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Abstract. Helium refrigerators will provide the needed cooling power to the superconducting
magnets of future magnetic fusion reactors, e.g. ITER, JT-60SA, EU DEMO. Reliable
simulation tools are required to model the magnets-refrigerator coupling, in order to cope with
feedbacks affecting the overall system dynamics. Here we couple the 4C code for the analysis
of thermal-hydraulic transients in superconducting magnets with a refrigerator model
developed in Modelica. The results of the new tool are compared with experimental data from
the first phase of an ITER CSMC cool-down, from 300 K to 80 K.

1. Introduction

Historically, models for magnets, e.g. [1], [2], [3], and models for refrigerators, e.g. [4], [5], [6], have
been developed separately in the nuclear fusion community.

The 4C code [7] has followed a similar pattern, as it was originally developed to simulate thermal-
hydraulic transients in superconducting (SC) magnets, including their cooling circuits, up to the
saturated liquid He (LHe) bath used e.g. in ITER to smooth the thermal load from the magnets to the
refrigerator, which is pulsed in view of the pulsed operation intrinsic of a tokamak reactor. However, a
few years ago the development of a model for the refrigerator was started, and some preliminary but
encouraging results were presented at different conferences [8], [9].

This traditional approach of separating two strictly coupled systems on the one hand simplifies in a
significant way the problem from the computational point of view, but on the other it does not allow to
include in the models some important feedback effects, see figure 1. For instance, if we consider a
typical cool-down (CD), a general constraint applied to the maximum rate of decrease of the inlet
helium temperature is that it cannot be too fast and in particular not so fast to give rise to temperature
differences inside the magnet at any time larger than, say, 50 K in ITER [10], so that conditions
monitored on the magnets in principle affect the operation of the refrigerator. On the other hand, the
simulation of the effects of the abovementioned pulsed heat load on the refrigerator clearly also
requires a model which includes both the latter and the magnets where the pulsed heat load is coming
from, and the development of suitable control strategies for, e.g., the smoothing of the heat load to the
refrigerator [11] requires the models of the refrigerator and that of the magnets to be tightly coupled.

In this paper we present the coupled model and apply it to the simulation of an ITER Central Solenoid
(CS) Mode Coil (CSMC) CD from 300 K to 80 K, comparing the results with experimental data.

2. Model description
The model implements a transient description of the coupled magnets and refrigerator system as
shown in figure 2.
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Figure 1. (a) Typical operation during magnet CD: the maximum allowable rate of
decrease of the temperature at the magnet inlet driven by the refrigerator depends on
the maximum temperature difference on the magnet, which is limited by structural
constraints. (b) Typical operation during plasma pulses: a saturated LHe bath is used
as a thermal buffer to smooth the heat load from the magnets to the refrigerator.
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Figure 2. Sketch of the CSMC and refrigerator coupled model, developed here for the analysis of a
typical CSMC CD. (The CB40 cold box, containing the saturated LHe bath/buffer, is not used during
the CD, but is shown here nevertheless for the sake of completeness.)
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The CSMC [12] is layer-wound two-in-hand, with 36 cable-in-conduit conductors (CICC) arranged in
18 layers: 10 layers in the inner module (IM) and the remaining 8 layers in the outer module (OM). It
may host in its bore, as in the case analysed in this paper, a single-layer insert coil (IC). The IC (the
CSIC tested in 2015 [13], in the case at hand) supporting structures are also included in the model by
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selected 2D cuts and their cooling channel. Radiative/conductive heat transfer with the environment is
neglected. The details of the model can be found in [14].
The refrigerator model implements the Collins cycle, representative of most refrigerators adopted for
the cooling of SC magnets in fusion reactors. It includes a two-stage, inter- and post-cooled
compressor system, and the refrigerator cold box (CB) CB30. The latter contains a bypass valve,
several control valves (CV), one two- and one three-fluid heat exchangers, a Proportional-Integral (PI)
controller of the temperature and a Proportional-Integral-Differential (PID) controller of the pressure,
acting on CV3, both at the outlet of CB30/inlet of the CSMC, as well as inlet and outlet manifolds
providing the needed LN2 flow.
While all automatic controls have been implemented in the model, manual control actions are not
infrequent during the CSMC CD and may constitute a principle problem for the simulation. Here, e.g.,
all manual valve openings, which have been recorded, are prescribed in input in the simulation, but not
all manual control actions have been recorded.
Finally, at the interface between CB30 and the cold box CB50 (dashed square nodes in figure 2),
which contains the CSMC, the CSIC, and the structures, two equations are defined:
e p, an “effort-type” variable [15], is prescribed to be the same (on both sides of each interface);
o the algebraic sum of the dm/dt (a “flow-type” variable [15], positive when entering the
interface) must be equal to zero at each interface, in order to satisfy the mass conservation.
The third interface variable, i.e. enthalpy h (related to p and temperature T), is a “stream-type” variable
[15], which is advected from the upstream to the downstream CB.

