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Abstract

The EU DEMO fusion reactor, now entering in its conceptual design phase, will have to tackle several
challenges, such as the long plasma pulse duration and the exhaust of very high heat fluxes from the
plasma. The Divertor Tokamak Test (DTT) facility, a compact superconducting tokamak under
construction at ENEA Frascati, will address the power exhaust problem in DEMO by testing several
DEMO-relevant divertor solutions and operation scenarios.

The DTT superconducting coils are the subject of the analyses presented here: as the tokamak must be
very flexible to face different plasma scenarios, the design of the magnet system must be proven to be
robust. In particular, the thermal-hydraulic performance of the coils operated in pulsed mode, namely the
Central Solenoid (CS) and the Poloidal Field (PF) coils, will be analyzed. The CS is composed of 6
modules, layer-wound with Nb3Sn Cable-in-Conduit Conductors (CICCs), while the PF coils are
pancake-wound. The two PF coils closest to the machine axis are wound using Nb3Sn CICCs, while the
others adopt NbTi CICCs. All the coils are cooled by supercritical He (SHe) in forced flow.

The pulsed operation of these coils induces AC losses, eroding their temperature margin: a detailed
thermal-hydraulic model of the DTT pulsed coils is developed here using the 4C code. The model is then
applied to the simulation of the two reference plasma scenarios, a single null and a double null, computing
the minimum temperature margin. Different cooling options (single- or double-pancake) are investigated
for the PF coils, while the sensitivity to the coupling time constant value is assessed for the CS.

Abbreviations
4C code Cryogenic Circuit, Conductor and Coil code
AC Alternated Current
CiCcC Cable-in-Conduit Conductor
CS Central Solenoid
D Diameter
DN Double Null
DP Double Pancake
DPc Double Pancake cooling
DTT Divertor Tokamak Test
EoF End of Flat top




EU DEMO EUropean DEMOnstrator
HF High Field

HS Hot-Spot

ID Inner Diameter

ITIP Inter-Turn and Inter-Pancake
LF Low Field

MF Medium Field

oD Outer Diameter

PF Poloidal Field

SC SuperConducting

SHe Supercritical He

SN Single Null

SoF Start of Flat top

SP Single Pancake

SPc Single Pancake cooling
TF Toroidal Field

WP Winding Pack

1 Introduction

The ongoing design of the EUropean DEMOnstrator (EU DEMO) reactor [1] must tackle several
challenges, among which the long plasma pulse duration and the large thermal loads [2]. The power
exhaust problem asks then for a new, robust design of the divertor. This motivates the design of a satellite
fusion experiment, the Divertor Tokamak Test (DTT) facility [3]. It will be a fully superconductive
compact tokamak, very flexible in terms of plasma configurations, and will test several DEMO-relevant

divertor solutions.

The DTT construction is starting in Frascati, Italy and its magnet system is in the final design stage. The
machine will feature a plasma major radius Ro ~ 2.19 m and will reach a toroidal field on the plasma axis

of ~6 T, with a plasma current of 5.5 MA [4], [5].




The focus is here on the set of superconducting coils operated in pulsed mode, namely the Central
Solenoid (CS) and the 6 Poloidal Field (PF) coils, see Fig. 1. The former is composed by 6 modules,
layer-wound with Nb3Sn Cable-in-Conduit Conductors (CICCs). The latter are instead pancake-wound,
but while the two PF coils closest to the machine axis adopt Nb3Sn strands to withstand magnetic fields
as high as ~9 T, the others, subject to magnetic fields well below 6 T, are wound using NbTi CICCs. All
the coils are cooled by supercritical He (SHe) in forced flow.

The pulsed operation of these coils causes heat deposition in the strands and jacket due to AC losses. The
latter erode the temperature margin during operation, so that besides accurate mechanical design also the
thermal-hydraulic performance must be assessed.

A detailed thermal-hydraulic model of the DTT pulsed coils is developed here using the 4C code. The
model is applied to the simulation of the two reference plasma scenarios, computing the minimum
temperature margin. In the case of the PF coils, different cooling options (single- or double-pancake) are
investigated, together with the effect of the thermal coupling among turns and pancakes, while different
coupling time constant values are adopted and compared for the calculation of AC losses in the CS.
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Fig. 1. Radial-vertical cross section of the PF coils and CS. The conventional numbering of the coils and modules is also reported.

