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The conceptual design of the EU DEMO reactor is currently ongoing within the EUROfusion consortium. Many
different fault transients must be considered and carefully analyzed in the design phase; one of the most
severe is the major plasma disruption (MPD), which causes several drawbacks on the magnet system. During
a disruption, the plasma current decreases extremely fast, causing a fast variation of the magnetic field, which
in turn induces an electric field. In presence of conductive materials, e.g., coil casing and vacuum vessel (VV),
the electric field induces large eddy currents which deposit power by Joule effect. The conductive regions
are tightly coupled on different timescales through the magnetic field induced by the eddy currents: the eddy
currents in the VV influence the magnetic field evolution in the TF coil casing, thus affecting the power
deposition in the latter. The aim of this work is the evaluation of the power deposited within the TF coil
casing during a major plasma disruption due to eddy currents. The power deposition has been evaluated by
means of the 3D-FOX, a finite element (FE) tool developed at Politecnico di Torino. The computed power
deposition is used as input to the thermal-hydraulic (TH) simulation, performed with the 4C code, with the

aim of assessing the erosion of the temperature margin given by MPD.

1. Introduction

The EU DEMO nuclear fusion reactor aims at providing electricity to
the grid in Europe [1]; its conceptual design is currently ongoing within
the EUROfusion consortium. In this design phase many different fault
transients must be considered to assess the robustness of the design.
Among these accident, one of the most severe is the major plasma
disruption (MPD), which may cause drawbacks on the magnet system.
During a MPD, the plasma current dumps extremely fast to zero,
causing a subsequent fast variation of the magnetic field. According
to Faraday’s law the time variation of the magnetic field is generating
an electrical field which, in turn induces eddy currents within the
conductive components (e.g. the vacuum vessel (VV) and the toroidal
field (TF) coil casing). The conductive components are coupled through
the magnetic field which is induced by the eddy currents: indeed the
VV eddy currents strongly influence the field in the TF coil casing,
thus affecting the currents there induced. The induced currents are
responsible of a consistent power deposition by Joule effect, both in
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the VV and in the TF coil casing. The latter can contribute to erode
the superconductor (SC) cable temperature margin potentially leading
the magnet to quench initiation [2]. The MPD, causing a transient
behavior of the magnetic field, induces AC losses as well. By the way
AC losses evaluation is out of the scope of this work. Indeed, the
aim of this work is computing the evolution of the power deposited
in the TF coil casing during a MPD and assessing its contribution
to the temperature margin reduction, as a complement to what is
proposed in other works in which EM behavior of the SC material is
analyzed during different transients [3,4]. Previous works dedicated
to the analysis of MPD effect from the eddy current point of view
have been performed especially for ITER. Some of them have been
dedicated to the evaluation of the mechanical loads due to Lorentz
forces [5,6], while other focused on the evaluation of Joule power
during plasma transients [7] using the CARIDDI code [8]. Differently
from [7], here the EM computation has been performed with the 3D-
FOX [9], a three dimensional finite element (FE) tool developed at
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Politecnico di Torino using FreeFem++ [10]. Similarly to the CARIDDI
code it provides accurate distribution of induced eddy current and
Joule heat deposition, but with the advantage that can be easily cou-
pled with the 4C code [11], obtaining a direct feedback on the magnet
thermal-hydraulics following the Joule power deposition. This allows
the investigation of the evolution of the coil temperature margin during
the electro-magnetic transient.

2. 3D-FOX model

For the simulation of the MPD in EU DEMO reactor three com-
ponents must be introduced within the model: the plasma, in which
the driver current is defined, the VV and the TF coil casing, in which
eddy currents are induced. Eddy currents are induced in the conducting
materials of the WP as well, but their magnitude is smaller with respect
to those induced in the TF coil casing for the concurrent effect of
the reduced material cross section (due to interturn and interlayer
insulation) and of the reduced magnetic field time derivative detected
in the WP. Indeed the magnetic field in the WP is mainly given by its
own current rather than the plasma.

