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Introduction

➢ The ENEA design proposal is based on a layer wound graded design, comprising for each CS module a HTS, a LTS
High Field, a LTS Medium Field and a LTS Low Field sub-module

➢ Among the different CICC design options being considered, a new possibility is proposed identified with the
acronym RRIS (Round-in-Round-In-Square): a circular insulated jacket is inserted in an external rectangular 316LN
structure and protected with a ceramic insulation layer

➢ The proposed solution aims to obtain a cable capable of withstanding the intense electromagnetic loads generated
during the DEMO plasma scenarios, preserving the CICC turn insulation integrity

➢ This work presents the updated solution generated via the ENEA Design Explorer algorithm
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CS Design Explorer Algorithm
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Fixed parameters for the stack:

• ReCS = 2.7 m
• hmodule = 2.9 m
• hspacer𝑠 = 0.1 m

• Nmodules = 6
• Ground Insulation = 5 − 10 mm

Fixed parameters for the LTS cable:

• dNb3Snwire = 0.82/1 mm

• cos(θ)Nb3Snwire= 0.97

• rcooling channel = 5mm

• nstrand for the triplets = {1500 1440 1350 1296 1200 1152 1080 972
960 900 864 810 768 720 675 648 540 486 360 324 300 216 180 162 144}

• Cu: nonCu = 1, Ref. strand Jc 6.5K; 12T;−0.6% ∼ 320
A

mm2

Fixed parameters for the HTS cable:

• ENEA design with a 4 or 6 slotted core for the REBCO tapes
• From the ENEA sample the current density for the Al stabilizer (core) 

is J
Al
= 50

A

mm2 at 18 T

• The superconducting critical current density is set as a function of the 
peak field at 4.2 K from tipical commercial tape data

Independent parameters:

• n°Layers HTS, HF,MF, LF = [2, 6]

• n°Turns HTS, HF,MF, LF = [40, 70]
• Iop = [40, 100] kA

LTS cable

HTS cable



Design Explorer LTS cable
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• BLF =
n°Turnsn°Layersiopμ0

hmoduleNmodules

• BMF =
n°Turnsn°Layersiopμ0

hmoduleNmodules
+ BLF

• BHF =
n°Turnsn°Layersiopμ0

hmoduleNmodules
+ BLF+ BMF

Icsc = f B → Nsc =
Iop

Isc
→ SCu =

1

2

(Nscπ dfili
2 )

2

If JCu =
Iop

SCu
< 140

A

mm2
→ Ncu =

4

π dfili
2 0.5

Iop

JCu
− SCu

→ Ntot = NCu + Nsc

AcableLTS = π
Ntotdfili

2

4 cos θ VF
+ rcc

2

dhLTS =
4 AcableLTS

π

0.5

CondhLTS =
hmodule

n°Turns

CondhLTS
deqvLTS

From LF to HF submodule

LTS cable

Internal round jacket
Internal Ceramic Insulation



Design Explorer HTS cable

BHTS =
n°Turnsn°Layersiopμ0

hmoduleNmodules
+ BLF+ BMF+ BHF

AHTS =
Iop

J
Al

+ πrcc
2 +

Iop

J
REBCO

deqvHTS
=

4 AHTS
π

0.5

Awr = deqvHTS
+ trj

2
− deqvHTS

2 π

4

AcableHTS = AHTS + Awr

dhHTS =
4 AcableHTS

π

0.5

CondhHTS =
hmodule

n°Turns

tround jacket

CondhHTS

dhHTS
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HTS cable

HTS TAPES

Slotted Core
deqvHTS

Courtesy of Maglab fsu
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Once the cable widths of each submodule are 
calculated, starting from Re(CS) we have:

RiLF = ReCS − Grndins − (NlayerLF
CondwLF

)

RiMF = RiLF − (NlayerMF
CondwMF

)

RiHF = RiMF − (NlayerHF
CondwHF

)

RiHTS = RiHF − (NlayerHTS
CondwHTS

)

Design Explorer – layout definition

HTS HF MF LF



Hot Spot temperature analysis
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The quench initiating point, computed within a simplified
adiabatic approximation: in a zero-dimensional model, the local
balance between heat generation, through Joule dissipation,
and heat absorption, through materials heat capacities is
calculated (Wilson 1971):

JCu
2 t ρCu B, T dt = ෍

i
Ci(T) γifi dT

quantities are averaged over the cross section:

Ci(T) : specific heats of the different materials in the cable
γi : materials densities; fi materials fraction in the cross section
Above Tcs, all current flows in copper:
JCu(t): Cu current density;
ρCu(B,T): temperature and magnetic field dependent Cu resistivity
RRR=100→ copper inside superconducting strands
RRR=300→ segregated copper strands

The operative current and the dimension are 
fixed, the program checks: 

ACu =
1

2
πNCu

dCuwire
2

4
+

1

2
πNNb3Sn

dNb3Snwire
2

4

→ JCu=
iop

ACu

Considering a discharge VMAX < 10 kV

L =
N2πRm

2 μ0
k hmodule

→ τdischarge =
L iop

VMAX

SegregatedNon-segregated

Nagaoka correction coeff.

