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a  b  s  t r  a  c  t

In  the European  Fusion  Roadmap,  one  of  the  main  challenges  to be faced  is  the risk  mitigation  related  to
the  impossibility  of directly  extrapolate  to DEMO  the  divertor  solution  adopted  in ITER,  due  to  the  very
large  loads  expected.  Thus,  a satellite  experimental  facility  oriented  toward  the exploration  of  robust
divertor  solutions  for power  and particles  exhaust  and  to the  study  of  plasma-material  interaction  scaled
to  long  pulse  operation,  is  currently  being  designed.  Clearly,  design  requirements  for  this  experiment
are  quite  challenging,  to account  for the  extreme  operation  conditions,  which  shall  be  as  representative
as  possible  of  the DEMO  ones,  but in a  much  smaller  device  and  at lower  costs.  A  feasibility  assessment
has  been  carried  out  for the  fully  superconducting  magnet  system  of  the  compact  Divertor  Tokamak  Test
(DTT) facility  project.  The  overall  magnet  system  is  based  on  NbTi  and  Nb3Sn  Cable-in-Conduit  Conduc-
tors,  and  it  adopts  some  of the most  recent  developments  in  this  field.  It consists  of 18  Toroidal  Field
(TF),  6  Poloidal  Field  (PF)  and  6 Central  Solenoid  (CS)  module  coils.  In order  to  cope  with  the  machine
requirements  such  as plasma  major  and minor  radii,  magnetic  field  on  plasma  axis,  plasma  current,  and
inductive  flux  requirement,  the  Nb Sn  TF  coil is  characterized  by  a peak  field  of  11.4  T on  the conductor,
3

operating  at  46.3  kA;  the  Nb3Sn  CS  modules  are  characterized  by a peak  field  of about  13  T,  with  a  con-
ductor  operating  current  of 23  kA;  the  PF coils  are  wound  using  NbTi  conductors  operating  at a maximum
peak  field  of 4.0  T, with  operating  currents  in  the range  21  kA to  25 kA, depending  on the  PF  coil.  Profiting
of  the  compact  machine  size,  and  thus  of relatively  short  conductor  lengths,  the  TF coil  winding  pack  is
conceived  as layer  wound  and  made  of two distinct  sections,  a low-  and  a high-field  one,  employing  differ-
ent  superconductor  cross-sections,  and electrically  connected  through  an  embedded  “ENEA-type”  joint.
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The  main  features  of  the  magnet  system  are  described  here;  the  results  of  mechanical,  electrical  and
thermo-hydraulic  analyses,  which  are  discussed  here,  indicate  that  the proposed  design  fulfills  all  the
required  criteria.  In addition,  a  brief  description  of the  In-Vessel  coils  is given,  though  they  are not
superconducting,  for the  sake  of  completeness.
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. Introduction

The development of a reliable solution to manage power and
article exhaust in a tokamak reactor is considered one of the major
hallenges towards the realization of a nuclear fusion power plant
1]. The DTT (Divertor Tokamak Test) facility is being proposed in
urope, with the aim to explore different divertor configurations in
anges as representative as possible of the DEMO ones [1–3], even
f scaled to a much smaller and compact device. Results of such
ests should help to cover the gap between the solutions that will
e tested in ITER and those to be adopted in DEMO. The DTT toka-
ak  device is characterized by a plasma major radius of 2.15 m,  an

spect ratio R/a = 3.1 and a relatively high toroidal field on plasma
xis: Bplasma-axis = 6 T. Plasma scenarios are characterized by a pulse
ength of 100 s or more, with a plasma current of 6 MA,  to be
chieved with a Central Solenoid swing of 35 Vs.

Based on these requirements, the DTT magnet system which has
een conceived in order to verify the feasibility of this machine,
onsists of a set of superconducting coils, wound by Cable-In-
onduit Conductors (CICCs), constituted of the low temperature
uperconducting (SC) materials Nb3Sn (for the 18 Toroidal Field
oils and the 6 Central Solenoid modules) and NbTi (for the 6
oloidal Field coils). Also, 8 In-Vessel copper coils are foreseen, for
lasma radial and vertical stabilization and control, as well as for
agnetic control of charged particles impinging on the divertor

arget plates. The artistic sketch of Fig. 1 reports a sector of the DTT
achine, where the shape of the Toroidal Field (TF) coils and their

nter-coil structures are shown, together with the 6 Poloidal Field
PF) coils, and the plasma shape. The layout of the ports for the
ccess to the vacuum vessel, and the layout of the gravity supports

re also shown, along with a partial view of the 6 Central Solenoid
CS) modules and their support.

ig. 1. sketch of the DTT device, with the magnet system, the plasma shape and the
orts.
© 2017  Elsevier  B.V.  All  rights  reserved.

2. DTT toroidal field coil system

The Toroidal Field system consists of 18 coils, and its design is
driven by the constraints of the machine dimensions, the TF coil
outer dimensions being about 3.5 m x 5.0 m,  and of the requested
field at the plasma axis, i.e. Bplasma-axis: 6.0 T @ R = 2.15 m.  The total
current flowing in the 18 coils system is: 65 MAt.

The TF coil winding pack (WP), as shown in Fig. 2, is made
by 78 turns of Nb3Sn Cable-in-Conduit conductors, each carry-
ing an operative current Iop = 46.3 kA and cooled by a forced flow
of supercritical Helium, having an inlet temperature Tin = 4.5 K. In
order to optimize the space allocation for the stainless steel and for
the superconducting material, the winding pack is designed in a
graded solution, combining two  different Nb3Sn conductor layouts
(see Fig. 2). As computed by the 3D TOSCA

®
code, the high-field

(HF) plasma-facing section is characterized by a peak field Bpeak-HF:
11.4 T and it is wound by a rectangular conductor with 2.5 mm thick
steel jacket; on the other hand, the low-field (LF) outermost section
is subject to a maximum field Bpeak-LF: 7.6 T, and it is therefore char-
acterized by a smaller superconductor cross-section and a thicker
steel jacket, of 3.7 mm,  which is required to sustain the accumu-
lating load of the TF coil centring force. This solution allows for an
optimization of both the superconductor and the steel cross-section
in the winding pack, with respect to a solution based on pancake-
winding [4,5], as the one adopted for example in ITER. Being the
hydraulic lengths relatively short, the layer-winding solution may
be chosen so to reduce the number of internal joints, with respect
to the pancake layout.