2.1. Plasma model

The plasma is modeled as two concentric torus in which the two
(toroidal and poloidal) components of the current are externally im-
posed. The inner torus has major radius R = 9m and minor radius
r = 0.75m and the toroidal current component is prescribed uniform
in its radial-vertical cross section, with no poloidal component. The
external one, with an annular cross section, has the same major radius
of the inner one and minor internal radius r;, = 0.9m and minor
external radius r,, = 1.4m. The poloidal component of the plasma
current is prescribed uniform in the external torus, with no toroidal
component. The current orientation are shown in Fig. 1. To simulate the
MPD the plasma current is decreased linearly from the nominal value
to zero in # ;s pgrge = 57 ms [12,13]. The nominal plasma current values
are set to: I,,,. = 18 MA and I, ,,, = 3.6 MA. Plasma current evolution

pitor p-po
is shown in Fig. 2.

2.2. VV model

The VV is a bulky stainless steel component which has been mod-
eled on the base of the EU DEMO baseline 2017 [14], simplifying it
removing the port stubs and ducts. Actually, the latter are far away
from the plasma (and from the TF coils), and they are smaller than
the VV body, so the magnitude of the eddy currents there can be
considered negligible, as it is possible to deduce from previous similar
computations [6]. In Fig. 3 the CAD adopted for the VV FE model is
shown. The VV material is assumed to be AISI 316LN stainless steel.
The relevant material properties to be considered in the computation
are the electrical resistivity (p,;) and the magnetic permeability (u).
The magnetic permeability is considered to be equal to the vacuum one
uyy =4z 1077 H/m, while the electrical resistivity is considered to be
constant and equal to that evaluated at 330 K p,; - = 80107 Q m.

2.3. TF coil casing model

The TF coil model has been developed based on the winding pack
WP1 design proposed by SPC [15]. In the TF coil model both casing
and WP are included. The casing material is, as for the VV, AISI 316LN
stainless steel and the geometry detail is shown in Fig. 4. Also for the
TF model the magnetic permeability has been considered equal to the
vacuum one yy = 4z - 10~ H/m, while the electrical resistivity is that
of the selected stainless steel evaluated at 4.5 K: p,; 7 = 54.4-1078 Q m.
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Fig. 1. Plasma current components as defined in the 3D-FOX model. In red the inner
torus and in transparency the external torus (a). Their size is also shown (b).
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Fig. 2. Evolution of plasma current components during a MPD. The start of the
disruption is set at t =0 ms.
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Fig. 3. VV CAD adopted as input for the FE model [14]. As a reference the z axis is
shown too.
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Fig. 4. TF coil casing side view on which the poloidal segmentation for power
deposition averaging and 4C code structure model is shown (a), and the inboard (left)
and outboard (right) equatorial cross sections of the TF coil with WP details (layer
numbering and dimensions) are reported [15](b). The location of the Case Cooling
Channels (CCCs) in the casing is highlighted with red spots as well.

2.4. Overall model and meshing
To perform the overall analysis the three models have been merged

together and enclosed within a 30m radius sphere representing the
external world, required to make the magnetic field line to close. In
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Fig. 5. Global view of the three main components of the model. In magenta the plasma,
in yellow the VV and in green the TF coil.

Fig. 5 a global view of the three main component of the model (plasma,
VV and TF coil) is shown. Only one of the 16 TF coils of the EU
DEMO magnet system is included in the model since the contribution
in the field distortion given by the presence of the neighboring coils
is considered to be negligible on the scale of the simulation. Indeed,
while the current induced within the VV is of the order of that of the
plasma (~ 10MA), that induced in the casing of the TF coils is only
~ 10 kA. Therefore, being the distance between two neighboring TF
coils similar to (or even larger than) that between the coil and the VV,
the magnetic field induced in a TF coil by the eddy currents in the
casing of its neighbor is much smaller than that induced by the current
in the VV. Moreover the time scale of the eddy current evolution within
the TF coils casing is longer than that within the VV. Thus the time
derivative of the magnetic field induced in the casing of a TF coil by
the eddy currents in the casing of the neighboring magnet is much
smaller than that due to the variation of the current in the VV. Both
these considerations justify the assumptions of neglecting the effect of
neighboring TF coils with respect to the contribution given by the VV.
This choice allowed to reduce the computational cost of the simulation.
The computational mesh has been produced using the open-source
software gmsh [16] through a frontal Delaunay algorithm. The mesh
has been built including appropriate local refinement in the region of
interest in order to reduce as much as possible the computational cost
eliminating useless cells (e.g. in the external air). The most refined
region is the TF case one, to ensure accurate evaluation of the current
induced there as well as the TF case power deposition, final aim of
the work. In Fig. 6 a cross section of the computational domain shows
the different mesh refinements. The choice of the different mesh refine-
ment and of the dimension of the external sphere has been performed
based on a grid independence analysis which allowed to guarantee the
required accuracy of the results while keeping the computational cost
reasonable. The problem has been solved with the A-formulation [9]
and on the external surface of the computational domain, “far bound-
iry” boundary conditions have been imposed, namely prescribing that
Axn=0.