2 The DTT pulsed coils

As opposed to the Toroidal Field (TF) coils, whose performance in normal operation at constant current
have been analysed in [6], the PF coils and the CS are operated with variable current to induce the current
inside the plasma (the CS) and to shape it (the PF). Several different plasma scenarios are being
investigated for this flexible machine, but the two reference ones are the Single Null (SN) and the Double
Null (DN) scenario, see Fig. 2. After an initial magnetization of the pulsed coils (the “premagnetization”),
the plasma current is ramped up by the current variation in the in CS (see Fig. 3), acting as the primary
winding of a transformer. At 27 s, the “Start of Flat top” (SoF), the plasma reaches its nominal current



value (5.5 MA and 5 MA in the SN and DN, respectively), kept constant by a (slower) variation of the
pulsed coil current variation until the “End of Flat top” (EoF). The duration of the plasma flat top is ~20 S
longer in the DN scenario. After the EoF, the plasma is terminated and the pulsed coils are slowly
discharged in 60 s. At present, the detailed current evolution during the breakdown (the first instants
immediately after the premagnetization, usually experiencing steep variations for a very short time) is
being defined, so its effect will be further investigated in the future.

The magnetic field variations (in turn due to the current variations) induce AC losses in the conductors,
thus experiencing a temperature increase and consequent temperature margin erosion during their pulsed
operation. Therefore, after the CS and PF shutdown following a plasma, during the dwell period (lasting
more than 3300 s) the recooling of the coils takes place, until the subsequent plasma pulse, starting 1 hour
after the previous one.

In Fig. 3 it is possible to appreciate the different current evolution in the PF coils and in the CS modules
during the SN (Fig. 3a and Fig. 3b, respectively) and the DN (Fig. 3c and Fig. 3d, respectively) scenarios.
Note that the latter is a completely symmetric scenario from the point of view of the pulsed magnet
operation; this symmetry is possible also thanks to the vertical symmetry of the magnet system, see
below. Due to the different duration and steepness of the current variations, it is not possible to
immediately identify whether the SN or the DN will be the worst scenario from the coil performance
point of view, so both of them are analysed in this work.

Both the PF coils and CS magnet systems are cooled by the same SHe circuit: the 6 PF coils are connected
in parallel in a (first) branch, while the 6 CS modules are connected in parallel in a second branch. These
two main branches are then connected in an outer hydraulic parallel between the two systems. The SHe
enters the coils at 4.5 K and ~6 bar, while the cold circulator will be designed to provide a pressure head
of ~1 bar across each coil, in nominal operating conditions.
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Fig. 2. Plasma pulse evolution in DTT: the (qualitative) evolution of the PF6 current Iprs (dashed line) and plasma current Ipi
(solid line) is reported in the top part, while the time intervals during which the heat deposition from AC losses, nuclear and static
heat load takes place in the magnets are highlighted in light red, yellow and cyan, respectively, at the bottom (the height of the
band is not related to the value of the respective heat load). Note that in the convention adopted here, each plasma cycle starts at
the premagnetization: to highlight the repetitive pulsed operation, the initial PF and CS current charge at the end of the previous
cycle is also reported, before the beginning of the cycle represented here, for negative times.
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Fig. 3. Current evolution during the SN scenario in all PF coils (a) and in all CS modules (b), and during the DN scenario in all PF
coils (c) and in all CS modules (d). The plasma current evolution (PI.) is also reported in each figure.

2.1 The Poloidal Field coils

Six PF coils are foreseen in DTT, mechanically supported by the outer TF coil structures. In order to
improve the flexibility of the machine (letting it explore also perfectly symmetric plasma configurations),
the magnet system is symmetric in vertical direction, so PF1 is identical to PF6, PF2 is identical to PF5
and PF3 is identical to PF4. While PF2-5 are wound using NbTi conductors, PF1 and PF6 are made by
Nb3Sn in order to withstand the higher magnetic field (up to 9 T) experienced in the region where they
are located, quite close to the CS.