The graded solution can be adopted by winding the TF coil in
layers, starting from the innermost module, made of 3 layers × 20
turns, and then continuously winding over it the LF section, made
of 6 layers × 8 turns. The proposed winding layout is, to the best
knowledge of the authors, quite innovative. It has been studied
in details, and did not show any major issue, as far as mechan-
ics, thermo-hydraulics and electrical insulation are concerned, as
shown in the analyses and comments reported below. The two
modules are connected by an “ENEA-type” joint [6], manufactured
in-line during the winding operation and totally embedded within
the winding pack space. This technique was already successfully
used for the manufacture of the EDIPO Nb3Sn coil [7], the NAFASSY
Nb3Sn coil [8] and, with some variations, for the ITER Central
Solenoid coils [9]. Both the HF and the LF sections are divided into
2 symmetric hydraulic paths. For the HF section, the He inlet is
placed on the innermost plasma-facing layer, at the middle length
of the conductor length, whereas for the LF it is placed on the side
of the WP  between the 3th and 4th layer. The 3 outlets are obvi-
ously placed at the joint and the 2 terminations (see Fig. 2). As can
be inferred from Fig. 1, the hydraulic and electrical connection (coil
terminations) lie on the outboard region of the coil, close to the
equatorial plane, in the space available between the two  larger PF
coils.

During winding operation, the conductor is wrapped in-line by a
1 mm thick fiberglass tape. The whole WP  will be then additionally

wrapped with 3 mm thick fiberglass. The resulting coil is subject
to the heat treatment necessary to reach the Nb3Sn reaction and
then to a Vacuum Pressure Impregnation, so to obtain a fiberglass
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Fig. 2. the DTT TF Winding Pack and casing cross-section at the inner leg (left) and outer leg (right). The 3 innermost turns are the HF sections, whereas the outermost turns
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onstitute the LF one. The arrows indicate the schematic path of the circulating cooli
he  black box the inner inter-layer embedded joint.

einforced epoxy resin. An additional gap of 5 mm is left for casing
perations (insertion of the complete and heat-treated WP  into the
S case). This gap will be filled again by fiberglass material and then
he whole coil will be subject to a second Vacuum Pressure Impreg-
ation process. In this way the TF coil will have a ground insulation
hickness of 8 mm and a 2 mm inter-turn insulation. Preliminary
alculations showed this thickness to be sufficient to face the max-
mum foreseen voltage (<3 kV), but further checks are on-going to
erify if more or different material may  be advised.

The TF coils are designed to work in wedging configuration over
heir inner straight sections to support the in-plane centring forces.
he TF casing will be actively cooled, in order to reduce the heat
ransfer to the superconductors, especially due to the neutron load
ver the stainless steel (SS). The design of the layout and positioning
f the active cooling channels in the casing has not been finalized
et, and thus they are not shown in Fig. 2.

The TF coil casing is bolted to a gravity support, which is fixed
o the cryostat base. The gravity support of each coil, enveloped in

 thermal shield, also sustains the weight of the CS modules and of
he 6 PF coils. Finally, the TF casing acts also as a base for the shelves
upporting the outer PF coils, foreseen in a suitable way  to allow
adial movements when energized (Fig. 1). The detailed design of
hese shelves has to be performed.

The main characteristics of the TF coils are summarized in

able 1.
lium (2 inlets and 3 outlets); the black circles indicate the 2 electrical terminations;

2.1. Toroidal field conductor design

The Toroidal Field conductor relies on an ITER-like Nb3Sn strand,
with 0.82 mm diameter, Cu:nonCu = 1, effective filament diameters
below 10 �m,  with a slightly enhanced critical current perfor-
mance: Ic(4.2 K, 12 T, �appl = 0) = 247 A. This choice, demonstrated
to be already achievable by the main ITER suppliers, as well as
the choice of the parameters retained for the description of the
strain sensitivity of the superconducting wire, is the same as the
one currently adopted within the EU DEMO magnets development
group [3]. The Cable-in-Conduit conductors adopted for the 2 dif-
ferent graded sections of the WP,  are characterized by a rectangular
shape with aspect ratio of 1.5 and a low Void Fraction (VF), about
26%, with the aim of optimizing the electromagnetic pressure over
the Nb3Sn strands, whose performance is affected by the strain.
The cumulative load over the conductor due to the electromag-
netic force is about 530 kN/m and 350 kN/m for the HF and LF CICC
respectively. In this sense the rectangular geometry, with the main
load component directed perpendicularly to the wide conductor
side, contributes in reducing the electromagnetic pressure over the
strands. A possible AC losses increase correspondent to this layout
has not yet been assessed, considered anyhow to be not critical for
TF coils. Differently from what done in the case of the Nb3Sn ITER
Central Solenoid CICC [10,11], where a very short twist pitch cable

configuration was  chosen to prevent cable movements during load
cycles, a so-called “long twist pitch” cable scheme is retained here
as more appropriate to obtain a homogeneous and regular distri-
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Table 1
TF Coil Main Characteristics.