3. Electro-magnetic model results

The eddy currents induced within the VV and in the TF coil casing as
well as the evaluation of the power deposited within the TF coil casing
itself are discussed here.

The magnetic field variation responsible of the eddy current in-
duction is represented here by means of the evolution of the plasma
contribution to the magnetic field (B—B,, B where is the total magnetic
field and B, is the background constant magnetic field due to the
magnet transport current) at WP center on the equatorial plane (Fig. 7).
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Fig. 6. Cross section of the computational domain to highlight the different mesh
refinement.
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Fig. 7. Evolution of the plasma contribution to magnetic field at WP center on the
equatorial plane at both inboard (blue, left axis) and outboard (red, right axis).

3.1. VV eddy currents

The driver of the problem is the decrease of the two components
of the plasma current. According to Faraday’s law, in the conductive
regions, currents are induced such that the field they are generating
is opposing the variation of the driver field. This means that currents
are expected in the VV in the same directions (toroidal and poloidal)
of those of the plasma, with an orientation that should compensate the
variation of the driver magnetic field. Due to the higher magnitude of
the toroidal plasma current component, the toroidal component of the
eddy current induced within the VV is expected to be the dominant.
The expectation is reflected by the computed results. Indeed looking at
the induced VV eddy current map on the equatorial plane evaluated at
600 ms (Fig. 8) from the MPD beginning it is possible to see that the
current flow direction is the same as those of the plasma (reported in
Fig. 1).

VV eddy current distribution at 600 ms is reported in Fig. 9 in a 3D
view of the VV too, where it is possible to see how the current is mainly
flowing where the material is continuous and so the electrical resistance
reduced. Indeed, current density is strongly reduced in correspondence
of the ports.

3.2. TF coil casing eddy currents

As discussed in the previous section, the major eddy current compo-
nent is the toroidal one. Each TF coil in the EU DEMO magnet system is
electrically insulated from the neighboring, preventing the possibility
of having toroidal currents flowing from one TF to the others. For
this reason the toroidal currents which are induced within the TF coil
casing must flow in the cross section of the structure generating a
loop all around the WP. In Fig. 10 is possible to observe the eddy

Fusion Engineering and Design 196 (2023) 113987

Y

Jeddy X [A/m?]
186406 -1e+6:500000 0 500000 le+6  1.80+06
' —

Jeddy Y [A/m?]
-1.8e+06 -1e+6:500000 O 500000 le+6 1.8e+06
| i

Fig. 8. VV eddy current toroidal components on the equatorial plane after 600 ms
from the MPD beginning. The red arrows show the orientation of the current.
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Fig. 9. 3D view of the eddy current module distribution within the VV after 600 ms
from the MPD beginning.

current path within the TF coil casing right after the end of the MPD
(60 ms). A zoom on a portion of the vertical inner leg highlights the
above mentioned generation of toroidal current loop within the casing
cross section. A major external loop can be observed “wrapping” the
WP, but also a secondary loop can be seen in the nose region where
sufficient conducting material is present to close the current loop. In
the zoom it is also possible to appreciate the impact of the poloidal
component of the current which is generating this sort of spiral path
for the current. Moreover, it is possible to observe that non-negligible
differences arise between the upper and lower part of the TF coil casing,
with higher current density in the top part. This difference is given by
the non symmetric shape of the TF coil with respect to the equatorial
plane. Indeed, the bottom part is farther from the plasma (which is
centered at z = 0 and is driving the transient in these parts of the TF
coil casing) than the upper one. This dependency has been confirmed
moving down the plasma center (not shown here) and observing a more
even distribution of the current density within the TF coil casing.