Each PF coil is double-pancake (DP) wound, but each pair of identical coils features a different number
of DPs and turns/DP: 9 DPs with 20 turns/pancake PF1&6, 8 DPs with 10 turns/pancake PF3&4 and 7
DPs with 14 turns/pancake PF2&5. As sketched in Fig. 4a, in the reference design option (“single-
pancake cooling”) each pancake is independently cooled: the He inlets, located at the bore of the coil,
feed fresh SHe to each DP (similarly to what happens in the ITER CS inlet design [7]), so that the coolant
flows turn-by-turn in counter-current in adjacent pancakes, see Fig. 4c. A second design option (“double-
pancake cooling”), aiming at reducing the space occupation at the coil bore, implements a DP-cooling



layout. In this case, reported in Fig. 4b, the SHe is fed to each pair of DPs from the outer radius. Thus
the coolant splits in one pancake for each of the two adjacent DPs where the inlet is located. After flowing
inwards turn-by-turn along that pancake, the coolant reaches the innermost turn. Then it passes in the
second pancake of the DP and flows outwards turn-by-turn along it, exiting the coil again at its outer
radius. In this case, the He flow will be turn-by-turn in counter-current in adjacent DPs, but will be in
co-current in adjacent pancakes of the same DP. This cooling strategy is adopted also in the JT-60SA CS
[8]; beside the advantage of concentrating all the hydraulic connections of the coil on its outer radius, it
has the drawback of injecting fresh He far from the coil bore, where most of the AC loss power is
deposited, reducing the effectiveness of the cooling. This issue will be discussed in the result Section.
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Fig. 4. Radial-vertical cross section of a part of the PF6 coil: the location of the SHe inlets and outlets is indicated both for the
single-pancake (a) and the double-pancake (b) cooling options. (c) Zoom on the green rectangle in the top-left part of (a)
highlighting the SHe inlet feeding two pancakes and the consequent turn-by-turn counter-current He flow in adjacent pancakes.
Inter-turn and inter-pancake heat transfer are also indicated. The black circles with an “x” indicate a flow entering in the page,
while those with a dot indicate a flow exiting from the page.



Table 1. Characteristics of the DTT PF conductor.

PF1&6 PF2&5 PF3&4
Number of SC strands (Dsyr = | 180 (Nb3Sn) 162 (NbTi) 324 (NbTI)
0.82mm)
Number of Cu strands (Dsyr = | 216 324 162
0.82mm)
Cu:nonCu ratio in strands 1 1.9 1.9
Void fraction (%) 29.8 27.9 27.9
Central channel ID/OD (mm) | 5/7 57 57
Jacket thickness (mm) 3.0 3.0 3.0
CICC vertical side (mm) —non | 27 26.5 26.5
insulated
CICC horizontal side (mm) — | 20.6 22.9 22.9
non insulated
Turn insulation  thickness | 1.4 1.4 1.4
(mm)
Hydraulic channel length (m) | 180 190 380
for single-pancake cooling

In Table 1 the main conductor characteristics are reported. Note that the NbTi conductor geometry is
identical for both PF2&5 and PF3&4: the conductor of the two pairs of coils only differ in the number
of superconducting (SC) and copper strands. In addition to the 1.4 mm electrical G10 turn-insulation,
each DP is wound by a 1 mm insulation layer. In view of the pretty long hydraulic length, ranging from
~180 m to ~380 m, all the CICCs are equipped with a central channel (also called “hole”) delimited by
a spiral in order to provide a low-impedance pressure relief channel.

2.2 The Central Solenoid

The DTT Central Solenoid (CS) is made by 6 identical modules stacked vertically, as, for example, the
ITER CS [9]. Each module is layer-wound, in order to exploit the possibility of grading the jacket and
superconductor cross section, optimizing cost and space occupation. Three different conductors are used
to build three submodules, called High Field (HF, close to the coil bore), Medium Field (MF) and Low
Field (LF), see Fig. 5. The HF and MF submodules are made by four layers (17 turns/layer in the HF, 20
turns/layer in the MF), while the LF is wound with 6 layers with 24 turns each. The three submodules



are connected electrically with 2 intermediate joints. On top of the electrical G10 turn-insulation, an
additional 1 mm insulation layer separates two adjacent submodules.

¢

Fig. 5. Radial-vertical cross section of one of the lower CS modules: the location of the SHe inlets (top) and outlets (bottom) is
indicated. HF = high field, MF = medium field, LF = low field.

The SHe inlets are located on the base of the modules closer to the machine equator. Similarly to the PF
coils, each inlet feeds two adjacent layers, thus each module features 7 inlets and 8 outlets, since the latter
are staggered with respect to the former. Also in this case, adjacent layers will experience turn-by-turn
counter current He flow.