# turns (1 coil) 78
HF section 3 layers × 10 turns
LF  section 6 layers × 8 turns
Ground insulation 8 mm
Inductance (1 TF coil) 41 mH
Inductance (18 TF coil system) 1.5 H
HF/LF lengths 330 m/560 m
Hydraulic lengths 165 m/280 m
Mass flow rate (18 coils) 200 g/s
Conductor length for 1 WP 890 m
Total TF conductor length 16 km
Total Nb3Sn strand length 6800 km
Total Cu strand length 9900 km
Casing material AISI 316L
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Weight of 1 TF coil 13 tons
Overall TF coil system weight 235 tons

ution of wires within the cross-section during the compaction to
he rectangular geometry [4]. This design rationale is supported by

any studies and tests performed in the past [12–16], and taking
nto account also the large experience gained in relevant projects,
ike the EDIPO [7], the HFML 45T hybrid magnet project [14], and
he DEMO project, where a rectangular, very large-size CICC has
een designed and successfully tested at the SPC laboratories in
witzerland [5].

The main characteristics of the HF and LF rectangular conduc-
ors are reported in Table 2. The two conductors are very similar
n size but, as already discussed, are characterized by a different
u/superconductor fraction, and by a different jacket thickness.
ome parameters reported in this table are discussed in the fol-
owing paragraphs.

In order to verify the required copper amount for protection in
ase of quench, a first estimation of the Hotspot temperature with

 simplified adiabatic 0D model [17] has been performed for both
onductor grades, with different discharge time constant (�discharge)
alues (ranging between 5 s to 8 s) and with a delay time con-
tant, �delay = 1 s. Materials properties have been taken from [18].
s results, the ITER criteria of having a Thotspot < 150 K with all the
aterials, can be very comfortably satisfied. For the more conser-

ative criteria, i.e. maintaining the Thotspot < 250 K considering only
opper and superconducting materials within the cables, the results
how that �discharge must be kept at 5 s (Fig. 3).
Further analyses are foreseen, to assess the final �discharge and
delay values, considering more detailed aspects linked to quench
etection and quench evolution. Anyhow, it has been calculated
hat even with a �discharge of 5 s, the single coil voltage does not

able 2
F Conductor Main Characteristics.

HF 

Outer Dimensions (before insulation) 22.1 × 32.5 mm 

Jacket material AISI 316LN
Jacket thickness 2.5 mm 

Inter-turn electrical insulation 2.0 mm (1.0 mm wrap
#  Nb3Sn strands 351 

#  Cu segregated strands 257 

Cu  and Nb3Sn Strand diameter 0.82 mm
Strand Cu:nonCu ratio 1
Steel cable wrapping thickness 0.1 mm
Void Fraction 25.9% 

Operative Current 46.3 kA
Non-Cu current density 500 A/mm2

He Inlet Temperature 4.5 K
�Tmargin (after Neutron Load) 0.8 K 

Thotspot (Cu and SC only) 245 K 

Thotspot (all materials) 104 K 

Pressure Drop 3.1 bar
Mass flow rate 3.5 g/s 
 and Design 122 (2017) 299–312

exceed 500 V and that the Vacuum Vessel is capable to withstand
a discharge of all the TF coils as fast as 1.5 s, thus leaving a large
margin from this point of view (see also [19]).

2.2. TF—1D thermo-hydraulic analysis

The thermal-hydraulic analysis of the TF winding pack aims
at determining the performance of the coil during the expected
plasma operation and it has been performed using the 4C code [20],
already successfully applied to the performance analysis of several
existing [21] and future [22–24] experiments.

2.2.1. 4C model of the DTT TF WP
The 4 parallel hydraulic channels used to cool the 2 sections of

the WP  have been modelled as 1D He flow coupled with the solids
(namely, strands ad jacket) [20]. In the present analysis, the WP
has been considered adiabatic with respect to the casing, so that the
latter has not been modelled. As represented in Fig. 4, the SHe inlets
are planned to be positioned at the bottom of the outboard leg:
cold He will be supplied to the HF conductor (hydraulic channels 3
and 4, respectively) from the plasma side of the coil and to the LF
conductor (hydraulic channels 1 and 2, respectively) from the side
of the coil.

The inter-turn (IT) and inter-layer (IL) thermal coupling between
the hydraulic channels has been taken into account, as well as the
co-current/counter-current flow in the different channels.

The boundary conditions adopted for the coolant are: constant
inlet temperature (4.5 K), inlet pressure (6 bar) and outlet pressure
(2.9 bar). The initial temperature is assumed constant and equal to
4.5 K.

The magnetic field depends on the hydraulic coordinate along
each channel [26], with a maximum effective value on the cable axis
of ∼11 T at the first layer inboard equator, and is conservatively kept
constant at the end-of-flat-top value during the whole analysis. The
nuclear heat (NH) load P [W/m]  in each turn has a distribution given
by the exponential law P(x) = 0.8 × exp(−5 × x), following the same
decay law presented in [27], where x is the radial distance in m
from the plasma side of the WP.  It is worth noticing here that a
conservative approach, i.e. a relatively high value of NH, has been
taken into account for the present study, as a detailed analysis of
the neutron load has not yet been completed.
The superconductor critical properties are the same as in [25],
and the ITER Nb3Sn scaling [28] is adopted. The modified version
of Darcy-Forchheimer friction factor correlation [29] is adopted, as
it gave satisfactory agreement with the cold tests results of the JT-

LF

22.9 × 32.5 mm

3.7 mm
 around each conductor)

150
354

25.3%

1170 A/mm2

1.0 K
268 K
81 K

2 g/s



A. Di Zenobio et al. / Fusion Engineering and Design 122 (2017) 299–312 303

Fig. 3. Hotspot calculation for DTT TF conductors during a quench, when only Cu and SC cable contents are considered; results for the HF and for the LF CICCs are shown on
the  left and on the right, respectively.

Fig. 4. Schematic representation of the positions of the SHe inlets in the D-shaped TF coil (left). Cross section of the TF WP (right) showing the 4 hydraulic channels (black
solid,  green dash-dotted, red dashed and blue solid boxes) as well as the hydraulic paths (blue solid thin lines) and the detailed view of the SHe inlets/outlets positions in
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he  WP (blue arrows). The yellow crosses and dots represent the direction of the SH
eferred  to the web  version of this article.)