Moving on in the transient, the current distribution within the TF
coil casing is evolving, showing macroscopic differences. Looking at
the same zoom on the vertical leg presented in Fig. 10 after 600 ms
of transient, it is possible to observe how the rotation direction of the
induced current loop has been reversed with respect to the end of the
plasma disruption (Fig. 11).

The reason for this change of rotation direction is given by the
evolution of the derivative of the major driver current, which for the TF
inner leg is the VV eddy current. Indeed, during the plasma disruption
the current induced within the VV is increasing, while, later on, the VV
eddy current peak is reached and it start decreasing. As a consequence
the TF coil casing eddy currents are changing rotation direction as well
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Fig. 10. Eddy current distribution induced within the TF coil casing right after the
end of MPD (60 ms after the MPD beginning).
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Fig. 11. Eddy current distribution induced within the TF coil casing after 600 ms from
MPD beginning.

as the derivative of VV eddy currents. Moreover, comparing the eddy
current distribution shown in Figs. 10 and 11, it is possible to realize
that the point at maximum current density is moving along the D-shape
of the coil. This will have an influence on the evolution of the local
power deposition, to be considered in the TH simulation.

3.3. TF coil casing power deposition

Given the electrical resistivity of the TF coil structure, the eddy
currents induced in it are depositing power by Joule effect according to
Ohm’s law. The distribution of the power deposited is strictly related
to the distribution of eddy currents induced within the casing, as it
is possible to observe from Fig. 12 where the power distribution is
recalling that of the currents reported in Fig. 11. Knowing the power
deposition distribution is possible to integrate it all over the domain,
computing the overall Joule heat deposited within the TF coil casing
during the transient. This power deposition translates into an overall
energy deposition for each coil casing of almost 0.5 MJ. This value is of
the same order of magnitude of those computed in [7]. Direct quantita-
tive comparison is impossible to be performed due to the difference in
size between the two considered geometries and to the different plasma
current evolution considered in the analysis. The evolution of the total
power is shown in Fig. 13.

The total power evolution shows an initial peak in correspondence
of the MPD event, followed by a part of the transient in which the
power decrease is slower due to the different time scales of the local
power deposition evolution in different casing points. Indeed, as shown
in Figs. 10 and 11, the maximum power density is moving along the TF
D-shape. The different time scales of the power deposition can be better
appreciated looking at the average power density computed within the
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Fig. 12. Eddy current power deposition within the TF coil casing after 600 ms from
MPD beginning.
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Fig. 13. Total power deposition evolution in the entire TF coil casing.

35 T "
—— Sector #1
30 ——Sector #2
- Sector #3
25 Sector #4
&5 Sector #5
g 20 —— Sector #6
= —— Sector #7
X~ S—
15 Sector #8
T
10
5
0 4
0 1 2 3 4

Time [s]

Fig. 14. Average power density in each of the 8 TF coil casing sectors considered in
this analysis and adopted as input to the TH simulation.

eight segments (reported in Fig. 4(a)) of the TF coil casing adopted for
the structure module of the 4C code (Fig. 14). Indeed, the segments of
the vertical leg (6 and 7) show a qualitative evolution different with
respect to the others, characterized by a delayed peak, which causes
the slow down of the integral power decrease observed in Fig. 13.
The power evolution within the vertical leg is showing this delayed
peak since it is mainly driven by the VV eddy currents and is not
influenced by the plasma, whose effect is very effectively shielded by
the innermost part of the VV.
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Fig. 15. Maximum temperature evolution in each casing sector of the TF coil.

4. TH effects of the MPD on the TF coil

The power deposited within the TF coil casing must be carefully
considered in the TH analysis, since it can lead to an erosion of the SC
temperature margin. For this reason the 4C code model of the EU DEMO
WP, developed in [17] and adapted to the selected WP configuration
(concept 1 in [18]), has been adopted for the TH simulation of the
MPD. Due to the lack of information on the other thermal loads on the
WP (e.g. AC losses), the TH model has been adopted here mainly for
the evaluation of the temperature increase of the casing and the power
transfer from casing to WP. However, the TH model is ready to perform
the complete analysis once all the heat loads will be available and
give as inputs. The computed averaged power within the 8 segments
presented in Fig. 4(a) is used as input to the 4C code as already done
in [9].

