see
Fig. 1(a), as well as the calorimetric agreement between com-
puted and measured temperatures at T4 and T4a (i.e., down-
stream of the joint), see below. Note that the corresponding half
resistance on the right leg side amounts to 0.83 nf2, to be com-
pared with a measured total resistance of ~ 1.3 n{2, and that
the star of resistances is a simplified (diagonalized) version of
the full resistance matrix considered in [9] as a reasonable ap-
proximation of a detailed 3D model of the joint. Note also that,
due to the wrapping of the petals, the coupling losses related to
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inter-petal current loops, i.e. the only ones which can be mod-
eled with the utilized 6 CE model, are much lower than those
related to the intra-petal current loops (not modeled).

A cable exponent n = 3.3 was determined as best fitting the
V-I characteristic across the high-field region (HFR) and L, =
450 mm was used in the simulations. The Durham scaling [14]
for the critical current density was applied and an average strain
of —0.8% was assumed in the scaling, again in order to best
fit the measured voltage signals. Other assumptions and fitting
parameter choices, strictly peculiar of the electromagnetic part
of the THELMA model (e.g., contact resistances between cable
and jacket, etc.), are discussed in [9], [10].

IV. RESULTS AND ANALYSIS

We consider here the I¢ test at 6.8 K, with 10.78 T back-
ground field, run 101005 (a repetition run, 111006, was also
performed, giving similar results). The transport current is
ramped-up almost linearly @ ~139 A/s up to ~68 kA, then
kept constant for a while and finally dumped without quench.

We start presenting the computed results corresponding to
measured quantities (e.g., voltage on the jacket, jacket temper-
atures), in order to gain confidence in the accuracy and relia-
bility of the computed results; then we move to the “predictions”
self-consistently included in the same simulation, i.e. the evolu-
tion of the current distribution and on the temperature distribu-
tion on the cable cross section.

The computed and measured voltage-current characteristics
are compared in Fig. 3. Very good agreement is obtained in the
case of the V4V10 voltage (albeit partly due to the somewhat
ad-hoc choice of the cable n index, see above). In the case of
the voltage rings we find a qualitative agreement with a com-
parable spread of the signals, some overestimation of the V' in-
crease at large I (related to the assumption of a single n index
for the whole cable) and some disagreement in the initial induc-
tive step, the latter being possibly attributable to the uncertain-
ties in reproducing the cabling scheme of the measuring system.
In Figs. 3(c), 3(d) the results of our self-consistent model (in-
cluding thermal-hydraulics) are also compared to those of a
purely electromagnetic model, which assumes the same temper-
ature (= that measured on the jacket) for all cable components on
a given cross section [10]. It is seen in the insets that some dif-
ferences appear between the two computed characteristics in the
last phase of the run; this is expected, because the Joule source
localized in the strands becomes then increasingly significant.

In Fig. 4 we compare computed jacket temperatures with
measured values at the different thermometer locations. All
measured temperatures reported here and below have been
recalibrated with respect to the raw data, based on the same
approach as presented in [12], i.e., with reference to T4, for
which the raw data are represented in the figure. Here, however,
as opposed to [12] where only the temperature increase in the
HFR was relevant, we are also interested in the absolute accu-
racy of T4 with respect to 7j,, because that is needed for the
Jjoint calorimetry. This may be roughly assessed by considering
the offset of T4 with respect to the measured inlet temperature
at 4.5 K (baseline run at zero current [12]) and amounts to ~60
mK, which, in this case, exactly compensates the correction
discussed above due to heat transfer in the joint not being
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Fig. 3. Computed vs. measured voltage-current characteristics: (a) measured
by Sc voltage ring; (b) computed on Sc voltage ring; (c) measured average (solid
curve) and computed average (dashed curves, thermal-hydraulic + electromag-
netic model, dash-dotted curves, electromagnetic model only) on Sj voltage
ring; (d) measured (solid curve) and computed (dashed curves, thermal-hy-
draulic + electromagnetic model, dash-dotted curves, electroma-gnetic model
only) between V4 and V10 voltage taps. Inset shows zoom during last phase
of transient.

accounted by the model. Note also that the thermal-hydraulic
model describes the whole jacket as isothermal on the cross
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Fig. 4. Computed (bold dashed lines) vs. measured (thin solid and dash-dotted
lines) temperature evolution at different locations. Measured inlet helium tem-
perature (crosses).

section, as seen above, so the comparison of this single com-
puted temperature with azimuthally varying measured values
is meaningful only in an averaged sense.