DEMO When only superconductor and Cu are considered, the limit for a

CICC undergoing a quench, as specified by ITER design criteria

is: Thotspot<250 K



Design Parameters – Analitycal Definition
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The magnetic flux can be obtained by integrating the Ampere’s 
law from the outer to inner radius for each submodule:

Φ B = R𝛾
2 + R𝛾′

2 + R𝛾R𝛾′
π B

3

Or can be obtained from the Maxwell relation with the vector 
potential formulation:

Φ B = 2 πRγ A(Rγ)

A r =
1

2
μ0n iopr,

with r < RCS

A r =
1

2

RCS
2

r
B,

when r > RCS

To obtain the radial force exerted by each module, the Lorentz 
force can be interpreted as:

FL = iopN න
0

2π

Rγ dθ × B

These value are compared with the outputs 
of the FEM simulations



Design Parameters – Analitycal Definition
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A down selection is done to obtain the
optimal design in terms of average hoop
stress on the CS cross-section

The design parameter combines the
Lorentz force field with the steel volume

allocated: Peqv =
FL

Vsteel

Examples of cloud of points which represent the feasible layouts. In the last iteration, the program
also imposes a grading on the jacket thickness from the HTS to the LF sub-module:



Link to the FEM calculations
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HTS HF MF LF

Operating current 59000 A
Peak Field 14.71 T 12.73 T 6.76 T 2.78 T

Magnetic Flux 20 Wb 82 Wb 75 Wb 61 Wb
# of s.c. wires - 972 162 144

# of Cu wires in CICC - 51 456 465
HTS A cable 1430 mm2 - - -

Jacket thickness 13.8 mm 16.0 mm 20.3 mm 10.1 mm
CICC dimensions 77.25 mm 77.25 mm 77.25 mm 51.60 mm

# of layers x turns 2 x 40 6 x 40 4 x 40 2 x 56
CS inductance 2.18 H (each module)

T HS 105 120 93
Ri sub-module 1.72 m 1.86 m 2.3 m 2.6 m

Radial Force (avg) 521 MN 1570 MN 653 MN 203 MN

Stru
ctu

ralm
o

d
el

Design Selected



Electromagnetic calculation 
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B [T]

The electromagnetic model is a 2D axysimmetric based on the vector potential
formulation representing the DEMO poloidal magnet system

Φ B(@ ReCS) = 238 Wb
Φ B @R Plasma = 272 Wb

Gradient inside the cross-section

ReCS



Static Assessment
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Stress Intensity

Hoop Stress

[Pa]

[Pa]

Pm = 494 MPa < 677 MPa
Pm+Pb=580 MPa < 867 MPa



Fatigue Assessment – SN approach
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For the DEMO CS 40000 cycles are considered:

➢ 2*(Max Goodman stress) = 694 MPa < 850 MPa. This limit is 
obtained from the 316LN S-N curve for 40 k cycles

➢ (Max Goodman stress) = 347 MPa < 590 MPa, which 
corresponds to limit for 20*(40 k) cycles on the 316LN S-N

Goodman eqv. Stress [Pa]



Fatigue Assessment – FCGR approach
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Embedded elliptical defect:

• w = 70 mm
• t = 15 mm
• Area = 5 × 2 mm2

• r = c/a = 3

• 𝜙 =
𝜋

2

• R = 0
• m = 2.394
• mwalker = 0.382
• n = m (mwalker − 1)

• C0 = 3.86e − 11
cycle

m

• Cw =
C0

1−R n

N cycles x 1000
From the relations reported in [6]: Y = 0.91

By integrating the Paris Law:

Nf =
1

m
2 − 1 C S m pi0.5 Y

m

1

𝑎0

m
2
−1

−
1

a
f

m
2
−1

w

t

The stress level for each element is
obtained from the static analysis



Insulation Components Assessment
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The adopted criterion for the insulation components is
based on the Mohr-Coulomb relation and combines
the normal stress through the insulation thickness
with the in-plane shear stress, to separate the regions
in traction or in compression:

σ

σ0
+

τ

τ0

2

< 1
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