The most relevant conductor and coil characteristics are reported in Table 2. All the conductors are
rectangular without any central pressure-relief channel, because the hydraulic length is quite small with
respect to, e.g., the DTT PF coils or the ITER CS conductor hydraulic length.



Table 2. Characteristics of the DTT CS conductor.

HF MF LF
Number of SC strands (Dst = | 810 300 180
0.82mm)
Number of Cu strands (Dsir = | O 159 216
0.82mm)
Cu:nonCu ratio in strands 1 1 1
Void fraction (%) 26.5 27 27
Jacket thickness (mm) 4.9 3.9 2.0
CICC vertical side (mm) —non | 44.34 37.39 30.83
insulated
CICC horizontal side (mm) — | 28.17 20.17 15.51
non insulated
Turn insulation thickness | 1.0 1.0 1.0
(mm)
Hydraulic  channel length | 47 — 57 70-79 98 - 111
range (m)

The only important difference among the modules that is expected to have an impact on the thermal-
hydraulic performance of the CS is the operating current and, in turn, the magnetic field in the conductor.
This is due to two reasons: first because, in order to comply with the plasma scenario, either SN or DN,
each module carries a different current; second because of the different position in the machine.

3  4C code model

The 4C code [10] is used here to model both the 6 PF coils and the 6 CS modules of DTT and analyze
their thermal-hydraulic performance during plasma operation. While the generic features of the 4C code
are described in detail in [10], the model characteristics most relevant for the case at hand are reported
here.

3.1 Thermal-hydraulic model

Each hydraulic channel (the He cooling path in the CICC constituting the coil, from the He inlet to the
He outlet, namely the pancake for the single-pancake cooling option and the DP for the double-pancake
cooling option) is described by a set of 1D transient mass, momentum and energy conservation equations
computing the SHe velocity, pressure and temperature along the channel in the two regions (the central



channel and the bundle). The heat conduction equation is solved in the two solid regions (namely, the
strands and the jacket). In the winding pack (WP), the thermal coupling between adjacent turn and
pancakes/layers is also modeled (properly accounting for the co- or counter-current He flow): the inter-
turn and inter-pancake (ITIP), or inter-layer (for the CS), insulation is considered as a pure thermal
resistance between two neighboring jackets, as described in [11]; an equivalent heat transfer coefficient
Himip (expressed in W-m2-K™) can then be defined as:

Hirp =M - kld

where k is the insulation thermal conductivity, ¢ the total insulation thickness and M is a parameter
accounting for both the multi-layer nature of the wrapped insulation and the uncertainty on the effective
thickness of the insulation and resin (after the impregnation), having different thermo-physical
properties. This parameter needs to be calibrated on model coils, but in most of the calibration exercises
it is found to be not far from ~0.2 as, e.g., in JT-60SA CS [12] and KSTAR PF coils [13]. This value will
thus be taken as the reference one, but a parametric scan between 0 (adiabatic turns and pancakes) and 1
(nominal thermal coupling) will be performed for the DTT PF coils.

Being the relevant details of the cryogenic circuit supplying SHe to the PF coils and the CS still unknown
at this design stage, constant thermal-hydraulic boundary conditions are applied to the coil boundaries.
In particular, the inlet pressure is set to 6 bar, while the 1 bar design pressure drop is prescribed across
each coil (2 bar only in the case of DP cooling, as the hydraulic length of each channel is doubled): the
outlet pressure is thus set to 5 bar (4 bar in the case of DP cooling). The inlet temperature is set to 4.5 K.
These are design values allowing an optimal operation of the cryoplant, in line, e.g., with the operation
of existing superconducting tokamaks as JT-60SA [12] and KSTAR [13]. Prescribing constant boundary
conditions may affect the computation of the minimum temperature margin, because in a closed circuit
operated with a SHe circulator the strong heat deposition during the plasma initiation phase can induce
a backflow at the hydraulic channel inlet, due to the He expansion, especially in the (pancake-wound)
PF coils where the maximum power is deposited close to the inlet. However, the lack of information on
the circuit and circulator itself does not allow, for the time being, to account for that effect.