0SA TF coils [30], having a conductor geometry similar to the DTT
F coils one.

The input parameters adopted for the analysis are summarized
n Table 3.

.2.2. Results
The computed results of the temperature margin are presented

n Fig. 5. Both the minimum current sharing temperature and the
aximum conductor operating temperature are located in the first

ayer of the 3rd and 4th channel, see Fig. 5(a). In particular, the for-
er  is due to the magnetic field spatial distribution, and the latter

o the radial decay of the NH load, which has its maximum value
ver the first layer. Precisely, the minimum temperature margin of

0.8 K, see the inset of Fig. 5(b), is located at x = 19.3 m from the
ydraulic inlet of the 3rd channel.

Fig. 5(b) shows that minimum temperature margin is reached
ell after the end of the flat-top, but still slightly before the end
. (For interpretation of the references to colour in this figure legend, the reader is

of the pulse, meaning that also during the ramp down a con-
siderable amount of power is deposited in the WP.  The absolute
minimum value is reached in the 3rd hydraulic channel, which
anyway behaves very similarly to the 4th. In fact, in both channels
the minimum margin is ∼0.8 K. The difference between the two is
mainly due to the asymmetry of the magnetic field, which implies
that the minimum value of the TCS is located closer to the inlet for
the 4th channel, see Fig. 5(a), where the effect of fresh He entering
the conductor is present, resulting in a slightly higher minimum
temperature margin value.

In order to assess the impact on the computed results of a lower
mass flow rate, with respect to the 3.5 g/s obtained in the 3rd and
4th channels, some parametric simulations have been performed

(not shown). Even though the temperature margin is not largely
affected by a reduction of the He flow rate, some backflow is likely
to occur for a mass flow <∼2 g/s, which would be a concern during
normal operation.
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Table 3
Input Parameters for Thermo-Hydraulic Analysis.

# turns 78
#  layers 9
HF/LF lengths [m]  330/560
HF/LF hydraulic lengths [m]  165/280
Mass flow rate in 1 coil (HF/LF) [g/s] 11 (7/4)
Current [kA] 46.3
Strand type ITER-like Nb3Sn (Jc@4.2 K; 12 T; εapplied=0) = 1125 A/mm2

Total axial strain [%] −0.5
RRR (weighted average of SC and Cu strands) 250
Inlet temperature [K] 4.5
Inlet pressure [bar] 6
Outlet pressure [bar] 2.9

Fig. 5. Spatial distribution of the conductor and current sharing temperatures in the first 

minimum temperature margin in the channels 2 and 3, together with the plasma scenari
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available everywhere. In this way a Force Density can be defined
ig. 6. Evolution of the mass flow rate in the channels 1 and 3 for the nominal case.

The modelling of the IT/IL thermal coupling is fundamental to
roperly compute the re-cooling speed of the WP,  a favourable
ondition if repeated pulses with short dwell time are envisaged.

Another relevant effect of the high NH load conservatively
dopted for the present study, with respect to e.g. the one on the
EMO TF coils [31], is the computed strong perturbation of the mass
ow rate, see Fig. 6, which at the inlet (i.e., close to the minimum
argin location in the critical channels) can be reduced to below

0% of the nominal value during the plasma burn.
Further analyses will be performed once a detailed neutron load
ill be available. Based on what has conservatively been studied so
ar, it can be stated that the TF conductor has been designed with a
ufficient temperature margin.
layer of the most critical channels 3 and 4 for the nominal case (a). Evolution of the
o considered (b).

2.3. TF—mechanical loads

2.3.1. 3D mechanical analysis
Finite element (FE) 3D analysis of the DTT TF coil system has

been performed, considering the stresses rising during the ener-
gizing of the 18 coils at their operative current. At this stage of the
project, no out-of-plane load has been introduced and the effect of
cooldown has not been considered, even if material properties have
been taken at 4.2 K. The assumed constraint conditions are: friction-
less contact at cyclic symmetry surfaces and rigid vertical gravity
support to remove lability. Based on such assumptions, an overall
3D Finite Elements model of the coil has been set-up, using a fine
mesh with 49161 parabolic tetrahedral elements and 82606 nodes.
The software tool used for stress analyses is NX Nastran 8

®
, with

the pre-post processor FEMAP 10.3
®

. For all material properties,
ITER values have been retained [32]. An homogenisation procedure
has been applied, to define the smeared material properties of the
winding pack. The adopted procedure, based on H. Berger method,
allows to retrieve the smeared properties using a representative
volume element (RVE). Imposing a deformation to this RVE it is
possible to find out the elemental stresses and then the average
stress. From the found stress and the imposed strain it is possible
to retrieve the equivalent elastic properties of the RVE.

Electromagnetic load has been evaluated by calculating with the
TOSCA

®
code the magnetic field components for an optimized data

set of more than 3000 points in the TF winding pack; this dataset
has been then interpolated using an innovative and fully validated
meshless approach, based on Radial Basis Functions (RBF) [33]. This
method allows for transforming the scattered data known at source
points, as magnetic field and current density, in point functions
and used to apply loads on a target distribution (having different
size and spacing with respect to the source).
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ig. 7. Upper: (2D model) Von Mises stresses global view (left) and stresses on co
rom  3D (left) and 2D (right) analysis.

As shown in Fig. 7(lower left), the maximum Von Mises stress
s located on the steel case structure, in the nose area, where
he TF system centring force accumulates. The maximum value is
650 MPa, and therefore not critical, even if the effect of the out-of-
lane loads is still missing within the present analysis, and will be
ritically evaluated. The maximum radial displacements computed
t the equatorial plane within this global model are: −0.34 mm and
.94 mm,  for the inner and the outer coil leg, respectively.

