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Some nomenclature
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Some nomenclature
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Some nomenclature

- Wire (or strand)

- Cable
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WRAP 0.10 mm,
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Some nomenclature

- Wire (or strand)

-

b Cable

o

- Conductor
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Some nomenclature

- Wire (or strand)
- Cable
- Conductor

-~ - Coil
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Some nomenclature: ITER

INTERNATIONAL

THERMONUCLEAR

Seven parties S|TO -

More than 50% of global population

More than 80% of global GDP

Cadarache (Franma) 8



Some nomenclature: ITER ‘

china eu india japan korea russia usa

Demonstrate fusion as |practicable energy source

Fusion energy generation on
large scale

10 times more energy
generated than consumed (500
MW)

Study of “burning plasma“ and
its long operation

Testing key technologies for
future fusion reactors

ENEN L uzzi - Seminario Swdent Roma - wwww, youtube.com/watch?v=kdfQUftpv1Q




Fusion magnets: the ITER colls

Magnetic confinement fusion: the tokamak concept

Inner Poloidal Field coils
Poloidal Magnetic ( primary fransformer  Outer Poloidal Field coils
Field ( for Plasma positioning
and shaping)

Bl | Resulting helical Toroidal field
N Magnetic field coils

i i Toroidal Magnetic

transformer circuit) ey 9
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Fusion magnets: the ITER colls

. _Inner Poloidal Field coils
PP'OICIUI Magneﬂf ( Primary transformer Outer P
Field circuit) ( for Pl
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Fusion magnets: the ITER colls

FPplgdﬂl Magne(iic ( primary fransformer
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ter Poloidal Field coils
for Plasma positioning
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Fusion magnets: the ITER colls

Magnetic confinement fusion: the tokamak concept

Inner Poloidal Field coils
Poloidal Magnetic ( Primary fransform
Field circvit)

Outer Poloidal Field coils
( for Plasma positioning
and shaping)

4 B8y helical
' L ic field
; B Toroidal




Fusion magnets: the ITER colls

Magnetic confinement fusion: the tokamak concept

Inner Poloidal Field coils
Poloidal Magnetic ( primary fransformer  Outer Poloidal Field coils
Field ( for Plasma positioning
and shaping)

Bl | Resulting helical Toroidal field
N Magnetic field coils

i i Toroidal Magnetic

transformer circuit) ey 9
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Fusion magnets: the ITER colls

Magnetic confinement fusion: the tokamak concept

end of
flat tap ramp down g netization

—III

\\ Plasma

A S-S

CS1U, CS1L

Current [MA)

current (kA)

20 400 B0 B0 1000 1200 1400 e 1800

TF (Torodial Field): 12T-68kA — steady state time (s)
CS (Central Solenoid): 13T-46kA — transient
PF (Poloidal Field): 6.4T-52kA — transient
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Outline

v Multi-filamentary superconducting strands
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Superconducting wires (strands): layout

( T -if a zone of length | is heated up until
% —> @ transition, it dissipates (Joule effect)
‘7—-) T « if the heat is removed more rapidly than its
op generation, the zone will reduce — otherwise,
will increase

* The transition between the two cases defines

the Minimum Propagation Zone (MPZ)

In adiabatic conditions (approximation), the generated heat is equal to that removed:

2KA(T-To )/l = J:2pA
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Superconducting wires (strands): layout

To stabilize the conductor, we need to increase the MPZ, thus €.
* increase thermal conductivity, x

2KA(T- T )l = I 2pAl my

 decrease the electrical resistivity, p
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Superconducting wires (strands): layout

To stabilize the conductor, we need to increase the MPZ, thus ¢

* increase thermal conductivity, x

2KA(T,-To ) = I 2pAl - mpy e
P  decrease the electrical resistivity, p

BUT the superconductor is not ideal

Resistivity Thermal conductivity
1.E-08 R 1. E+05 i ﬁ'u‘i'ihr Cu
_ = OFHC copper
L 1 E+04 -
R E / \ _;ic-:;y resin
E1.£+03 —
s / 5 / e N
1B >
g / = 1.E+02 o
= ©
2 =
& : - 1.E+01
2 1.E-08 = = ‘ideal copper § /_’,_.-"
—— pure copper = 1.E+00 P
1.E-10 - ——OFHC coppar | g /
—— OFHC Cu in 5T £ 1E-01 m—
, e
—NbTi
1 E-14 x 1.E-02
10 100 1000
temperature K 1 10 100 1000
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Superconducting wires (strands): layout