The qualitative features of the measured temperature evolu-
tion are as follows: from the moment when the current starts
to be ramped-up (¢ > 50-100 s), Joule heating in the joint
leads to a quadratic increase and departure from 75, of the com-
puted temperatures downstream. This AT increases until the
end of the ramp-up phase (t = teng ~ 555-560 s), after which
T4 ~ Tin + AT (tena) with a small transport lag. As soon as
a noticeable voltage starts developing (¢ > 400 s), T4 and T6
also start departing from each other, and their difference grows
nonlinearly with the VI product. Att¢ > t.,4, the difference be-
tween T6 and T4 remains approximately constant. We also note
that the spread between temperatures measured at the same axial
location increases when going from upstream (T4 =~ T4a ba-
sically anytime) to downstream (e.g., T6 and T6a) of the HFR,
thus highlighting a relatively uniform heating of the petals at the
joint vs. a somewhat more nonuniform heating in the HFR.

We see that the agreement between computed and measured
temperatures in Fig. 4 is reasonable at all axial locations, with
typical underestimation of the measured values in the range be-
tween 10-20 mK. Although we could look for a further im-
proved agreement at T4, which would then reflect also on the
other temperatures downstream, by, e.g., somewhat increasing
the resistances at the joint, this would also lead in turn to loss of
accuracy elsewhere in the simulation, as the spread of the com-
puted voltages on the rings would increase.

The computed current distribution in the 6 petals evolves ac-
cordingly, as shown in Fig. 5. It is seen that the maximum non
uniformity at the petal level reaches about 10% as critical con-
ditions are reached at ~400 s (see also below), then decreases
to ~5% at the plateau. Moreover, the computed current distribu-
tion is uniform in space along the cable (not shown), i.e., current
redistribution can occur only at the joint and/or termination [9].

The computed spatial profiles of the 6 petal temperatures and
of the jacket temperature at t = t.,q, together with the com-
puted power distribution acting along each of them, are shown
in Fig. 6. Itis seen that Joule heating in the joint and terminations
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Fig. 5. Computed evolution of the current distribution at the petal level.
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Fig. 6. Computed spatial profiles along the CICC at the end of the current
ramp-up (t = tena): (a) temperature of the petals (CE1-6) and of the jacket
(Jk); (b) corresponding distribution of the Joule power density (W/m) deposited
along the CICC in the different CICC components. In the joint and termination
regions Jk refers to the power deposited in the Cu saddle.

indeed is almost uniform (+10%). Away from the joint/termi-
nation region, the heating power V*I in the normal zone de-
pends nonlinearly on the total (SULTAN background + return
leg background + self) magnetic field, on the temperature and on
the current nonuniformity, see Fig. 6(b), and is therefore much
more non-uniform, since the twisting petals experience signif-
icant field variations. Therefore, in the HFR the resulting tem-
perature gradient computed on the cable cross section is non
negligible (~>0.1 K), i.e., much larger than the measured tem-
perature gradients on the jacket, for the above-mentioned values
of heat transfer coefficients.
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V. CONCLUSIONS

The THELMA code has been applied to the coupled thermal-
hydraulic/electromagnetic analysis of an I¢ test performed in
2007 on the right leg of the TFPRO2 Nb3Sn short sample in
the SULTAN facility within the framework of activities for the
ITER TF conductors.

The code reproduces fairly well the data measured outside the
CICC during this test, namely both the voltage-current charac-
teristic and the evolution of the temperature distribution along
the sample, although a fraction of the large set of input data
needed by THELMA is of difficult independent determination
and is used therefore as ad-hoc fitting parameters.

The code predicts at the same time the conditions inside the
CICC during this test and in particular a relatively small cur-
rent non-uniformity at the petal level (~<10%) which, as such,
should not dramatically influence the test interpretation; non-
negligible temperature differences (~>0.1 K) between different
petals on the cable cross section in the HFR.
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