4.1. TH simulation setup

As mentioned above, the driver is the power deposition due to eddy
currents. Two additional thermal loads on the structures are considered
in this analysis, which are the conductive load coming from the gravity
support and the radiative heat load on magnet lateral surfaces. The
first is assumed to be equal to 7W [19] and localized in sector 1, the
second to 0.12 W/m? on the casing surfaces exposed to the thermal
shield [20]. From the TH point of view, the boundary conditions (BCs)
have been imposed by a simplified circuit model [17] which, thanks to
mass and energy balances, from the computed mass flows at WP and
CCCs inlet and outlet evaluates the inlet and outlet pressure values and
imposes the inlet temperature, both for WP and for the Casing Cooling
Channels (CCCs), to 4.5K. In this work it has been assumed that the
cryoplant is removing the transient heat load at the same time scale of
its extraction from the magnet by the He flow. This is not representative
of the real machine operation, which will include heat load smoothing
techniques, but these solutions have not been assessed yet for DEMO.
As a consequence these results may be used as a starting point for
the development of the above mentioned solutions, based e.g. on those
already proposed for ITER [21].

4.2. TH simulation results

The power deposited within the TF coil casing is increasing its
temperature and is partly removed by the CCCs and partly directed to
the WP, from which it is removed by the He cooling the conductors. The
casing temperature increase is monitored by means of the maximum
casing temperature in each segment and is reported in Fig. 15. From
this figure it is possible to observe that the largest temperature increase
is detected in sectors 6, 7 and 8, where there is the largest energy
deposited (despite the peak power is lower than in sectors 4 and 5 the
peak is larger and so the deposited energy). The temperature in sector 1
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Fig. 16. Power directed from TF coil casing towards the WP in each layer.

increases monotonically because there the (constant) conductive heat
load from the gravity support is deposited. This energy contribution
is predominant with respect to that provided by the induced eddy
currents. The same trend can be observed in sectors 2 and 3 as well,
which are directly in contact with sector 1 and for which the heat load
given by eddy current is low.

The power transferred to the WP from the solids is reported in
Fig. 16. It shows that the most heated layers are the first and the last,
which are in contact for their entire length with the coil casing.

This energy transfer to the WP is responsible for the SC temperature
margin erosion, together with the AC losses and WP eddy currents (that
can be computed by different models such as [22] or [3]) and other
thermal loads (e.g. nuclear heat load).

5. Conclusions and perspective

In this work the VV, TF and plasma models have been developed in
the 3D-FOX tool, such that it was possible to apply it to the computation
of eddy currents induced both in the VV and in the TF coil casing during
a MPD. The model of the VV, not included in previous 3D-FOX versions,
is fundamental for the simulation of such kind of transient since the
currents induced on it strongly influence the evolution of the magnetic
field in correspondence of the TF coil casing, thus affecting the currents
induced there. The simulation results show that the current density is
not evenly distributed along the TF coil casing and is influenced by
the plasma proximity and by the shielding effect provided by the VV
(mainly in the inner leg) Due to this shielding effect a delayed peak
in local power deposition in the inner leg is detected with respect to
the remaining part of the casing. The computed power deposition has
been used as input to the TH simulation of MPD effect in the TF coil.
From the TH analysis the casing temperature increase and the power
transferred to the WP have been computed. This power contributes
to the erosion of the SC temperature margin. However, besides heat
load due to the eddy current in the casing, other contributions should
be considered in future works to better assess the temperature margin
(e.g., AC losses, WP eddy currents and nuclear heat load in the WP).
Moreover, the final results are certainly subject to uncertainties due to
the preliminary stage of the design of the various components of the EU
DEMO reactor, but the developed model will be capable to deal with
any input update as soon as they will be available.

In perspective, the fast discharge as a consequence of the MPD is
foreseen to evaluate the impact of the overall transient foreseen in
case of an MPD. Parametric analysis on the delay time to trigger the
discharge after the MPD event can be performed to find out the optimal
shut down solution.

The introduction of periodic boundary conditions in the model for
the sake of reducing the computational cost has not been implemented
here for the current limitations in the software: it is foreseen in future
works.
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