To stabilize the conductor, we need to increase the MPZ, thus ¢

2KA(T- T )l = I 2pAl my

* increase thermal conductivity, x

 decrease the electrical resistivity, p

It’s thus necessary to couple
(stabilize) the material for example cu Superconductor
with Copper or Aluminum

o = Cu/nonCu ratio
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Superconducting wires (strands): stability

Practical SC are all type-Il materials. If I > I_the
fluxons move under the effect of the Lorentz
force, and generate dissipation.
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Superconducting wires (strands): stability

Practical SC are all type-Il materials. If I > I_the Bean model >
fluxons move under the effect of the Lorentz A /
force, and generate dissipation. J J J J
7 Z
Below Ic: pinning of fluxons = hysteretic _
behavior under varying magnetic field. % /\ %
B B

FIGURE 9. Screening currents induced by (a) rising and (b) falling field.

Currents and field profiles inside a s.c. slab
described by BEAN (Critical State) model.
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Superconducting wires (strands): stability

Practical SC are all type-Il materials. If I > I_the Bean model >
fluxons move under the effect of the Lorentz A /
force, and generate dissipation. J J J J
7 Z
Below Ic: pinning of fluxons = hysteretic [
behavior under varying magnetic field. % /\ %
B ] .~ B
Currents and field profiles inside as.c. Slab FIGURE 9. Screening currents induced by (a) rising and (b) falling field.

described by BEAN (Critical State) model.
Flux Jumping

Any instability, of both electrical and thermal A,

nature, might drive a “depinning” of a flux 5 7 ! AD
guantum (flux jumping). The phenomenon ﬁ ‘E
might even induce a quench of the magnet. ] AQ -AJe

Vi1 R,

FIGURE 10(a). Flux motion caused by change in current density (b) feedt
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Superconducting wires (strands): stability

ngne’ri¢ Moment )

Flux Jumping as observed

Nb3$n |

— 4.2 K -

10 K

P—ABf

\\J\

0151 ]

-3 -2 -1 0 1 2 -

' Field (T)

3
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o Less stable at low fields, where
J.is higher

¢ The instability is worse at lower
T because J.increases and C
decreases

4 ﬁ“ ‘E

-AlJe

MA R

FIGURE 10(a). Flux motion caused by change in current density (b) feedt
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Superconducting wires (strands): stability

The adiabatic stability condition to prevent
flux jumping:

Magnetic Moment (T)

Field (T)

Where y e C; are the density and the specific heat of the material; T_e J, its critical
temperature and current; a the diameter of the conducting element

¥

A reduction of the diameter of the s.c. filaments is necessary
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Multi-fillamentary superconducting wires

Copper Superconductor

OO
O O O
OOO

Photo courtesy of Peter Lee, FSU I

® ~ 50-100 pm

The superconduct. wire is
formed of many thin filaments
of s.c. materials, within a Cu
stabilizing matrix

¥

® =081 mm Bundle

Wire diameter 0.5=—1 mm

# supecond. filaments 1000-+1000 ® ~ few um
0

Filament diameter 550 um )

Cu/non Cu 4/1 = 1/1 Filament

m L. Muzzi - Seminario Studenti Roma TRE - 10 Dic. 2018 oo
Photo courtesy of J. Minervini MIT I




AC losses in the superconductor

In the presence of varying field:

Type-Il superconductors present a magnetic hysteresis due

to the pinning of fluxons. 0 g ;
Hysteresis losses: i %
B, [ _'

Q=) pyMdH — Q=1 (p)

21, -

g B |

m_  (dab) i

B ﬂ _. HoJca lr
B 7B, : '/
P - (CYIlnda') YT 0.l I 10 100

(2u,Jca g

Figure 2.5: loss factor determining hysteresis losses for a slab
carrying a transport current and subject to an external

varying field.
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AC losses in the superconductor

In the presence of varying field:

Type-Il superconductors present a magnetic hysteresis due

to the pinning of fluxons. o FRlA I 5 ;
i 20 : i
Hysteresis losses: SBIAT (T/mim) %
B’ | _'
Q=|uMdH — Q,=—n
21”0 E
- g
B §
m_  (dab) g
L= & _JH 0Jca g
B 7B .
P ~— (cylinder)
20Jc
'20 T 1 T 1 T T T Slab
-3 -2 -1 0 1 2 R
Field Induction (T)
varying field.
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AC losses in the superconductor

In the presence of varying field:

time variation of the magnetic flux generates screening currents in
the wire, which tend to oppose to the field variations.