.3.2. 2D mechanical analysis
A detailed FE 2D model has been analysed for the inner leg at

quatorial plane, in order to check the stress in the WP  at the con-
uctor detail level, i.e. beyond the smeared properties assumption
sed within the 3D global model described in the previous para-
raph. The WP  is analysed in plane strain approximation, with a
esh of 46953 triangular parabolic elements and 95120 nodes.

oundary conditions are: cyclic symmetry at wedging, where dis-
lacements normal to the surface are suppressed, and frictionless
ontact between node pairs at WP  and casing whose displacements
ormal to the contact surface are linked. The detachment of the
P from the casing on the plasma-facing side is allowed, as can

e inferred from Fig. 7 (upper left panel), where the 2D analysis
utput is shown, in terms of deformation and global Von Mises
tresses. Peak stress values of 830 MPa, are present, but in very
mall and localized zones corresponding to the jacket inner corner
adius (Fig. 7, upper right). This is not considered a critical issue at
his stage of the design, as there is margin to reshape the conductor
orner in the safe direction.
As outcome of the mechanical analyses carried out so far, no
ajor issue is foreseen for the present TF coil design proposal. Fur-

her and more complete analyses, including out-of-plane forces and
ool-down effects, will be carried out in the near future.
r jacket (right). Lower: Von Mises stresses in the TF inner leg at equatorial plane,

2.4. TF − inductance calculation

To estimate the inductance values of the TF coil system, a 3D
magneto-static simulation study in COMSOL Multiphysics

®
envi-

ronment has been carried out. The software, using AC/DC module,
solves the magnetic fields surrounding the coils and calculates
the inductances. Geometry of this study is created in 3D space
dimension and consists of 20 domains: one plasma domain, one air
domain surrounding the TF coils and the remaining ones are coil
domains. The effects of central solenoid and poloidal field coils are
not considered in this first study. As material of TF conductors and
plasma region, they have been approximated as made of copper,
having a conductivity � = 5.998 E + 07 S*m−1 (thus with character-
istic properties at 4.2 K), and air, respectively. Each TF coil has been
modelled considering the winding pack only, as the DC  current car-
rying element, with Icoil = 3.6 MA.  The plasma current has not been
considered in the present study (Iplasma = 0).

Total magnetic energy for the 18 coils is Wm = 1.96 GJ, and the
total inductance value is calculated from the total magnetic energy
using the classic formula Wm = (1/2) * L * I2. The same applies for
one single TF coil.

In this way, the calculated self-inductance values for the single
TF coil and the whole TF coil system are:

Lcoil = 41 mH
L18coils = 1.83 H

2.5. TF—ripple

max(B�(�))−min(B�(�))
The Toroidal Field (TF) ripple is defined as
max(B�(�))+min(B�(�)) ,

where � indicates the toroidal angle; it is computed resorting to the
CARIDDI code [34,34]. For the computation, different assumptions
have been made. Two  slightly different shapes of the coil (“nominal”
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Fig. 8. TF coil contour at the outermost winding pack edge (a) with the nominal, blue em
separatrix (b). (For interpretation of the references to colour in this figure legend, the rea

Table 4
TF ripple for various cases.

Case Winding pack TF coil trace Maximum ripple

(a) Rectangular Nominal 1. 22%
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(b) Rectangular Modified 0. 74%
(c) Wedge Nominal 0. 99%
(d) Wedge Modified 0. 62%

nd “modified”, respectively) were considered during a prelimi-
ary optimization phase. The difference between the two shapes is
hown in Fig. 8(a), in terms of the outermost winding pack contour.
he “nominal” shape refers to the coil layout analysed throughout
he rest of the paper. The radial extension of the winding pack is

aintained at its value of 0.35 m but concerning its toroidal exten-
ion, either the nominal configuration is used, as shown in Fig. 2
named “wedge” winding pack configuration in the following), or

 simplified rectangular winding pack has been considered (“rect-
ngular” configuration in the following). The overall mesh of the
urrent carrying elements is reported in Fig. 8(b), together with the
eparatrix of the plasma. A total of 18 TF coils have been distributed
round the torus.

The results for various cases are reported in Table 4. Fig. 9 refers
o non-optimal case (c) of Table 4. The maximum ripple is found
n the outboard region and it varies from around 0.6% to around
.22%, depending on the considered model. For the present design,

.e. nominal coil in “wedge” condition, a maximum ripple of 0.99%
s calculated.

. DTT poloidal field coil system

The design of the whole poloidal field coil system is based on
he most conservative assumption of imposing to the conductor
he highest magnetic field and the highest current ever reached
n any of the analysed scenarios, even when these two conditions
ould not occur simultaneously.
The CS assembly consists of a stack of six solenoids (CS3U to

S3L), 4 of which (CS2U to CS2L) are characterized by an height of
.97 m,  the outermost ones CS3U and CS3L being 0.64 m in height.
pty points, and modified, red crosses, traces; the 3D mesh view with the nominal
der is referred to the web version of this article.)

Radial extension is the same for all, with inner diameter 1.34 m
and thickness 0.34 m.  Such dimensions are the best compromise
for maximizing the available magnetic flux while reducing the
required superconductor cross-section. A pre-compression struc-
ture is also foreseen for the whole CS pack.

The external poloidal field (PF) system is made of 6 independent
circular coils, with inner diameters ranging from 2.68 m (for PF1) to
8.56 m (for PF3). They are clamped to the TF coils, where also their
weight is supported.

The eight In-vessel coils (C1 to C8) are made of a single layer
of insulated copper conductor, in a size ranging from 70 × 70 mm
to 140 × 140 mm.  The coils diameters range from 2.88 m (C1) to
6.98 m (C6).

