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The recent experimental campaign, carried out in the upgraded SULTAN facility and supported by EUROfusion, 
investigated quench propagation in high field, sub-size HTS Cable-In-Conduit Conductors. The available 
experimental data consist of voltage, jacket and helium temperatures measured along the length of the 
conductors. In this work, the analysis of experimental data is carried out, focusing on the normal zone 
propagation velocity and the hotspot temperature reached during the quench. The validation of one-dimensional 
(1D) thermal-hydraulic and electric numerical models implemented in the H4C code is presented, showing very 
good agreement between experimental and computed results, both in terms of global and local quantities. The 
validated tool is then used to assess the impact on the hotspot measured in SULTAN and that reached in a uniform 
magnetic field configuration, showing that SULTAN measurements provide conservative assessments. The tool is 
then used to simulate a quench in a real-case scenario, i.e., the EU DEMO Central Solenoid operation, showing 
that a conventional quench detection strategy based on voltage measurements should suffice, leading to hotspot 
temperature around 250 K.
1. Introduction

The magnet system of the EU DEMO tokamak is under its concep-

tual design phase within the EUROfusion Consortium [1]. The Central 
Solenoid (CS) will be made of five modules. Two options are currently 
under investigation for the design of the CS modules. One is based on 
an ITER-like pancake-wound coil made of Nb3Sn Cable-In-Conduit Con-

ductors (CICCs). The other option is based on a hybrid layer-wound 
coil, made of High Temperature Superconducting (HTS) CICCs for the 
innermost layers (high field) and Low Temperature Superconducting 
CICCs for the outermost ones (middle-low field) [2]. The first solution 
would be more conservative, as it is based on a mature technology 
already used to build similar coils for large-scale machines, e.g. ITER 
[3] and JT-60SA [4]. The second option is less technologically mature, 
but it would be more cost-effective, enhancing the performance of the 
machine [5]. Furthermore, the research and development on HTS con-

* Corresponding author.

ductors for fusion magnets is continuously growing, as shown by the 
recent achievements of different projects worldwide, see the reviews 
[6] and [7]. Several conductor designs are relying on the CICC concept, 
such as those proposed by ENEA [8], Swiss Plasma Center [9], Karl-

sruhe Institute of Technology [10], Advanced Conductor Technology 
[11], Commonwealth Fusion Systems [12], North China Electric Power 
University [13].

One of the peculiarities of HTS conductors with respect to Low Tem-

perature Superconducting (LTS) ones is the different behavior during 
quench propagation. It is well known that the Normal Zone Propaga-

tion Velocity (NZPV) in HTS tapes is much smaller than in LTS [14], 
thus leading to a delayed quench detection, if based on voltage, in turn 
meaning a possibly more dangerous coil operation. Therefore, EUROfu-

sion has launched an experimental campaign to investigate the quench 
propagation in high field, sub-size CICCs made of HTS, for which avail-

able data are currently lacking. The quench tests should also serve as 
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Fig. 1. Sketch of the conductor diagnostics: in the center, the two conductors (R = right, L = left) are shown with the inlet and outlet sensors (T = temperature, 
p = pressure, m = mass flow) and heaters (HT). The bottom (on the left in the figure) and top (on the right in the figure) terminations are represented in red. 
In the top, normalized magnetic field distribution along the conductors. In the bottom, detailed view of the voltage taps and temperature sensors placed along the 
conductors. In the blue box, cut view of the conductor, showing that each temperature sensor location, jacket (T#-2) and helium (T#-1) temperatures are measured. 
The High Field Zone is highlighted in yellow. x = 0 is in correspondence of the helium inlet. (For interpretation of the colors in the figure(s), the reader is referred 

to the web version of this article.)

an opportunity to validate numerical models which are typically used 
for the study of this phenomenon, such as the 4C code [15] or THEA 
[16]. Several numerical studies of quench propagation in HTS conduc-

tors for fusion have been carried out, see e.g., [17], [18], but none of 
the models used therein was validated due to the lack of experimental 
data. However, code validation, i.e., the comparison of the computed 
results with experimental data, is a key step in the assessment of the 
reliability of a numerical tool [19].

The aim of the work presented here is the analysis of the data col-

lected on the conductors, the validation of a numerical tool and the 
simulation of the quench evolution in a DEMO-relevant condition, us-

ing the tool validated on the available measurements of the sub-sized 
conductor.

The numerical tool adopted to model the quench propagation is the 
H4C code [20], recently developed at Politecnico di Torino, which is 
devoted to the simulation of fast electric and/or thermal-hydraulic tran-

sients in HTS conductors.

The work is organized as follows: first the experimental setup is 
briefly described and the experimental data are analyzed, with a fo-

cus on the normal zone propagation velocity and hotspot temperature. 
Then, the numerical model development is briefly described and the 
comparison of the experimental data with the computed ones is dis-

cussed. In the last section, the application of the validated tool to a 
real-case scenario, e.g., that foreseen for the EU DEMO CS, is presented.

2. Experimental setup

The tests have been performed in SULTAN. The facility was recently 
upgraded and it can now provide a maximum current of 15 kA at 2 V 
[21]. The SULTAN sample is made of two conductors which are elec-

trically connected in series through the bottom joint. The helium is 
provided separately to each conductor, meaning that each conductor 
can be tested separately. The He inlets are placed after the joints, thus 
their influence on the He flow is automatically excluded. The conduc-

tor length is 3.6 m long and the magnetic field has a uniform length of 
about 44 cm, called High Field Zone (HFZ) as shown in Fig. 1. The ar-

rangement of the voltage taps and temperature sensors is also shown 
in Fig. 1. The conductors were equipped with voltage taps along the 
conductor axis and placed on the conductor jacket. Temperature sen-
2

sors were used to measure the temperature of the steel jacket and of 
the helium in the same cross section. The jacket temperature sensors 
are attached to the outside wall, while the helium ones are intrusive in 
the conductor [21]. All the conductors tested differ from the others for 
a single major feature. The cross section of the jacket, that of copper 
and that available to the helium were kept equal for all the conductors. 
Here we focus the analyzes on two conductors, namely the reference and 
the non-twisted conductors. They are made of 3 strands, each of which 
is made of a stack of REBCO tapes enclosed in a copper profile (total 
copper cross-section, including the tape stabilizer, 𝐴𝐶𝑢 = 150 mm2) 
and they are equal, except for the twisting of the cable and of the HTS 
stack in the strands, see [21] for further details on the conductor de-

sign. This major difference implies also a difference in the n-value of 
the conductor, see Section 3.1.1 and possibly in the thermal contact re-

sistance between strands and jacket. In the reference conductor, each 
strand is twisted with a twist pitch equal to 400 mm, then the strand 
triplet is twisted with a twist pitch equal to 1000 mm.

The test program included DC performance tests to measure the criti-

cal current I𝐶 and the current sharing temperature T𝐶𝑆 and quench tests 
in different conditions of magnetic field and current. The quench was 
always initiated by heating the helium upstream the inlet of the con-

ductors, using electric heaters, see Fig. 1. Fast, i.e., few seconds long, 
constant heat pulse, or slow, i.e., increasing and up to few minutes long 
until quench is induced, heating of the helium were tested in order to 
assess the impact of the heating mode on the quench propagation. The 
time-delay for the initiation of the current dump is based on the temper-

ature and electric field thresholds, which were different for each shot, 
in order to let the quench propagate more or less. This is further ex-

plained in the section 3.2. The list of the quench shots analyzed in this 
work, together with their key features are reported in Table 1. The mass 
flow rate in all the shots reported in Table 1 is equal to 1.5 g/s. Note 
that the fast heating for the non-twisted conductor required a shorter 
time to quench the conductor than for the reference one because of less 
stability, as discussed in section 3.2.1. In all the fast heating shot, the 
heater was charged at its maximum power (80 W).