Coupling losses:

2

_nr dBY’ . U, | P

Ho \ i :zpet 27
\ 4

“Twisting” of
superconducting filaments
IS necessary

P

Fig. 2. The flow of coupling currents in a twisted composite wire.
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Multi-filamentary superconducting wires

Superconducting wires (strands):

- thin s.c. filaments (multi-filamentary);
-s.c. filaments within a Cu matrix;
- twisted filament structure.

EHT = 1000 kv Signal A=InLens  Date :8 Jan 2007
WD= 7mm Aperture Size = 30.00 pm Time :13:02:47

Mag= 112KX

0O kv Signal A= Inl
am Aperture Si=
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The ITER strands

30/40

-y
-

Nb.Sn/CS Conductor

: Br: Bronze
Jasfec KAT (] FUR (R IT: Internal Tin
CS382L-CS3U CS1L&CS2U CS1U&Spare
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A.D. A long & Winding Road 16091

Nb-Ti/PF1&6
=

Type 1: 1.6:1
ChMP (RF)

Nb-Ti/PF2-5
CC, MB&CB

Type 2: 2.3:1
WST (CN)
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Fabrication of s.c. wires

EXTRUDE

Nb Ti BILLET

NbTi
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Fabrication of s.c. wires

Bronze
Bronze process

Diffusion barrier

05050 Nb,

0208%020%

02528950890
090° 9a20

020! 020,
Sogo  ogog

It requires a heat treament at 650 ° C to form the s.c.
phase.

From
> (PIT)
ding to

Once formed, it is a brittle material!
Emh L. Muzzi - Seminario Studenti Roma TRE - 10 Dic. 2018
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Practical Materials

10 Nb-Ti T.(B=0) | B,(T=0)
< 3 9.9 K 15T Ductile alloy — bce structure
N X ' - cheap
q !
€ Intermetallic compound —
_E 18 K 27T brittle — A15 structure —
< . expensive
z 103 —— N ZZAEI - % —
g / B
m LR T Snny .... ........ n i
O >- A ;ll-ll.ll-........
+ @ = Sl LAY s
c 0 — "
E | & - _@ O _—
T o -_—
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Practical Materials

nt Density (A/mm?, 4.2 K)

42K

HC insert]
quadruole stra
(Boutboul et al. 2006] =

ITER PF

Whole Wire Critical

4.22 K Hig
MR sran o' (Lu

h Field
Vi ‘.'c.'__:'

peak determines the choice of the S.C. materlal to be used

N 4.2K prduces a ~3 T shift

‘07). Reducing the temperature from

L for Nb-Ti

—

e Plane
Sumitomo
Electric (2012
prod.)

“Carrier
N iroled”

YBCOB1
Tape Plane

L
i .--..I’..-

IR \ERER AOE

YBCO: B || Tape plane
= YBCO: B L Tape plane

102 y \ waswn Bi-2212: OST NHMFL 100 bar OP
L / \ High-J. Nb;Sn O Bi-2223:B L Tape plane (carr. cont.)
ITER TI: » : e=MesBi-7723: R | Tane nlane (prod.)
| Mng _ : Bronze Nb;Sn N b3sn
! it | Nb-Ti: LHC 1.9 K
i 3:;0‘ NDbTI1 cumriazk
_ MgB,: L5+1 Fll. 13 % Fill
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0 5 10 15 20 25 30 35 40 45
i ic Fi April 2014
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Outline

v’ Cable-in-Conduit conductors (CICCs)
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Superconducting cables

How should a certain number of s.c. wires be assembled into a
cabled structure, that constitutes the conductor, by which fusion
coils are wound?
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Cryogenics of superconducting magnets

Hoenig; Montgomery; lwasa (1975):
high cooling efficiency of single phase (supercritical) He in turbulent flow
and in direct contact with a large wetted surface