The modified Darcy-Forchheimer correlation [14] is used for the calculation of the friction factor in the
bundle of both PF coils and CS conductor. The correlation developed for the circular channels with spiral-
walls of the ENEA design of the EU DEMO TF conductor [15] is used for the determination of the
friction factor in the hole of the PF coils, as the size of the hole in the two conductors is equal.

The heat transfer coefficient between He and solids is computed by means of the Dittus-Boelter
correlation [16], as described in [17] and references therein.

3.2 Magnetic field

The magnetic field variation is the main driver of the thermal-hydraulic transient. For this reason, a new
strategy is adopted here for its evaluation, allowing to reduce the need for electro-magnetic calculations
when changing the scenario to be analyzed.



OPERA tool [18] is used to compute the magnetic field components Bx(Xi,yi,zi,j), By(Xi,Yi,Zi,j), Bz(Xi,Yi,Zi,j)
in the 3 spatial directions x, y, and z induced in each point i (xi,yi,zi) of interest in the space (namely, in
each turn of each pancake/layer of each coil) when 1 kA current is carried separately by each other coil,
the coil itself and the plasma (generically indicated by j). Then, all these information and the current
evolution lop(t,J) in each coil j during the scenario to be analyzed are given in input to the 4C code: it
scales the contributions to Bx(Xi,yi,zi,}), By(Xi,Yi,Zi,)), Bz(Xi,yi,zi,j) from each coil (and the plasma) with their
operating current lop(t,j), sums all the contribution in each of the 3 spatial directions and computes
|B(xi,yi,zi,t)| and d|B(xi,yi,zi,t)|/dt.

The magnetic field components need to be computed only once for each geometry, and then all possible
current scenarios can be easily modeled only knowing the evolution of the current in each coil and the
plasma.

In the calculations reported here, the magnetic field ripple on the PF coils and CS due to the presence of
the TF coils is neglected, as well as the magnetic field gradient on the conductor cross section for the CS
analyses (while it is considered in the PF analyses, featuring NbTi conductors more sensitive to the
magnetic field): the magnetic field on the conductor centerline is used for the calculation of the
temperature margin in the CS.

3.3 Critical current parametrization

The “ITER-2008” Jc parametrization from [19] has been adopted here for the NbsSn strands: the critical
current is expressed as a function of the magnetic field, strand temperature and axial strain, assumed to
be —0.63 % in the PF1 and PF6 coils and CS simulations, constant and uniform along the conductor
length. The coefficients reported in Table 3 are used for the above-mentioned scaling.

For the NbTi strands (PF2 to PF5 coils), the critical current parametrization described in [20] is adopted,
with the coefficients reported in Table 4. The NbTi critical current depends on the magnetic field and
strand temperature only.



Table 3 Coefficients adopted in the parametrization of the scaling law of NbzSn.

Coefficient Value
Ca 44.48
Ca 0.0
g0a (%) 0.256
em (%) -0.049
Be2m(0) (T) 32.97
Teom (K) 16.06
Co (AXT/mm?) 79220
D 0.63

q 2.10

Table 4 Coefficients adopted in the parametrization of the scaling law of NbTi.

Coefficient Value
Co (AXT/mm?) 1685000
o 1.0

B 1.54

v 2.1
Bc2,m(0) (T) 14.61
Teom (K) 9.03

3.4 Driver: the AC losses, nuclear and static heat loads

The AC losses analytical formulae employed in the 4C model are taken from [21] and summarized below.
The model in [21], as many others, is based on the single coupling time constant nz: it is the main
parameter governing coupling losses, determining the time scale of the coupling current transients. It
depends on the strands/wires twist pitches and on the inter-filament/strand transverse resistivity. Even
though multistage cables have multiple time constants (one for each stage of the twisting), here for
simplicity the single effective time constant nz is considered, as in [20].



The model described in [21] introduces a saturation parameter, relating the speed of the magnetic field
variation, the characteristic time constant and the penetration field By (see below). Depending on the
speed of the magnetic field variation, then, different formulas are proposed to evaluate the coupling and
hysteresis losses.