3. Experimental results

In this section, the DC performance of the conductors, which are 
essential to prepare the input of the numerical model, as well as the 

quench results, are analyzed and discussed.
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Table 1

Quench shots with their key parameters.

Shot # Current (kA) Magnetic field (T) Heating mode Heating 
duration (s)

Non-twisted conductor

170802 15 6 Fast 15

170803 15 6 Fast 15

170804 15 6 Fast 15

170805 15 6 Fast 15

170806 15 6 Fast 15

170808 15 6 Fast 15

190804 15 6 Fast 15

190808 15 6 Slow –

190805 11* 10 Fast 15

200802 11* 10 Slow –

Reference conductor

101102 15 3.5 Fast 65

101103 15 3.5 Fast 65

101104 15 3.5 Fast 65

161101 15 3.5 Fast 65

161102 15 3.5 Fast 65

161103 15 3.5 Slow –

161104 15 3.5 Slow –

161106 15 3.5 Slow –

181101 9.5* 9 Slow –

∗Low current shots (all the others are those at high current).

3.1. DC performance

3.1.1. Critical current

The cable critical current is extracted fitting the average electric 
field measured with the voltage taps “VH” in the HFZ, see Fig. 1, as 
function of the applied current with the power law reported in Equa-

tion (1),

𝐸 =𝐸𝑜𝑓𝑓𝑠𝑒𝑡 +𝐸𝐶
(
𝐼

𝐼𝐶

)𝑛
(1)

where 𝐸𝑜𝑓𝑓𝑠𝑒𝑡 is an electric field offset, 𝐸𝐶 is the critical field equal to 
100 μV/m, 𝐼 is the transport current, 𝐼𝐶 is the critical current, 𝑛 is the n-

value of the cable, which rules the transition from the superconducting 
to the normal state. The voltage, thus the electric field, is averaged in 
each time interval when the current is constant.

The critical current is then used to compute the “effective” super-

conducting cross-section which is then used as input for the numerical 
model. The calculation is simply done according to Equation (2),

𝐴𝑆𝐶 =
𝐼𝐶

𝐽𝐶 (𝐵,𝑇 )
(2)

where 𝐴𝑆𝐶 is the cable (total) superconducting cross-section and 𝐽𝐶
is the superconductor scaling law taken from [22], 𝐵 is the magnetic 
field and 𝑇 the superconductor temperature. Below 10 K, the helium 
and jacket temperature are practically the same. The values of critical 
current and n-value are reported in Table 2.

3.1.2. Current sharing temperature

The current sharing temperature is taken as the value at which the 
electric field in the HFZ reaches 𝐸𝐶 = 100 μV/m. Also in this case, the 
VH sensors across the HFZ are considered.

When available, tests at different magnetic fields have been ana-

lyzed. This allowed a cross-check of the soundness of the scaling law 
adopted for the modeling of the samples. The values of 𝑇𝐶𝑆 measured 
with 15 kA are reported in Table 2.

3.2. Quench experiments

In this section, the analysis of the experimental results is carried 
out. Key features of the quench propagation, such as the NZPV and the 
3

hotspot temperature, are assessed.
Cryogenics 132 (2023) 103695

Table 2

DC performance of the two conductors analyzed.

Not-twisted Reference

𝐼𝐶 (kA) 13.9 (7 K, 7 T) 14.5 (5.6 K, 4 T)

𝑇𝐶𝑆 (K) 7.17 (15 kA, 6 T) 6.96 (15 kA, 3.5 T)

n-value 16.4 8.6

3.2.1. Normal zone propagation velocity

The NZPV is assessed considering the voltage measurements. The 
reason is that, in principle, the voltage signals are the most reliable for 
this estimation since they instantly react to the normal zone propaga-

tion. The alternative could be to use the temperature measurements. 
However, they typically react on the scale of seconds and such delays 
are not acceptable for the purpose of assessing the NZPV. The rationale 
followed for the estimation of the NZPV in the HFZ is the same adopted 
for the analysis of quench in LTS [23] and it is summarized below.

To fix the ideas, let us suppose that the quench starts in V5-V7, i.e., 
between voltage taps V5 and V7. Let us also focus on only one front, 
e.g., the downstream front, i.e., the front that is propagating towards 
the helium outlet. As soon as the front enters the region between V7-

V9, the voltage measured by that couple of voltage taps starts increasing 
at time t𝑉 7𝑉 9. The front travels and then enter the region between V9 
and VH3. Here a resistive voltage starts to be measured, say at t𝑉 9𝑉 𝐻3. 
Therefore, the front took Δ𝑡 = t𝑉 9𝑉 𝐻3 – t𝑉 7𝑉 9 to travel from V7 to 
V9, thus to travel Δ𝐿 = 10 cm. The average velocity in that interval 
can then be computed as 𝑁𝑍𝑃𝑉 = Δ𝐿∕Δ𝑡. From this, it is clear that 
to compute a single value of propagation speed, two couples of voltage 
taps are needed. It is also clear that the couple in which the resistive 
voltage is measured first, i.e. the portion in which the quench starts 
propagating, cannot be used to estimate the NZPV there.

The propagation of the upstream front, in case the quench starts in 
V5-V7, can be characterized with a single value of speed, i.e., that com-

puted using VH1-V5 and V3-VH1. Instead, two values of NZPV can be 
computed for the downstream front using V7-V9 with V9-VH3 and V9-

VH3 with VH3-V11. Note that the region of interest to quantify NZPV is 
the HFZ, thus V11-V13 and V1-V3 are not used for this purpose, since 
the sharp decrease of the magnetic field strongly impacts the NZPV.

Another crucial point is to define a voltage, or, equivalently, an 
average electric field, to confirm that the front has entered for the 
first time between a couple of voltage sensors. Here a threshold of 
E𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 = 1 mV/cm will be used, see Fig. 2. This threshold has been 
set high enough to exclude sensors noise and voltage increase due to 
the warm helium, which in fact causes a knee in the voltage reading at 
values ≤ 0.1 mV/cm. Furthermore, at 1 mV/cm the critical current (at 
about 70 K, as derived in the next section) is ∼100 A, thus ensuring that 
all the current is flowing in the copper, i.e. the superconductor is actu-

ally normal. A further increase of the E𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 has been verified not to 
lead to noticeable changes in the NZPV.

There are shots in which the electric field in V9-V7 crosses first 
the threshold, i.e., the quench is assumed to start propagating there, 
therefore the velocities that can be computed are those between V5-V7, 
VH1-V5 and V9-VH3. In any case, using this strategy, three values of 
NZPV can be computed, at best: two for the upstream front and one for 
the downstream front or vice-versa.

Results on selected shots for each type, i.e., fast/slow heating, 
high/low current, thus high/low copper current density J𝐶𝑢, are re-

ported in Fig. 3. Starting from the non-twisted conductor, it can be 
seen that the quench is initiated either between V5-V7 or V7-V9 in 
case of fast heating and high J𝐶𝑢, see 170802 and 170804 in Fig. 3(a). 
Nevertheless, the NZPV retrieved is similar, regardless of the exact lo-

cation where the quench starts propagating, i.e., 20-30 mm/s for the 
upstream front and 50-70 mm/s for the downstream front, see Table 3. 
This asymmetry hints the non-negligible role of the helium in facilitat-
ing the quench propagation downstream.
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Fig. 2. Evolution of the average electric field and inlet temperature during shot 
170802 (non-twisted conductor, 15 kA, 6 T, fast heating mode). The two refer-

ence values at 0.1 and 1 mV/cm are also shown.