Empty fraction for forced He | Typically: T ~4.5K, P ~ 6 =10 bar
circulation

. | Convective heat transfer:
Pressure relief channe
Qs e = S th-,Ls(Ts_ THe)

strand
- Effective cooling

- Mechanically strong
- Flexible layout
. ™ - Effective electrical

~np)
s N . .
RS iInsulation

angyrs A

Strand bundle e " i' BUT: Low ‘]ENG

. m

1000 = 5000
filaments

jacket
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Cryogenics of superconducting magnets

In Fusion magnets:

Cooling by forced circulation of supercritical helium (P > P_= 2.26 bar):

10008 |
50.0 F =
A high pressure He flow is used, which guarantees a better e SOLID i
heat exchange and a rapid heat diffusion. ) :|E ,,f"f_ |
S0 ,// DENSE FLUID ]
Above 2.26 bar, Helium is supercritical, i.e. it exists in the F 20F '{'-}
= \ He*
form of a single-phase fluid, with high density. This prevents « 09 o § Py :
. . . 2 05F he !
local evaporation and the formation of the vapour film that £ [ ' 1
. W ., C» CRITICAL
limits heat exchange. & .. . /" POINT
It is the solution adopted in most of the superconducting 0.05 Ei | P4 5 5
tokamaks, as well as in ITER. 0.02} | / ]
nn E:_ / GAS _}
W / j
Typically: T~ 4.5K, P ~ 6 =10 bar -t '
0.002 |
0.001 L—1 11 | | | | | | J
0 Y 2 3 € 5§ & 7 3 B

TEMPERATURE (K)

Figure 2.16: helium phase diagram.
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Heat Loads in fusion colils

Source of losses:

e Hysteresis )
*AC Due to varying field e
— —) Specific of CS conductors
e Coupling and currents
 Eddy-

* Neutrons — Specific of TF conductors

e Thermal radiation & Conduction

ITER design experience:

Heat load distribution on B Nuclear heating Heat load distribution on CS system
TF system e

mAC o es 16 KWE

@ Eddy cfurmnts- -------

-----------

m Eddy currents

H C5S fie plates O joints
BR &C -case ] Thermal and conduction
O R & C -cryolines feeders - E?;I;Rﬁ;

B Pump power - Winding

B Pump power casing
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Heat Loads in fusion coils: nuclear heating

Nuclear Heat load FAST TF (2011)

12
11 O no shield-Copper coils
Inboard
a 10 1 ® no shield-SC
5 9 =] 4 5 cm SS 80%+H20 20%
- 1%tlayer
ié 8 - L ¢ 5 cm ITER VV Borated SS mixture
- 74 .| case
e 6 -
< — Outboard
O 5
@
ol
O
o 3 .
¥ a
22—,
1 e+
0 ~esaad
oy
] i : ||||||||.||
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Heat Loads in fusion coils: AC losses

Example of measured losses in the ITER CS CICCs

steresrs are the extrag(olated value to zfero
Nijhuis_|IEEE TAS 13 fr @&ERPB gt' rﬁ rﬁaﬂ orm
the linear it of the low- frequency range
350 — —O— CSI035C , Multiple time constants (nz,,
—0r=CSi0-Basaing ntz,, nz,, ...) would be more
300 | —O— CSIO-LTP J 2y 1103
CSIO-STP appropriate for CICCs.

250 | |

=

2 .2 dB
thst — ; (1 +1 )deﬁ']c(BJT)
D2

coup Mo dt dt
12

\Qetty = g (&)
L 1 1 e y 1.r.p dt
0.1 0.2 03 0.4 e

Frequency [Hz] c. 2018
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The ITER CICCs

PF CICC:
52kA @ 64T

TECICC: 68 KA @11.8T




... Or other prototypes

prototype of rectangular TF conductor

= >
32 mm

TFCICC:68 kKA @ 11.8T

Wl 9¢

JT-60SA TF —
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... Or other prototypes
T
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CICC qualification tests: the SULTAN facility



CICC qualification tests: T

SULTAN facility at the:

SWISS PLASMA
CENTER

Typical Current Sharing Temperature (T.,) test L (il

ECOLE MOLYTECHNICLUE
FEDERALE DE LAUSANME

o0 T T T T T T T 7.9 T J ‘ T
- 100 - 1
"0 1.4 - T - T - ,
1w L
40 f 60 1.2+
— 80 - . —
TS g -
30 -1 o a0
';. E f—: 3 3 — 0.8 Q
2 160% 403 g o0 F o
e 20 2 : e &::? 0.6
= 155§ {00 & k
] . 4 ?—
S .' ias) > o 40 b, 04f .
= = 1
10 + =10 o |
4 5.0 a 3] 0.2 : L : :
< 8.6 6.7 6.8 6.9 7.0 7.1 7.2
0t 10 = 20 Average Temperature [K] - n
l_ 7 4'5 — g ./
i ’ ,—-—"(f/
-10 I 1 I 1 I 1 I 1.0 0 L'JJI'.'_: 3 2 | ) : 7
¢ 1000 2000 3000 4000 5000 6000 7000 ' ' & n
sione [¢] 45 50 55 60 65 70 75
Temperature [K]

Breschi_SUST 2012
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CICC qualification tests: T

SULTAN facility at the:

SWISS PLASMA
CENTER

Typical Current Sharing Temperature (T.,) test L (il

ECOLE MOLYTECHNICLUE
FEDERALE DE LAUSANME

o0 T T T T T T T 7.9 I i y T
- 100 - .
1.4 - T - T - .
1 7.0 r
10 60 - ol
30 5 . b B
= 5 % — o 0
2 16.0% {403 5 B0 “EOS 1
e 20 2 : e &::? 0.6
S 1565 {0z & .
S .' ,; > o 40F 04f o .
10 LAy =
5.0 - S 0.2 T
2 66 67 68 69 70 71 72
ol Wl 10 = 20 Average Temperature [K] - 7
- 146 S ]
J ]
=10 | I I 1 1 1 1 4.0 0 I~ 2 | : ]
¢ 1000 2000 3000 4000 5000 6000 7000

Time [s]

50 55 60 65 70 75
Temperature [K]

Breschi_SUST 2012

Repeated after e.m. loading cycles + Warm-up-Cooldown (WUCD) cycles
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CICC qualification tests: T

SULTAN facility at the:

ITER TF: T, measurements with cycles

.(I]fl- SWISS PLASMA
CENTER
PCOLE POLYTECHMNICKLIE
75 FEDERALE DE LALISANME
B First EM cycle - IT ®First EM cycle - BR
B Last EM cycle - IT @ Last EM cycle - BR
7.0
“mﬁl o I
=) H 0
&~ 6.0 I . r L P pl
5.8
55
5.0
M. Breschi
—A. Devred
45
w e 2@ 9 o o ; ~ ® @ 9 s woow N ® T W W~ ﬁ
e e Ezzzifffgiieggieegg;gc?
FROF E E E F = e o FoF F ok - z
. o ‘9> =
' + 9y Bl =
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http://fusionforenergy.europa.eu/
http://www.jaea.go.jp/english/index.shtml
http://www.iterkorea.org/
http://www.iterrf.ru/
http://www.usiter.org/

Outline

v' Manufacturing aspects of CICCs
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Manufacturing of ITER Conductors

1. cabling (strands; spiral; steel wrapping)
2. jacket assembly
3. Cable insertion (by pull-through)
4. Conductor compaction
5. Conductor spooling
6. Final acceptance tests

/. Shipment to magnet

L. Muzzi - Seminario Studenti Roma TRE - 10 Dic. 2018 52
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Manufacturing of ITER Conductors

1. cabling (strands; spiral; steel wrapping)
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Manufacturing of ITER Conductors

TRATOS Production line for ITER cables

[



Manufacturing of ITER Conductors

Final Cable compaction system

m L. Muzzi - Seminario



Manufacturing of ITER Conductors

2. Jacket assembly

wh L. Muzzi - Seminario Studenti Roma TRE - 10 Dic. 2018 56



Manufacturing of ITER Conductors

A straight tube length of 760 m has to be obtained by butt-welding
(Jacket Assembly):

CRIOTEC Jacketing Line

enti Roma Tl




Manufacturing of ITER Conductors

4. Conductor compaction
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Manufacturing of ITER Conductors

e &

. Front view )\ _Rear view




Manufacturing of ITER Conductors

Before compaction After compaction

8 j". £

| (} ¢ i
Ly R
g
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Manufacturing of ITER Conductors

5. Conductor spooling
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Manufacturing of ITER Conductors
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Manufacturing of ITER Conductors

6. Final acceptance tests

wh L. Muzzi - Seminario Studenti Roma TRE - 10 Dic. 2018 63



Manufacturing of ITER Conductors

Dye penetrant test of each weld

on spooled conductor;

Mass flow test of conductor unit

length with gas N,;

He leak test in vacuum chamber.