3.1. CS coil description

The DTT Central Solenoid operates at a peak field of 12.5 T, so it
relies on Nb3Sn as superconducting material. Qualitatively the CS
conductor is similar to that of the TF coil: a rectangular Cable-in-
Conduit conductor, with low void fraction, long twist pitch cable
configuration, and no cooling channel for the circulation of super-
critical helium. Considering the intrinsic ramping operation of the
CS coil, some specific features of the CICC will need to be inves-
tigated, in order to maintain the AC losses to a manageable level
(see Section 2.2 below). With respect to the CICC for the TF coil,
this will be achieved by adding steel wrappings around the last-
but-one cabling stages and/or by relaxing the strict condition on
the maximum allowed void fraction in its section. Such solutions
will however need to be verified, possibly through a design qualifi-
cation sample test, in order to better assess the trade-off between
the requirements on heat loads due to AC losses, and those of the
DC performance. The magnet is made of 6 stacked and indepen-
dent modules. Its assembly is shown in Fig. 10, and relies on upper
and lower centring systems, connected to the TF coil and providing

support against horizontal forces.

The CS weight and any net vertical force component are trans-
mitted to the TF coil structures, through gravity supports. The
magnetic hoop forces during operation are reacted internally,
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Fig. 9. TF ripple at the plasma separatrix; the points are numbe
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The main conductor features and operating conditions are sum-
marized in Table 5.

A simplified computation of the hotspot temperature reached
during a quench has been carried out, within an adiabatic 0D model
Fig. 10. DTT CS coil assembly (artistic view).

ithin the winding, by the conductor jacket. A system of flanges
nd tie plates provides the axial pre-compression to the stack of
odules.
The six modules can be energized independently, according to

lasma formation and shaping requirements. The modules will be
ancake-wound and each single pancake will be made of 15 con-
uctor turns, corresponding to a conductor unit length of about
3 m.  Each of the 4 central modules will be constituted of 420
urns, whereas the uppermost and lowermost modules (CS3U and
S3L, respectively) are made of 270 turns each. Total number of
urns in CS coil is thus 2220, and total current is 51 MAturns. Due
o this relatively short length, conductors can be wound in hexa-
ancakes, still avoiding the use of a pressure relief channel inside
he CICC. The hydraulic length of a hexa-pancake would in fact

e quite short (about 190 m),  so that the pumping load on the
ryogenic plant can be kept within small levels, with an operat-
ng mass flow rate of 1.5 g/s per cooling path. In particular, each
f the CS3U and CS3L modules will be made of 3 hexa-pancakes,
red counterclockwise, starting from outboard mid-plane.

whereas each of the CS1U, CS1L, CS2U, and CS2L modules will be
made of 4 hexa-pancakes, and two  double-pancakes at the upper
and lower extremities. The CS coil will thus be made of 60 parallel
hydraulic paths, with the 30 inlet pipes located inside the coil bore,
and for a total of 90 g/s of supercritical helium, circulating at about
6 bar inlet pressure. A separation layer of 32 mm is left between
modules, to accommodate an insulation layer and hydraulic pipes.

The overall CS system will include 24 inter-pancake joints and
12 terminations. Inter-pancake joints of the “ENEA-type” [6] shall
be manufactured in-line during winding and will be completely
embedded within the coil structures, whereas the terminal joints
will be placed in the outer coil region. As anticipated for TF, this joint
layout has been previously adopted in other projects [6,8], and it
is currently used also in the ITER CS coil [9]. Bus-bars and helium
pipes run outside the coil, within the room available between the
external CS coil surface and the TF coil surface. An artistic view of
the CS coil assembly is shown in Fig. 10: the 6 modules are identified
with different colours, for clarity.
Fig. 11. Hotspot calculation for DTT CS conductor during a quench.
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Fig. 12. Total power loss and contributions due to various mechanisms, vs. time in
the highest field pancake.

Table 5
CS Conductor Main Parameters.

Operating current 23.0 kA
Peak  magnetic field 12.5 T
Minimum Temperature Margin 1.5 K
Cumulative operating load 288 kN/m
#  Nb3Sn strands 360
#  Cu segregated strands 90
Cu and Nb3Sn Strand diameter 0.82 mm
Strand Cu:nonCu ratio 1
Non-Cu current density 242 A/mm2

He Inlet Temperature 4.5 K
Conductor outer dimensions 31.6 mm × 19.8 mm
Jacket Thickness (316LN) 2.9 mm
Cable area 353 mm2
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Table 6
Total AC losses by CS reference scenario.
Void Fraction 26%
Steel section per turn (jacket) 242.4 mm2

17]. Fig. 11 shows the result, in terms of temperature evolution
ith time, after a quench occurring at t = 0. Here the two  refer-

nce cases considered are: a) heat absorbed totally by copper and
uperconducting wires only (red curve in figure), for which the ITER
esign criterion would be: Thotspot < 250 K; b) heat absorbed by all
aterials components within the conductor, including the jacket

teel and helium (blue curve in figure), where Thotspot < 150 K should
old. For this calculation, a quench detection delay time constant:
delay = 2 s has been considered, and a coil discharge time constant:
discharge = 10 s.

As the result shows, the hotspot values are well within the ITER
eference design criteria, so that the Cu cross-section inside the
able might also be reduced in a possible future design refinement.

Further checks are on the other hand required, to verify the
S winding pack mechanical behaviour during electro-magnetic

oading, since this may  present some critical aspects.

.2. CS—AC losses

In any CS system, intrinsically operating in a variable current
ode, a critical aspect is the possibility to sustain the heat load due

o AC losses, still maintaining a sufficient temperature margin.
The assessment of the power losses generated in variable

egime, generically referred to as AC losses, is necessary to define
he requirements on the strand filament diameter, deff , and on spe-

ific conductor design features, as e.g. the presence of sub-cable
rapping of the void fraction value.

The three contributions to AC losses have been calculated: the
ysteresis losses, Qhyst , derived from the irreversible magnetization
Qhyst (kJ) Qcoup (kJ) Qeddy (J) QTOT (J)

19.1 68.5 9 87.6

due to the pinning of fluxoids arising when the external magnetic
field B is swept; the coupling losses, Qcoupl , ascribed to the coupling
currents in multi-filamentary wires and multistage cables, which
flow in the superconducting material and close through the nor-
mal  metal (where Ohmic dissipation takes place); and the eddy
current losses, Qeddy, which we  consider to take place only in the
cable jacket. For the sake of simplicity, in this model we will assume
a single effective time constant for coupling losses, thus neglecting
the actual multistage cable layout. On the contrary, Qhyst is assumed
to be independent on the rate of change of the applied field.