Comparing the shots with high and low J𝐶𝑢, it is evident a smaller 
NZPV in case of lower J𝐶𝑢, see 190805 compared to 170804 or 200802 
compared to 190808. This can be explained because, in the adiabatic 
case, the NZPV is found to be directly proportional to J𝐶𝑢 [24]. There-

fore, it is expected to have a slower quench propagation in case of lower 
J𝐶𝑢. Quantitatively, this corresponds to a variation from 20-40 mm/s 
(upstream front of 170804) to 6 mm/s (upstream front of 190805) 
and to a decrease from 26-55 mm/s (upstream front of 190808) to 15-

30 mm/s (upstream front of 200802).

Concerning the heating speed, in case of a slow heating, the quench 
starts towards the end of the HFZ, because the warm helium is gradu-

ally heated also by the HFZ which is already in current sharing. This 
behavior is also discussed on the basis of the computed results in Sec-

tion 5.5. In case of a fast heating, this effect is not visible because the 
helium temperature is more peaked and it tends to induce the quench 
at (or slightly after) the magnetic center.

The effect of the heating strategy is small in case of high J𝐶𝑢 , because 
the propagation is mainly driven by the J𝐶𝑢 itself, see shot 190808 com-

pared to 170802 and 170804. On the other hand, in case of low J𝐶𝑢, a 
faster propagation is evident in case of slow heating, see shot 200802 
compared to 190805. The faster propagation is due to a more uniform 
temperature of the HFZ; thus, as soon as the quench is initiated, it can 
propagate easier because of a reduced temperature margin with respect 
to the case with a fast heating.

Note that, according to the strategy reported above, the quench 
starts sometimes between V5-V7 and some other times between V7-V9. 
However, the electric field in V5-V7 and V7-V9 is always very close and 
where the quench starts depends on E𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 . As a result, high values 
of NZPV can be found, while, on the other hand, VH1-V5 and V9-VH3, 
being always further from the initiation zone and closer to the end of 
the HFZ, lead to smaller NZPV. In any case, the strategy adopted and 
the data available lead to range of NZPV that is from 20 to 70 mm/s 
(neglecting the values found very close to the initiation region), con-

firming that the NZPV in HTS CICCs is 1-2 orders of magnitude lower 
than in LTS CICCs [23].

Concerning the reference conductor, the results in terms of quench 
front propagation for representative shots are reported in Fig. 3(b), 
while the detailed calculation of NZPV for all the analyzed shots is re-

ported in Table 4. It can be seen that the repeatability of the results on 
the reference conductor is much better than the non-twisted ones, both 
in terms of quench initiation region and in terms of values of NZPVs 
(provided the heating mode is the same).

The impact of the heating speed as well as of the value of J𝐶𝑢 is simi-

lar to that found for the non-twisted conductor: in case of slow heating, 
the quench starts close to the end of the HFZ and the propagation is 
clearly faster in the case of high J𝐶𝑢, see the comparison between shot 
4

161103 and 181101.
Cryogenics 132 (2023) 103695

Fig. 3. Evolution of the quench front propagation for different shots on (a) 
non-twisted and (b) reference conductor. The high field zone (HFZ) is shown in 
yellow. The shot parameters are reported in Table 1.

Table 3

NZPV in mm/s in the non-twisted conductor.

Shot VH1-V5 V5-V7 V7-V9 V9-VH3

170802 36.7 * 147.2 50.3

170803 23.3 51.5 * 68.2

170804 20.3 37.1 * 72.3

170805 30.3 * 135.7 46.1

170806 25.2 * 159.0 52.8

170808 21.1 42.5 * 51.9

190804 43.4 * 116.7 62.3

190808𝑎 26.1 34.9 55.2 *

190805𝑏 – – 5.9 9.5

200802𝑐 14.7 21.3 32.1 *

The asterisk is where the E𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is reached first.
𝑎 Slow heating.
𝑏 Low J𝐶𝑢 .
𝑐 Low J𝐶𝑢 , slow heating.

A first direct comparison between the two conductors can be made 
on shot 190808 and shot 161103 on the non-twisted and reference 
conductor, respectively. These shots are chosen because they were per-

formed with the same current, thus they have the same J𝐶𝑢 and, being 
induced with a slow heating, they allow to compare in both cases the 
propagation of the upstream quench front. The selected shots show that 
the upstream quench front propagates more slowly in the case of the 
reference conductor. Comparing the front speed detected with the volt-

age taps at the same locations, i.e., V5-V7 with V6-V8 and V7-V9 with 
V8-V10, see Tables 3 and 4, the front propagates with a smaller speed in 
the reference conductor than in the non-twisted. This reduced velocity 
can be explained considering that the twisting allows having regions 
with a much higher critical current with respect to the non-twisted 
case. These regions with higher critical current should tend to slow 
down the quench propagation when the front gets close to them. On the 

other hand, in the non-twisted conductor this feature is not present and 
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Table 4

NZPV in mm/s in the reference conductor.

Shot VH2-V6 V6-V8 V8-V10 V10-VH4

101102 38.0 * 75.5 63.2

101103 42.3 * 73.7 60.2

101104 36.4 * 72.2 60.6

161101 43.3 * 70.8 53.4

161102 38.2 * 74.0 54.5

161103a N.A. 21.3 30.7 *

161104a N.A. 21.0 30.7 *

161106a N.A. 11.5 30.8 *

181101b N.A. 8.20 12.6 *

The asterisk is where the E𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 is reached first.
𝑎 Slow heating.
𝑏 Low J𝐶𝑢 , slow heating.

the quench does not encounter any major perturbation in the critical 
current distribution. Nevertheless, the two conductors exhibit different 
n-values, making less straightforward the direct comparison of the two 
conductors without the aim of a numerical model.

3.3. Virtual hotspot temperature

In contrast to the LTS conductors, the HTS conductors have a not 
negligible temperature gradient in the conductor cross-section, namely 
between jacket, helium and cable, as predicted in [25] and [17]. Conse-

quently, in the experiment, not only (as usually done for LTS tests) the 
jacket temperature, but also the helium temperature is directly mea-

sured. Nevertheless, the hotspot cable temperature (namely, the copper 
and HTS stack temperature) is not measured. An experimental indica-

tion (the so-called “virtual sensor”) of the hotspot temperature in the 
cable (Tℎ𝑜𝑡𝑠𝑝𝑜𝑡), can be extracted from the voltage measurement Δ𝑉𝑎𝑏
between two generic voltage taps 𝑎 and 𝑏, following a well-established 
strategy for the LTS, see e.g. [26], solving for T𝑎𝑏 = Tℎ𝑜𝑡𝑠𝑝𝑜𝑡 the implicit 
Equation (3),

Δ𝑉𝑎𝑏 = 𝜌𝐶𝑢(𝑇𝑎𝑏)
𝐿𝑎𝑏

𝐴𝐶𝑢
⋅ 𝐼𝐶𝑢 (3)

where L𝑎𝑏 is the strand length between 𝑎 and 𝑏, assuming that, from a 
simple electrical model with two resistors in parallel (jacket and Cu), it 
is possible to estimate the current I𝐶𝑢 flowing at any time in the Cu (of 
the strands and of the Cu fraction of the HTS stacks), and assuming the 
dependence of the Cu (and steel) resistivity 𝜌𝐶𝑢 on the temperature (and 
magnetic field) is known [27]. Note that the Cu resistivity also depends 
on the residual resistivity ratio (RRR) assumed here to be 100.