Manufacturing of ITER Conductors

/. Shipment to magnet

L. Muzzi - Seminario Studenti Roma TRE - 10 Dic. 2018 65
S



Manufacturing of ITER Conductors

1mmnnn\\\\\\\\\\\\\”\\\\\\\\\\f
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Manufacturing of ITER Conductors
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Summary on the fabrication of CICCs

ICAS Work Organization

ITER and JT-60SA
TF strands
(F4E)
SS Wrappings Cabling
(ICAS) (TRATOS) ] -
COS
SS Spiral
(ICAS) _
Insertion I:nmp; e DE"“:? tf coil
PF1 & PF6 cables (CRIOTEC) Spooling manuraciurer
(RFDA/F4E) (CRIOTEC) (ICAS or KODA)
ITER TF cable
(KODA)
Jacket
Assembly
(CRIOTEC)
o Tdbes Monitoring and
(ICAS or KODA) Coordination

(ENEA)



Outline

v' Manufacturing aspects of ITER coils
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Manufacturing steps of ITER coils
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Manufacturing steps of ITER coils
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Manufacturing steps of ITER coils

sy Cable in Conduit
N\ Conductor: 1422 fili

COOOODDOOOD|N (900 sup. + 522 Cu)
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Manufacturing steps of ITER coils

Cable in Conduit
Conductor: 1422 fili
(900 sup. + 522 Cu)

' N\
{ODO0OODVOOD|N
COOOOOOOOOI

N

. [elelelslelevioloely

N\(eieielelelele’=tslele)

W\eieleleisiel Sl ole]
N OOOOOOINGFC

{OOODOOOOOOO|N
{OOOOODOOOOD|N
1 OOOCOOOOCOO00
‘OOGOOOOOOD\:

N eelelolelolelelel N

V77

un filo &
costituito da
~3000
fllamenti

v
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Step 1: winding

Conductor 1s wound 1n Double-Pancakes

) ASG FOR

ENERGY
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Step 1: winding

FUSION

Conductor is wound in Double-Pancakes ) ASG .

75



Step 2: heat treatment

Large furnaces required for curing Nb,;Sn for about 3 ) ASG FUSION
ENERGY
weeks, in temperature steps up to 650 °C +/-5 °C
- 5\?_‘- ‘__.‘ : J—
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Step 3: CICC insertion in radial plates

P ASG 7 o

ENERGY
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Manufacturing steps of ITER coils

FUSION

ITER TF Radial Plate D ASG : me
e e T
© — e Sl + i ] g




Step 4: conductor insulation

Voltage during TF coil operation

Co-wound QD tape
to conductor

Normal Operation (fast Fault scenario
discharge) V, (kV) V;(kV)
Turn to RP 0.6 (1.2 for a few ms) 1.2
DP to DP 1.2 (2.4 for a few ms) 24
WP to ground 3.5 (7 for a few ms) 18
0.01 0.1

\

P ASG 7 o

ENERGY

17 layers of
Glass/Polyimide

...has driven decision to use polyimide barrier ....

TF Coil Conductor

>3 layers of
Glass/Polyimide
half lapped

e
T For Nb,Sn coils (TF
and CS) the
insulation must be
applied after the heat

GLSdrbhia: ITER Magnets L Pslitecriéb! Torino, 31 Jan. 2011 treatment 79




Step 4: conductor insulation

ENERGY

) ASG FOR, .

C '“fll' :
KL

10T
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Step 5: Double Pancake impregnation

) ASG FOR, .

ENERGY
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Step 6: stacking of DPs

FUSION
FOR
ENERGY

) ASG

1 E-"l :T u__;'.'.'l'

_I !h
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Step 7: insulation of coil pack

) ASG FOR, .