We assume that the system can be described in terms of isolated
cylindrical wires in transversal field and, in order to simplify the
computations, we  consider a quasi-static regime (i.e., slow varying
fields with respect to the time scale of transients) in which the inter-
nal and external field variations are related through the expression
Be = Bi + n�dBi/dt, [17,35], where Be and Bi are the external applied
field and the induction field inside the cable, respectively, whereas
i = It

Ic
, n is a geometrical factor (n = 2). We  further assume that Bi ≈ Be

and hence · Be = · Bi.
For the present study we  consider the DDT reference scenario

for the CS coils, which can be divided in 4 main phases: charge of
the coil (in 300 s), fast ramp down of the field (in 27 s), flat top (100 s
long) and final discharge of the coil (in 300 s). We  take n� = 55 ms
and deff = 5 �m as values representative for the time constant and
the filament size, respectively [18]. The overall loss results for the
CS conductor are summarized in Table 6. Coupling losses are more
than four times larger than hysteresis losses, as expected, whereas
the eddy currents on the jacket can be neglected.

These numbers appear to be within manageable levels and the
designed conductor seems to be adequate to sustain the expected
AC losses, even if a detailed thermo-hydraulic assessment of the
conductor cooling capability and AC losses requirements needs to
be carried out.

The total power loss evolution in time is reported in Fig. 12 along
with breakdown into the hysteresis, coupling and eddy current
contributions.

3.3. CS—mechanical analysis

A 2D finite element model of the CS magnet has been developed
in ANSYS

®
, to simulate the magneto-structural response of the CS

under operating conditions, taking advantage of the axial symme-
try of the structure. In this preliminary analysis, the only applied
load is represented by the Lorentz forces caused by feeding all the
modules at the maximum current simultaneously. The magnetic
field map  has been calculated by ANSYS

®
and then applied, in terms

of Lorentz forces, as a body load onto the structural mesh. For the
sake of simplicity, all materials are considered to be in elastic linear
field and isotropic. In the developed FE model, the CS modules are
considered to be perfectly bonded.

The FE analyses, reported in Fig. 13 and in Fig. 14, show that
the stress conditions are below critical values: using the Von Mises
yield criterion, the maximum stress induced in the 316LN SS jacket
is about 346 MPa  (�VM,jacket), as shown in Fig. 14, thus well below
the yield stress for 316LN, which is about 900 MPa  at 4.2 K; the
induced shear stresses into the insulation layer (�insulation) reaches

a maximum value of 9 MPa  (as shown in Fig. 13), well below the
maximum allowable for this specific material: �max.insul.=50 MPa.

From the structural point of view, under the assumptions intro-
duced to implement the model, the FE analysis performed in the
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entioned conditions give positive results, showing that no major
ssue is present. These results shall be confirmed by more detailed
nalyses, which are still on-going.

.4. PF − description

The 6 Poloidal Field (PF) coils are all constituted of NbTi CICCs,

nd operate at lower field with respect to those of ITER. Maximum
eld is on the PF6, and is 4.0 T; the lowest one is on the PF3, and

s of 2.3 T. The differences in the design of the 6 CICC constituting
he 6 coils are mainly driven by the need to find the best trade-

Fig. 13. Insulation layer induce

Fig. 14. SS jacket induce
 and Design 122 (2017) 299–312 309

off between the room availability and the requested performances.
The reference NbTi performances are those of JT-60SA strands [36],
characterized by a diameter of 0.81 mm and Cu:nonCu = 1.9. All con-
ductors are slightly rectangular, as for the TF and CS CICCs, and will
be manufactured through deformation by lamination of a round
tube, inside which the cable will be inserted.

In Table 7, a summary of the 6 Cable-in-Conduit conductor char-

acteristics is reported.

The conductors for winding the PF1 and the PF6 coils are iden-
tical. A further optimization study is required in order to decrease

d maximum shear stress.

d von Mises stress.



310 A. Di Zenobio et al. / Fusion Engineering and Design 122 (2017) 299–312

Table 7
PF Coils Conductors.

PF1 PF2 PF3 PF4 PF5 PF6

Bpeak (T) 3.7 3.0 2.4 3.4 3.9 4.0
Iop (kA) 25.2 22.6 21.2 24.7 23.0 23.3
Computed �Tmargin (Tinlet = 4.5 K) 1.6 1.9 2.3 1.9 1.5 1.6
Ext.  dimensions (mm) 29 × 32 26 × 29 24 × 35 24.5 × 33.5 26 × 28.5 29 × 32
Jacket  thickness (mm) 4 3.5 3.5 3.5 3.5 4.0
Turn  insulation thickness (mm)  1.0 1.0 1.0 1.0 1.0 1.0
NbTi  strand # 90 72 72 90 72 90
Cu  strand # 396 306 360 342 306 396
Void  Fraction (%) 32.2 35.5 36.2 34.5 33.8 32.2
Total  Conductor Length (km) 1.1 2.4 3.1 3.7 3.2 2.5
Hydraulic Length (km) 0.15 0.40 0.22 0.26 0.39 0.25

Table 8
Absolute Max currents and Magnetic fields for PF and CS.

PF1 PF2 PF3 PF4 PF5 PF6 CS3U CS2U CS1U CS1L CS2L CS3L

Bmax (T) 3.7 3.0 2.4 3.4 3.9 4.0 11.8 12.5 12.5 12.5 12.5 9.8
Imax (MAturns) 3.277 2.446 2.371 3.454 3.337 6.046 6.028 9.748 9.748 9.748 9.748 5.726

Table 9
In-Vessel Copper Coils: Geometry And Voltage/current Limits (four Quadrants).