The coupling losses in the unsaturated (P’;,,,) Or saturated (P’ coyp,sqt) regime are computed as follows.

pr ( t)_nr dB(x,t) ZA
coup X, - Lo dt SC

, 4 1(t) \*1|dB(x,t)
P coup,sat(x; t) = —Bp 1- ( )
3y Ic(x,t) dt
where nz, is the single coupling time constant, is characteristic of a given conductor design, o is the

vacuum permeability, Ic is the critical current and Asc is the cross-section of the composite strand. By is
computed according to:

Ho
Ppet) =7 Daer Jo 8 O T purario

where Ds is the diameter of the composite strand, Jc is the critical current density and Curatio is the
ratio between the copper and non-copper cross-section of the composite strand.

SC

The hysteresis losses in the unsaturated (P'y,,,;) or saturated (P'py,s¢ sq¢) regime are computed as follows.
2 I(t) \*]|dB(x,t)| 4 I(t) \*|dB(x,t)
P'ryst =3{=—B 1—( ) +=B ( ) A
hyst {3u0 p[ I-(x,t) l dt 3P \I.(x,t) dt s¢

where | is the operating current, Ic is the critical current and Asc is the cross-section of the composite
strands and By is computed using the following equation

Ho
Bp(x' t) = ; Deff]C(xJ t)
where Der is the effective diameter, here assumed equal to 15 pum.

, 8 I(t) \*|dB(x,t)
P hyst,sat — 5. Bp ( )
3muy I-(x,t) dt

where By is computed using the following:

Bp(xt) = % Dsr Je(x 1) 1 + Curatio

Note that the formulae to compute both coupling and hysteresis losses use the cross-section of the
composite strands (Asc), i.e., the total cross-section only of the strands with superconductors.

The total (coupling + hysteresis) losses (per unit length) are set equal to P’ oy, + P'pyse OF 10 P’ oy sae +
P’pyst.sat iT the latter is lower than the former. This strategy has been adopted in order not to overestimate

unrealistically the AC losses. Indeed, the formulae used for the unsaturated regime are valid in case of
E|dB(x,t)
2

£ —4— & 1). In case of fast magnetic field variation (5 > 1), the
14

SC

slowly varying magnetic field (5 =

effect of screening currents is not negligible and as the magnetic field variation increases, the screening
layer thickness increases until the entire cable reach Jc, thus the formulae to be adopted are different. A



simple approach to avoid a large overestimation of the losses was to consider the smaller between
(P'coup + P'nyst) and (P’ coup,sat + P'nyst,sat)- The evolution of the total AC loss power in all PF coils
for both scenarios is reported in Fig. 6.
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Fig. 6. AC loss power evolution during the SN (a) and DN (b) scenario in all PF coils.

Static (mainly radiative, as the PF are supported by the TF casing which is cooled close to the operating
temperature of 4.5 K)) [22] and nuclear [23] heat loads are also considered in the PF coil analysis. The
power deposited in each PF coil due to nuclear and static heat load is reported in Fig. 7; the static heat
load is deposited during the entire transient uniformly on the coil external surface (it corresponds to a
constant heat flux of 1.66 W/m?), while the nuclear heat load is deposited uniformly in the coil volume
and its trapezoidal evolution (according to the plasma pulse) is reported in yellow in Fig. 2. The nuclear
heat load is instead not considered in the CS analysis, as it corresponds to ~10 W for each module [23]
and is therefore negligible if compared to the AC losses. Moreover, the CS is mechanically supported by
the TF structures (cooled to the 4.5 K operating temperature) and its inner and outer surfaces are facing
the (cold) CS and TF inner leg, so also the static heat load on the CS is neglected here.

Note that the contribution to the AC losses due to the variation of the plasma current is accounted for, in
both CS and PF simulations.
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Fig. 7. Distribution of the nuclear and static heat load among the different PF coils, deposited according to the evolution shown in
Fig. 2.

4  Results

The results of the thermal-hydraulic analyses are reported in this Section, with reference to the periodic
pulse. In the PF coils the Hitip is varied parametrically, and results for both single-pancake cooling (SPc)
and double-pancake cooling (DPc) are compared. The effect of different coupling time constant values
is investigated in the CS analysis.