This procedure is based on the assumption that: 1. the cable temper-

ature is uniform (both on the cross section and along the axis length) 
between 𝑎 and 𝑏, i.e., T(x) = T𝑎𝑏; 2. the entire length L𝑎𝑏 is normal, i.e. 
both quench fronts have already crossed both 𝑎 and 𝑏. In order to com-

pute the current repartition between cable, i.e. Cu, and jacket, it is also 
necessary to assume that the jacket and cable have the same tempera-

ture; although it is not strictly applicable, the effect of this assumption 
on the current repartition is small, because the steel resistivity relative 
variation with temperature is much smaller, in the considered range, 
than that of the Cu. While the second assumption can be guaranteed 
by the measurements, checking that the Δ𝑉 signals close to Δ𝑉𝑎𝑏 mea-

sure non-zero voltage, the first assumption needs to be confirmed by a 
reliable numerical analysis.

In order to assess the validity of this method to estimate the Tℎ𝑜𝑡𝑠𝑝𝑜𝑡 , 
the H4C simulation results reported in Section 5 are used as reference, 
thanks to the good agreement between experimental and computed re-

sults (as far as the jacket and helium temperature is concerned), after 
the proper calibration of the code (see Section 4.3). Applying the above-

mentioned methodology to the simulation results for the shot 170802, 
with special reference to the V5-V7 pair of voltage taps, the Tℎ𝑜𝑡𝑠𝑝𝑜𝑡 es-
5

timated is ∼140 K (with 0.5 kA in the jacket, 14.5 kA in the Cu).
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Fig. 4. Evolution of (a) the measured voltage and (b) of the measured tem-

perature in the region within VH1 and VH3, for the shot 170802 (non-twisted 
conductor, 15 kA, 6 T, fast heating mode). In (b) the virtual hotspot temper-

ature (VT) evaluated from a subset of the voltage measurements in (a) is also 
reported.

The evolution of the measured voltage and temperature in between 
VH1 and VH3 for shot 170802 is shown in Fig. 4. The Tℎ𝑜𝑡𝑠𝑝𝑜𝑡 evaluated 
with the virtual temperature sensor shown in Fig. 4(b) is ∼ 50-60 K 
higher than the measured helium temperature at t = 80 s, i.e., be-

fore the current dump. This comes from the comparison of the virtual 
temperatures VT5-7 and VT7-9 with the measured helium temperatures 
T5-1 and T7-1. Note that the local peak in T7-1 at t = 80 s is due to 
a response of the diagnostics to the current dump, rather than an ac-

tual fast increase in the helium temperature. The hotspot temperature 
in the cable looks then to be higher than the helium temperature, as 
expected. The Tℎ𝑜𝑡𝑠𝑝𝑜𝑡 evaluation is further cross-checked with the H4C 
simulations, see Section 5.5.

4. Numerical model

The H4C code [20] simulates an arbitrary number of thermal, fluid 
and electric one-dimensional (1D) regions, solving the heat diffusion, 
a set of Euler-like equations and a diffusion-like equation, respectively. 
The dimension on which all the equations are solved is along the con-

ductor axis, therefore the heat transfer between solid regions, e.g., the 
strands and the jacket, or between solid and fluid regions, e.g., the he-

lium and the jacket, need to be lumped in a thermal contact resistance 
or a heat transfer coefficient, respectively. Especially the first quantity, 
i.e., the thermal contact resistance at the interface between solids, is 
hard to predict or measure, therefore it is calibrated on selected exper-

imental shots of the conductor at hand. Note that the approach in the 
modeling of these conductors, i.e., 1D along the conductor axis as well 
as the need of calibration of free parameters is similar to that already 

employed with success for LTS conductors, see e.g., [23].
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Table 5

Interface parameters and constitutive laws.

Thermal contact resistance [m2 K/W]

Stack-Copper 8⋅10−5

Copper-Copper 5⋅10−3

Copper-Stainless steel 1⋅10−4 (to be calibrated)

Friction factor correlation Petukhov [28]

Nusselt number correlation Dittus-Boelter [29] (to be calibrated)

To account in perspective for asymmetries due to, e.g., defects local-

ized on a single strand, the 3 strands have been modeled separately.

The lumping strategies of the cross-section of the conductor 
sub-elements have been performed as follows: each strand is modeled

with two thermal and electric regions (HTS stack and Cu profile around 
it). Together with a thermal and electric region for the jacket, the to-

tal number of electric and thermal regions is 7. On the other hand, the 
fluid is modeled with one single region.

The interface parameters between the different regions as well as the 
constitutive laws for the fluid and for the superconductor are reported 
in Table 5 and are taken from [25], if not otherwise stated. All the 
solid thermophysical properties implemented in the model for the solids 
are temperature dependent and, in case of the copper resistivity and 
thermal conductivity, also the magnetic field dependence is taken into 
account, implementing the properties reported in [27].

4.1. Boundary conditions

The boundary conditions considered in these preliminary simula-

tions are the following (the computational domain goes from the inlet 
to the outlet of the conductor, i.e., from after the bottom joint until 
before the top joint, as shown in Fig. 1):

• Fluid model:

– Inlet temperature: the experimental T1-1. This quantity is also 
used as reference for the synchronization between experimental 
and computed results.

– Inlet and outlet pressure: such that the mass flow rate agrees 
with the measured one.

• Thermal model:

– Fixed temperature (equal to T1-1) at the inlet end.

– Zero heat flux (adiabatic) at the outlet ends.

• Current model:

– Imposed current in the stacks at conductor outlet.

– Zero current gradient, i.e., null voltage, imposed at conductor 
inlet.

4.2. Stack and cable twisting

The effect of the twisting on the critical current is taken into account 
using the approach proposed in [17]. The resulting twist-pitch has been 
computed as superposition of the two twist stages, leading to a twist 
pitch equal to 285 mm. The resulting distribution of critical current in 
the HFZ is shown in Fig. 5.

4.3. Model calibration

The rationale of the model calibration is to find the optimal value 
of free model parameters, i.e., the values that lead to the best agree-

ment between computed and experimental results on a selected shot. 
In order to assess the soundness of such calibration, the same type of 
transient is simulated keeping frozen the model parameter on another 
6

– independent with respect to the previous – shot.
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Fig. 5. Distribution of I𝐶 in the first half of the reference conductor at 9 T and 
5.7 K. The high field zone (HFZ) is shown in yellow.

4.3.1. Heat transfer coefficient

One of the free model parameters is the heat transfer coefficient be-

tween helium and Cu strand and between helium and jacket. It is a free 
parameter since it is still not measured on this geometry and/or it would 
require a dedicated analyzes, such as Computational Fluid Dynamics.

Thus, the rationale here is to find the best multiplier (M) to the 
Dittus-Boelter correlation based on the heat slug tests, i.e. tests where 
the fast heating was not strong enough to induce a quench.

The parametric study has been performed on one of the fast heating 
of shot 170802, see Fig. 6. The optimal value of M is between 0.05 and 
0.1 and it is confirmed on a stronger fast heating (of the same shot), 
simulated with M = 0.06 and shown in Fig. 6(b). It is worth noticing 
that the helium and jacket temperature increases are well captured in 
the HFZ. However, the comparison with the T11-1 sensor (not shown) 
is not as satisfactory, especially for the helium temperature increase. 
Nevertheless, the most interesting region is the HFZ, therefore this (cal-

ibrated) model is then reliably used for the quench simulations.