Name R (m)  Z (m)  �R (m)  �Z  (m)  Turns Isat (kA) Vsat (V)

C1 1.44 −1.481 0.07 0.07 1 60 50
C2  1.74 −1.823 0.07 0.07 1 60 50
C3  2 −1.925 0.07 0.07 1 60 50
C4  2.18 −1.668 0.07 0.07 1 60 50
C5  3.1 −0.83 0.14 0.14 4 25 200
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C6  3.285 0.51 0.14 

C7  2.988 −1.15 0.07 

C8  2.915 1.25 0.07 

he differences among the other conductors, for the sake of costs
aving.

Due to the relatively high hydraulic lengths, despite the high
oid fraction values foreseen, the introduction of a central channel
or pressure relief, presently not foreseen, is currently under study,
n particular for the PF2-5 conductors. Further analyses, in particu-
ar to define the maximum limits for the quench behaviour and the
C losses load, are on-going to optimize the present design.

The coils will be wound in Double-Pancakes, with the He inlet
laced close to the area where the magnetic peak field is located,
hich is about at the half of the single unit length. An additional

3 mm thick glass-reinforced epoxy-resin layer for ground insula-
ion is foreseen around the windings.

The PF coils are placed into clamps fixed to the TF coil structure
hrough shelves, which will allow the radial movements linked to
heir energization.

.5. CS & PF − magnetic field analysis

The magnetic field analysis has been performed by TOSCA
®

code
or the complete PF and CS coils system. It has been calculated
or each poloidal coil at all instants of the Reference Scenario (RS)
s well as for Start-of-Flat-Top (SOF) and End-of-Flat-Top (EOF) of
lternative scenarios, like the so-called “snowflake plus” (SF + ) and
ouble Null (DN) configurations [37], to evaluate the maximum
eld for a safe design of the conductors and the winding packs. In
he model, the total operating current (MAturns) for each poloidal
eld coil is flowing in its WP  area, while plasma contribution has
een included by letting the full plasma current flow in a ring posi-

ioned at the plasma major radius.

The maximum operating magnetic field on CS (12.5T) is found
t the initial instant of the reference scenario (RS@t=0s), when the
S modules carry the maximum current.
0.14 4 25 200
0.07 1 60 50
0.07 1 60 50

At RS@t=0s, the PF6 coil presents its maximum magnetic field,
say 4T, at a current value of 4.301 MAturns, as at SOF of the Double
Null alternative configuration, when it operates at its maximum
current (6.046 MAturns). This is due to contributions of also the
other coils.

Table 8 summarizes the results.

3.6. In-vessel copper coils

The poloidal field system of DTT also includes eight in-vessel
coils made with a single layer of insulated copper conductor
(Fig. 15), in a size ranging from 70 × 70 mm to 140 × 140 mm
(Table 9):

- in-vessel coils for radial and vertical stabilization and control
- out of 6 in-vessel coil (IVC) for magnetic control of Scrape Off

Layer and strike point sweeping

In-vessel coils C5-C6 can effectively be used for plasma radial
control and vertical stabilization [38,39]. They are also used in the
breakdown phase to produce a 6 mT  vertical field. In-vessel coils C1-
C4 are capable to locally modify the magnetic field in the vicinity of
the divertor target [37–39], and are therefore fundamental in view
of the study of the divertor physics and technology which is one of
the main target of the DTT project. These internal coils will be used
for optimizing the local magnetic configuration and consequently
controlling various parameters related to the power exhaust (flux
expansion, connection length, distance between null points, etc.).
In-vessel coils C1-C4, as well as C7-C8, can also be used for plasma

wobbling or strike point sweeping (in any case no more than 4
internal coils will be fed in addition to C5-C6 during a pulse). The
calculations show that 120 kA in C1 and C3 connected in anti-series
would yield 64 mm sweeping on the outer strike point and 42 mm
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[29] M.  Lewandowska, M.  Bagnasco, Modified friction factor correlation for CICC’s
Fig. 15. In-vessel copper coils.

n the inner one. However, there are some side effects outside the
acuum vessel (e.g., 25 kAturns induced in PF6).

Optimization of frequency and currents for strike point sweep-
ng is planned in the future.

The forces on the in-vessel coils are scaled from ITER [40], where
he maximum force is 744 kN/m and the maximum current is 240
A (up to 320 kA in short transients). Since in DTT we assume 60
A, the maximum force should be reduced to 186 kN/m. Therefore, a
imit of ±4 MN  for the vertical force is taken for the coils connected
o other structures (vacuum vessel or divertor) via rails or other

eans.
The thermal analysis shows that a current limit of 60 kA is largely

ompatible with steady state operations with a proper cooling sys-
em. There is also the possibility of doubling the cross section and
he current limit with an outlet conductor temperature not exceed-
ng 150 ◦C [37].

. Conclusions

The magnet system of the DTT tokamak reactor proposal has
een designed and its main characteristics have been investigated
roving its feasibility. The 18 superconducting Toroidal Field coils
re layer wound using two grades of Nb3Sn rectangular cable-in-
onduit-conductors (CICC), with low void fraction. The high- and
ow-field CICCs operate at 46.3 kA, but in a peak field of 11.4 T and
.6 T, respectively. The 6 Central Solenoid modules are wound in
ancakes, and are also based on a rectangular Nb3Sn CICC, but
perating at 12.5 T and 23 kA. Also the PF coil system is made
f superconducting CICCs, but using NbTi wires. Operating cur-
ents and field for the 6 coils are in the range 21 kA ÷ 25 kA and
.4 T ÷ 4 T, respectively. Finally, a system of 8 resistive in-vessel
oils are designed to allow radial and vertical stabilization and
ontrol of the plasma, as well as the magnetic control close to
he divertor region. Though a more detailed study is mandatory
efore proceeding to the engineering and a possible construction
hase, the present work shows that no major issue or killing factors

ave been identified. A risk assessment, not reported in the present
aper, has been developed as well, covering all the main aspects
hat could delay the project or reduce the machine performance.

[
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