3. Comparison of the 4C magnet and refrigerator model results with experimental data from a
CSMC cool-down from 300 K to 80 K

We present here the results of the magnet and refrigerator coupled model for the first phase of the
CSMC CD, i.e. from room temperature to 80 K. (The second phase of the CD requires to extend the
model of figure 2, including turbines and the JT valve; this further development is currently ongoing.)
Although the magnet model includes the whole CSMC and CSIC, in the presentation of the output of
the code we will focus on the CS Outer Module (CSOM), as the longer cooling channels make it more
interesting considering that hot-spots could consequently be more likely to arise during the CD.

All refrigerator components in figure 2 are characterized as prescribed in the specs, except an ad-hoc
pressure drop estimation adopted for the circuit piping, when detailed datasheets were not available.
One of the most important items in the transient analysed here is the evolution of the opening of the
control valves CV1 and CV2, which is shown in figure 3 (CV4 and CV5 are 50% open and CV6 is
100% open during the entire first phase of the CD shown here). Unfortunately, as indicated in the

figure by the symbols, the operation of these valves during the actual CD was not fully automatic,
but the operator intervened at some instants manually on CV1. Luckily enough, the corresponding
opening evolution was recorded (as opposed to the case of the manual intervention on other valves
during the same transient — see below), so that we can use this information here, prescribing an
adequate (envelope) approximation of the actual evolution as input to the model. (Note that we do not
follow all the details /spikes of the actual evolution, because the simplified, lumped parameters model
of the heat exchangers neglecting the solids thermal capacity cannot cope with the dynamic response
during very fast transients, like a very quick opening and closing of the valve [8].)

The computed evolution of the He temperature at the CSMC inlet (Ti,) and at the CSOM outlet (Tou)
are compared in figure 4 with the measured data.

The discrepancy on Ti, between computed and measured is <~ 5 K for the whole transient, whereas
Touw IS computed within +/-8 K of the measured value. Considering that the same error bar
characterizes the To. Obtained using the measured Ti, evolution as boundary condition, see again
figure 4, this confirms the accuracy of the refrigerator model. As far as the first phase of the transient
is concerned, the experimental Tou suddenly drops of few K in the very first hours, while the computed
evolution remains at the initial value until ~30 h (close to the heat transit time in the whole magnet).
The experimental anticipated decrease can be attributed to the radiative/conductive heat transfer with
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the cryostat, providing an additional cooling path not accounted for in the model. This results in an

overestimation of the Tou during the first ~50 h.
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Figure 3. Evolution of the opening of the

control valves CV1 and CV2, as resulting from

a combination of automatic and manual (“?@
symbols) controls.
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Figure 4. Comparison between computed and
measured evolution of the He temperature at the
inlet of the CSMC and at the outlet of the CSOM.
The evolution of the He temperature at the outlet
of the CSOM, computed in [14] using
experimental boundary conditions at the CSMC
boundary instead of the present coupled model, is
also shown for reference (dotted line).

The computed evolution of the He dm/dt at the CSOM inlet is compared in figure 5 with the measured
one. The agreement is good, with the measured dm/dt overestimated by a few g/s (i.e., with an error
<~ 10%), until at ~60 h the first manual intervention occurs on the CSOM outlet valve, whose
gradually increasing opening, aimed at improving the cooling, was however not recorded. That manual
intervention was thus not included in the simulation (where the valve opening is kept constant), so that
the computed dm/dt for t > ~60 h underestimates the measured one, until the end of the transient.

The last result of the new coupled model that we present here is the quantity based on which the
maximum rate of decrease of Ti, is controlled, i.e., the maximum temperature difference across the

whole CSMC, see figure 6.
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Figure 5. Comparison between computed and
measured evolution of the He dm/dt at the inlet
of the CSOM. The red symbols (“h) identify

the times of manual intervention on the CSOM
outlet valve, whose opening was not recorded.
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Figure 6. Comparison between computed and
measured evolution of the maximum temperature
difference across the whole CSMC.
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It is seen that, whereas there is a good agreement between simulation and measurement in the central
part of the transient, there is some discrepancy both at t <50 h and for t > 150 h. The former should
mainly be due to having neglected radiative/conductive heat transfer with the environment, as
mentioned above, whereas the discrepancy for t > 150 h should be mainly due to the abovementioned
discrepancy in dm/dt, see figure 5, due in turn to manual interventions not included in the model.

For the very last phase of the transient, i.e. t > 180 h, it is noted that, whereas in the experiment there
is always a non-negligible temperature difference across the CSMC, in the simulation this difference
disappears. This could be due again to having neglected radiative/conductive heat transfer with the
environment, including any background heat load on the CSMC.

4. Conclusions and perspective

A coupled magnet and refrigerator model has been developed inside the 4C code.

The results of a simulation of the ITER CSMC cool-down (CD) from 300 K to 80 K demonstrate the
accuracy of the simplified refrigerator model included in the novel coupled model.

In perspective we plan to address the second CD phase, between 80 K and 4 K, validating the model
against CSMC data. At that time, the model should be ready to be reliably applied to the development
of suitable automatic operation strategies of modern tokamaks, including not only the CD, but also
issues like the design of suitable smoothing strategies of the pulsed heat load from the
superconducting magnets to the refrigerator.
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