4.3.2. Thermal contact resistance between strand and jacket

The other free model parameter is the thermal contact resistance 
between strand and jacket, i.e. between copper and stainless steel. The 
calibration of the thermal contact resistance (R𝑡ℎ) between the strand 
and the jacket, thus between copper and stainless-steel (Cu-SS), has 
been observed to play a major role on the quench propagation, in terms 
of speed of the voltage rise, and, in turn, of temperature rise.

It can be observed in Fig. 7 how a ∼20% variation of the R𝑡ℎ,𝐶𝑢−𝑆𝑆
affects the total voltage rise. The heat transfer coefficient corresponding 
to the R𝑡ℎ,𝐶𝑢−𝑆𝑆 investigated here spans from 4000 to 7000 W/m2/K.

The impact of R𝑡ℎ on the quench propagation is clear: the larger the 
R𝑡ℎ, the faster the voltage rise, because the heat capacity of the jacket 
is “less available” to the quenched region, which remains confined into 
the strands, therefore the temperature and voltage rise is faster.

The calibrated R𝑡ℎ,𝐶𝑢−𝑆𝑆 agrees with the order of magnitude mea-

sured in [30]. Nevertheless, in [30], a strong temperature dependence 
of R𝑡ℎ from cryogenic to room temperature is found. Therefore, the con-

stant value found in the calibration should be interpreted as an average 
value which is suitable over the temperature range span during the 
quench, i.e. 5 to 200 K. The impact of a temperature dependent R𝑡ℎ will 
be investigated in future work, because also the contribution due to the 
contact pressure is currently not known and in [30] was not measured.

5. Numerical results and comparison with the measurements

5.1. Non-twisted conductor, high J𝐶𝑢, fast heating

The soundness of the calibration of R𝑡ℎ, performed on shot 170802 
has been cross-checked on another shot with the same magnetic field 

and current and with the quench triggered by fast heating, but with a 
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Fig. 6. (a) Calibration of the multiplier (M) on the increase of temperature 
Δ𝑇 (𝑡) = 𝑇 5(𝑡) − 𝑇0 in the jacket at T5 with respect to the average temperature 
over 20 s before the slug 𝑇0 . (b) Cross-check of the calibration on a different 
slug.

Fig. 7. Comparison of the experimental (Exp.) and computed total voltage 
evolution. The latter is shown as a function of the R𝑡ℎ,𝐶𝑢−𝑆𝑆 (shot 170802 
non-twisted conductor, 15 kA, 6 T, fast heating mode). The arrow shows the 
direction of increase of 𝑅𝑡ℎ .

higher dump temperature (shot 170808), thus with a longer evolution 
of the quench.

In the simulation of 170808, all the calibrated parameters are kept 
frozen. However, a degradation of the critical current has been found 
after the quench tests. In the case of the non-twisted conductor, a 3.2% 
degradation has been found, thus it has been supposed to go from 0% 
to 3.2% linearly after each quench test. Therefore, in the simulation of 
170808, a 1% degradation of J𝐶 was considered.

The comparison of the measured and computed total voltage and 
hotspot temperature evolution is reported in Fig. 8, showing a good 
agreement over the entire transient. The computed hotspot agrees 
within 8 K with that reconstructed from the experiment, which is a very 
7

good agreement, since it corresponds to a 3% relative error, computed 
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Fig. 8. Evolution of the measured (exp.) and computed (comp.) total voltage 
(𝑉𝑡𝑜𝑡) and hotspot temperature (𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡) in shot 170808, non-twisted conductor.

as 𝑒𝑟𝑟𝑟𝑒𝑙 =
||||
𝑇𝑒𝑥𝑝−𝑇𝑐𝑜𝑚𝑝
𝑇𝑒𝑥𝑝−𝑇0

||||, where 𝑇𝑒𝑥𝑝 and 𝑇𝑐𝑜𝑚𝑝 are the measured and com-

puted maximum temperatures, respectively, and 𝑇0 is the temperature 
before the helium starts being heated. The error is computed when the 
hotspot temperature (and the voltage) are at their maximum, in order 
to have a quantification of the error when the difference is the largest 
as well as when the most interesting quantities are computed, e.g., the 
maximum hotspot temperature. Note that the “measured” hotspot tem-

perature is reconstructed from the local voltage measurement and the 
current repartition between the copper of the strands and the jacket, 
as described in Section 3.3. Furthermore, being the voltage taps very 
close, the virtual temperature is expected to be very close to the actual 
maximum temperature in the conductor, making the computed results 
even more reliable. This expectation is discussed (and confirmed) in 
Section 5.5, thanks to the computed temperature profiles.

The comparison of the local voltages and temperature is reported in 
Fig. 9. Also locally, the simulated results are in good agreement with the 
measured ones: the relative error on the voltage (where the maximum 
voltage is reached) is equal to 12% (computed as 𝑒𝑟𝑟𝑟𝑒𝑙 =

||||
𝑉𝑒𝑥𝑝−𝑉𝑐𝑜𝑚𝑝

𝑉𝑒𝑥𝑝

||||, 
where 𝑉𝑒𝑥𝑝 and 𝑉𝑐𝑜𝑚𝑝 are the measured and computed maximum volt-

ages, respectively), while the relative error on the helium and jacket 
temperature (where the maximum values are reached) are equal to 10% 
and 17%, respectively.

Note that the voltages are higher between taps V7-V9 and V9-VH3, 
meaning that the quench has started propagating on the downstream 
portion of the high field region. This is confirmed by the helium tem-

perature sensors: the highest temperature is measured by T7 rather than 
T5, however it is expected to observe a shift downstream of the maxi-

mum helium temperature with respect to that of the solids because of 
the helium flow, see Section 5.5. Also the maximum jacket temperature 
is measured in T7, see Fig. 9. The measured and computed temperatures 
in T3 have a worse agreement with respect to the other (not shown). 
This could be due to the close proximity of T3 to the conductor inlet, 
thus it is expected to be very sensitive to the boundary conditions. Nev-

ertheless, the quench never starts close to T3, thus the agreement on 
this temperature sensor is considered less important then that of the 
others.

5.2. Non-twisted conductor, low J𝐶𝑢

The other type of quench test analyzed on the non-twisted con-

ductor is at higher field and lower current, thus low J𝐶𝑢, with re-

spect to those adopted in the previous tests analyzed. Here, in shot 
200802 the high field zone reaches 10 T and the current is kept at 
11 kA (J𝐶𝑢 = 73 A/mm2), see Table 1. For comparison, the test 
analyzed in the previous section was performed at 6 T and 15 kA 

(J𝐶𝑢 = 100 A/mm2).
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Fig. 9. Evolution of the measured (exp.) and computed (comp.) local voltage 
between taps V7-V9 and V9-VH3, helium (T7-1 and T9-1) and jacket (T7-2 and 
T9-2) temperature in shot 170808, non-twisted conductor.

Fig. 10. Evolution of the measured (exp.) and computed (comp.) total voltage 
(𝑉𝑡𝑜𝑡) and hotspot temperature (𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡) in shot 200802, non-twisted conductor.

Coherently with the procedure described before, here the J𝐶 degra-

dation is assumed to be equal to 3%.

The comparison between measured and computed results is shown 
in Fig. 10. In this case, the agreement is even better than before, mean-

ing also that the scaling law adopted is well suited. The maximum 
difference in the hotspot is 2-3 K, i.e., 𝑒𝑟𝑟𝑟𝑒𝑙 = 1%.