4.1 Poloidal Field coils
4.1.1 Hydraulics

The SHe mass flow rate repartition between bundle and hole within each hydraulic channel is shown in
Fig. 8a and compared among the three pairs of PF coils. The total mass flow rate varies from
~ 4 g/s/channel in the PF coils closer to the machine equator (which show the longest hydraulic path)
and ~ 6 g/s/channel in PF2&5, with ~ 35-45 % of the He flowing in the bundle. As expected, Fig. 8b
shows that doubling the length of the hydraulic path without doubling the pressure head results in a
reduction of the mass flow rate of a factor +/2. For this reason, in the followings the pressure head on
each hydraulic channel is doubled in the analysis of the DPc option.
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Fig. 8. SHe mass flow rate repartition between bundle (pink) and hole (blue) in (a) each pair of PF coils, for the SPc option, and
(b) comparison of the different cooling options, for PF6.

4.1.2 Thermal-hydraulics

The minimum temperature margin (ATmarg™") in each coil for the two scenarios (SPc option) is reported
in Fig. 9, assuming nz= 150 ms for NbsSn conductors and 300 ms for NbTi ones. The performance
proves to be satisfactory in all coils, as the minimum temperature margin is computed to be everywhere
more than 0.2 K above the 1.7 K limit, even considering the static and nuclear heat load (Fig. 9b). Note
that the latter, according to Fig. 7, affects more the PF3 and PF4, having a larger radiating surface and
being closer to the machine equator.
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Fig. 9. ATmarg™" in each of the 6 PF coils during SN (pink) and DN (blue) scenarios, for the SPc option, without (a) and with (b)
the nuclear and static heat load. The (minimum) acceptance threshold of 1.7 K is also reported (black dashed horizontal line).

Concentrating on PF6 during the SN scenario, the two cooling options have been compared in order to
assess their viability. In Fig. 10a, the comparison among the different ATmarg™" is shown also for several



inter-turn and inter-pancake heat transfer coefficient multipliers. The SPc option is almost unaffected by
the Hitip, because the ATmarg™" is localized in the first turn, i.e. close to the cold SHe inlet of all pancakes,
so that temperature gradients among the pancakes are small and the heat transfer is negligible: the hot-
spot temperature (Tws) is therefore dominated by the heat deposition and not by the ITIP heat transfer.
On the contrary, the DPc option suffers two drawbacks. On one hand, the accumulated heat load of the
He flowing inwards reduces the ATmarg™" by, €.9., ~ 0.15 K in the adiabatic case with respect to SPc, due
to the fact that the He cooling the innermost turns is not as cold as in the SPc option. On the other hand,
the effect of the ITIP thermal coupling is stronger: the cold He flowing inwards is pre-heated by the
warm He flowing outwards, as already noted and described in detail in the analyses of the JT-60SA CS
[12]. As a result, the temperature margin is eroded by additional ~ 0.3 K in the case of nominal thermal
coupling (Himp=1) with respect to the adiabatic case, because of the above-mentioned pre-heating. In
reference conditions (Hrip=0.2), the ATmarg™" is eroded by ~ 0.3 K with respect to the SPc option. Even
though the cooling of the inner turns is less efficient, the coil performance is still acceptable.

However, the evolution of the Tns and outlet temperature (Tou) in PF6 reported in Fig. 10b highlights
that the inner turns are not properly (re-)cooled if the DPc option is adopted; the progressive heat
accumulation in those turns (experiencing the highest AC losses) during subsequent plasma pulses
increases the number of pulses to reach a periodic behavior, and when the latter is reached the minimum
Ths is ~ 0.1 K higher than in the case with SPc. Finally, it is possible to appreciate that, while in the SPc
case the Tout (the only relevant temperature that can be measured in a coil to estimate its temperature
margin) is, within few tens of mK, equal to the Tks, this is not the case for the DPc option: the difference
in that case is more than 0.3 K, so that it will not be possible to reliably measure the coil temperature
margin during operation, without the help of qualified numerical tools, as it was highlighted also in [12].

As a result, and thanks to the space availability to put the SHe inlet at the coil bore, the SPc option is
selected for DTT PF caoils.
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Fig. 10. PF6, SN scenario (without nuclear and static heat load). (a) ATmarg™" in for different cooling options and Hitip values; the
(minimum) acceptance threshold of 1.7 K is also reported (black dashed horizontal line). (b) Evolution of the hot-spot (Ths) and
outlet (Tout) temperature during the periodic plasma pulse for the two cooling options (the 60 s of the initial PF and CS current



charge at the end of the previous cycle is also reported, before the beginning of the periodic cycle represented here, for negative
times).