ENERGY

1 -
e 3 10
f i -
| I i
| AR | i Al Uift
AN [ | l
!. "|| '|I| .‘I' |k il
I |'i| |s.i.;|. i | il
EREL AR [ i
! - ks

————

HM X
=35 7 ..
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Some Video(s)

WATCH T

IS

ASG, on TF coll manufacture (4.19 min): &
https://www.youtube.com/watch?v=4xTedApXHNA

CNIM, on radial plates manufacture (7.23 min):
https://www.youtube.com/watch?v=w_b53lhHJ54

SIMIC, on radial plates manufacture (5.13 min):
https://www.youtube.com/watch?v=50mkaaVazJ4
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http://youtu.be/W7dvr1TkvSw

Outline

v' ENEA activities beyond ITER
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From ITER to (EU)-DEMO

- European Roadmap: demonstrate fusion electricity by 2050
- DEMO: 500 MW electric power, and supply to the grid;

- since 2011 R&D activities in EU on the
superconducting magnet system of
DEMO. Coordinated by EUROfusion.

The Way Toward Fusion Power

Scientific Enginesring Demaondratlan of
Feasibiliy Faasibiiy Fusion Power Plant
i Fusion
Power
Plant
Power Economic
Generation Feasibility
4 Major
Tekamaks
Technological Feasibility .
Sclentiic Demonsiration DEMO CAD model (30 April 2014)
Including safety, health and
waste management




The Italian DTT project

Divertor Tokamak Test facility:

the general objective of the DTT project is
to design an experiment addressed to the
solution of the power exhaust issues in
view of DEMO

it must provide enough positive evidence
that the alternative solutions could be
integrated in a DEMO device in case the
conventional divertor solution does not
yield the necessary capabilities for power
exhaust

To be built here in Frascati!
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The Italian DTT project

Magnet system flexibility for plasma shaping

Single Null /N ] E%K/ﬂe Null
\ |5.5MA N |
I ﬁ /\

X-Divertor
e 4 5MA
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The Italian DTT project

Magnet Design is:
o performed in order to have a flexible and
fully symmetric tokamak

o committed to a tight, but realistic, time
schedule and cost containment

o based to the state-of-art magnet
technology choices (or close to), In
order to reduce at minimum the R&D
phase
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The Italian DTT project

18 TF coils:

Nb,Sn Cable-In-Conduit Conductors

6 Double-Pancakes (4 regular + 2 side)
Brnax = 11.7 T; 1, = 26.9 kA

ATmargin >1.6K

6 CS module coils

Nb;Sn Cable-In-Conduit Conductors
graded (3 sections) Layer Wound
Brax =14 T, 12T, 82T, l,, = 28 KA
AT >1K

margin

l | S
L.

6 PF coils

NbTi Cable-In-Conduit Conductors
Double-Pancakes winding

Brmax = 2.5 =6.0 T; lgp.max = 11 - 29 kA
AT argin > 1.7 K in all coils

Emh L. Muzzi - Seminario Studenti Roma TRE - 10 Dic. 2018 90



The Italian DTT project

3D FEM e

_ _ Detailed models for
ANSYS, cooldown + energization (Out of Plane forces included) IS, OIS and gravity
supports analyses are

being developed

mBuS'ldYS ??lgﬂse 17.0 DNSYS Release 17.0 R,
S ! :
PLOT NO. 8 gmlcrldué?'ols
mm C-00141% mm - 145E+07
501372 -100E+09
mm 201372 e 200E+09
- T 300E+09
.004154 —
== 005515 = -400E+09
~ 006936 =1 500E+09
&= 008327 == -600E+09
= 009718 B . 650E+09
-011109 . 667E+09
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The Italian DTT project

3D FEM (ANSYS, cooldown + energization)
- Von Mises stress in Steel and Insulation Shear within acceptance criteria

< Jret.

Complete system of 6 modules modelled with ANSYS %’Jyf ""J o
Self-field and SN scenario: max VonMises stress < 667MPa \Hgg . .'
Fatigue analysis and structures analysis are ongoing \:l e

PP,

/////

[Hm

SN (t= 0s)

=
—
—
]
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The Italian DTT project

The full set of Inner-Intercoil Structures (pre-compression rings, shear keys,
Outer-Intercoil Structures and gravity supports) is under detailed study

Around PF1/6 the area Is
guite “crowded”




Luigi Muzzi
luigi.muzzi@enea.it
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