The local voltages and temperature are compared in Fig. 11. It 
can be observed that the quenched region is shifted on the down-

stream side of the high field region, even more than the case at low 
J𝐶𝑢, since the voltage between V9-VH3 is (slightly) higher than V7-V9, 
which is in turn higher than V5-V7. The reason behind this is discussed 
in Section 5.5. Also in this case, the overall agreement is very good 
(𝑒𝑟𝑟𝑟𝑒𝑙 = 4% where the maximum local voltage is reached), except for 
the first sensors (VH1-V5 and T3-2), in which the computed results are 
slightly higher than the measured ones (in this shot the T5-1 sensor was 
not working).

The computed helium temperature in T7 is few tens of K higher than 
the measured one; however the hotspot temperature agrees very well 
with that reconstructed from the experiment. This hints that the code 
is computing the correct values of temperature, but slightly shifted in 
position with respect to the experiment. Therefore, comparing the com-

puted and measured values at the same locations lead to few tens of K of 
difference, but comparing the absolute values, such as the hotspot tem-

perature, a better agreement is found. This point is discussed further in 
Section 5.5. Nevertheless, the relative error where and when the max-

imum helium and jacket temperatures are reached, i.e. on T9, is small 
8

and it is equal to 13% and 10%, respectively.
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Fig. 11. Evolution of the measured (exp.) and computed (comp.) local voltage 
between taps V7-V9 and V9-VH3, helium (T7-1 and T9-1) and jacket (T7-2 and 
T9-2) temperature in shot 200802, non-twisted conductor.

Fig. 12. Evolution of the measured (exp.) and computed (comp.) total voltage 
(𝑉𝑡𝑜𝑡) and hotspot temperature (𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡) in shot 101102, reference conductor.

5.3. Reference conductor, high J𝐶𝑢

The results of the simulation of the shot 101102 (low field, 3.5 T, 
high current, 15 kA, thus high J𝐶𝑢 = 100 𝐴∕𝑚𝑚2) on the reference con-

ductor are presented here. In these simulations, the same parameters 
calibrated for the non-twisted conductor have been kept, even though 
is not necessary that they should be the (exactly) the same. For exam-

ple, the R𝑡ℎ,𝐶𝑢−𝑆𝑆 is a function of the applied pressure at the materials 
interface and it can be slightly different since the conductors are man-

ufactured “manually”. Most likely, the R𝑡ℎ,𝐶𝑢−𝑆𝑆 is weakly dependent 
on the pressure at the interface, thus the reference conductor does not 
require a new calibration on R𝑡ℎ,𝐶𝑢−𝑆𝑆 .

The computed total voltage and hotspot temperature agree well with 
the measured ones, see Fig. 12. The hotspot temperature differs by only 
3 K (∼ 2%). Note that the total voltage signal is different with respect 
to that used in the non-twisted conductor and it saturates at 370 mV.

Computed and measured local quantities in the HFZ are reported in 
Fig. 13. Except for an overestimation of the voltage close to the inlet, 
the agreement is good, in particular in the most relevant region, which 
is around sensors T6 and V6-V8, i.e., where the maximum voltages and 
temperatures are reached, with a relative error on the voltage, helium 
and jacket temperature equal to 17%, 10% and 28%, respectively. Note 
that, in this case, the quench starts very close to the magnetic center.

5.4. Reference conductor, low J𝐶𝑢

The measured and computed results of a shot at high field (9 T) and 

low current (9.5 kA, J𝐶𝑢 = 63 A/mm2), shot 181101, is presented in 
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Fig. 13. Evolution of the measured (exp.) and computed (comp.) local voltage 
between taps V6-V8 and V8-V10, (b) helium (T6-1 and T8-1) and jacket (T6-2 
and T8-2) temperature in shot 101102, the reference conductor.

Fig. 14. Evolution of the measured (exp.) and computed (comp.) total voltage 
(𝑉𝑡𝑜𝑡) and hotspot temperature (𝑇ℎ𝑜𝑡𝑠𝑝𝑜𝑡)in shot 181101, reference conductor.

this section. In these simulations, the degradation of J𝐶 is supposed to 
be equal to 3%, according to the rationale adopted also for the non-

twisted conductor.

The total voltage and hotspot temperature are reported in Fig. 14. 
Also in this case, the agreement between measured and computed re-

sults is good. The maximum difference between measured and com-

puted hotspot temperature within 15 K (∼12%).

It is worth noting that the voltage rise in case of high field, low 
current is much slower than the case at low field, high current: in the 
high current case, it takes 10 s to go from 50 mV to 400 mV, while in 
the low current case it takes 40 s. The discussion on this topic is done 
in Section 5.5.

The comparison of the computed and measured local quantities is 
shown in Fig. 15. Also in this case the agreement is good and the dif-

ferent behavior of the quench evolution, i.e., shifted in the downstream 
portion of the high field region, is well reproduced by the model. Again, 
in this case, the voltage in the region close to the inlet is slightly over-

estimated, but still the region where the maximum voltage is reached, 
i.e., where the highest temperature is reached, is well reproduced (rela-

tive error on local voltage, helium and jacket temperature equal to 8%, 
10% and 1%, respectively).

5.5. Quench front propagation and temperature profiles

The comparison between the computed and measured quench front 
propagation is discussed here, for both non-twisted and reference con-

ductors. The position of the front in the experiment is reconstructed 
9

with the same rationale already adopted in Section 3.2.1, i.e., the front 
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Fig. 15. Evolution of the measured (exp.) and computed (comp.) local voltage 
between taps V8-V10 and V10-VH4, helium (T8-1 and T10-1) and jacket (T8-2 
and T10-2) temperature in shot 181101, reference conductor.

is assumed to be between two voltage taps when 10 mV are measured. 
Recalling that the distance between the voltage taps in the HFZ is 
10 cm, this criterion is equivalent to having an average electric field 
of 1 mV/cm. Since an average criterion is considered, the position of 
the quench front is represented as an interval 10 cm wide at the time at 
which the criterion is reached, see the green areas in Figs. 16 and 17.

The computed position of the quench front is tracked when the local

electric field reaches 1 mV/cm. Regarding the non-twisted conductor, 
the comparison of the computed and measured quench front propaga-

tion is in good agreement for both the high and low J𝐶𝑢, both in terms 
of position of the quench initiation and in terms of propagation. This 
implies also the propagation speed is well captured by the model. In-

deed, it is confirmed that, in case of high J𝐶𝑢, the quench starts close 
to the magnetic center, see Fig. 16(a), while in case of low J𝐶𝑢 it starts 
close to the downstream edge of the HFZ, see Fig. 16(b).

The numerical tool has been also used to extract the information on 
where and how the current sharing starts, i.e., tracking the position at 
which I = I𝐶 . In the case of low J𝐶𝑢 the first point where I = I𝐶 is 
at the magnetic center, x = 0.5 m, as in the case at high J𝐶𝑢, but the 
point at which the quench propagation actually starts is moved several 
cm downstream (x = 0.6 m, see Fig. 16(b)) as a consequence of the 
slow heating as well as of the less strong propagation, due to the lower 
J𝐶𝑢. It is worth noting that the time when for the first time I = I𝐶
(t = 22 s in shot 170808, t = 142 s in shot 200802), i.e., an electric 
field of 1 μV/cm, and the time at which for the first time 1 mV/cm is 
reached (t = 53 s in shot 170808, t = 390 s in shot 200802) are very 
different, i.e., the quench takes a long time to actually start propagating, 
if compared to LTS conductors, see [23]. In HTS conductors it takes few 
to several tens of seconds to go from 1 μV/cm to 1 mV/cm, while in 
LTS conductors it was found to happen on time scales smaller than 
1 s. This could be explained comparing the dependence of J𝐶 on the 
temperature: in case of typical LTS, J𝐶 decreases very fast in case of a 
temperature increase, while in HTS the J𝐶 is flatter with respect to the 
temperature.