4.2 Central Solenoid
4.2.1 Hydraulics

The DTT CS 4C model takes into account the different He cross-section and the different lengths of each
layer. Therefore, since a fixed inlet and outlet pressure is imposed on each layer, a non-uniform mass
flow rate is computed for each sub-module and for each layer of each submodule, see Fig. 11. On average,
a5 g/s mass flow rate is obtained in the HF layers, while a mass flow rate equal to ~ 2.5 and ~ 2 g/s flows
in the MF and LF layers, respectively. Note that, as the 6 modules are identical in terms of hydraulic
design specifications of the conductor, e.g. void fraction and conductor length, the mass flow rate
repartition reported in Fig. 11 is expected to be equal in each module. As the layer number increases,
they get farther from the coil axis and each turn becomes longer, so that the total length of each hydraulic
path increases. This explains the slight decrease of the mass flow rate within each submodule, for
increasing layer number. The differences among the submodules are also (and mainly) due to the different
geometry of the conductor.
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Fig. 11. Mass flow rate in each layer of each submodule of the CS.

4.2.2 Temperature margin

An extensive parametric study on the temperature margin during nominal operation in the DTT CS has
been carried out.

Concerning the plasma scenario, in terms of minimum temperature margin, both the SN and DN have
been studied for the three different values of nz in all the CS modules. Adopting the most conservative
value of nz=300 ms, for all the modules and in both scenarios, the minimum temperature margin
(always located at the first, innermost layer, see below) is larger than the design threshold of 1 K, see
Fig. 12a, and the performance are the same for both scenarios, i.e., those modules have almost the same



margin independently on the scenario. This is because both scenarios are characterized by the same
maximum value of current (and magnetic field). The difference is that, in the DN scenario, those values
are reached at time t = 112 s, while in the SN scenario at time t = 92 s. This shift in time has a negligible
impact on the value of the minimum margin reached in each module.

The parametric study on the nzvalue, which rules the AC (coupling) losses, shows that, as expected, the
temperature margin decreases monotonically as nzincreases, in all modules (see Fig. 12b).
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Fig. 12. Comparison of the temperature margin in the first layer of all the modules of the DTT CS varying (a) the plasma scenario
(with nz =300 ms) and (b) the conductor nzin the SN scenario.

The evolution of the temperature margin in the most loaded module (CS1U) in the worst scenario with
the largest nz value considered (300 ms) is shown in Fig. 13. The comparison among the three
submodules shows that the minimum margin is always reached in the first layer, thus in the HF
submodule. This result is not straightforward because, even if the MF and LF see a progressively lower
magnetic field with respect to HF, they have a different conductor between them and with respect to the
HF. In particular, the MF and LF conductors feature a smaller superconductor cross section, and thus are
of course less performing than the HF conductor. In view of the higher temperature margin in the MF
and, especially, in the LF conductor, some additional optimization of the superconductor grading in the
layer designs is maybe still possible.
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Fig. 13. Evolution of the temperature margin during the first 360 s in the HF, MF and LF submodules of CS1U with nz =300 ms
(SN scenario).

5 Conclusions and perspective

The DTT PF and CS superconducting coils operated in pulsed mode have been analyzed here with the
4C code to assess their thermal-hydraulic performance in transient plasma pulsed operation.

Within the assumptions and the AC loss model adopted here, all 6 PF coils have proven to withstand the
plasma pulsed operation with a minimum temperature margin larger than the design threshold (1.7 K).
The options of single- and double-pancake cooling have been compared, showing that the latter, in which
the SHe is fed from the outer coil radius, would lead to a 0.3-0.4 K lower temperature margin, and,
furthermore, would not allow the estimation of the temperature margin from the outlet temperature
reading during operation. In view of the available space in the coil bore, the single-pancake cooling
option is then selected.

In the 6 CS modules, the minimum temperature margin is guaranteed to be everywhere larger than the
1 K limit, if the coupling time constant of the conductor is smaller than or equal to 300 ms (according to
the assumptions and the modelling adopted). At this stage, this value is then suggested as a reference for
the conductor acceptance tests, for both CS and PF coils.

In future, a more detailed check of the breakdown phase will be performed, adding also the SHe cooling
circuit and possibly investigating the impact of a wider range of SHe supply temperature and pressure
on the temperature margin. Other transients will also be analyzed, with special reference to the off-normal
ones, such as quench and effects of a plasma disruption.
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