Concerning the quench front propagation in the reference conduc-

tor, as illustrated in the Fig. 17, the impact of the twisting is clear on 
the evolution of the normal zone. Regions where the J𝐶 is higher (not 
shown in the figure) are the last where the electric field rises, while 
in the low J𝐶 regions, the electric field rises before. In both cases, i.e.,

high and low J𝐶𝑢, the computed quench front propagation intersects 
the available measured intervals. Note that the measurements tend to 
smooth the actual shape induced by the J𝐶 distribution. Nevertheless, 
the overall behavior is reproduced by the computed results. Also on this 
kind of conductor, the electric field takes several tens of seconds to go 

from 1 μV/cm to 1 mV/cm.
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Fig. 16. Computed (dashed lines) and measured (green shaded areas) quench 
front propagation in the non-twisted conductor in shot (a) 170808 and (b) 
200802. E = 1 mV/cm is the electric field chosen for both the experimental 
data (exp.) and the computed results (comp.)

Fig. 17. Computed (dashed lines) and measured (green shaded areas) quench 
front propagation in the reference conductor in shot (a) 101102 and (b) 181101. 
E = 1 mV/cm is the electric field chosen for both the experimental data (exp.) 

The temperature profiles obtained with the simulations, having as-

sessed the accuracy of the model in the previous sections, can now be 
reliably analyzed. The profiles are extracted from the simulations at the 
same total voltage (640 mV, i.e., close to the maximum voltage reached 
in case of low J𝐶𝑢) on the non-twisted conductor.

The quench at high J𝐶𝑢 leads to a hotspot located close to the center 
of the HFZ, while in case of low J𝐶𝑢 it is moved towards the downstream 
end of the HFZ, see Fig. 18. This is a consequence of the previous discus-

sion on the NZPV: in case of high J𝐶𝑢, the quench propagation is faster, 
thus the helium is prevented from advecting downstream the normal 
zone. On the other hand, in case of low J𝐶𝑢, the NZPV is lower, there-

fore the helium can be heated more slowly than the case at high J𝐶𝑢 in 
the region in current sharing, pushing downstream the normal zone. Co-

herently, the largest hotspot temperature is reached in the case of lower 
NZPV, since the normal zone propagates at a lower speed, thus, looking 
at the same total voltage, the resistance (and, in turn, the temperature) 
must be higher to get the same voltage at lower current. Note that the 
strand temperature, where the maximum temperature is reached, varies 
by a few K over 10 cm. Therefore, the virtual temperature reconstructed 
from the voltage where the latter is the largest is very close to the actual 
maximum temperature, as mentioned in Section 5.2.

From Fig. 18, it can be seen that the jacket temperature reflects the 
shape of the strand temperature, thus the region at high temperature in 
the jacket (which is also measured) is also the high temperature region 
of the strands. On the other hand, it is shown that the helium advection 
is clear and the helium temperature profile is shifted downstream by 
20 cm in both cases.

It is also shown that the computed results match the experimental 
measurements taken at the same time. In particular, in both cases the 
macroscopic differences are very well reproduced, i.e., wider high tem-

perature region and larger hotspot in case of low J𝐶𝑢 as well as helium 
temperature profile moved towards the outlet with respect to the strand 
and jacket temperatures. Also, the strand temperature is reproduced 
within the bands which delimit the interval over which the virtual tem-

perature is computed, i.e. the distance between adjacent voltage taps, 
confirming the reliability of the model in assessing crucial quantities 
such as the hotspot temperature as well as key behavior in such con-

ductors, e.g., the helium advection.

6. Impact of the magnetic field profile and quench initiation 
strategy

In this section, the impact on the quench propagation of different 
magnetic field profiles and initiation strategies is discussed. The interest 
comes from the need to assess how much a quench test in SULTAN 
is representative of a quench in a real conductor configuration. The 
operating condition of these conductors, i.e., that foreseen in the EU 
DEMO CS, is well approximated with a uniform magnetic field profile. 
Therefore, here we compare the results of quench simulations obtained 
with a uniform magnetic field against those coming from simulations 
with a SULTAN-like magnetic field distribution, i.e., with a short region 
at ∼uniform (maximum) magnetic field. The conductor examined here 
is the not-twisted sample. The same model, operating and boundary 
conditions discussed for the shot 170808 are used. The only difference 
is the magnetic field distribution. Note, however, that another relevant 
difference between the operating conditions expected in the CS and 
those tested in SULTAN is the margin. Indeed, in order to initiate the 
quench by warming the helium, it was needed to have a ratio I/I𝐶 close 
to 95%, while in the CS a ratio of I/I𝐶 closer to 80% is expected. The 
analysis of the quench on a conductor in the operating conditions of 
the EU DEMO CS is performed in Section 7. Here, the impact of the 
magnetic field profile only is analyzed.

It can be seen in Fig. 19(a) that the hotspot temperature grows much 
more in the case of a SULTAN-like magnetic field distribution, for the 
same total voltage. This is due to the much slower propagation induced 
10

and the computed results (comp.)
 by the peaked shape of the SULTAN field and can be observed in the 
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Fig. 18. Computed (comp, in the legend) strand, jacket and helium (He) tem-

perature profiles in the first 1.8 m of the non-twisted conductor in case of (a) 
high J𝐶𝑢 and (b) low J𝐶𝑢 at the max total voltage of 640 mV. The measured 
(exp.) temperatures of strand, jacket and helium (He) are reported as symbols. 
The measured strand temperatures are reconstructed from the voltage measure-

ments over 10 cm or 20 cm. The interval covered by each voltage tap pair is 
highlighted in green. The symbols for the strand temperature are placed in the 
midpoint of the voltage taps. The magnetic field profile is also shown in green.

quench front propagation shown in Fig. 19(b). In case of uniform mag-

netic field distribution, the quench propagates faster, thus leading to 
a smaller hotspot temperature, when the same total voltage is consid-

ered. This is caused, in turn, by the larger temperature margin seen 
by the quench front as it “hits” the decreasing magnetic field in case of 
the SULTAN-like distribution. Furthermore, in case of uniform field, the 
role of the helium moving the downstream front at a higher speed than 
the upstream front can be appreciated more.

With the same two models, a different quench initiation strategy has 
been tested, i.e., a 5 cm localized heating for 200 ms, with a constant 
inlet temperature, rather than a warm helium entering the conductor. 
This test was motivated by the observation that the SULTAN field is ac-

tually uniform for 44 cm, thus we wanted to analyze whether a quench 
initiated locally at the center of the region where the SULTAN field is 
uniform would have given results closer to the uniform field case. It can 
be seen in Fig. 19(a) and (b) that the two simulation with the same SUL-

TAN field provides the very same results, independently on the quench 
initiation strategy. On the other hand, the quench induced with a local-

ized heating in the uniform field case propagates slightly slower than 
that induced warming the helium flow. This is due to the pre-heating of 
the cable after the warm helium has passed, thus reducing the margin 
to quench, which indeed propagates faster; this is clear looking at the 
upstream front in the two uniform field cases in Fig. 19(b). This in turn 
leads to slightly lower hotspot temperatures in case of quench induced 
with warm helium, see again Fig. 19(a).

These analyzes show that the impact of the shape of the field present 
in SULTAN is evident on the results of interest, e.g., the hotspot temper-

ature and quench front propagation. Nevertheless, the tests in SULTAN 
11

have allowed having
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Fig. 19. (a) Hotspot temperature as function of the total voltage and (b) quench 
front propagation for different magnetic field profiles (either uniform (𝐵𝑢𝑛𝑖𝑓𝑜𝑟𝑚) 
or that corresponding to the SULTAN one (𝐵𝑆𝑈𝐿𝑇𝐴𝑁 ), reported in Fig. 1) and 
quench initiation strategies (either warm He ingress in the conductor or with 
localized external heat deposition, 𝑙𝑜𝑐ℎ𝑒𝑎𝑡 in the legend).

• a measure of the relevant quantities in high field, high current 
conductors, which has been shown to be clearly conservative with 
respect to the uniform field case.

• a rich database over which thermal-hydraulic codes can be cal-

ibrated and validated and can then be used with the acquired 
reliability to simulate real-case scenarios. The alternative would 
be to test a long length conductor, e.g., in the bore of the CSMC in 
Naka as done for the ITER CS [26] and TF [23] Insert Coils, at a 
much higher cost. This cannot be afforded for multiple conductor 
designs as the Quench Experiment campaign in SULTAN allows.

• the possibility to test several conductors to investigate the impact 
of different feature in the design on quench propagation, allowing 
in turn to shorten the list of possible candidates to the design and 
manufacturing of a potential Insert Coil.

• showing that a non-negligible degradation is present as a conse-

quence of quench tests on which further investigation is needed to 
reach a more robust and resilient design.

Therefore these analyzes confirm the relevance of the results ob-

tained in the upgraded SULTAN facility in the Quench Experiment 
campaign.

7. Preliminary quench simulation in DEMO-relevant conditions

A recent study on the quench propagation in an HTS conductor cur-

rently proposed for the EU DEMO hybrid CS option was performed in 
[31]. The numerical model adopted in that work has been modified in 
order to take into account the information coming from the work pre-

sented here, e.g., the calibrated parameters for the helium heat transfer 
coefficient and the thermal contact resistance between copper and stain-
less steel.
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Table 6

Operating conditions and geo-

metrical parameters of the con-

ductor analyzed.

Parameter Value

Top [K] 4.5

IC(Top, Bmax) [kA] 59.7

TCS(Jop, Bmax) [K] 12.7

Hydraulic length [m] 739

ACu [mm2] 480

ASC [mm2] 1.7

ASS [mm2] 4550

AHe [mm2] 139

The quench is initiated when the current and magnetic field are the 
largest (46.25 kA and 15 T, respectively), i.e., at the end of the coil 
charge (lasting 500 s), depositing energy with a 100 ms long and 10 cm 
wide external heat deposition. The parameters of the full-scale conduc-

tor analyzed in DEMO-relevant conditions are reported in Table 6. It 
features six twisted stack strand enclosed in a copper profile (as the 
three strands of the sub-sized cable tested in SULTAN and analyzed 
here), twisted around a central copper core, see Figure 2 in [31].

The setup of the simulation is the same described in [31], e.g., only 
coupling losses are taken into account in case of magnetic field varia-

tion since hysteresis losses are currently being quantified. The voltage 
threshold considered is 0.3 V (a more conservative and realistic value 
with respect to the optimistic value targeted for the EU DEMO, i.e.,

0.1 V [32]) with a delay time, i.e., time interval after the detection and 
before the start of the current discharge, equal to 1.1 s. The current 
discharge time constant is assumed equal to 15 s.

The most relevant result is reported in Fig. 20, showing that a 
hotspot temperature of roughly 250 K is reached in the superconduc-

tor in case a 0.3 V quench threshold is considered. This implies that 
the hotspot temperature reached adopting a conventional quench detec-

tion strategy could stay below the ITER criterion of having a maximum 
hotspot temperature in the cable bundle below 250 K (which is the 
same criterion currently adopted as reference in EUROfusion [32]). The 
voltage threshold is believed to be possibly improved (reduced), thus 
reducing the hotspot. Note, however, that 250 K is still an ITER ref-

erence value, thus a threshold suitable for HTS conductors should be 
considered as soon as it will be identified. Furthermore, this prelim-

inary analysis does not include many details of the coil technology, 
such as joints, insulation etc., therefore further, more detailed analysis 
is needed to accurately extrapolate the quench behavior to the full coil. 
The result obtained here shows that a quench in such a conductor, even 
with a 0.3 V threshold (which is three times the threshold currently con-

sidered in EUROfusion for LTS magnets) does not lead to prohibitive 
hotspot temperature. This implies that a voltage-based quench detec-

tion system could still be considered as one of the possible candidates 
for quench detection in HTS coils.

It is worth highlighting that this is one of the first results concerning 
the analysis of real case scenario quench simulation carried out with a 
tool calibrated on large scale quench experiment.

8. Conclusions and lessons learnt

The analysis of the experimental data collected during the recent 
Quench Experiment campaign carried out at SULTAN on high current, 
high field sub-size HTS conductors was carried out, showing that a nor-

mal zone propagation velocity (NZPV) of tens of mm/s is reached with 
an hotspot temperature of 240 K, corresponding to a total voltage of 
more than 600 mV at a 𝐽𝐶𝑢 value of 100 A/mm2.

The comparison of the experimental results on twisted and non-

twisted conductor has shown that a slightly higher NZPV is present in 
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the non-twisted conductor.
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Fig. 20. Evolution of the hotspot temperature (black solid line and of the cur-

rent (red dashed line in the full scale EU DEMO CS conductor (hybrid option, 
layer 1).

A thermal-hydraulic and electric model implemented in the H4C 
code has been developed, calibrated and applied to the analysis of the 
quench experiments, showing that the model is able to reproduce with 
a very good agreement both global, e.g., total voltage, and local quan-

tities, e.g., local voltage and helium and jacket temperature.

The calibration process has shown the impact of parameters such 
as the thermal contact resistance between copper and stainless steel on 
the quench evolution. This confirms the relevance of the tests carried 
out, which allowed the calibration of numerical models, as well as the 
need for dedicated experiments to quantify or at least reduce the uncer-

tainties on the (many) free parameters adopted in the numerical models 
typically adopted for such analyzes.

The validated model was then used to assess the impact of the 
quench initiation strategy as well as of the magnetic field distribution, 
showing that the heating strategy in SULTAN has no effects on the main 
quantities of interest, such as the hotspot temperature. However, the 
SULTAN magnetic field, being uniform for only few tens of cm, leads 
to higher hotspot temperature than in case of uniform magnetic field. 
Nevertheless, the quench experiments were fundamental to validate the 
numerical models. For future tests, a margin closer to that expected in 
operation should be used, in order to obtain results even more repre-

sentative of a quench in the EU DEMO CS.

A preliminary projection to the EU DEMO CS full conductor quench, 
carried out with calibrated and validated H4C model, shows that, with 
a realistic quench detection threshold of 0.3 V, a hotspot temperature of 
about 250 K is reached, i.e., the ITER limit set for the maximum super-

conductor temperature to be reached during a quench, meaning that a 
conventional quench detection strategy based on voltage measurement 
could be a candidate for detecting the quench in HTS coils. On this 
point, further more detailed analysis is needed.
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